
 

 

 University of Groningen

Gene therapy in kidney transplantation
Sandovici, Maria

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2006

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Sandovici, M. (2006). Gene therapy in kidney transplantation: towards local immune suppression. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/9caea6b7-f577-49b1-bbc0-bc4831239a08


 

 

 

 

 

Gene therapy in kidney transplantation: 

Towards local immune suppression 

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Maria Sandovici 

 
 
 



 

The publication of this thesis was financially supported by: 
 
Groningen University Institute for Drug Exploration (GUIDE) 
Rijksuniversiteit Groningen 
Dutch Kidney Foundation 
Astellas 
Biovec 
Wyeth Pharmaceuticals bv 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CIP-gegevens koninklijke bibliotheek, Den Haag 
 
Sandovici, Maria 
Gene therapy in kidney transplantation: towards local immune suppression 
Proefschrift Groningen. Met literatuuropgave en samenvatting in het Nederlands 
 
 
 
ISBN 90-367-2839-8 
 
© Copyright 2006 Maria Sandovici 
All rights reserved. No part of this publication may be reproduced, or transmitted 
in any form or by any means, without permission of the author.  
 
 
 
Layout: Maria Sandovici  
Cover design: Laura Sandovici 
Printed by: Facilitair Bedrijf  GrafiMedia Groningen, The Netherlands



 
           RIJKSUNIVERSITEIT GRONINGEN 

 
 
 

Gene therapy in kidney transplantation: 

Towards local immune suppression 

 
 

 
 
 

Proefschrift 

 
ter verkrijging van het doctoraat in de 

Medische Wetenschappen 
aan de Rijksuniversiteit Groningen 

op gezag van de 
Rector Magnificus, dr. F. Zwarts, 
in het openbaar te verdedigen op 

woensdag 22 november 2006 
om 13.15 uur 

 
 
 
 
 
 
 
 
 
 
 
 

door 
Maria Sandovici 

geboren op 3 december 1975 
te Dolheşti 
(Roemenië) 



 

 
Promotores:     Prof. Dr. R.H. Henning 
                Prof. Dr. D. de Zeeuw 
 
Copromotores:    Dr. H. van Goor 

Dr. L.E. Deelman 
 
Beoordelingscommissie:   Dr. A. Benigni 

Prof. Dr. H.J. Haisma 
Prof. Dr. R.J. Ploeg 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Paranimfen:     Erik Lipšic 

Mihaela Didragă 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

To my parents,  

Elena and Valeriu 

 

 

 



 

 



Contents 
 

Chapter 1  Introduction and aims of the thesis                    9 
 
Chapter 2  Approaches and methods in gene therapy for 

kidney disease 
J Pharmacol Toxicol Methods 2004; 50:13-24                 23 

 
Chapter 3  Enhanced transduction of fibroblasts in transplanted 

kidney with an adenovirus having an RGD motif in 
the HI loop  
Kidney Int 2006; 69(1):45-52                                                      47 

 
Chapter 4 A profile of changes in renal gene expression early 

and late after ischemia-reperfusion in the rat 
Submitted                      65 

  
Chapter 5  Systemic gene therapy with Interleukin-13 

attenuates renal ischemia-reperfusion injury  

in revision for J Am Soc Nephrol                                                  81 

 

Chapter 6  Interleukin-13 gene therapy attenuates acute renal 
transplant rejection  
Submitted                      99 

 

Chapter 7  Differential regulation of glomerular and interstitial 
endothelial nitric oxide synthase expression in the 
kidney of hibernating ground squirrel 
Nitric Oxide 2004; 11:194-200                                                   115 

 
Chapter 8  Summary and future perspectives                                         131 
 

Samenvatting                                                            141 
   

Sumarul în limba română                      147 
 

Acknowledgements                   153 
   

Bibliography                                                                              157





 

 

 

 

 

Chapter 1 
 

 

Introduction and aims of the thesis 
 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 

 10

Kidney transplantation, success and challenges 
 

The history of organ transplantation as a feasible therapy for end-stage diseases began in 
1954 with the kidney transplantation between identical twins performed by Murray et al. It 
was the perfect immunological match between donor and recipient that ensured the success 
of this transplantation, as the attempts to transplant allografts during the following decade 
failed constantly1. Introduction of immunosuppressive therapy, especially of cyclosporine in 
the 1980’s, the advances in HLA matching2, organ procurement and preservation3 and 
standardization of surgical techniques have progressively transformed kidney 
transplantation into a reliable clinical procedure. Nowadays, kidney transplantation is the 
therapy of choice for patients with end-stage renal disease4, with a graft survival rate of 
about 90% at 1 year post-transplantation5.  

The short-term success of renal engraftment is determined mainly by the capacity to 
cope with delayed graft function (DGF) and acute (and hyperacute) rejection episodes. The 
frequency of DGF of cadaver renal transplants is higher (2-50%) than of kidneys from living 
donors (4-10%)6, reflecting the pivotal role played by ischemia-reperfusion (I/R) injury in the 
pathogenesis of DGF. Whereas hyperacute rejection is sporadic nowadays, up to 50% of the 
patients receiving a renal graft experience one or more acute rejection (AR) episodes. 
Despite the “optimal” immunosuppressive therapy, half of the transplanted kidneys stop 
functioning within 10 years after engraftment7. The major cause of chronic graft loss is 
chronic allograft nephropathy (CAN)8. CAN is a consequence of both immune factors, such 
as AR episodes, and non-immune factors, such as I/R injury during transplantation, 
hyperlipidemia, hypertension, proteinuria and immunosuppressive drug toxicity9;10. CAN is 
characterized by a progressive decline in renal function, associated with proteinuria and 
hypertension, and histophatologically by mononuclear cell infiltration, tubulo-interstitial 
fibrosis and vascular obliteration. To date, there is no efficacious way to prevent or treat 
CAN. Several strategies, such as calcineurin inhibitors withdrawal11 or inhibition of the 
renin-angiotensin system12 may slow-down progression of injury in CAN. The clinical 
condition of the transplanted patients is even further complicated by the serious side-effects 
of sustained systemic immunosuppressive therapy, including development of 
malignancies13, opportunistic infections14;15, cardiovascular disorders16 and other drug-
specific side effects. Thus, the search for a therapeutic approach that efficiently and 
selectively inhibits the alloantigen immune response or induces tolerance to alloantigens, 
prevents I/R injury and CAN, and is free of major side-effects is still ongoing.  

This thesis focuses on two topics: (1) the potential of gene therapy with Interleukin-13, 
an immunomodulatory and cytoprotective cytokine, to mitigate renal I/R injury and acute 
kidney transplant rejection and (2) the potential of (local) immunosuppressive gene therapy 
in kidney transplantation. 
 
 

Ischemia-reperfusion injury 
 

I/R injury is a major determinant of both the short- and long-term outcome of kidney 
transplantation. On short-term, the damage inflicted onto the donor kidney during ischemia 
and reperfusion may lead to DGF, with reduced glomerular filtration rate (GFR) and 
oliguria early after transplantation17. Besides, I/R injury increases the expression of MHC 
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(HLA in humans) class II18 as well as adhesion molecule expression18;19 in the kidney, 
rendering the graft more prone to acute rejection. In long-term perspective, I/R injury is an 
independent risk factor for development of CAN20. Thus, prevention or attenuation of I/R 
injury is expected to diminish the risk of both acute and chronic dysfunction of the grafted 
organ (Figure).  

Both experimental and clinical studies have contributed to the understanding of the 
pathophysiology of I/R injury. Already during the ischemic period, renal damage occurs, 
depending largely on the duration of ischemia and whether the organ is preserved at body 
temperature or at lower temperatures (“warm” vs. “cold” ischemia). During ischemia, 
shortage of oxygen and nutrients causes a rapid depletion of ATP, a switch from aerobic 
metabolism to anaerobic glycolysis, mitochondrial damage and, in severe ischemia, cell 
death6. Restoration of blood flow may avert cells from apoptosis or necrosis; however it also 
produces additional damage, which is referred to as “reperfusion injury”. The 
pathophysiology of I/R injury involves primarily vasomotor alterations21, cell death22, 
oxidant stress23 and inflammation24. The main players in the onset of I/R injury are the 
tubular epithelial cells (TECs) and the vasculature, especially the endothelial cells. The most 
affected by I/R injury are the TECs, especially proximal TECs. In severe I/R injury, large 
areas of both necrotic as well as apoptotic cells are found especially in outer medulla. 
Reduction in GFR early after I/R has been attributed to endothelial injury25, and 
vasoconstriction due to changes in the vasoreactivity and predominance of vasoconstrictive 
(such as endothelin-126) over vasodilator factors (such as endothelial-derived nitric oxide25; 
see also chapter 7). Severe proximal tubular damage may also contribute to increased vascular 
resistance through back-leak of filtrate21. Besides, activation of endothelial cells with 
expression of adhesion molecules triggers inflammatory cell infiltration, first neutrophils, 
then macrophages and to a lesser degree T cells19. Inflammatory cells amplify the initial 
injury through mechanical obstruction of the microvessels and production and release of 
ROS, proteases, chemokines and cytokines (see also chapter 4 and 5 for details). Complement 
activation also contributes to I/R injury27. In addition, injured TECs express chemokines and 
pro-inflammatory cytokines, such as TNF-alpha and MCP-1, which stimulate further 
damage. Though mild I/R injury is in principle a reversible phenomenon, severe I/R injury is 
followed by defective repair28 and contributes to development of long-term fibrosis and 
CAN. Incriminated in occurrence of fibrosis after severe I/R are a persistent, low-level 
inflammation29, a rarefaction of peritubular cappilaries30 after I/R and a lack of balance 
between extracellular matrix production and proteases activity29.  

Experimental strategies aimed at inhibiting or preventing I/R injury have developed 
alongside the understanding of the pathophysiology of I/R. Preventive strategies focus on 
organ procurement, preservation techniques and use of anti-oxidant, anti-inflammatory, 
vasodilator agents or growth factors6. However, the clinical benefit from using such drugs 
remains to be clarified. The therapeutic approach for DGF secondary to I/R injury relies still 
on dialysis.  
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Figure: Schematic representation of the relationship between short- and long-term events in renal 

graft failure. Ag=antigen; CNI=calcineurin inhibitors. 

 

Acute rejection 
 

Acute rejection (AR) is primarily a cell-mediated immune response of the recipient against 
the alloantigens present on the renal graft. AR is a serious post-transplantation 
complication, affecting up to 50% of the patients receiving a renal graft and it is the most 
important risk factors for development of CAN (Figure). In humans, AR occurs within days 
to weeks after engraftment. As an AR episode may develop displaying only non-specific 
symptoms or even without symptoms, close monitoring, early diagnosis and prompt 
therapeutic intervention are essential for salvaging the renal graft. The risk of acute rejection 
is determined mostly by the HLA mismatches between donor and recipient, yet I/R 
injury6;18, cardio-vascular comorbidity31, donor and recipient age32 and CMV mismatching33 
play also a role herein. The outcome of acute rejection is still predicted best by the extent of 
abnormalities found in histological examination of a graft biopsy.  

AR is characterized by interstitial inflammatory infiltrates, tubulitis and various 
degrees of arteritis (Banff clasification34). The inflammatory infiltrates are composed of T 
cells (both CD4+ as well as CD8+ cells), macrophages, neutrophils, natural killer cells and B 
cells. AR is triggered by the recognition of the HLA antigens and other alloantigens exposed 
on the TECs, endothelium and mesangial cells of the graft by the T lymphocytes of the 
recipient. CD8+ T cells, which are predominantly killer T cells, recognize antigens presented 
by HLA class I molecules. Once activated, they release perforin and granzyme B into the 
target cell and destroy it. Interaction with antigen presenting cells and antigen recognition 
via HLA class II is insufficient to activate fully the CD4+ T cells. A second (co-stimulatory) 
signal, such as CD28-B7-1/2, CD40-CD154 or PD1-PD-L1/235;36, is required. After activation, 
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CD4+ T cells differentiate into T helper (Th) type 1 or 2 cells, which further modulate the 
activation of macrophages, B cells and some CD8+ cells. Th1 and Th2 are defined by 
production of various cytokines which have in general opposite effects. Th1 cells produce 
“pro-inflammatory” cytokines, including IFN-γ, IL-2, TNF-α, whereas Th2 cells produce IL-
4, IL-10, IL-13, which are generally regarded as “anti-inflammatory” cytokines. The balance 
between the two types of cells/cytokines may modulate the immune response during AR37. 
Recent studies have highlighted the importance of regulatory T cells, which are a specialized 
subpopulation of foxp3+ T cells that are able to modulate the immune response towards 
tolerance, in determining the fate of the graft during and after an AR episode18;38. Resident 
renal cells are also active players during AR. They can function as “non-professional” 
antigen presenting cells. Besides, they produce cytokines and chemokines, such as TNF-
alpha, MCP-1, RANTES39, hence contributing to perpetuation of the inflammatory response. 
The advances in the immunosuppressive drugs and regimens have considerably improved 
prevention and treatment of acute rejection episodes. The most used immunosuppressive 
agents are cyclosporine, tacrolimus and sirolimus, glucocorticosteroids, azathioprine, 
mycophenolat mophetil, anti-T cell antibodies and anti-IL-2 antibodies. They target T cell 
activation, cytokine production (especially IL-2) and clonal expansion40. Also, new 
pharmacological agents interfering with co-stimulatory pathways, such as CTLA4Ig have 
been approved for clinical use41;42. Unfortunately, the immunosuppressive drugs do not 
have solely beneficial effects for the transplanted patients. Immunosuppressive therapy, as 
currently available, suppresses non-selectively all immune responses, including those 
directed against bacteria, fungi, viruses and tumor cells. As a consequence, systemic 
immunosuppression in transplanted patients is associated with major side effects, including 
serious infections14;15, and malignancies13. The current strategy to attenuate these life-
threatening side effects is the use of combined immunosuppressive regimens. However, 
local instead of generalized immunosuppression may improve graft survival and quality of 
life of the transplanted patients. 
 
 

Interleukin-13  
 

Interleukin (IL)-13 was first described in 1993 by Minty et al.43 as a “lymphokine regulating 
inflammatory and immune processes”. IL-13 pertains to the family of Th2 cytokines and is 
structurally and functionally related with IL-4. IL-13 displays various effects, depending on 
the type of the pathological process in which it is involved and the cell type on which it acts. 
IL-13 is generally seen as an anti-inflammatory molecule, able to alleviate acute and chronic 
inflammatory processes44-50. However, IL-13 has been involved in the pathogenesis of 
asthma51 and of several other eosinophil-mediated and allergic diseases52.  

Recent studies in liver demonstrated both endogenous as well as exogenous IL-13 to be 
protective against I/R injury49;53;54 through a direct, anti-oxidant and anti-apoptotic effect, as 
well as an anti-inflammatory effect. In addition, IL-13 has regulatory functions in antigen-
specific processes. IL-13 (but not IL-4) was shown to be essential for induction of tolerance 
to foreign antigens in newborn mice55. Also in mice, IL-13 had additive effects with anti-IL-
12 antibodies and allogeneic dendritic cells on prolonging skin allograft survival56. In a 
recent study by Skapenko et al.57, a critical role of IL-13 (and IL-4) in extra-thymic generation 
of foxp3+ regulatory T cells was demonstrated. Yet, the role played by endogenous IL-13 in 
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rejection of transplanted kidney is not clear. IL-13 acts via a receptor which is partially 
common with IL-4 receptor. The complex IL-4Rα/IL-13Rα1 mediates most of the IL-13 
effects, whereas IL-13Rα2 may function as both a decoy as well as a signaling receptor58. 
Data on the expression of IL-13 receptors in normal and diseased kidney is limited. In a 
study by van den Berg et al.59, glomerular expression of IL-13 receptors was described. 
  
 

Gene therapy in kidney transplantation 
 

Gene therapy is a modality of treating diseases through delivery of specific genes to target 
cells. Gene transfer approaches may provide valuable strategies for virtually all the 
problems currently faced by patients and doctors in the field of kidney transplantation. First 
and most importantly, gene therapy holds the potential to induce tolerance or local 
immunosuppresion while circumventing systemic side-effects. In a study by Benigni et al.60, 
adenovirus-delivered CTLA4Ig, which is a blocker of co-stimulatory pathway CD28-B7, 
prevented AR, prolonged survival and induced temporary unresponsiveness to 
alloantigens. Furthermore, when long-lasting vectors are employed, local 
immunosuppression through gene therapy may prevent development of CAN. Using an 
adeno-associated virus as vector, Tomasoni et al.61 demonstrated CTLA4Ig gene therapy to 
protect the renal allograft from chronic rejection. Second, gene therapy may be instrumental 
in expanding the donor pool and increasing the quality of the grafts, especially of those from 
non-heart beating donors. Blydt-Hansen et al.62 showed that adenovirus-mediated 
transduction of donor kidneys with HO-1 during 24 hour-preservation improved renal 
function and morphology and prolonged survival of isografts. Third, gene therapy with 
anti-inflammatory molecules (such as decoy NFkB63 or ICAM-164;65) may ameliorate I/R 
injury in both living-related as well as deceased donor kidneys.  

The determinant factors for a successful gene therapy are an efficient vector, a well-
established technique of vector delivery, lack of side-effects and selection of appropriate 
gene(s). Current gene therapy approaches make use of non-viral (naked plasmids, enhanced 
naked plasmids, liposomes and haemaglutinating virus of Japan (HVJ) liposomes), viral 
(adenovirus, adeno-associated virus, retrovirus and lentivirus) and cellular (mesangial cells 
and inflammatory cells) vectors. The various approaches and methods employed in studies 
on gene therapy in kidney transplantation in particular and in renal diseases in general are 
described in detail in chapter 2. The most used vector for gene therapy in both experimental 
and clinical studies are adenoviruses. Advantages of adenoviruses over the other vectors 
include a relative high efficiency and easiness of production on large scale. In addition, 
adenoviruses retain their infectivity at low temperature, which allows transduction of the 
kidney during hypothermic preservation of the graft. As transduction efficacy of adenovirus 
depends largely on the presence of its natural receptor, coxsackie adenovirus receptor 
(CAR), and as CAR expression is scarce in several organs, including human kidneys, 
strategies to re-target the adenovirus to different cell entry pathways, such as a Arg-Gly-Asp 
(RGD)-modification of the fiber knob, have been developed66. RGD peptide binds to 
integrins (mostly αvβ1, αvβ3 and αvβ5) and thereby virus internalization is achieved. Integrins 
are abundantly expressed in the kidney67. As RGD-modification of adenovirus was shown to 
increase its infectiousness in several organs in which integrins are present at high levels, we 
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employed an RGD-modified adenovirus in our studies as a strategy to achieve high 
transduction efficacy, allowing functional studies.   

IL-13 is an appealing candidate for gene therapy in kidney transplantation, as it 
combines anti-oxidant and anti-apoptotic properties with anti-inflammatory and 
immunomodulatory effects and hence may mitigate both I/R injury as well as acute 
rejection, the two most common short-term complications of the kidney transplantation.  
 
 

Aims of the thesis 
 

The current thesis studies the effects of gene therapy with IL-13 on renal I/R injury and AR. 
As vector for gene delivery, we use an RGD-modified adenovirus. The effects of both 
systemic as well as local IL-13 gene therapies are investigated. Chapter 2 gives an overview 
of the gene therapy approaches in renal diseases in general and in kidney transplantation in 
particular. In chapter 3 we characterize the RGD-modified adenovirus as vector for gene 
delivery into the transplanted kidney. In chapter 4 we study the sequence of molecular and 
morphological changes in rat kidneys after warm I/R injury. Several markers of damage and 
potential therapeutic targets are described. Chapter 5 focuses on the protective effects of 
adenovirus-mediated systemic gene therapy with IL-13 against I/R injury in the kidney. 
Short- as well as long-term effects on renal damage and inflammation are investigated. 
Based on the data from chapters 3 and 5, we address in chapter 6 the question whether IL-13 
can prevent AR of the transplanted kidney and we compare in this respect systemic and 
local gene therapy. As reduced endothelial derived NO is incriminated as an important 
mediator of early injury during I/R injury, we investigate in chapter 7 the expression of 
eNOS during hibernation, which is a model of repetitive renal I/R devoid of damage. 
Chapter 8 gives a summary of the current thesis and sheds light on the future perspectives 
of gene therapy for transplanted kidney.  
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Abstract 
 

Renal gene therapy may offer new strategies to treat diseases of native as well as 
transplanted kidneys. Several experimental techniques have been developed and employed 
using non-viral, viral and cellular vectors. The most efficient vector for in vivo transfection 
appears to be adenovirus. Glomeruli, blood vessels, interstitial cells, and pyelum can be 
transfected with high efficiency. Also electroporation and microbubbles with ultrasound, 
both being enhanced naked plasmid techniques, offer good opportunities. Trapping of 
mesangial cells into the glomeruli as well as natural targeting of monocytes or macrophages 
to inflamed kidneys are elegant methods for site-specific delivery of genes. For gene therapy 
in kidney transplantation, HVJ-liposomes are efficient vectors for tubular transfection, 
whereas enhanced naked plasmid techniques are suitable for glomerular transfection as 
well. However, adenovirus offers the best opportunities in a renal transplantation setup, 
since varying parameters of graft perfusion allows targeting of different cell types. Also in 
renal grafts, lymphocytes can be used for selective targeting to sites of inflammation. In 
conclusion, for both in vivo and ex vivo renal transfection, enhanced naked plasmids and 
adenovirus offer the best perspectives for effective clinical application. Moreover, the 
development of safer, non-immunogenic vectors and the large-scale production could make 
clinical renal gene therapy a realistic possibility for the near future. 
 
 

1. Introduction 
 

Gene therapy holds the promise for treatment of renal diseases. Although at first glance, 
gene therapy would be ideal for treating genetic deficiencies of the kidney, it could also be a 
suitable therapy for other renal diseases. Not only would this resolve issues such as systemic 
side-effects of drugs needed to act only in the kidney1, it also may address the issue of 
therapy resistance to the currently available drugs, which is still a major problem in the field 
of nephrology2. Introducing therapeutic genes selectively into the kidney may overcome 
these problems and may have fewer side-effects than conventional drugs. Gene therapy may 
also offer treatment opportunities with respect to kidney transplantation. Whereas acute 
rejection of the renal graft can mostly be prevented using immunosuppression, for chronic 
rejection, however, there is no effective treatment available and transfection of the graft 
during transplantation may provide new therapeutic possibilities. 

To achieve therapeutic effects in the kidney, an efficient gene delivery to the site of 
action is needed. Moreover, to reduce side effects, the delivery should be selective, avoiding 
transfection of non-target cells in kidney and other organs. Important factors determining 
the efficiency of the gene delivery are the vector that carries the gene and the route of 
administration. In addition, the gene chosen is crucial for therapeutic efficacy. 
Several groups have published their data on new techniques in renal gene therapy using 
non-viral, viral and cellular vectors. Besides using different vectors, researchers have used 
both in vivo and ex vivo techniques. During in vivo transfection, the kidney is left in situ. In ex 

vivo transfection, a kidney is taken out from the body and, after transfection, transplanted. 
This article compares efficacy, selectivity, and safety of the methods used in renal gene 

therapy including both in vivo and ex vivo techniques. For both techniques, non-viral, viral 
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and cell vectors will be described and compared in order to conclude which techniques offer 
the best opportunities for clinical applications. 
 
 

2. In vivo transfection 
 

Besides the choice of the vector, the choice of the route of administration is a major 
determinant for effective and selective gene therapy. In addition, the application of different 
administration techniques allows targeting of different cell types in the kidney (figure 1 for 
relative anatomic location). For in vivo transfection of the kidney, 5 routes of administration 
have been employed: renal arterial injection, renal venous injection, direct parenchymal 
injection, subcapsular injection and retrograde delivery via the ureter (figure 1A). In this 
section, administration of the different kinds of vectors through these techniques will be 
discussed and compared with respect to both efficacy and localization. 
 

2.1.  Non-viral vectors 
The simplest non-viral gene transfer system is the injection of naked plasmid DNA. 
Plasmids are independently replicating, circular, extrachromosomal DNA molecules, 
naturally found in pro- and eukaryotes. Transfection efficiency with plasmids is generally 
low and attempts have been made to enhance the efficiency with several physical and 
chemical methods. Among the physical methods are electroporation, which creates 
temporary pores in the cell membrane, and the use of microbubbles together with 
ultrasound. Chemical approaches for enhancing plasmid transfection include liposomes, 
which are synthetic vesicles composed of a lipid bilayer. Encapsulation of DNA into 
liposomes allows uptake of DNA into the cell by endocytosis3. In haemagglutinating virus 
of Japan (HVJ) liposomes, viral glycoproteins are incorporated in liposomes and used to 
enhance liposome mediated gene transfer. The transfection efficiency and localization of 
non-viral delivery techniques are summarized in table 1 (see also figure 1). 
 

2.1.1. Naked plasmids 
Plasmids are able to transfect a broad range of cell types, they are easily produced in a large 
scale, the size of the gene insert may be large and plasmids are very safe. However, 
efficiency is generally low and expression is only transient3. 

Direct injection of plasmid DNA into the renal cortex results in expression in the tubuli. 
However, although the plasmid was selectively applied in one kidney, expression was also 
found in the liver, heart, skeletal muscle, bladder, and interestingly also in the uninjected 
contralateral kidney. Similar results were obtained for the kidney after systemic intravenous 
administration4. In 1999 Liu et al. published on the so-called ‘hydrodynamic based’ 
transfection technique5. Rapid intravenous injection of a large volume of plasmids resulted 
in expression mainly in the liver, but expression was also found in the kidney. Upon rapid 
injection, a large volume is thought to accumulate in the inferior vena cava. Subsequently, 
the high hydrostatic pressure will force the DNA solution to flow into the tissues in a 
direction opposite to the normal circulation. Maruyama et al. adapted this technique for 
specific renal gene transfer6. Rapid injection of a large volume of plasmids into the renal 
vein, with clamping of vein and artery, resulted in expression in cortical interstitial 
fibroblasts. 
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Figure 1. Relative anatomic location of various cell types in the kidney. Schematic picture of a kidney 
and a microscopic image of the renal cortex. 

 
 

Route of 
administration 

Naked 
plasmids 

Enhanced naked plasmids Liposomes HVJ-liposomes 

Parenchyma ± T 1 ± T 3 - 7   

Renal artery   ++* G 4 ± T 8 +* G 9 

   ++ G, BV, IF, T? 5 + T 7   

Renal vein +* IF 2       

Ureter   +? IF 6 + T 7 +* IF 10 

 

Table 1. Success and localization of in vivo renal gene transfer with non-viral vectors 

BV = blood vessels, G = glomerulus, IF = interstitial fibroblasts, T = tubulus, * = ß-actin promoter/CMV 
enhancer, 1(Kuemmerle et al., 2000), 2(Maruyama et al., 2002), 3(Yoo et al., 1999), 4(Tsujie et al., 2001a), 
5(Lan et al., 2003), 6(Nakamura et al., 2002), 7(Lai et al., 1997), 8(Boletta et al., 1997), 9(Tomita et al., 1992), 
10(Tsujie et al., 2000). 
 
 
In summary, direct injection of naked plasmids into renal parenchyma will not result in 
efficient transfection of renal tissue. With injection of a large volume of plasmids into the 
renal vein, interstitial fibroblasts can be transfected. 
 

2.1.2. Enhanced naked plasmids 
Since transfection with naked DNA is not efficient, several groups attempted to increase 
efficiency with physical methods. Electroporation creates temporary holes in the cell 
membrane, which allow plasmid DNA to enter the cell. After direct injection of plasmids in 
the renal cortex, electroporation of the kidney enhanced transfection to the tubuli7. 
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However, transfection efficiency for the kidney was lower than for other urological organs 
as testis and bladder. Therefore, the kidney could not be transfected very efficiently with 
this technique. With injection in the renal artery and electroporation of the kidney, Tsujie et 

al. successfully transfected glomerular mesangial cells and to a minor extend tubular 
epithelial cells8. In this study, 75% of the glomeruli were transfected. Retrograde injection of 
DNA into the ureter with electroporation delivered the DNA to the interstitial fibroblasts9. 
However, in this study gene expression was not assessed since only the localization of 
fluorescently labeled DNA was determined. 

Another technique to enhance plasmid transfection is the use of microbubbles together 
with ultrasound. After application of ultrasound, microbubbles cavitate and release their 
DNA. Cavitation is also thought to cause a local shockwave, which results in the transient 
formation of holes in the cell membrane and improvement of cellular DNA uptake10. Upon 
arterial injection of plasmids in microbubbles and ultrasound exposure almost all 
glomerular cells, vascular endothelial cells, interstitial fibroblasts, and probably also the 
tubular cells were transfected. Using this technique, gene therapy with Smad7, an 
endogenous inhibitor of the profibrotic TGF-ß signaling pathway, proved to reduce renal 
fibrosis in a rat model of ureter obstruction11. 

In summary, electroporation of the kidney, after injection of plasmids into the renal 
artery is an efficient method for transfection of mesangial cells. Also the use of microbubbles 
and ultrasound forms an efficient technique for delivery of genes to glomerular cells, 
endothelial cells and fibroblasts. 
 

2.1.3. Liposomes 
Liposomes are safe vectors for gene delivery, since they are generally viewed as non-toxic 
and non-immunogenic. They are easily produced and their inclusion volume allows 
different-sized genes up to the very large range3. However, for in vivo gene delivery 
liposomes are usually not as efficient as viral vectors and targeting of liposomes is difficult. 
Boletta et al. developed a technique with renal arterial injection of liposomes12, which 
resulted in weak gene-expression in proximal tubular cells. Expression was generally absent 
in glomeruli and vasculature. Lai et al. also found expression in tubular epithelial cells upon 
arterial injection and retrograde injection into the renal pelvis. With this technique, the gene 
for carbonic anhydrase, which is necessary for production of acid urine, was introduced in 
carbonic anhydrase knockout mice. After transfection, the mice gained the ability to produce 
acid urine13. After direct injection of liposomes into the renal parenchyma, transfection was 
limited to the area surrounding the injection site14.  

In summary, transfection efficiency of tubular epithelial cells with liposomes is 
moderate to low. However, when genes encoding highly potent proteins are used, the low 
efficiency may still be sufficient to provoke therapeutic effects. 
 

2.1.4. Haemagglutinating virus of Japan liposomes 
The haemagglutinating virus of Japan (HVJ) is a parainfluenza virus expressing two 
glycoproteins on its surface that cooperate to achieve fusion of virus to the cell. In the HVJ-
liposome method these glycoproteins are used to enhance liposome mediated gene transfer. 
In addition, the high mobility group (HMG)-1 is transfected together with the gene of 
interest. Co-transfection of HMG-1 enhances gene expression by several mechanisms, 
including facilitation of nuclear translocation of the DNA15. HVJ-liposomes are much more 
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efficient vectors than normal liposomes, but the production is more complicated, expression 
is still only transient and HVJ-liposomes are, in contrast to normal liposomes, 
immunogenic15. Injection of HVJ-liposomes in the renal artery leads to gene expression in 
the glomerular mesangium and capillaries16, whereas ureteral injection transfected 
interstitial fibroblasts 17. Expression of HVJ-liposome transfection was successfully 
prolonged from 4 to 12 weeks by using an Epstein-Barr virus replicon vector18.  

In summary, HVJ-liposomes are efficient vectors for transfection of the mesangium and 
interstitial fibroblasts after injection in the renal artery and the ureter, respectively. 
 

2.1.5. Conclusions 
In general, renal transfection with naked plasmids is not very effective. Electroporation and 
the use of microbubbles and ultrasound strongly enhance the transfection efficiency of 
naked plasmids and produce expression in mainly glomerular cells. The transfection success 
with liposomes is also generally low, whereas HVJ-liposomes are more efficient vectors for 
renal gene therapy. With HVJ-liposomes transfection is also mainly localized in the 
glomerulus. Therefore, for delivery to glomerular cells electroporation, microbubbles and 
HVJ-liposomes are suitable delivery systems. For targeting tubular cells, non-viral vectors 
are not very useful. However, liposomes could be used, but, due to the lower efficiency, 
probably only with highly potent genes. For targeting interstitial fibroblasts, injection of 
HVJ-liposomes through the ureter or injection of a large volume of plasmids in the renal 
vein seems to offer the best perspectives. 
 

2.2. Viral vectors 
In general, viral vectors are much more efficient for gene therapy than non-viral vectors. For 
renal gene therapy, the most widely used viral vector is adenovirus. Adenoviral vectors are 
able to transfect a wide range of cells, both dividing and non-dividing cells, with high 
efficiency. However, adenoviral transfection is only transient. Other viruses used for renal 
gene therapy are adeno-associated viruses, retroviruses and lentiviruses, since these viruses 
provide long lasting expression, in contrast to adenovirus. The transfection efficiency and 
localization of viral delivery techniques are summarized in table 2 (see also figure 1). 
 

2.2.1. Adenoviruses 
Adenovirus is widely used for in vivo gene transfer because it can transfect numerous cell 
types, both dividing and non-dividing cells. In addition, the virus can be easily grown in 
high titers. However, adenovirus has several drawbacks such as a transient transfection, a 
natural tropism for the liver and an immune response to the viral proteins and the viral 
particles. In a newer generation of adenovirus, the ‘gutless’ adenovirus, the entire coding 
sequence of the adenoviral genome has been deleted. This adenovirus has been shown to be 
far less immunogenic and therefore results in a longer duration of expression19. Much 
progress has also been made in retargeting adenovirus to other receptors besides CAR, its 
natural receptor, by modification of the coat proteins and complexation with other 
molecules, such as bispecific antibodies20. 

The first article on renal adenoviral gene therapy was published by Moullier et al.21. 
Injection of the virus into the renal artery by these and other researchers22 resulted in weak 
expression in proximal tubuli. Zhu et al. developed a more optimized technique, with 
prolonged incubation of the virus and cooling of the kidney to reduce ischemic damage23. In 
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contrast to Moullier’s data, expression was found mainly in the vascular endothelial cells. In 
a canine model, with prolonged exposure by clamping the renal vein, Chetboul et al 24 
transfected interstitial and endothelial cells using an arterial injection. However, in dogs and 
pigs, a single injection into the renal artery did not yield any transfection of the kidney24;25 
possibly due to a relatively low dose. Perfusion of the porcine kidney25;26 or slow infusion in 
rat and rabbit kidney26;27 enhanced transfection efficiency but also changed the localization 
of expression to the glomerulus. However, at a lower dose, transfection of rabbit kidney was 
located in the arterial endothelium26. The percutaneous catheterization technique for 
infusion of adenovirus in the renal artery of rabbits developed by this group is more 
adapted to a clinical application26;26. 

With retrograde injection of adenovirus in the ureter, Moullier et al. found a strong 
expression in the papilla and in the tubular cells in the medulla21. Also in a canine model, 
expression was located in the pyelum and distal tubules24. With the gene for aquaporin-1, 
which is important for proximal tubular water transport and the concentration of urine, 
transfection was found in papilla and collecting ducts of aquaporin-1 knockout mice28. 
Terada et al. successfully enhanced transfection after retrograde administration of 
adenovirus by using electroporation and ligation of the ureter to prolong exposure29. 

The simplest way of delivering adenovirus to the kidney is probably direct injection 
into the renal parenchyma. However, homogenous expression has not been achieved by this 
technique. Although direct injection of adenovirus into the interstitium yielded some renal 
transfection, expression was limited to the injection site28;30. 

A simple strategy to target adenovirus to the glomerulus was published by Nahman et 

al. Adenovirus was complexed to polystyrene microspheres and injected into the renal 
artery. The microspheres were trapped in the glomeruli and in this way endothelial and 
mesangial cells could be transfected31. Moreover, the kidneys were devoid of any 
histological damage or signs of ischemia. 

A very promising strategy to enhance transfection of the kidney is the use of modified 
viruses. The adenoviral vectors, used for gene therapy, bind to their primary receptor, the 
CAR-receptor. After binding, internalization occurs by binding of the penton base of the 
virus to the integrin receptor. However, the CAR receptor may be scarce in several tissues, 
including the kidney32. McDonald et al. used an RGD-modified adenovirus that, in addition 
to CAR-receptors, also binds to αv-integrins, which are more abundant in renal tissue33. 
After renal arterial injection of this RGD-adenovirus, expression was, as with normal 
adenovirus, found in the vascular endothelium. However, the viral dose could be lowered 8-
fold and expression was more located in the cortical region34. 

In summary, adenovirus is an effective vector for renal gene therapy, but expression 
needs to be enhanced by prolonged incubation or perfusion of the kidney. Rapid arterial 
injection induces variable expression in the tubular epithelium, vascular endothelium, or 
interstitium. In contrast, perfusion and slow infusion of adenovirus in the renal artery result 
in glomerular expression. Papilla and tubular cells can be targeted with a retrograde 
injection of adenovirus. 
 

2.2.2. Adeno-associated viruses 
Adeno-associated virus (AAV) type 2, a non-pathogenic human parvovirus, is nowadays the 
most often used parvoviral vector for gene therapy. AAV is able to infect both dividing and 
non-dividing cells and provides long-term expression by integration into the host-genome. 
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Besides, recombinant AAV does not contain any viral genes and therefore does not generate 
an immune response. The major disadvantages of AAV are formed by the complex 
production of virus and the limited size of the inserted gene19. Studies on renal in vivo 
transfection with AAV are limited but consistent. Injection of the virus in the renal artery 
with clamping for 5 or 45 minutes resulted in expression in the proximal tubule cells35. Also, 
after direct injection in the renal parenchyma, expression was located in the proximal 
tubule35;36. Using either technique, expression was absent in glomeruli, blood vessels, and 
interstitial cells. However, with direct parenchymal injection, the transfection was limited to 
the injection site36. Interestingly, in this study, the expression lasted for at least three months. 
Therefore, proximal tubule cells can be lastingly transfected by an injection of adeno-
associated virus in the renal artery. 
 

2.2.3. Retroviruses 
Retroviruses can randomly integrate into the host genome and result in stable, long-term 
expression. However, for stable integration cell division is necessary. Therefore, retroviruses 
are unable to transfect non-dividing cells. Immune responses are largely absent, but 
generation of viral stocks with high titer is difficult. The Moloney murine leukemia virus 
(MMLV) is most widely used for gene therapy studies, however the use is declining over the 
years19. In the rat kidney, MMLV mediated gene transfer was achieved after induction of cell 
division by administration of a nephrotoxic dose of folic acid. MMLV was directly injected 
into the kidney which resulted in expression in only few tubular epithelial cells in 
approximately fifty percent of the transfected kidneys37.  

Therefore, retroviruses do not seem to be very suitable vectors for renal gene therapy, 
since adult kidney cells have a low mitotic index and cell division needs to be artificially 
increased. However, in pathologic conditions of increased cell division, retroviruses may 
prove to be suitable vectors. 
 

2.2.4. Lentiviruses 
Among the most frequently used lentiviruses, a class of retroviruses, are the human 
immunodeficiency virus type 1 and simian immunodeficiency viruses. Lentiviruses are able 
to transfect non-dividing as well as dividing cells and provide long-term expression by 
stable integration into the host genome. Although lentiviruses have become safer and easier 
to produce by recent development of replication incompetent vectors and stable packaging 
cell lines, potential reversal to the pathogenic wild-type virus is a major drawback19. Renal 
gene transfer with lentivirus has been extensively studied by Gusella et al. Expression was 
achieved after injection into the renal artery or vein, retrograde infusion into the ureter and 
after parenchymal injection. However, renal arterial and venous injection yielded patchy 
transfection of only a few cells in the collecting ducts, whereas retrograde administration 
induced weak but more diffuse transfection of proximal tubules. Expression in proximal 
tubule cells after parenchymal injection was stronger, but limited to the area near the 
injection site. Expression lasted for at least three months. Further optimization of 
transfection efficiency proved to be difficult because of the inability to produce high titer 
stocks of lentivirus38. 

In summary, due to a low efficiency in transfecting kidney cells, lentiviruses do not 
seem to be promising vectors for renal gene therapy. 
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Route of 
administration 

Adenovirus Adeno-associated 
virus 

Retrovirus Lentivirus 

Parenchyma - 1, 2 ± T 11 - T 13 ± 14 

Renal artery ± T 3 +* T 12   - CD 14 

 +$ BV 4       

 - 5, 6       

 +$ I 5       

 ++∞ G 6       

 ++*§ G 7       

 ++§ G 8       

 +@ G 9       

 ++$# BV 10       

Renal vein       - CD 14 

Ureter + P, T 3, 5     ± T 14 

 

Table 2. Success and localization of in vivo renal gene transfer with viral vectors 

BV = blood vessels, CD = collecting ducts, G = glomerulus, I = interstitial cells, P = pyelum, T = tubulus, * 
= ß-actin promoter/CMV enhancer, @ = polystyrene microspheres, # = AdRGD, $ = clamping of the renal 
vein, § = slow infusion, ∞ = perfusion, 1(Verkman & Yang, 2002), 2(Ortiz et al., 2003), 3(Moullier et al., 
1994), 4(Zhu et al., 1996), 5(Chetboul et al., 2001), 6(Heikkila et al., 1996), 7(Ye et al., 2001), 8(Rha et al., 
2002;Rha et al., 2002), 9(Nahman et al., 2000), 10(McDonald et al., 1999), 11(Lipkowitz et al., 1999), 12(Chen 
et al., 2003), 13(Bosch et al., 1993), 14(Gusella et al., 2002). 
 

2.2.5. Conclusions 
Although renal gene therapy with retroviruses, including lentiviruses, provides long lasting 
expression, efficiency is too low. Adenoviral transfection is the most extensively studied. 
Administration through the renal artery seems to be the most efficient strategy. However, 
prolonged exposure by clamping the renal vein or by perfusion or slow infusion is necessary 
to achieve a higher expression. When clamping of the renal vein is employed, transfection is 
mainly found in blood vessels and interstitial cells, whereas slow infusion or perfusion with 
adenovirus results in glomerular expression. Retrograde injection of adenovirus through the 
ureter results in an efficient transfection of the pyelum. To achieve tubular transfection 
adenovirus is not the most optimal vector, but adeno-associated virus seems to offer an 
effective alternative. 
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2.3. Genetically modified cells 
In this approach, vector cells are transfected in vitro and then transferred into the animal. 
Depending on the targeted structure within the kidney, mesangial cells, monocytes and 
macrophages, and tubular epithelial cells have been studied. The transfection success and 
localization of genetically modified cells are summarized in table 3 (see also figure 1). 
 

2.3.1. Mesangial cells 
Genetically modified mesangial cells are attractive vectors to selectively express genes 
within the glomerulus. Extensive work using a mesangial cell vector system has been 
carried out by Kitamura et al. In normal rats, expression was observed for 4 weeks after 
injection of the cells into the renal artery39. Approximately 60% of the glomeruli showed 
expression. Moreover, in situ amplification and longer expression could be achieved by 
preconditioning of the glomeruli. When the cells were transferred into damaged glomeruli, 
in situ expression increased 7-12-fold through mesangial cell proliferation, and lasted for up 
to 8 weeks39. Therefore, this approach seems to be suitable especially for treating 
glomerulonephritis. 

In order to overcome rejection of the vector, the use of autologous mesangial cells 
cultured from renal biopsy specimens has been proven feasible40. However, this approach is 
laborious, since it requires isolation, growth and transfection of mesangial cells from each 
individual. 
 
 

Route of administration Mesangial cells Monocytes/ macrophages TEC 

Renal artery + G 1, 2 +* G 3   

Intravenous   + G 4   

   + I 5   

Subcapsular     ± I 6 

 

Table 3. Success and localization of in vivo renal gene transfer with genetically modified cells  
G = glomerulus, I = interstitial cells, * = ß-actin promoter/CMV enhancer, 1(Kitamura et al., 1994), 
2(Kitamura et al., 1996), 3(Kluth et al., 2000), 4(Yokoo et al., 1998), 5(Yamagishi et al., 2001), 6(Naito et al., 
1996) 
 

2.3.2. Monocytes and macrophages 
Gene-engineered monocytes and macrophages have been used as a site-specific gene 
delivery system into inflamed kidneys, because of their natural migration following 
inflammatory chemotactic signals. The use of autologous cells attenuates the risk of vector 
rejection. Gene transfer into monocytes or macrophages can be achieved via a number of 
methods, including the use of polylysinated mannose, retroviruses, and adenoviruses. Of 
these, the viral approach seems to be the most efficient one. Adenoviral transfected 
macrophages are less immunogenic than adenovirus alone. However, viral transfection 
activates macrophages in a dose-dependent manner41, and this could induce additional renal 
injury. 
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Since monocytes and macrophages follow inflammatory chemotactic signals, their 
localization after injection depends on the disease model chosen. Using injections of 
lipopolysaccharide (LPS), which stimulates the glomerular expression of the chemotactic 
ICAM-1, Yokoo et al. successfully targeted intravenously administered bone marrow 
derived cells, naturally expressing ICAM-1 ligands, to the glomerulus42. In a unilateral 
ureteral obstruction model, characterized by interstitial inflammation, intravenously 
administered bone marrow cells migrated selectively into the inflamed interstitium43. After 
injection of activated genetically modified macrophages into the renal artery of rats with 
acute glomerular inflammation, over 80% of the glomeruli contained transfected 
macrophages41. 

In summary, because of their natural migration to inflammatory sites monocytes and 
macrophages are suitable vectors for targeting inflamed kidneys. However, the laborious 
procedure of culturing and transfecting cells from each individual may hamper clinical 
applications of this technique. 
 

2.3.3. Epithelial cells 
Tubular epithelial cells (TEC), stably transfected ex vivo using a replication-deficient 
retrovirus, have also been used as a gene delivery system. The implantation of TEC carrying 
proinflamatory cytokine genes under the renal capsule led to increased circulating levels of 
cytokines for at least 4 weeks44. The effect of cytokine secretion was limited to the 
transfected kidney, probably because high levels of cytokines are required locally to induce 
a functional effect. However, the cell infiltration as a result of cytokine secretion was not 
uniformly distributed within the kidney, being most prominent in the area surrounding the 
cell implantation.  
 

2.3.4. Conclusions 
Glomerular targeting can be easily obtained by renal arterial injection of in vitro transfected 
mesangial cells. For targeting to inflamed kidneys the natural migration of monocytes or 
macrophages to inflammatory sites provides good opportunities. However, culturing and 
transfection of autologous cells is a laborious procedure, which may complicate clinical 
application. 
 
 

3. Ex vivo transfection 
 
The transplanted kidney is a particularly appropriate target for gene therapy. Gene delivery 
can be performed ex vivo, allowing manipulation of the transfection conditions and 
precluding transfection of other organs. A multitude of genes could be employed in order to 
influence both the immune and non-immune factors involved in transplant related 
pathology, thereby preventing graft failure. Both non-viral and viral vectors have been used 
to transfer genes into the transplanted kidney. 
 

3.1. Non-viral vectors 
For gene therapy in models of renal transplantation, several non-viral vectors have been 
investigated. Naked plasmids have been injected in the renal artery, but showed to be 
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ineffective as gene delivery system into the transplanted kidney45. From the enhanced naked 
plasmid techniques, both electroporation and the use of microbubbles together with 
ultrasound have been applied. Also liposomes and HVJ-liposomes have been examined in 
transplanted kidneys. The efficiency and localization of the non-viral delivery systems used 
in kidney transplantation are summarized in table 4 (see also figure 1). 
 
 

Route of 
administration 

Naked 
plasmids 

Enhanced naked 
plasmids 

Liposomes HVJ-liposomes 

Renal artery - 1 ++$ ? 2 - 4 ++$ T 7 

   ++?$ G, T 3 +? BV 5   

Intravenous     +? ? 6   

 
Table 4. Success and localization of ex vivo renal gene transfer with non-viral vectors 

BV = blood vessels, G = glomerulus, T = tubulus, $ = clamping of the renal vein, 1(Tomasoni et al., 2000), 
2(Azuma et al., 2003), 3(Isaka et al., 2002), 4(Benigni et al., 2000), 5(Vos et al., 2000), 6(Dragun et al., 1998), 
7(Kita et al., 2003). 
 

3.1.1. Enhanced naked plasmids 
Two methods have been employed to enhance naked plasmid transfection efficiency in 
kidney transplantation: electroporation and the use of microbubbles with ultrasound. Isaka 
et al. applied electroporation to facilitate hepatocyte growth factor (HGF) gene delivery in a 
porcine model of kidney transplantation46. Ex vivo, the renal vein was clamped and naked 
plasmids were infused into the renal artery, followed by electroporation. HGF mRNA 
production was still present 6 months after transfection, confined to the transplanted 
kidney. Interstitial fibrosis, which is one of the major histological features of chronic renal 
graft failure, was reduced through HGF gene therapy. When in vivo infusion of the 
fluorescently labeled DNA together with an echo-contrast agent containing microbubbles 
was combined with ex vivo exposure of the kidney to ultrasound, fluorescence was found in 
more than 70-80% of the glomeruli and most tubular cells. With this technique, transfection 
of NFκB, a transcription factor involved in the onset of acute rejection, improved the 
function and the histology of the graft and prolonged survival in a rat renal transplantation 
model47. 

Although localization of the gene expression is not very well studied, both 
electroporation and the use of microbubbles with ultrasound proved to be suitable vector 
systems for the transplanted kidney, since relevant therapeutic effects have been shown 
with both techniques. 
 

3.1.2. Liposomes 
The research of Benigni et al. in a rat kidney transplantation model showed that cationic 
polymer polyethylenimine liposomes are toxic for kidneys. Lowering the dosage did 
improve toxicity, but transgene expression was not detected in the graft48. 
However, different cationic liposome systems showed to be effective in reducing ischemia-
reperfusion injury of the renal graft. In situ perfusion of the donor kidney with liposomes 
containing fluorescently labeled NFκB decoy oligodeoxynucleotides (ODN) at 37°C, yielded 
a fluorescent signal in most of the peritubular capillaries for 1-3 days49. Early inhibition of 



Approaches and methods in gene therapy 

 35

the NFκB activation decreased adhesion molecule expression and monocyte infiltration 
within the first 3 days after transplantation. Liposome-delivered antisense ODN for ICAM-
1, when injected intravenously 6 hours before transplantation, improved immediate graft 
function and histology in a model of kidney autotransplantation50. ICAM-1 ODN 
presumably prevented leukocyte adhesion to the endothelium, which plays an essential role 
in ischemia-reperfusion injury of the graft. 

Although the localization of the expression with liposome mediated gene delivery 
systems is poorly investigated, gene therapy with liposomes shows short-term effects in 
kidney transplantation. Due to the brief duration of expression, liposomes are no suitable 
vectors for long-term treatment. 
 

3.1.3. Haemagglutinating virus of Japan liposomes 
The HVJ-liposomes seem to provide an efficient system for transfection of the kidney in a 
cold environment. When slowly injected into the renal artery of the donor rat, followed by 
incubation at 4°C, the HVJ-liposomes delivered the gene into the tubular epithelial cells51. 
Moreover, the transfer of anti-apoptotic gene Bcl-2 by this system allowed prolongation of 
preservation time and improved cell viability in the graft, thereby preventing primary non-
function after transplantation. 
 

3.2. Viral vectors 
In renal transplantation, adenovirus is the most widely used viral vector for gene therapy. In 
a special approach of transplantation, a retrovirus vector system has also been employed to 
genetically modify embryonic metanephric tissue, which was then transplanted into the 
kidney of neonatal mice. The reporter gene expression was mostly found in glomerular 
epithelial cells of the embryonic tissue52. The transfection success and localization of the 
viral delivery systems used in kidney transplantation are summarized in table 5 (see also 
figure 1). 
 

3.2.1. Adenoviruses 
Adenovirus is the most used vector for gene transfer to the renal graft. For transplantation, 
adenovirus has the distinct advantage that it can transfect several cell types at low 
temperature53. This allows pre-transplantation gene transfer to be carried out during the 
process of cold preservation. The transgene delivered through an adenoviral vector can 
express its product for 1-3 weeks21;25;27. In protocols aiming at influencing acute rejection, 
which in small animals develops within the first 1-2 weeks after transplantation, delivery 
via adenovirus should provide sufficient time for transgene product effects. However, for 
chronic graft failure, the ‘gutless’ adenovirus would be a more appropriate choice, due to its 
longer expression of months54;55. In allotransplantation, the initial immunosuppressive 
treatment can also prolong the adenoviral-delivered gene expression, through inhibition of 
the immune response against the viral proteins56. 

In 1996, Zeigler et al. reported for the first time successful gene transfer into isolated 
human kidneys, using a hybrid adenovirus-polylysine-DNA complex as vector, which was 
delivered by pulsatile perfusion for 2 hours, at 4°C. The reporter gene localized mainly in  
 
 
 



Chapter 2 

 36

 
Route of administration Adenovirus Retrovirus 

Renal artery +&∞ T 1   

 - 2   

 ++∞ G 2, 3   

 ++∞ BV, T 4   

 +∞ T 5   

Subcapsular   + G 6 

 

Table 5. Success and localization of ex vivo renal gene transfer with viral vectors 

BV = blood vessels, G = glomerulus, T = tubulus, & = hybrid Adenovirus-polylysine, ∞ = perfusion, 
1(Zeigler et al., 1996), 2(Parpala-Sparman et al., 1999), 3(Heikkila et al., 1996), 4(Brasile et al., 2002), 
5(Benigni et al., 2000), 6(Woolf et al., 1990). 
 
proximal tubules57. In pigs, high rate perfusion of the explanted kidney at room 
temperature, even for 17 hours, did not yield any gene expression at the end of the 
perfusion period58, probably because a higher temperature is required for the kidney cells to 
efficiently express viral proteins. Indeed, increasing the perfusion temperature to 37°C 
resulted in marked expression of the gene in approximately 80% of glomeruli after 12h of 
perfusion 25;58. In dog kidneys perfused for 24 hours, at 32°C, gene expression localized to 
blood vessels and tubuli, depending on the virus dose59. Proximal and distal tubule 
expression was also achieved in rats, whose kidneys were perfused for 1 hour, at 4 °C 48. 
However, gene expression was also found in the contralateral kidney, in liver and lung, 
probably because the kidney was not adequately flushed before transplantation. 

Adenoviral-mediated gene transfer proved its efficacy in prolonging rat renal allograft 
survival when anti-inflammatory molecules such as IL-10, IL-12p40, TNFRp55-Ig60, IL-461 
and CTLA4Ig, which is a blocker of T cell activation45, have been delivered into the 
transplanted kidney. However, long-term graft function was not improved, probably due to 
reduction of the therapeutic gene expression in time60. Therefore, a long lasting, non-
immunogenic vector would be more suitable for gene transfer when one aims at preventing 
chronic graft rejection. 

Summarizing, adenovirus is the most efficient viral vector in kidney transplantation. 
Depending on different parameters of graft perfusion, such as temperature, perfusion 
pressure and viral dose, targeting to glomeruli, blood vessels or tubuli can be achieved. The 
“gutless” adenovirus holds the promise for long lasting gene expression, required for 
preventing chronic graft failure through gene therapy. 
 

3.3. Genetically modified cells 
Autologous bone marrow cells, dendritic cells and T cells are the most important cell vectors 
used for transfection of the renal graft. The success and localization of these cell delivery 
systems are summarized in table 6 (see also figure 1). 
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Autologous cells are appealing vectors for kidney transplantation, because the risk of vector 
rejection is reduced. Transplantation of autologous bone marrow, retrovirally transfected 
with allogeneic donor-type MHC II genes, induced prolonged renal graft survival in pigs62. 

Dendritic cells are classically regarded as antigen presenting cells required for initiation 
of the primary T cell response, but they are also thought to be important for induction of 
immunological tolerance63. Enhancement of their potential to induce tolerance can be 
achieved by genetically modifying dendritic cells to express immunomodulatory molecules 
such as IL-10, TGF-β or CTLA-4Ig. In mice, increased allograft survival was achieved using 
intravenously administered donor dendritic cells transfected to express IL-10 and TGF-β64. 

The use of T lymphocytes as vector is a novel strategy for antigen-specific targeting in 
kidney transplantation, aiming at inducing graft tolerance in the recipient. Priming of the T 
cells in vitro with alloantigens leads to generation of T cell lines with a defined antigen 
specificity, which may subsequently be transfected using a retrovirus. When administered 
intravenously, alloantigen-specific, genetically-engineered T cells migrate selectively into 
the allograft, where the alloantigen is expressed, especially the tubular region but also the 
glomeruli being infiltrated65. Furthermore, alloantigen-specific activation increases 
transgene expression in vivo66. However, involvement of the transferred T cells in the 
rejection process might be a major drawback of this vector system. 

In summary, cell vectors have the advantage of selective targeting to the site of the 
immune reaction, which make these vectors particularly suitable vectors for transplanted 
kidneys. However, the labor-intensive techniques and the possible involvement of the 
vectors in the rejection process are the main disadvantages of cell vectors. 
 

Route of administration Bone-marrow cells  Dendritic cells T cells 

Bone marrow Tx + ? 1     

Intravenous   + ? 2 + G, T 3 

 

Table 6. Success and localization of ex vivo renal gene transfer with genetically modified cells 

G = glomerulus, T = tubulus, 1(Sonntag et al., 2001), 2(Gorczynski et al., 2000), 3(Hammer et al., 2002). 
 

3.4. Conclusions 
Naked plasmids are ineffective as vector for ex vivo transfection. Liposomes provide only 
short-term gene expression in the kidney graft and, although generally thought of as being 
non-toxic, some of them are toxic. Transfection is improved through enhanced naked 
plasmids and HVJ-liposomes, which are most suitable for targeting the tubuli. By far, the 
most efficient and the most widely used vector is adenovirus. Varying the parameters of 
graft perfusion, such as temperature, perfusion pressure or viral dose allows both targeting 
to different cell types within the kidney and improving the transfection efficiency. The 
‘gutless’ adenovirus holds the promise for long lasting gene expression, required for 
preventing chronic graft failure through gene therapy. Cell vectors, such as bone marrow 
cells, dendritic cells and T cells, have the advantage of selective targeting to the site of the 
immune reaction. However, these techniques are labor-intensive and therefore possibly 
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difficult to apply in a clinical setting. Moreover, tight regulation of the immune function of 
the cell vectors would be necessary to preclude their involvement in the rejection process. 
 
 

4. Limitations in comparing transfection efficiencies 
 

Evaluation of a new gene therapy technique usually takes place by using a reporter gene. 
However, different reporter genes are employed. The bacterial ß-galactosidase gene is the 
most often used one. However, the kidney has some endogenous ß-galactosidase activity. 
Although it is possible to inactivate mammalian ß-galactosidase selectively by heating67 or 
incubation at weakly alkaline pH68, or to use nuclear targeting of ß-galactosidase69, it may 
not be the optimal reporter gene for evaluating renal gene transfer. 

The gene encoding green fluorescent protein (GFP) is an optimal reporter gene neither. 
Since the kidney displays a high autofluorescence, background fluorescence is high and 
transfection efficiency difficult to measure. Staining with anti-GFP antibodies could 
overcome this problem. However, determination with antibodies represents only an indirect 
evaluation of expression. 

For quantification of transfection efficiency luciferase would be the most optimal 
reporter gene. However, for localization an indirect detection with antibodies is needed.  
Due to differences in background signal, different reporter genes may result in different 
transfection efficiencies. Therefore, a comparison of techniques is difficult when different 
reporter genes are used. 

Another important factor is the use of different promoters. For transfection experiments 
usually the CMV promoter, which yields high expression in almost all cells, is used. 
However, there are indications that this is not the most optimal promoter in the kidney. In a 
direct comparison Maruyama et al. used a ß-actin promoter in combination with a CMV 
enhancer with much more success than the CMV promoter6. In general, renal transfection 
with naked plasmids in ineffective unless the ß-actin promoter is used (Table 1). Also the 
success of the technique with electroporation could be based on the use of this promoter8. 
The same may be true for the HVJ-liposome technique16;17. 

Therefore, when evaluating articles on renal gene therapy, one should take into 
consideration the reporter gene and the promoter used, since these factors may also 
influence the expression of the transgene. 
 
 

5. Conclusion 
 

Although clinical renal gene therapy is not yet a reality, several techniques reviewed in this 
article show to be promising for future therapeutic applications, both for in vivo and for ex 

vivo gene therapy (e.g. in the context of transplantation). Enhanced naked plasmids and 
adenovirus are the most effective vectors and have potential as vectors for clinical gene 
therapy, since delivery through intra-arterial catheters and large-scale production of 
plasmids and adenovirus are feasible. However, safety issues remain a drawback for the 
clinical use of the currently available adenoviral vectors. In addition, the natural tropism of 
adenovirus for hepatocytes complicates selective renal expression. In this perspective, 
enhanced naked plasmid techniques have the benefit of combining good efficacy with 
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relatively few safety issues. Also the development of less immunogenic adenoviruses may 
bridge the gap between experimental and clinical application. 

As far as cells as vector are concerned, genetically modified immune cells are quite 
interesting since they have sites of inflammation as their natural target. They are obviously 
less useful for renal diseases that have no major inflammatory component. 

For the near future, enhanced naked plasmid techniques and the application of less 
immunogenic adenoviruses appear to remain the gene therapy modus of choice for (new) 
clinical applications. 
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Abstract 
 

Background. Application of gene therapy to the renal graft has a powerful potential to 
improve the outcome of kidney transplantation and eliminate detrimental side-effects 
associated with systemic therapy, through local expression of immunoregulatory or other 
protective molecules. However, the search for the optimal vector is still ongoing. In this 
study we used a modified adenovirus that has an RGD motif inserted in the HI loop of the 
fiber knob, as a successful strategy to transduce the renal graft. 
Methods. Donor Lewis rat kidneys were infused via the renal artery with solution 
containing either a fiber-modified adenovirus (AdTL-RGD) or an unmodified adenovirus 
(AdTL), or with saline. Syngeneic recipients were sacrificed after 3, 7 or 14 days. Efficiency, 
selectivity, localization, time course of gene expression and side-effects were studied using 
biochemical and immunohistological techniques.  
Results. Enhanced gene expression was achieved selectively in the transplanted kidney by 
AdTL-RGD, when compared to AdTL. Transgene expression lasted for at least 2 weeks. 
With the AdTL-RGD vector, the transgene was abundantly expressed in the renal interstitial 
fibroblasts. An increase in the number of cytotoxic T lymphocytes accompanied the use of 
either vector, when compared to saline.  
Conclusion. These data convincingly show enhanced and selective gene transfer to the 
fibroblasts of transplanted kidneys using an RGD-modified adenovirus, providing a highly 
efficient vector system for future therapeutic interventions. 
 

 

Introduction 
 

In humans, the ultimate survival of transplanted kidneys largely depends on extensive 
immunosuppression. Despite the development of various novel immunosuppressive drugs1, 
side effects associated with systemic immunosuppression, such as opportunistic infections 
and malignancies, are still major drawbacks in renal transplantation. As a consequence, 
these life-threatening side effects have to be balanced with effectiveness of the 
immunosupression regimens. A promising new strategy to overcome these problems is 
induction of local immunosuppression in the donor organ by the means of gene therapy. In 
addition, gene therapy approaches could also be used to suppress other serious 
transplantation-related pathological processes, such as ischemia-reperfusion injury and 
fibrosis. 

The transplanted kidney is a particularly appropriate candidate for gene therapy, 
because of its accessibility. However, the lack of a highly efficient, selective and non-toxic 
vector system has hampered the development of a clinically applicable therapeutic strategy 
preventing renal transplant failure. Among the non-viral and viral vector systems currently 
available [reviewed in ref. 2], adenovirus has a privileged place, mostly because of its 
potential to transfect a broad panel of cells, including both dividing and non-dividing cells. 
Moreover, when used in the transplantation setting, adenovirus has the additional 
advantage that it can infect several cell types at low temperature, allowing pre-
transplantation gene transfer to be carried out during the period of cold preservation3. 
Adenovirus targets cells via binding of the fiber knob to the Coxsackie adenovirus receptor 
(CAR). After binding, internalization is achieved through an interaction between an Arg-
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Gly-Asp (RGD) motif present in the penton base of the virus and cell surface integrins 
(mainly αv-type). CAR expression is scarce in human kidneys4. Moreover, even in species in 
which CAR is abundantly expressed in the kidney, such as mouse or rat4, efficiency of renal 
transduction remains low. Recently, a number of strategies aiming at enhancing the 
infectivity of adenovirus through re-targeting to CAR-independent pathways have been 
developed5;6. Amongst them, the recombinant insertion of an RGD motif into the fiber knob7, 
leading to binding of the virus to integrins, is particularly attractive for the setting of kidney 
transplantation, since integrins are widely expressed within the kidney8. Besides the C-
terminal end of the knob, which was initially selected for insertion, the HI loop has emerged 
as a more suitable site for genetic modification. This region is exposed on the exterior of the 
fiber knob, being accessible for binding to cellular targets. Moreover, the HI loop allows for 
insertion of relatively large sequences without affecting the structural integrity of the knob 
trimer9. Enhanced infectivity can thus be achieved since both CAR-dependent and CAR-
independent cell entry pathways can be employed.  

In this study we used a modified adenovirus that has a RGD motif inserted in the HI 
loop of the fiber knob, as a successful strategy to enhance efficiency of adenovirus-mediated 
gene delivery to the transplanted kidney. The specific targeting of the interstitium, as 
achieved in our study, is of particular relevance for transplanted kidneys, in which the 
interstitium is the theatre of both rejection and fibrosis.    

 
 

Methods 
 

Experimental model 
Inbred male Lewis rats (Lew SsnHsd, Harlan, UK) weighing 200-250 g were used. Animals 
were housed in a light- and temperature-controlled environment and fed standard rodent 
chow and water ad libitum. The animal experimental protocols were approved by the 
Animal Research Ethics Committee of the University of Groningen, The Netherlands.   

Experiments were performed in a rat Lewis to Lewis kidney transplantation model. 
Donor rats were anaesthetised with isoflurane and the aorta and the left renal pedicle were 
exposed through a midline incision. The aorta was clamped between the renal pedicles and 
above the bifurcation and the left kidney was then perfused in situ with saline, followed by 
infusion of 0.4 ml of viral solution. At the time of infusion the renal vein was clamped. At 
the end of infusion the renal artery was also clamped and the kidney was taken out and 
placed in saline on ice for 20 min. The kidney was then slowly perfused with saline and 
transplanted orthotopically into a syngeneic animal, as previously described10. Briefly, in the 
recipient the left renal vessels and ureter were anastomosed end to end using 10-0 prolene 
sutures, with a warm ischemia time of 25 min. The right native kidney was left inside until 
the time of animal sacrifice. 
   

Vectors  
First generation recombinant adenovirus type 5 AdTL11 and AdTL-RGD7 were generously 
provided by Dr. David T. Curiel, University of Alabama at Birmingham, Birmingham, 
Alabama, USA. Both adenoviruses express green fluorescent protein (GFP, T) and firefly 
luciferase (L) under the control of a CMV promoter, in the E1 region. The viruses were 
isogenic, except for the presence of RGD sequence in the AdTL-RGD. Adenoviruses were 
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propagated on 293 cells and purified by double CsCl density centrifugation. The amount of 
viral particles (VP) was determined spectrophotometrically at 260nm. The infectivity of the 
viruses was determined by plaque assay on 293 cells and expressed as plaque-forming units 
per millilitre of virus stock (pfu/ml). The VP/pfu ratio of the virus stocks was 100/1. 
 

Experimental groups 
In a first series of experiments the optimal titer of AdTL-RGD for transfection of the 
transplanted kidney was determined. Animals were randomly divided into five groups (n=5 
transplanted animals/group) that received saline or 0.8×109, 1.5×109, 3×109 and 6x109 pfu, 
respectively. After 3 days, the rats were sacrificed and both kidneys, as well as the liver, 
brain, heart, lungs, spleen, gut and testis were removed and processed for luciferase assay, 
confocal microscopy and immunohistology.  

In a second series of experiments the time course of reporter gene expression was 
studied, animals being treated with the optimal AdTL-RGD titer. Two groups of animals 
(n=5/group) were sacrificed at day 7 and 14 after transplantation and the same organs as 
mentioned above were removed and analysed for luciferase activity.  

Thirdly, the suitability of AdTL-RGD-mediated gene delivery for renal transplantation 
was compared with that of an unmodified AdTL (n=4-5/group). For that purpose, efficiency, 
tissue distribution, and side-effects were studied at day 3, 7 and 14 after transplantation. 
Rats that received kidneys infused with saline (n=4-5/time-point) were included as controls. 
 

Tissue processing  
At the time of animal sacrifice, the whole body was perfused with saline and various organs 
were collected. One half organ was prepared for luciferase assay. From the other half, two 
slices were obtained. For confocal microscopy, one slice was fixed in 4% paraformaldehyde 
solution containing 50 % sucrose, as previously described12. After 48 h of incubation at 8°C, 
specimens were snap frozen in liquid nitrogen and stored at -80°C. For 
immunohistochemistry and immunofluorescence, the other slice was processed for paraffin 
embedding.  
 

Luciferase activity assay 
The luciferase activity after transfection with either AdTL-RGD or AdTL was measured 
using a luciferase assay kit (Luciferase Assay System, Promega Corporation, Madison, WI), 
according to the manufacturer’s recommendations. Briefly, the tissue was homogenized at 
room temperature in lysis buffer, incubated on ice for 1h and then centrifuged at 4°C.  For 
luminometry, 10 µl of supernatant was added to 50 µl luciferase assay reagent at room 
temperature and the emitted light was immediately measured using a Wallac Victor2 

(Turku, Finland) luminometer. Results are expressed as counts per second (CPS)/mg 
protein. Protein concentration of the tissue sample was determined by a Bradford protein 
assay, using bovine serum albumin as standard.  
 

Confocal microscopy 
Cells infected with GFP-expressing adenoviruses were visualized with an LSM 410 laser 
scanning microscope (Carl Zeiss, Jena, Germany) using a 40× or 63× oil immersion objective. 
Confocal images of GFP fluorescence were collected using 488-nm excitation light from a 2-
line argon laser and a 510-525 nm band-pass filter. Simultaneously, structural information of 
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the kidney was obtained by detection of autofluorescence at emission wavelengths higher 
than 570 nm using a 570nm long-pass filter. 3D information of thick tissue sections (40 to 60 
μm) of paraformaldehyde-sucrose fixed tissue was obtained from a stack of optical sections. 
Images were obtained by projection of a stack of 30 optical sections representing 30 μm 
thickness. 
 

Immunohistochemistry and immunofluorescence 
To localize the transgene expression, a GFP immunostaining was performed using a rabbit 
polyclonal anti-GFP antibody (Molecular Probes, Leiden, the Netherlands). To identify the 
infected cells, additional (double) immunostainings were performed, using markers for 
fibroblasts (mouse anti-rat prolyl 4-hydroxylase, rPH, Acris Antibodies, Germany), 
activated fibroblasts (mouse monoclonal anti-α-smooth muscle actin, α-SMA, Sigma 
Chemical Co, St Louis, MO, USA), macrophages (mouse monoclonal anti-ED-1, Serotec Ltd, 
Oxford, UK), endothelial cells (mouse monoclonal anti-RECA-1, generously provided by 
Prof. G. Molema, UMCG, the Netherlands) and mesangial cells (mouse monoclonal anti-
Thy-1, kind gift from Dr. W.W. Bakker, UMCG, the Netherlands). To evaluate the renal 
damage after the transplantation-infection procedure, sections were stained for SMA, 
macrophages (ED-1) and cytotoxic T lymphocytes (mouse monoclonal anti-CD8, a generous 
gift from Dr. J.L Hillebrand, UMCG, the Netherlands). Prior to the immunostaining 
procedure, paraffin sections (3 μm) were dewaxed and subjected to antigen retrieval by 
microwave induced heat in 0.1M Tris/HCl, pH 9.0 (GFP) or in 1mM EDTA buffer, pH 8.0 
(CD8), overnight incubation in 0.1M Tris/HCl buffer, pH 9.0, at 80°C (α-SMA, ED-1) or 0.1% 
protease (Thy-1).   

For immunohistochemistry, a 2-step immunoperoxidase technique was used, according 
to standard methods. In short, after blockade of endogenous peroxidase (PO), the primary 
antibody diluted in 1% bovine serum albumin (BSA) in phosphate buffered saline (PBS) was 
incubated for 1 hour at room temperature. Then the sections were incubated with PO-
labelled secondary antibodies (Dakopatts, Glostrupp, Denmark) for 30 min. All PO-labelled 
antibody dilutions were made in 1% BSA/PBS supplemented with 1% normal rat serum. 
Peroxidase activity was developed using 3’,3’-diaminobenzidine tetrachloride (DAB) and 
H2O2. Control slides, in which the primary antibody was replaced with either PBS or IgG 
were consistently negative. 

For double immunofluorescence, sections were incubated with primary antibodies 
(GFP and either rPH, α-SMA, ED-1 or RECA-1) in 1%BSA/PBS for 60 min at room 
temperature, followed by FITC-conjugated goat anti-rabbit and TRITC-conjugated goat anti-
mouse antibodies (both from Southern Biotechnology Associates, Birmingham, Alabama, 
USA) in BSA/PBS supplemented with normal rat serum, for 30 min. Green (GFP) and red 
(rPH, SMA, ED-1 or RECA-1) fluorescent signals were visualized using confocal 
microscopy.  
 

Morphometry 
The number of glomeruli positive for GFP immunostaining was counted in 10 optical fields 
at 100× magnification. A glomerulus was considered positive if at least 3 cells showed GFP 
staining. 

The expression of α-SMA and ED-1 by immunohistochemistry was measured using 
computer-assisted morphometry. Thirty (α-SMA) or 40 (ED-1) fields were evaluated at a 



Chapter 3 

 52

magnification of 200×. For α-SMA, the total staining was divided by the area measured, and 
expressed as a percentage. For ED-1, the number of positive cells per area was measured. An 
average score was calculated per section. CD8 positive cells were counted in 30 fields using 
an ocular grid at 400× magnification and expressed as an average per field. 
 

Statistical analysis 
Results are presented as mean ± s.e.m.. Statistical analyses were performed using ANOVA 
and Student-Newman-Keuls test. Difference were considered significant at p<0.05. 
 

 

 

 

 

Results 
 

Viral titer optimization and time course of AdTL-RGD expression 
Preliminary experiments showed that both AdTL-RGD and AdTL-delivered genes are 
optimally expressed between 48-72 hours after infection. Initially, the optimal viral titer of 
AdTL-RGD was sought, taking as criteria the transduction efficiency and selectivity. The 
highest transduction of the transplanted kidney, measured as luciferase activity at 72 hours, 
was found at a titer of 3×109 pfu (Fig. 1). Infusion of 0.8×109 pfu resulted in 1.68×104 ± 
0.58×104 CPS/mg protein, and 1.5×109 pfu yielded 1.61×105 ± 0.56 ×105 CPS/mg protein. In the 
3×109 pfu-infused kidneys the luciferase activity was 4.91×105 ± 0.78×105 CPS/mg protein (30 
times higher than with the lowest titer). When 6×109 pfu were used, no further improvement 
in transduction efficiency was achieved (4.41×105 ± 1.03×105 CPS/mg protein). The saline-
treated animals were negative for luciferase activity. 

Tissue distribution of AdTL-RGD, measured as luciferase activity at 72 hours in 
homogenates of various organs, showed a similar pattern in all the infected animals. All 
organs studied were devoid of luciferase, except for liver and spleen, in which very low, 
though dose-dependent levels of luciferase activity were detected (Fig. 1). 
Since the 3×109 pfu yielded the highest and still graft-targeted transgene expression, this 
viral titer was considered as optimal and used to study the time course of the transgene 
expression. The transplanted kidney showed the highest luciferase activity at day 3, 
decreasing over time to day 14 after transplantation (Fig. 2). All the other organs were 
negative for luciferase at both day 7 and day 14 (data not shown).   
 

Enhanced delivery of the transgene through AdTL-RGD compared to AdTL  
The infection efficiency and selectivity of AdTL-RGD was compared with that of an 
adenovirus that lacks the RGD modification in the fiber. Seventy two hours after 
transplantation, AdTL yielded in the transplanted kidney less than 20% of the luciferase 
obtained with AdTL-RGD (Fig. 3). Infection of the transplanted kidney with AdTL did not 
result in expression in all the other organs, except for liver and spleen, which exhibited very 
low levels of the transgene, comparable with those yielded by AdTL-RGD (data not shown). 
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Figure 1. Optimization of AdTL-RGD titer. Donor kidneys were infused via de renal artery with 

increasing doses of AdTL-RGD (n=5/group) or saline, incubated at 4°C for 20 min, flushed with saline 
and then transplanted into syngeneic recipients. Recipient rats were sacrificed 3 days after 
transplantation and luciferase activity was measured in several organs. The best and still graft-targeted 
luciferase expression was achieved with 3x109 pfu. LK(tx) = left kidney, transplanted; RK = recipient 
right kidney; pfu = plaque forming units. 
 

 
RGD-AdTL infects with high efficiency the fibroblasts of the transplanted 

kidney 

To confirm the luciferase assay data and to determine the localization of AdTL-RGD-
delivered genes, expression of GFP was studied using immunohistochemistry. Consistent 
with luciferase activity data, a viral dose-dependent amount of GFP expression was found 
in the transplanted-infected kidneys. In all the other organs GFP was not detectable (data 
not shown).  

In the transplanted kidneys treated with the optimal AdTL-RGD titer (3×109 pfu), GFP 
staining was abundantly localized in interstitial cells, between the tubules, mainly in the 
cortex, also in the outer medulla, and to a lesser extent in the inner medulla (Fig. 4A, B). 
Besides, approximately 12% of the glomeruli exhibited staining for GFP (Fig. 4C). No GFP 
expression was seen in tubular epithelial cells. Saline treated kidneys were negative for GFP 
(Fig. 4F). 
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Figure 2. Time course of AdTL-RGD-delivered gene expression in the transplanted kidneys. Donor 
kidneys were treated with 3x109pfu AdTL-RGD before transplantation. Recipient rats were sacrificed at 
3, 7 or 14 days after transplantation-infection (n=5/group) and luciferase activity was measured in the 
transplanted kidneys. Results are presented on a logarithmic scale and expressed as percentages of 
luciferase activity at day 3 ± s.e.m., amounting 4.91×105 ± 0.78×105 CPS/mg protein. 
 

 
To identify the interstitial cell type, thick kidney sections were analysed using confocal 

microscopy. Reconstructed 3D images of the transplanted kidney clearly showed that the 
GFP signal was localized outside of the tubular structures, in cells morphologically 
resembling fibroblasts (Fig. 5A, B). Accordingly, double immunfluorescence for GFP and 
rPH, a marker for fibroblasts, showed co-localization of GFP- and rPH-expressing cells (Fig. 
5C). Furthermore, many of the transduced interstitial fibroblasts were activated fibroblasts, 
as shown by the double staining for GFP and α-SMA (Fig. 5D). On the contrary, neither GFP 
and ED-1, nor GFP and RECA-1 were co-localized (Fig. 5E, F), ruling out the possibility that 
the infected cells were interstitial macrophages or interstitial endothelial cells.  

In the positive glomeruli, only a limited number of cells (between 3 and 17 per 
glomerulus) showed staining for GFP. The majority (80-90%) of the glomerular cells 
expressing GFP were localized in mesangium, and proved to be mesangial cells, as shown 
by the co-localization of GFP and Thy-1 staining in consecutive sections (Fig. 6). 

In contrast with AdTL-RGD, and in line with luciferase data, a strongly reduced 
number of GFP-positive interstitial cells scattered over the kidney sections was found 
following infection with AdTL (Fig. 4D, E). GFP-positive interstitial cells were identified as 
fibroblasts using the same approach as for AdTL-RGD. However, administration of AdTL 
resulted in a similar amount and localization of infected cells in glomeruli (average12.8%) as 
found with AdTL-RGD.  
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Figure 3. Comparison between transduction efficiency with AdTL and AdTL-RGD. Donor kidneys 
(n=5/group) were infused with 3x109pfu of either AdTL or AdTL-RGD and transplanted in syngeneic 
rats. Luciferase activity was measured in the kidney homogenates 3 days after transplantation-infection. 
Markedly enhanced luciferase activity was found in the transplanted kidneys when using AdTL-RGD.  
* = p<0.01.  
 
 

 
 
Figure 4. Immunohistochemical staining for GFP 3 days after transplantation. Kidneys transduced 
with AdTL-RGD showed GFP positive cells abundantly localized in the interstitium of the cortex (Co) 
and outer medulla (OM), and to a lesser extend in the inner medulla (IM) (panel A, 40× magnification),  
between the tubules (panel B, arrows, 200×); GFP-positive glomerulus (panel C, arrow, 400×). In 
contrast, only few GFP positive interstitial cells were found in the kidneys infused with AdTL (panels 
D, E, 40× and 200×, respectively). Saline treated kidneys were negative for GFP (panel F, 40×). Sections 
were counterstained with hematoxylin. 
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Figure 5. Identification of interstitial cells infected with AdTL-RGD, using confocal microscopy and 

double immunofluorescence. Three-dimensional image (30 μm thickness) of transplanted kidneys 
transduced with AdTL-RGD, showing fibroblasts-like cells (green, arrows) abundantly localized 
outside of the tubular structures (red, autofluorescence) (panel A). Transmission microscopy providing 
structural information for picture A (panel B). Representative pictures from double 
immunofluorescence (3 μm thickness), showing that the infected cells (GFP, green) were fibroblasts 
(rPH, red) (panel C, co-localization, arrows), many of which were activated fibroblasts expressing SMA 
(panel D, red, arrows). No co-localization was seen for GFP (green) and macrophages (ED-1, red) (panel 
E), nor for GFP (green) and endothelial cells (RECA-1, red) (panel F). The bar represents 100 μm. Gl = 
glomerulus, T = tubule. 
 

Renal (immuno)histology after transplantation-infection  
To determine whether AdTL-RGD and AdTL induced any additional injury in the 
transplanted kidneys, expression of α-SMA, an early marker of renal damage, as well as the 
presence of inflammatory cells macrophages (ED-1) and cytotoxic T lymphocytes (CD8) 
were evaluated 3, 7 and 14 days after the procedure and compared to saline treated 
transplants. The results are summarized in Table 1. No difference in the expression of either 
interstitial α-SMA or interstitial ED1 (macrophages) was found between the saline and  
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Table 1. Quantification of immunohistological characteristics of the transplanted kidneys after 

transplantation-infection. Data are presented as mean ± s.e.m. (* = p<0.05 compared with saline treated 
kidneys). SMA = smooth muscle actin. 
 
 
 
 

 
 

Figure 6. Co-localization of GFP with Thy-1 in glomeruli. Consecutive sections were stained for GFP 
and Thy-1, a marker for mesangial cells. Only a limited number of glomerular cells exhibited GFP 
staining (A, brown, arrows). Most of the cells positive for GFP had mesangial cell-like morphology and 
showed staining for Thy-1 in consecutive sections (B, brown, arrows). Magnification, 1000 × for both 
images. 
 
 

 

 

Saline  

(n=4-5/time-point) 
AdTL  

(n=4-5/time-point) 
 AdTL-RGD  

 (n=5/time-point) 
Interstitial α-SMA 

(% stained area) 

 day 3 

 day 7 

 day 14 

 
 
6.54 ± 0.85 
4.24 ± 0.90 
2.40 ± 0.12 

 
 
4.91 ± 0.83 
4.17 ± 0.21 
2.36 ± 0.21 

 
 
4.09 ± 0.73 
3.56 ± 0.71 
2.51 ± 0.24 

Interstitial macrophages 

(ED-1+ cells) 

 day 3 

 day 7 

 day 14 

 
 
190.8 ± 27.7 
146.9 ± 11.4 
  90.5 ± 15.8 

 
 
182.6 ± 16.6 
147.5 ± 8.7 
  98.9 ± 10.2 

 
 
179.7 ± 12.6 
149.0 ± 10.6 
  82.4 ± 13.6 

Interstitial cytotoxic T 

lymphocytes (CD8+ 

cells) 

 day 3 

 day 7 

 day 14 

 
 
  9.5 ± 0.9 
14.1 ± 0.5 
11.0 ± 0.8 

 
 
11.9 ± 0.5 * 
25.1 ± 0.7 * 
17.8 ± 1.2 * 

 
 
12.4 ± 0.7 * 
23.4 ± 1.3 * 
15.1 ± 0.6 * 
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AdTL- or AdTL-RGD-infused kidneys at any time point. However, an increase in interstitial 
CD8+ (cytotoxic T) cells was detected in the transplanted kidneys of the virus-treated 
animals (p<0.05 compared to saline), irrespective of the virus modification. Infiltration with 
CD8+ cells reached the maximum at day 7 and decreased thereafter. No immune cell 
infiltration (macrophages and cytotoxic lymphocytes) was present in other organs, 
including the liver, in animals receiving a virus-infused kidney (data not shown). This is in 
line with luciferase and GFP data, showing practically absence of transgene expression in 
organs other than the transplanted kidney. 
 

 

Discussion 
 

The present study demonstrates highly efficient and selective gene transfer to the 
transplanted kidneys using an adenovirus that has an RGD motif inserted in the HI loop of 
the fiber knob. Employing this strategy, enhanced infectivity of the adenovirus was 
achieved, without increasing the virus-induced renal damage. Moreover, to our knowledge, 
we are the first to describe efficient transduction of the interstitial fibroblasts in the model of 
renal transplantation.  

Previous studies emphasized superiority of adenovirus compared to other vectors 
available for transduction of the transplanted kidney [reviewed in ref. 2]. Depending on 
different parameters of graft perfusion, such as temperature, perfusion pressure and viral 
dose, targeting to different renal compartments was achieved. However, long incubation 
and rather sophisticated perfusion systems were generally required in order to achieve 
transgene expression in the renal graft. In this study we report a rapid and highly efficient 
method to transfect the transplanted kidney through a RGD-modified adenovirus. Using an 
intra-arterial infusion combined with clamping of the renal vein, followed by 20 min 
incubation at 4˚C, we were able to obtain evenly distributed transgene expression in the 
cortex and the outer medulla of the renal graft. However, the same amount of unmodified 
adenovirus yielded significantly less transgene expression, as shown by both luciferase 
activity as well as GFP staining. This finding is in line with previous reports, showing 
augmented infectivity of RGD-adenovirus both in vitro13;14 and in organs other than the 
kidney, in several animal models13;14;15. 

Importantly, transgene expression was restricted to the renal graft. Apparently, it was 
mainly the specific setting of transplantation (which allowed us to flush out the viral 
solution before transplantation) that counted for selectivity, since the same tissue 
distribution pattern was observed for both adenoviral vectors. The very low levels of 
luciferase found in liver and spleen were presumably the result of a limited amount of virus 
re-circulating from the donor kidney after transplantation.  

The targeted cells within the renal graft were mainly interstitial fibroblasts, and a 
limited number of glomerular cells. Previous studies that used recombinant adenovirus to 
transduce renal graft showed localization of transgene in either proximal16;17 and distal17 
tubular epithelial cells, glomeruli18 or blood vessels19. The exact mechanism of targeting in 
each of these studies is not completely elucidated. Targeting of tubules could be a result of 
either glomerular filtration or passage of adenoviral particles trough the peritubular 
capillaries, followed by tubular infection. Glomerular transduction could be achieved by 
continuous and prolonged perfusion of the kidney with viral solution. Blood vessels could 
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be infected using high pressure and prolonged incubation. Besides, species differences 
should also be taken into account when comparing the results of these studies. It is tempting 
to speculate about a mechanism of targeting in our study, as well. Most likely, during the 
infusion via de renal artery, the virus reaches and passes glomeruli without being filtered, as 
we did not see any transgene expression in the tubules. A limited amount a virus infects 
glomerular cells. Most of the virus reaches the interstitium, probably passing through 
peritubular capillaries. In the interstitium, the interaction between RGD peptide and the 
integrins on the surface of fibroblasts20 is responsible for enhanced infectivity of AdTL-RGD. 
An alternative explanation could be that the RGD-adenovirus (and not the unmodified 
adenovirus) reaches the interstitium via the vasa rectae, through interaction with the 
integrins. However, as mostly the cortical and less the medullar area was transduced, this 
pathway seems less plausible, or less important. Why specifically the fibroblasts were 
infected in our study and not other cell types that also express integrins, such as endothelial 
cells, is also not entirely clear. Earlier, McDonald et al.21 observed selective transgene 
expression in the renal cortical vasculature, when using a RGD insertion in the C-terminus 
of the fiber. Differences in infusion technique, RGD location in the virus22 or three-
dimensional (circular or linear) structure of the RGD sequence23 may well explain distinct 
targeting in these two studies. Interestingly, although the RGD-adenovirus infected the 
interstitial fibroblasts much more efficiently than the unmodified adenovirus, the 
percentage of infected glomeruli remained the same.Since AdTL-RGD retains the CAR-
binding property, it is likely that CAR expression is a limiting factor for glomerular 
transduction, whereas CAR-independent pathways are more important for transduction of 
interstitial fibroblasts. Thus, it seems conceivable that the use of a CAR-ablated, RGD-
modified adenovirus would lead to specific targeting of interstitial fibroblasts. However, as 
the overall number of transduced glomerular cells was rather low, the use of such a truly re-
targeted vector does not seem to be essentially required in our experimental system. 

Targeting of fibroblasts, as achieved in our study, is of general importance for designing 
pathophysiological and therapeutical studies regarding progressive renal diseases, where 
fibrosis is a common final pathway24. From previous studies attempting targeting of renal 
fibroblasts in vivo, few strategies were successful: ureteral injection of hemagglutinating 
virus of Japan (HVJ) liposomes25, injection of a large volume of naked plasmid DNA via the 
renal vein26 and ureteral injection of DNA plasmids combined with electroporation27. 
However, data on fibroblast transduction in the setting of kidney transplantation is lacking. 
Particularly for the renal graft, targeting of interstitium is of great importance for preventing 
both short and long-term events, as the interstitium is the theater of both acute rejection as 
well as long-term fibrosis. With the first generation adenovirus that we used in this study, 
transgene expression is short lasting, due to the immune response elicited by the virus. 
However, local expression of immunosupressive molecules with this vector system might 
not only influence the rejection of the renal graft, but also inhibit the immune response 
against the virus itself, thereby prolonging the availability of the gene product28. Most 
suitable in this respect would probably be factors acting in a paracrine fashion, such as 
immunosuppressive cytokines, which would be able to modulate the tubulo-interstitial 
microenvironment during the first weeks after transplantation. 

Proliferation and activation of the interstitial fibroblasts into α-SMA expressing 
myofibroblasts is widely recognized as a key event in early transplantation-related injury, 
leading to fibrosis and ultimately loss of renal graft function29. Thus, blockade of early 
activation of interstitial fibroblasts might limit long-term fibrosis. In our study, many of the 
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infected cells were SMA-expressing fibroblasts (myofibroblasts). The SMA expression was 
maximal at day 3-4 and overlapped with the maximal expression of the transgene. 
Therefore, blockade of fibroblast activation seems feasible, through targeted expression of, 
for instance, TGF-blocking molecules (such as members of Smad family). If extension of 
expression time is required, the insertion of the RGD motif in a 3rd generation (“gutless”) 
adenovirus, would be more suitable, as this would allow prolonged production of the 
transgene30 in the interstitial fibroblasts.  

Kidney transplantation is associated with marked injury due to ischemia and 
reperfusion. First generation adenovirus, as used in our study, elicits both innate and 
adaptive immune responses and may also induce renal damage. In our study, no additional 
rise in either interstitial smooth muscle cell actin (SMA) expression, an early marker for 
renal damage, or macrophage influx was found in the virus-infused kidneys. However, an 
increase in cytotoxic T lymphocytes accompanied the adenoviral infection. Remarkably, 
enhanced transfection efficiency of AdTL-RGD did not further increase AdTL-induced 
immune response, as reflected by the number of CD8+ cells. It is also noteworthy that the 
increased number of cytotoxic lymphocytes at later time points (especially day 7) was not 
accompanied by an additional renal damage, as evaluated by the amount of SMA 
expression, at any time point.   

In summary, our current data convincingly show enhanced and selective gene transfer 
to the interstitial fibroblasts of rat transplanted kidney with a RGD-modified adenovirus, 
allowing further design of local immunosuppressive strategies for prevention of acute 
rejection. For chronic renal transplant failure, a RGD-“gutless” adenovirus would probably 
be more suitable for approaching local immunosuppressive or/and anti-fibrotic therapeutic 
strategies. 
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Abstract 
 

Background. Unraveling the molecular events behind ischemia-reperfusion (I/R) injury is 
crucial for designing new therapeutic strategies for acute renal failure in both native and 
transplanted kidney.  
Methods. To identify novel pathways, we performed a DNA microarray analysis of gene 
expression during renal I/R in rats undergoing either unilateral clamping for 45 min or sham 
operation. Gene expression patterns were studied on pooled RNA samples of 8 groups both 
early (30, 90 min, 6 and 24 hours) and late (4, 9, 14, 21 days) after I/R. Each comparison I/R-
sham was performed in triplicate. The inflammatory (macrophages, ED1), pre-fibrotic (α-
SMA) and fibrotic (collagen 3) changes were also characterized using 
immunohistochemistry.  
Results. Out of 4854 genes studied, 94 were down-regulated and 55 genes were up-
regulated more than 3-fold. Down-regulated genes included especially genes related to 
metabolism and signal transduction. Genes up-regulated early after I/R included especially 
transcription factors (Egr1, Egr3, Atf3), stress response proteins (HSP 70, HO-1) and 
regulators of cell cycle (Btg2, Mapk phosphatase-1, protein tyrosine phosphatase). Late 
changes were characterized by up-regulation of genes related to cell adhesion, cytoskeleton 
and extracellular matrix (KIM-1, osteopontin, collagen 3, ADAMTS-1) and were 
accompanied by inflammation (macrophage influx) and pro-fibrotic changes (SMA 
induction), and at latest time points by fibrosis (collagen expression). Changes in the 
expression of 6 genes (Egr1, Egr3, Btg2, Mapk phosphatase, KIM-1 and HO-1) were 
confirmed by real time PCR on individual samples. The regulation of Egr3 and Mapk 
phosphatase-1 early during I/R in the kidney represent new findings.  
Conclusion. These data provide insights into the mechanism of renal injury/regeneration 
both early and late after renal ischemia-reperfusion which may serve as targets for future 
intervention experiments. 
 
 

Introduction 
 
Ischemia due to severe hypoperfusion represents the most frequent cause of acute renal 
failure (ARF) in humans. Ischemic ARF can be precipitated by major cardiovascular surgery, 
trauma, hemorrhage, sepsis and/or volume depletion. Besides, ischemia is inevitable in 
kidney transplantation, and the initial ischemia-reperfusion (I/R) injury affects both its 
short-1 as well as long-term2 outcome. In addition to supportive therapy, pathophysiologic-
based therapies may improve mortality and morbidity associated with ischemic ARF3. In 
transplantation, (pre)treatments aimed at protection of the graft against I/R injury may 
further ameliorate the clinical outcome, by reducing the incidence of delayed/non-graft 
functioning and acute rejection. In this respect, unraveling the molecular events behind I/R 
injury would not only allow defining early markers of functional and morphological 
damage, and thereby timely intervention, but would also provide novel 
therapeutic/protective strategies.  

The extensive research in the field of I/R during the last three decades led to 
characterization of several pathways involved in renal I/R injury. It is nowadays widely 
accepted that I/R injury involves primarily cell death4-6, oxidant stress7;8 and 



Gene expression in renal ischemia-reperfusion 

 67

inflammation4;9;10. Deprivation of O2 and nutrients during ischemia triggers a series of 
cellular and molecular alterations, which, if severe, can ultimately cause cell necrosis or 
apoptosis 6. Beyond the injury induced by ischemia alone, reperfusion inflicts additional 
damage, which is mediated mostly by reactive oxygen species (ROS) formation8 and 
inflammation9;10. Depending on the magnitude of the I/R insult, the kidney can fail or 
regenerate itself. The regeneration of the kidney after a severe I/R injury is usually 
accompanied by long-term fibrosis11, which leads ultimately to chronic renal failure.  
        Still, the understanding of I/R pathogenesis is not complete. Particularly the molecular 
changes involved in the onset of the I/R are not fully defined. It is also not completely 
elucidated how the very early events during I/R are linked to the later sclerotic changes. The 
recent advances in the microarray analysis technique facilitate discovery of the missing 
links, by simultaneously profiling the expression of thousands of genes12.  
        In the present study we carried out an analysis of genes activated early and late after 
I/R in rat kidneys, using a microarray analysis combined with a real time PCR analysis. Our 
data confirmed changes in expression of genes already reported as being involved in I/R 
injury. Besides, several genes previously not associated with renal I/R were identified.  
 
 

 Methods 
 

Renal ischemia-reperfusion model 
Male Wistar rats (Harlan, Horst, the Netherlands) weighing 250-300g were used. The animal 
experimental protocols were approved by the Animal Research Ethics Committee of the 
University Medical Center Groningen, Groningen, The Netherlands.  
        Fifty four rats were randomly divided in 9 groups (n=6/group). The rats were 
anesthetized with isoflurane (2%) and a left-flank incision was made. The left renal vessels 
were dissected and clamped with atraumatic clips for 45 min (ischemia time). After 
removing the clips, reperfusion of the kidney was confirmed visually and then the muscle 
and skin layers were sutured with 4.0 stitches. The rats were allowed to reperfuse for 30 
min, 90 min, 6 hrs, 1, 4, 9, 14 or 21 days (reperfusion time). Sham-operated rats underwent 
dissection of the left renal pedicle without clamping. At the end of the reperfusion period 
animals were anesthetized, both kidneys were perfused with saline and harvested. A 
midcoronal slice of the kidneys was fixed in 4% paraformaldehyde, processed for paraffin 
embedding and used further for immunohistochemistry. A second slice was snap-frozen in 
liquid nitrogen, stored at -80° C and used for RNA isolation. 
 

Immunohistochemistry and morphometry 
Histological changes in the ischemic-reperfused kidneys were confirmed using PAS staining 
and immunohistochemistry for ED-1, a marker for macrophages (mouse monoclonal, 
Serotec Ltd, Oxford, UK), α-smooth muscle actin (SMA), a marker of pre-fibrosis (mouse 
monoclonal, Sigma Chemical Co, St Louis, MO) and collagen IIIα1, a marker of fibrosis 
(rabbit polyclonal, Biogenesis Inc, Sandown, NH). Three μm sections were dewaxed in xylol 
and then progressively hydrated. Antigen retrieval was performed by overnight incubation 
in 0.1M Tris/HCl buffer, pH 9.0 at 80°C. A two-step immunostaining peroxidase (PO) 
technique was used. After blockade of the endogenous PO, sections were incubated with the 
primary antibody, followed by sequential incubation with PO-labelled secondary 
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antibodies. Peroxidase activity was developed by incubation with 3’,3’-diaminobenzidine 
tetrachloride (DAB) and H2O2.  

The α-SMA immunostaining and the number of macrophages (ED-1stained cells) were 
quantified using computer-assisted morphometry. Thirty (α-SMA) or 40 (ED-1) fields were 
measured at 200× magnification. Vessels and glomeruli were excluded from measurement. 
For α-SMA, the total staining was divided by the area measured and expressed as a 
percentage. For ED-1, the number of positive cells per field was evaluated. An average was 
calculated per section. Collagen III immunostaining was analysed semiquantitatively, using 
a score system from 1 to 3.  
 

RNA isolation 
Thin (10 μm) frozen sections were cut from the left, ischemic-reperfused kidney of all 
animals and the right kidneys of the group that did not undergo I/R (sham), using a 
cryotom. RNA was isolated using a Qiagen RNeasy kit (Qiagen, Venlo, The Netherlands), 
according to the manufacturer recommendations. A DNase treatment step (RNase free 
DNase, Qiagen, Venlo, The Netherlands) was included in the protocol. Integrity of RNA 
was checked using agarose gel electrophoresis and the RNA concentration was measured 
spectrophotometrically at 260 nm.  
 

Probe construction 
For each RNA sample, first strand amino-modified cDNA was synthesized by LinAmp oligo 
dT primed reverse transcription of 4 ug RNA using Supersript II reverse transcriptase 
(Invitrogen, Carlsbad, CA, USA) in the buffer provided and in the presence of  0,5 mM of  
dATP, dCTP, dGTP and dTTP and 0,5 ug Linear Acrylamide (Ambion, Austin, TX, USA) 
and 0,6M Trehalose (Sigma, St Louis, MO, USA). The synthesis was carried out in a thermal 
cycler (5 min. at 37 °C, 5 min. at 45 °C, followed by 10 cycles of 2 min 60°C and 2 min 55 °C). 
Doublestranded cDNA was synthesized by E. Coli DNA polymerase I (Invitrogen) in the 
buffer provided and 0,2 mM of dATP, dCTP, dGTP and dTTP and 10 units Ecoli DNA ligase 
(Invitrogen), and 2 units of Rnase H (Promega, Madison, WI, USA). Doublestranded cDNA 
was purified with a PCR purification kit (Qiagen). Subsequent in vitro transcription of the 
cDNA was performed employing the T7 Megascript kit (Ambion) in the presence of 7,5 mM 
of rATP, rCTP and rGTP and 3,75 mM rTTP and 25 mM 5-(3-aminoallyl)-UTP (Ambion). 
The reaction was stopped after 16 hours at 37°C by purification of the amplified RNA 
(Qiagen, Rneasy mini). Five μg of the amplified aminoallyl-RNA was fluorescently labeled 
with Cy3 or Cy5 fluorophores (Amersham Biosciences, Buckinghamshire,  
UK) as described previously 13. Labeled RNA was purified using Microcon YM-30 columns 
(Millipore, Billerica, MA). Hybridization was performed after mixing the labeled RNA 
samples from the appropriate samples with 15 ug poly-dA DNA (Qiagen) and hybridization 
buffer to a final concentration of 25% formamide, 5* SSC and 0.1% SDS. The samples were 
heated for 3 min at  95 °C and cooled down to 42 °C prior to hybridization. Hybridizations 
were performed under liftersslips (Erie Scientific, Portsmouth NH, USA) within 
hybridization chambers (Telechem, Sunnyvale CA, USA) in a waterbath at 42 °C for 16 
hours. After hybridization the slides were washed, dried and scanned at 10 μm resolution in 
a GMS 428 laser scanner (Affymetrix, Santa Clara CA, USA). Image intensity data for each 
array was extracted by ImaGene 4.2 software (BioDiscoveries, Ontario, Canada). 
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Microarrays and microarray analysis 
Microarrays contained the complete rat oligonucleotide library (Sigma-Genosys/Compugen) 
spotted in triplicate on GAPSII slides (Corning, Corning, NY, USA). This library consists of 
4854 65-mer oligonucleotides representing genes from a diverse range of functionalities, in 
addition to positive and negative controls. Microarrays were obtained from the Department 
of Anthropogenetics, University of Nijmegen, The Netherlands. 

For each experimental group, samples of the left kidneys were pooled. These samples 
were contrasted to pooled RNA taken from the right kidney of animals that did not 
underwent I/R (control). Unfortunately, hybridization of the sample from sham operated 
rats and control suffered from a technical failure, rendering these data partly unusable. 
Therefore, it was decided to analyze all hybridizations separately. To account for dye bias, 
signal data were log-transformed and normalized by intensity-dependent regression 
(Lowess). After filtering of empty spots and control spots, a scatter plot for the median 
signal intensity of both fluorescent labels was constructed. As the library was spotted in 
triplicate, genes that showed change more than 3-fold in all 3 spots were considered 
candidates. In addition, genes that showed a 2-3 fold up/down-regulation spots in 2 
experimental groups with consecutive time points were considered candidates. Analyses 
were performed using BRB ArrayTools developed by Dr. Richard Simon and Amy Peng 
Lam (http://linus.nci.nih.gov/BRB-ArrayTools.html). 

 

Real time PCR analysis 
The change in expression of several genes was confirmed with real time two-step 
quantitative RT-PCR. First, RNA (1μg) was reversely transcribed into cDNA. Then 
quantification was performed with SYBR Green PCR reagents (Molecular Probes, Leiden, 
The Netherlands) and an ABI PRISM 5700 Sequence Detection System (Applied Biosystems, 
Nieuwerkerk, The Netherlands), as previously described. The PCR profile consisted of 5 
min at 95°C, followed by 40 cycles with heating to 95°C for 15 sec and cooling to 60°C for 1 
min.  PCR product specificity and purity was evaluated by generating a dissociation curve 
and by restriction enzyme analysis followed by gel-electrophoresis. Sequence specific PCR 
primers were purchased from Biolegio (Nijmegen, The Netherlands).  
 
 

Results 
 

Validation of the I/R model 
First, to confirm the I/R injury in our model of renal clamping, a PAS staining as well as 
immunostainings for macrophages (ED-1), pre-fibrosis (α-SMA) and collagen 3 (fibrosis) 
were performed.  Histologic damage, including loss of brush-border, tubular epithelial cell 
necrosis, denudation of the basement membrane and tubular casts, was observed already at 
6 hrs of reperfusion and reached a maximum at day 1 (see also chapter 5). After that, 
regeneration and focal tubular dilatation was observed. As expected, a limited number of 
macrophages were found in the sham operated rats (20.1 ± 1.7 cells/field). Macrophage 
infiltrates were present in the interstitium at 24 hrs of reperfusion (76.2 ± 14.3 cells/field), 
reached a maximum at day 4 (151.8 ± 6.2) and tended to decline thereafter (Figure 1A). In  
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Figure 1. Immunostaining for (A) macrophages (ED-1), (B) α-smooth muscle actin (SMA) and (C) 

collagen 3. Data are presented as mean ± s.e.m. for ED-1 and α-SMA. For collagen 3, horizontal line 
denotes median and boundary of the box represents the 25th percentile and 75 percentile. 
 
 
 
the sham operated rats, staining for α-SMA was only present in the vascular structures and 
to a minor degree in the interstitium (1.33 ± 0.06 %). SMA expression increased significantly 
at day 1 compared to sham (5.25 ± 0.8 %), reached a maximum at day 4 (15.8 ± 1.1 %) and 
declined thereafter (Figure 1B). Expression of collagen 3 in the interstitium was significantly 
higher at day 4, 14 and 21 (median scores 2; 2; 3, respectively; Figure 1C) compared to sham 
(median score 1). At day 14 and 21, ED-1, α-SMA and collagen 3 stainings were present 
especially around dilated, damaged tubules (data not shown). Thus, the sequence 
characteristic for I/R injury, damage followed by repair with remodeling, was found, 
validating our model.  
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Functional cluster Gene product Time point 

Metabolism UDP-glucuronyltransferase 
Fatty acid amide hydrolase 
Aldehyde reductase 
Glucose-6 phosphatase, catalytic 
Acethyl-Coenzyme A acyltransferase 
6-phosphofructo-2-kinase/fructose -2,6-
biophosphatase 
Regucalcin  
Aldehyde reductase 
 

30’, 6 hrs 
30’ 
6 hrs 
6 hrs 
24 hrs 
 
9 d 
9 d 
14 d 

Signal 

transduction 

Heparin-binding FGF receptor 
Insulin receptor substrate-3 
Beta-chimaerin 
Adenosine A1 receptor 
Adrenergic receptor, alpha-1a 
Serine-threonine protein kinase 

30’, 90’ 
30’, 6 hrs 
30’, 6 hrs 
30’, 90’, 6 hrs 
30’, 90’, 6 hrs 
6 hrs 
 

 
Table 1. Genes down-regulated more than 3-fold after I/R injury in the kidney 

 

Genes modified on the array 
We used a microarray containing a cDNA library of 4854 oligomers, to identify genes down-
regulated and up-regulated early and late after I/R in rat kidneys. Early after reperfusion a 
broad panel of genes was down-regulated, however their number declined quickly after 6 
hours. This group (94 genes) included especially genes related to metabolism and signal 
transduction. A number of 55 genes were up-regulated more than 3-fold. The genes up-
regulated early after I/R (30 min, 90 min, 6 hrs and 24 hrs) included especially transcription 
factors (activating transcription factor (Atf)-3, early growth response (Egr)-1, Egr-3), stress 
response proteins (heat shock protein (HSP)-70, heme oxygenase (HO)-1) and regulators of 
cell cycle (B cell translocation gene (Btg)-2, Mapk phosphatase (MKP)-1, protein tyrosine 
phosphatase) (Table 2). Late changes (days 4, 9, 14 and 21) were characterized by up-
regulation of genes related to cell adhesion, cytoskeleton and extracellular matrix (such as 
annexin-1, kidney injury molecule (KIM)-1, osteopontin, collagen 3, a disintegrin and 
metalloproteinase with trombospondin motifs (ADAMTS)-1) (Table 3). Several genes have 
also been identified previously in models of renal I/R injury. These include Atf-314, Egr-115;16, 
HO-117, Btg-218, KIM-119, collagen 311. Thus, our microarray data confirmed the changes in 
expression of several genes previously described in I/R models. Other genes, such as Egr-3 
and MapkP have not been associated with renal I/R previously.  
 

Confirmation of microarray data by real time PCR 
Microarray data of 6 genes were confirmed by Real time PCR on samples of individual 
animals of all groups. Those genes were Egr-1, Btg2, HO-1, KIM-1, which were previously 
described in renal I/R models, and Egr-3 and MKP-1, which were previously not associated 
with renal I/R. The pattern of gene expression for all the genes studied was in accordance 
with the array data (Figure 2). The transcription factor Egr-1 mRNA was up-regulated at 30 
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Functional cluster Gene product Time point 

Transcription 

factors 

Early growth response1  (Egr-1)                                    
Early growth response 3  (Egr-3)                                                                             
Activating transcription factor                                                                 
Zinc finger protein                             

30’, 90’ 
30’, 90’, 6 hrs 
30’, 90’, 6 hrs 
90’ 

Stress response 

proteins 

Heat shock protein 70                                                                                    
Heme oxygenase 1                            

30’, 90’, 6 hrs 
6 hrs 

Regulators of  

cell cycle 

B-cell translocation gene 2 (Btg2)                                                              
MAP-kinase phosphatase (MKP)-1                 
Protein tyrosine phosphatase               
Protein kinase kid2   

30’, 90’ 
30’, 90’, 6 hrs 
30’, 90’ 
90’, 6& 24 hrs 

Signal 

transduction 

RhoB                                                     
Regulator of G-prot signaling 1                                                          
S-100 related protein                           

30’ 
30’ 
6 hrs 

Embryo- & 

morphogenesis 

Cystein-rich protein 61  
Interferon-related developmental                                                         
regulator 1 (Ifrd1)                                                                   
Tumor-associated antigen 1 (Taa1) 

30’, 90’ 
90’ 
 
6 hrs 

Inflammation Alpha-fibrinogen                                   
Annexin1                                               
Kidney injury molecule 1 (KIM-1) 

6 hrs 
6 hrs 
6 & 24 hrs 

 
Table 2. Genes up-regulated more than 3 fold early after I/R injury in the kidney 

 
 
 
 

Functional cluster Gene product Time point 

Cell adhesion, 

cytoskeleton  

& ECM 

Collagen type III alpha-1                                                                  
Collagen type V alpha-1                                
Vimentin                                    
D6.1A protein                           
Contactin associated protein  
Pericentriolar material PCM-1                                                   
Steroid sensitive protein  
NAP-22 mRNA for  
Acidic membrane protein                                                                            
ADAM-1                                 

4, 9, 14, 21 d 
21 d 
21 d 
9 d 
9 d 
9 d 
21 d 
21 d 
 
9, 14, 21 d 

Inflammation Kidney injury molecule 1                                                                             
C4 complement protein              
Annexin                                      

4, 9, 14, 21 d 
4 d 
21 d 

Cell cycle control Cyclin B                                                                                                    
Cell division cycle 2 homolog A                                                                 
DNA replication protein 

9 d 
9 d 
9 d  

 
Table 3. Genes up-regulated more than 3 fold late after I/R in the kidney 
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Figure 2. Real time PCR and microarray analysis show similar patterns of gene expression in time. Data 
for real time PCR are expressed as mean ± s.e.m.. 
 
min, increased dramatically at 90 min (80×) and returned to baseline levels at 6 hrs after I/R. 
Egr-3 was also quickly up-regulated, reached a maximum at 90 min (24×) and returned to 
baseline by day 1. Btg-2, which is a molecule involved in the control of apoptosis 18 followed 
a similar pattern, with a maximum up-regulation at 90 min (9×) and normalization at 6 hrs. 
Further, the marker of tubular epithelial cell damage KIM-1 became activated later, at 6 hrs 
of I/R, increased dramatically at day 1 (10,000×) and remained significantly elevated, albeit 
at a low level, throughout the follow-up period. MKP-1 was up-regulated already at 30 min, 
maximal at 90 min (12×) and returned to normal levels by day 1, whereas HO-1 was up-
regulated transiently at 6 hrs (16×). 
 
 

Discussion 
 

In the present study we performed an analysis of genes modified by ischemia-reperfusion 
(I/R) in rat kidneys. Using a microarray analysis combined with real time PCR, we identified 
a number of transcripts up-regulated after I/R. Amongst them, several have been previously 
reported to be involved in the pathogenesis of renal I/R injury. The observed changes in the 
expression of Egr-3 and MKP-1 represent new findings.   

The cellular response to an ischemic insult depends on a number of factors, such as the 
type of the cell, microenvironment and the magnitude of the insult. Kidney is a privileged 
organ, in the sense that it is able to regenerate itself. However, if severe, the initial damage 
may lead to long-term fibrosis and ultimately ESRD. The cellular alterations induced by 
renal I/R are largely known. The sequence of the molecular changes is less well defined. 
Previous studies described early alterations in transcriptomic response to ischemia and to 
I/R in the kidney20-23. In this study we analyzed genes up-regulated early after I/R and we 
extended the analysis of gene expression till day 21 after the I/R insult. Early after I/R a 
number of genes, especially transcription factors such as Atf (activating transcription 
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factor)-3, Egr (early growth response)-1 and Egr-3 were up-regulated. Atf-3 is a stress 
responsive gene, and its up-regulation at 30 and 90 min of I/R in the kidney in our study is 
in line with previous findings14. Recent data24 suggest Atf-3 up-regulation as a mechanism 
limiting inflammation. Moreover, Atf-3 was proposed as a central player in TGF-β signaling 
in human kidney25. Egr-1 and Egr-3, two zinc-finger transcription factors, were also quickly 
and transiently up-regulated in our study. Egr-1 is a hypoxia-inducible transcription factor 
and it regulates the expression several gene families, such as adhesion molecules, 
cytokines/chemokines, angiogenic, pro-coagulant26 and pro-oxidant27 factors involved in I/R 
injury. Egr-1 has been implicated in the induced expression of growth factors such as PDGF-
A chain28;29, PDGF-B chain30, basic fibroblast growth factor31, and TGF-β32. Targeted blockade 
of Egr-1 in the interstitial fibroblasts was associated with reduced interstitial fibrosis in an 
UUO model33. While Egr-1 has been previously described in renal I/R injury15;16, the up-
regulation of Egr-3 in renal I/R represents a new finding. Egr-3 up-regulation has been 
described in ischemic myocardium34 and in brain ischemia, and associated with neuron 
survival35. The existing literature suggests for Egr-3 a regulatory role in inflammation and 
immune responses. In recent studies, Safford et al. demonstrated Egr-3 expression to be 
associated with induction of T cell anergy36, whereas Wieland et al. showed Egr-3 to 
promote expression of pro-inflammatory genes, such as IL-2, TNF-α and ICAM-137. Our 
study is the first to associate Egr-3 with renal I/R injury. The exact role played by Egr-3 in 
the pathogenesis of I/R remains to be established. Overall, early activation of these 
transcription factors may provide a link between initial ischemic injury and later 
inflammatory and fibrotic changes, through, for instance, activation of pro-inflammatory 
and pro-fibrotic gene transcription. Early blockade/up-regulation of specific transcription 
factors may render the kidney less vulnerable to I/R damage or block further damage 
induced by strong inflammation after the I/R insult.  

Another novel finding in our array analysis was the induction of mitogen activated 
protein kinase phosphatase (MKP)-1 gene expression. MKP-1 is a member of MKPs family 
that opposes the effects of MAPKs and SAPKs. MKP-1 is induced by oxidant stress, heat 
shock38 and hypoxia39;40 in the brain, and by I/R in the heart41. Up-regulation of MKP-1 by 
hypoxia is thought to serve as a preconditioning factor, by blunting MAPK responsiveness. 
We have recently shown that targeted MAPK blockade in the renal tubular epithelial cells 
alleviates I/R injury42. In the kidney, MKP-1 is a putative mediator of resistance of mesangial 
cells to TNF-α induced apoptosis43.   

In summary, we have identified two new genes that are upregulated after I/R, Egr-3 
and MKP-1. Their early up-regulation following I/R and their signaling function suggest a 
regulatory role of pathways activated by I/R insult. Also, Egr-3 expression may represent a 
new link between innate and adaptive immune responses in I/R. 
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Abstract 
 

Background. In this study, we explored the potential of Interleukin(IL)-13, a cytokine with 
strong anti-inflammatory and cytoprotective properties, to protect the kidney from 
ischemia-reperfusion (I/R) injury.  
Methods. For that purpose, a systemic gene therapy approach was employed, with IL-13 
being delivered by a modified adenovirus. Two days prior to the induction of I/R, the rats 
received i.m. adenovirus-IL-13, adenovirus-control or saline. The rats were subjected to 45 
min of unilateral warm renal ischemia, followed by reperfusion for 90 min, 6 hrs, 1, 4 or 14 
days. IL-13 plasma levels were determined by ELISA. Plasma creatininine, renal tubulo-
interstitial damage (PAS staining, immunohistochemistry for kidney injury molecule (KIM)-
1, α-smooth muscle actin (SMA), collagen III), inflammation (neutrophils and macrophages) 
and expression of HO-1, E-selectin and TNF-α (real time PCR) were studied.  
Results. IL-13 plasma levels increased more then 50-fold after administration of adenovirus-
IL-13, confirming successful IL-13 gene delivery.  Plasma creatinine was normalized by 
adenovirus-IL-13 therapy. Histological analysis revealed decreased tubular epithelial cell 
damage under adenovirus-IL-13 therapy, accompanied by reduction in KIM-1 expression by 
50%. Renal interstitial infiltration, as assessed by the number of interstitial neutrophils and 
macrophages, was significantly attenuated by administration of adenovirus-IL-13. This was 
associated with 50% reduction in expression of the prefibrotic marker SMA, and reduced 
interstitial fibrosis, as assessed by collagen III expression at day 14. IL-13 treatment 
significantly diminished TNF-α and E-selectin mRNA levels.  
Conclusion. Thus, our study identifies IL-13 as a new strategy to diminish tubulo-interstitial 
damage and inflammation induced by renal ischemia-reperfusion. 
 
  

Introduction  
 

Renal ischemia-reperfusion (I/R) injury remains the leading cause of acute renal failure and 
is a major determinant in the outcome of kidney transplantation. In renal transplantation, 
I/R may delay graft functioning1 and increase its immunogenicity2;3, thereby further 
augmenting the risk of graft failure. Renal I/R injury, in principle a reversible condition, is 
initially marked by massive tubulo-interstitial damage, followed by tubular regeneration 
and restoration of structure and function. However, depending on the severity of the initial 
insult, the regeneration and remodeling process may also lead to chronic injury caused by 
proliferation of interstitial fibroblasts and overproduction of extracellular matrix4;5.  

The absence of renal blood supply during severe ischemia and the subsequent 
reperfusion activate a complex cascade of events characterized initially by tubular epithelial 
cell damage, activation of endothelial cells and increased microvascular permeability with 
edema6. The acute inflammatory response following I/R injury involves the release of pro-
inflammatory cytokines and chemokines7, and infiltration of neutrophils, which aggravate 
tissue injury8 through release of reaction oxygen species, proteases and chemoattractant 
molecules9. Later on, as a consequence of production of pro-inflammatory cytokines and 
chemokines by both resident and inflammatory cells, macrophages accumulate in the 
kidney10;11. Although fundamentally regulated towards restoring normal structure and 
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function, a strong activation of the inflammatory response may further aggravate the initial 
insult, contributing to chronic interstitial fibrosis12.  

The beneficial effects of Interleukin (IL)-13, a Th type 2 cytokine, have been widely 
acknowledged, as IL-13 suppresses the acute inflammatory response and displays potent 
cytoprotective properties. In vitro, IL-13 suppresses monocyte-derived pro-inflammatory 
cytokines TNF-α, IL-1, IL-6, IL-8 and MIP-1α13;14, while stimulating production of IL-1 
receptor antagonist15 and release of the IL-1 decoy receptor16;17. Moreover, IL-13 displays 
anti-apoptotic18;19 and anti-oxidant20 properties.  In vivo, both endogenous and exogenous IL-
13 protect from sepsis-induced lethality21;22 and also from liver injury induced by both warm 
and cold ischemia followed by reperfusion20;23;24.  

As IL-13 protein has a short half-life25, gene transfer approaches may considerably 
improve IL-13 therapeutic strategies. Taking advantage of the natural homing of adenovirus 
to the liver, it was shown previously that adenovirus-delivered IL-13 gene therapy protects 
from liver I/R injury after i.v. injection24. Furthermore, local adenovirus-IL-13 gene transfer 
was employed as an effective therapeutic strategy for rheumatoid arthritis26;27. To deliver IL-
13 systemically, we have chosen an adenovirus-based gene therapy approach. Because 
human (h)IL-13 has been previously shown to be more potent than the rat IL-13 in rats26, we 
have used hIL-13  gene in our study. In addition, an RGD (Arg Gly Asp)-modification of the 
adenovirus increases its transduction efficiency28. Therefore, we studied the effects of hIL-13 
on renal I/R injury using a systemic, intra-muscular, RGD-adenovirus-delivered gene 
therapy approach, in a rat model of warm renal I/R.  
  
 

Methods 
 

Animal model 
Male Wistar rats (Harlan, Horst, the Netherlands) weighing 250-300g were used. The animal 
experimental protocols were approved by the Animal Research Ethics Committee of the 
University Medical Center Groningen, Groningen, The Netherlands.  
Two days prior to the ischemia-reperfusion (day -2), rats received an i.m. injection of either 
4×1011 viral particles (VP) adenovirus-IL-13 (n = 6/group), adenovirus-control (n = 4-5/group) 
or saline (n = 6/group). On day 0, the rats underwent clamping of the left renal pedicle for 45 
min, followed by reperfusion for 90 min, 6 hrs, 1, 4 or 14 days. Sham-operated rats 
underwent dissection of the left renal pedicle, without clamping. Blood samples were 
collected via the tail vein at day -2 and day 0. At the time the animals were sacrificed, blood 
samples were collected through the aortic bifurcation followed by perfusion with saline. A 
midcoronal slice of the kidneys, as well as other organs and hind leg muscles were fixed in 
4% paraformaldehyde and processed for paraffin embedding. From the ischemic-reperfused 
kidney a second midcoronal slice was snap-frozen in liquid nitrogen and stored at -80° C for 
RNA isolation and cryostate sections.  
 

Adenoviral vectors 
A first generation recombinant adenovirus type 5 having an RGD sequence inserted in the 
HI loop28 was kindly provided by Dr. David T. Curiel, University of Alabama at 
Birmingham, Birmingham, Alabama, USA. The adenovirus contains the genes for green 
fluorescent protein (GFP, T) and firefly luciferase (L) under the control of a CMV promoter, 
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in the E1 region (RGD-AdTL). To construct the IL-13 vector, the cDNA of human (h)IL-13 
gene was cloned into the shuttle-plasmid pAdTrack-CMV29. Using homologous 
recombination in Escherichia coli BJ5183, the shuttle was integrated into the RGD adenovirus 
plasmid pVK50330, resulting in a RGD modified adenovirus genome with GFP and hIL-13 
under the control of a CMV promoter cloned into the E1 region (RGD-AdTIL-13). 
Adenoviruses were propagated on 293 cells, purified and tittered as previously described31. 
The expression of hIL-13 by RGD-AdTIL-13 vector was confirmed in supernatants of 293 
cells transduced in vitro, using ELISA (data not shown). 
 

ELISA 
IL-13 plasma levels were measured using an ELISA kit for human IL-13 (Diaclone, Cedex, 
France), according to the manufacturer’s recommendations. Briefly, plasma samples, 
standards and controls were incubated with biotinylated anti-hIL-13 antibody for 90 min, 
followed by incubation with streptavidin-HRP for 30 min. Color was developed with 
tetramethylbenzidine as substrate and the absorbance was read at 450 nm. The amount of 
hIL-13 was calculated from the standard curve and expressed as pg IL-13/ml plasma. Cross-
reactivity of the anti-hIL-13 antibody used in this assay with rat IL-13 is, according to the 
manufacturer, not known. 
 

Histopathology and plasma creatinine 
Paraffin sections (3 μm) from kidneys reperfused for 1 day were dewaxed and stained with 
periodic acid Schiff (PAS). Histological changes were evaluated by assessment of four 
markers of damage associated with I/R injury: tubular necrosis, loss of brush border, 
denudation of basement membrane and intraluminal casts. The morphological changes 
were evaluated in15 high-power fields (400 × magnification) of outer medulla and 25 high-
power fields of the cortex by an observer blinded for the experimental groups. Each 
parameter was graded on a scale from 0 to 3, according to the extent of the injury (0: <5%; 1: 
5-25%; 2: 25-75%; 3: >75%). The histological score was calculated as the mean of the four 
parameters, separately for outer medulla and cortex. A total histological score was 
calculated as the mean of the scores for outer medulla and cortex, and used to study the 
correlation between renal morphology and function.  

Plasma creatinine levels at day 1 of reperfusion and in sham rats were determined 
using a colorimetric test (Merk MEGA® Analyzer, Merk).  
 

Immunohistochemistry  
To localize the infected cells after i.m. injection of RGD-AdTL and RGD-AdTIL-13, a GFP 
immunostaining (rabbit polyclonal, Molecular Probes, Leiden, The Netherlands) was 
performed on sections from various organs (kidneys, liver, spleen, heart, lung, gut, hind leg 
muscles). To evaluate the renal damage after the ischemia-reperfusion operation, sections 
were stained for kidney injury molecule (KIM)-1, a marker of tubular damage (rabbit 
polyclonal, generously provided by Dr. JV Bonventre, Brigham and Women's Hospital, 
Boston, USA), ED-1, a marker for macrophages (mouse monoclonal, Serotec Ltd, Oxford, 
UK), α-smooth muscle actin (SMA), a marker of prefibrosis (mouse monoclonal, Sigma 
Chemical Co, St Louis, MO), collagen III, a marker of fibrosis (rabbit polyclonal, Biogenesis 

Inc, Sandown, NH), and HIS-48, a marker for neutrophils (mouse monoclonal32). Paraffin 
sections were dewaxed and subjected to antigen retrieval in 0.1M Tris/HCl buffer, pH 9.0, by 
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overnight incubation at 80°C (KIM-1, ED-1, α-SMA and collagen III) or by microwave-
induced heat (GFP). For HIS-48, frozen sections (5 μm) were cold-dried and fixed in acetone. 
A 2-step immunoperoxidase technique was used, as previously described31. Control slides, 
in which the primary antibody was replaced with either PBS or IgG were consistently 
negative. 

 

Morphometry 
The number of neutrophils (HIS-48 positive cells) was counted in 25 fields of the outer 
medulla using an ocular grid at 400× magnification and expressed as mean number per 
field. The immunostaining of KIM-1, α-SMA, collagen III and the number of macrophages 
(ED-1) were quantified using computer-assisted morphometry. Thirty (cortex, α-SMA and 
collagen III) or 40 (cortex and medulla, ED-1; 15 outer medulla and 25 cortex, KIM-1) fields 
were measured at 200× magnification. For KIM-1, α-SMA and collagen III, the total staining 
was divided by the area measured, and expressed as a percentage. For ED-1, the number of 
positive cells per field was evaluated  and expressed as mean per field. 
 

RNA isolation and real time PCR 
Frozen kidney samples containing both cortex and medulla were homogenized and RNA 
was isolated using a Qiagen kit (Qiagen, Venlo, The Netherlands). Integrity of RNA was 
determined using agarose gel electrophoresis and the RNA concentration was measured 
spectrophotometrically at 260 nm. RNA (1ug) was reversely transcribed and cDNA was 
further used to analyze Heme Oxygenase (HO)-1, E-selectin and TNF-α gene expression, 
using a real time PCR protocol, as previously described 33. The sequences of the primers 
used were as follows: HO-1 forward: 5’-GTGCACATCCGTGCAGAGAA-3’, reverse: 5’-
GAAGGCCATGTCCTGCTCTA-3; E-selectin forward: ‘5’-CCATTCGGCCTCTTCAAGCTA-
3’, reverse: 5’-TGCAGCTCACAGAGCCATTC-3’; TNF-α forward: 5-
‘CACGCTCTTCTGTCTACTGA-3’, reverse:  5’-GTACCACCAGTTGGTTGTCT-3’. 
 

Statistical Analysis 
Results are expressed as mean ± s.e.m.. The values of plasma creatinine and PAS scoring 
were compared using ANOVA and Student-Newman-Keuls post-hoc test. The levels of all 
the other parameters studied were compared with repeated measurements analysis of 
variance. Differences were considered statistically significant at a two-sided p<0.05.  
 

 

Results 
 

IL-13 plasma levels 
To confirm successful systemic delivery of hIL-13 through i.m. injection of RGD-AdTIL-13, 
IL-13 plasma levels were determined in blood samples collected before i.m. injection (day -2, 
n = 25), at the time of I/R operation (day 0, n = 25) and at the end of the specified reperfusion 
time (90 min, 6 hrs, day 1, 4 and 14, n = 6/group).  For saline and RGD-AdTL groups, n = 3 
samples per time point were analyzed. The results are depicted in Figure 1. After i.m. 
treatment at day -2, IL-13 plasma levels of RGD-AdTIL-13 injected rats increased 
approximately 50× at day 0 (209.64 ± 22.71 pg/ml) compared to day -2 (3.84 ± 0.81 pg/ml) and 
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returned to baseline by day 14 after I/R operation (12.21 ± 5.14 pg/ml). In contrast, IL-13 
plasma levels did not significantly vary in time in the control groups (saline and RGD-AdTL 
treated rats). After i.m. injection of RGD-AdTL or RGD-AdTIL-13, cells positive for GFP 
were only found in the injected muscles, all the other organs studied being negative for GFP 
expression (data not shown).  
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Figure 1. The time course of IL-13 plasma levels after i.m. treatment and I/R. IL-13 plasma levels were 
measured using ELISA in blood samples collected 2 days before the I/R operation (day -2), at the time of 
I/R (day 0), and at 90 min, 6 hrs, 1, 4 and 14 days after I/R operation (end of reperfusion), respectively. 
After injection of RGD-AdTIL-13, IL-13 plasma levels increased approximately 50× at day 0 compared to 
day -2, reached a maximum at day 4 and returned to baseline at day 14. In the saline and RGD-AdTL 
treated rats, IL-13 plasma levels did not significantly vary in time. * = p<0.01 
 
 

IL-13 preserves renal structure and function  
Renal histology and plasma creatinine levels were studied at day 1 after I/R, a time point at 
which renal structure and function are the most affected after I/R34;35. Microscopical 
assessment of renal tissue revealed I/R to cause severe tubular necrosis, loss of brush border, 
tubular intraluminal cell debris and protein casts, the most dramatic changes being observed 
in the outer medulla (Figure 2A). To compare the groups, the severity of histological 
changes was assessed in both the outer medulla and the cortex (Figure 3, A and B). There 
was significantly less damage in the outer medulla in the group treated with RGD-AdTIL-13 
(score 1.3 ± 0.2, p<0.05), compared to the control groups (saline: 2.4 ± 0.3; RGD-AdTL: 2.1 ± 
0.1). Moreover, IL-13 therapy limited extension of tubular damage into the cortex (RGD-
AdTIL-13: 0.6 ± 0.1 vs. saline: 1.2 ± 0.1 and RGD-AdTL: 1.0 ± 0.1, p<0.05). 
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Figure 2. Representative pictures from (immuno)histology, showing (A) diminished histological 
damage (PAS staining, day 1, original magnification 200×), (B) reduced KIM-1 expression in tubular 
epithelial cells (day 1, 100×), (C) less interstitial α-SMA expression (day 4, 100×), (D) less interstitial 
collagen III deposition (day 14, 100×), (E) reduced infiltration with neutrophils (day 1, 200×) and (F) 
reduced infiltration with macrophages (day 4, 200×) under RGD-AdTIL-13 therapy (fourth panel), in 
comparison with saline (second panel) and RGD-AdTL therapy (third panel). (B,C,D,E,F) Positive 
structures are stained in brown. Pictures from sham operated rats are shown in the first panel.  
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Figure 3. Effects of IL-13 on morphological and functional changes at day 1 after renal I/R. Two days 
after treatment with saline, RGD-AdTL (control groups) or RGD-AdTIL-13, rats were subjected to 45 
min unilateral renal ischemia followed by 24 hrs of reperfusion. (A,B) Semiquantitative analysis of renal 
morphology showed significant reduction in tissue damage under RGD-AdTIL-13 therapy compared to 
control groups, both in the outer medulla, as well as in the cortex. (C) The increment in plasma 
creatinine found after I/R was fully prevented by RGD-AdTIL-13 therapy. (D) Creatinine plasma levels 
correlated positively with the magnitude of histological damage in the rats subjected to I/R. * = p<0.05 
compared to both saline and RGD-AdTL treated control groups. 
 

IL-13 reduces tubulo-interstitial damage inflicted by I/R 
Expression of KIM-1, a marker of ischemic tubular damage36 was assessed using 
immunohistochemistry and morphometric analysis. While expression of KIM-1 was absent 
in sham-operated animals, its expression gradually increased following I/R, reaching a 
maximum at day 1 (Figure 4). At 6 hrs of reperfusion, KIM-1 positive cells were occasionally 
seen in the outer medulla. At day 1, KIM-1 staining was abundantly present in tubular 
structures of the outer medulla with focal cortical extensions (Figure 2B). At day 14, KIM-1 
expression was only observed in dilated tubules with flattened epithelium (data not shown). 
RGD-AdTIL-13 therapy significantly diminished the amount of tubular KIM-1 expression, 
compared to other I/R groups, both in the outer medulla (p<0.05) as well as in the cortex 
(p<0.01).  
Expression of interstitial α-SMA, a marker of renal pre-fibrosis, was also determined using 
immunohistochemistry and morphometric analysis. In sham-operated rats and I/R rats at 90 
min and 6 hrs of reperfusion, SMA expression was limited to arteries. At day 1, 4 and 14, de 
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Figure 4. Inhibitory effect of IL-13 on tubular epithelial cell damage induced by I/R, as assessed by 

Kidney Injury Molecule (KIM)-1 expression. Morphometrical analysis of KIM-1 immunostaining in 
the I/R kidneys showed significantly less KIM-1 expression in the rats treated with RGD-AdTIL-13 
compared to saline and RGD-AdTL, in both outer medulla (left panel, * = p<0.05) as well as cortex (right 
panel, * = p<0.01). 
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Figure 5. Inhibitory effects of IL-13 on interstitial pre-fibrosis (α-SMA) and fibrosis (collagen III) 

after I/R injury. (A) Morphometrical analysis of α-SMA staining in the I/R kidneys showed significantly 
less α-SMA expression in the rats treated with RGD-AdTIL-13 compared to saline and RGD-AdTL. (B) 
Reduced collagen III deposition at day 14 after I/R was found in the rats treated with RGD-AdTIL-13, in 
comparison with saline and RGD-AdTL groups, * = p<0.05. 
 
 
novo SMA expression in the peritubular interstitial compartment was found, reaching a 
maximum at day 4 (Figure 5A). At day 4, SMA was uniformly expressed throughout the 
interstitium (Figure 2C), whereas at day 14 SMA was localized preponderantly around the 
dilated tubules (not shown). Morphometric analysis showed approximately 50% less 
interstitial SMA expression at day 4 and 14 in the RGD-AdTIL-13 treated rats, compared to 
control groups of I/R rats (Figure 5A).  
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Figure 6. Inhibitory effect of IL-13 on inflammatory cell infiltration after renal I/R. (A) Neutrophils 
infiltrated the kidneys already at 6 hrs of reperfusion, reached a maximum at day 1 and returned to 
normal by day 14. (B) Macrophages infiltrated the kidneys later than the neutrophils, reaching a 
maximum at day 4 after I/R and being still abundantly present at day 14. Treatment with RGD-AdTIL-
13 significantly diminished both neutrophil as well as macrophage infiltration compared to saline and 
RGD-AdTL treated animals, * = p<0.05. 
 
 
To investigate the fibrotic changes after I/R, we determined the expression of collagen III at 
day 14. Collagen III expression was approximately 6 fold increased in both control groups 
(saline: 18.6 ± 0.4; RGD-AdTL: 19.2 ± 1.8) compared to sham (3.3 ± 0.6; Figure 5B). Collagen 
III staining was predominantly seen in areas surrounding dilated tubules (Figure 2D). RGD-
AdTIL-13 therapy diminished collagen III expression by approximately 35% (11.8 ± 1.8, 
p<0.05). 
 

IL-13 limits neutrophil and macrophage infiltration 
The influx of neutrophils after I/R was evaluated by counting HIS-48 positive cells in the 
interstitium of the outer medulla. In sham-operated rats there were only few neutrophils. 
After I/R, neutrophils infiltrated especially the outer medulla (Figure 2E) and to a limited 
extent the cortex. In the outer medulla, the number of infiltrating neutrophils increased 
significantly at 6 hrs, reached a maximum at day 1 and returned to normal levels by day 14 
(Figure 6A). RGD-AdTIL-13 therapy significantly decreased the number of infiltrating 
neutrophils.  

The influx of macrophages into the kidneys after I/R was evaluated using 
immunostaining for ED-1. In the sham-operated rats there was a limited number 
macrophages in the interstitium. After I/R, macrophages infiltrated both the medulla and 
the cortex. At day 1 and 4, most of the macrophages infiltrated the outer medulla (Figure 
2F), whereas at day 14 macrophages were abundantly present around the dilated, damaged 
tubules, in both cortex and medulla (not shown). Morphometric analysis of ED-1 staining 
revealed approximately 50% less macrophages in the RGD-AdTIL-13 treated rats at day 4 
and 14 after I/R, compared to the control groups (Figure 6B).  
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Figure 7. Effects of IL-13 on the mRNA levels of HO-1, TNF-α and E-selectin after I/R. HO-1, TNF-α 
and E-selectin mRNA were rapidly upregulated after renal I/R. (A) RGD-AdTIL-13 therapy lowered 
HO-1 mRNA levels at 90 min of reperfusion but did not change HO-1 mRNA at later time-points. (B,C) 
TNF-α and E-selectin mRNAs were significantly down-regulated in the rats treated with RGD-AdTIL-
13, as compared to saline and RGD-AdTL treated rats (* = p<0.05). 
 

IL-13 down-regulates E-selectin and TNF-α mRNA  
To get insights into the mechanism of IL-13 mediated protection against I/R injury, we 
studied the expression of HO-1, a putative mediator of IL-13 anti-inflammatory and 
cytoprotective effects 37;38. In kidneys from saline and RGD-AdTL treated rats, I/R induced a  
rapid 10-fold upregulation of HO-1 mRNA compared to sham (Figure 7A). In the RGD-
AdTIL-13 treated rats, HO-1 mRNA upregulation was attenuated at 90 min (p<0.05). 
However, no significant difference between the groups was found at later time points. The 
expression of HO-1 by immunohistochemistry paralleled the mRNA levels (data not 
shown). As these results suggested that changes in HO-1 expression do not explain the 
effects of IL-13 in our model, we measured also the mRNA levels of TNF-α and E-selectin, 
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two pivotal molecules in renal I/R injury, which were earlier shown to be down-regulated 
by IL-13 13;18;24.  TNF-α mRNA levels increased significantly compared to sham at 90 min 
after I/R and remained elevated throughout the follow-up period in saline and RGD-AdTL 
treated rats (Figure 7B). RGD-AdTIL-13 therapy significantly reduced the levels of TNF-α 
mRNA (p<0.05). E-selectin mRNA levels were significantly elevated compared to sham as 
early as 90 min after I/R, reached a maximum at 6 hrs and returned to baseline levels by day 
1 (Figure 7C). RGD-AdTIL-13 therapy significantly reduced the levels of E-selectin mRNA 
compared to the other I/R groups (p<0.05).   
 
 

Discussion 
 

The current study demonstrates human (h)IL-13 systemic gene therapy to protect against 
warm ischemia-reperfusion (I/R) injury in rat kidneys. Intramuscular gene delivery of hIL-
13 before I/R protected the kidneys from structural and functional deterioration, diminished 
inflammatory cell infiltration and reduced local expression of the endothelial adhesion 
molecule E-selectin and the pro-inflammatory cytokine TNF-α. This study is, to our 
knowledge, the first to substantiate the ability of IL-13 to curtail I/R induced damage in the 
kidney. 

The pathophysiology of renal I/R injury involves a complex temporal interplay between 
tubular and endothelial cell damage, inflammation and microvascular blood flow. The 
initial region affected by I/R injury is the outer medulla, representing the area of the S3 
segment of the nephron, which is the most sensitive to ischemic damage6. Simultaneously, 
I/R injury will affect endothelial cells39. Both initial events were observed after I/R, as 
demonstrated by histological analysis and a marked increase in KIM-1 expression, and an 
early up-regulation of E-selectin mRNA, respectively. The next phase of I/R consists of an 
inflammatory response7, which we evidenced by upregulation TNF-α mRNA and influx of 
neutrophils, followed by accumulation of macrophages. This inflammatory response 
crucially contributes to activation and proliferation of resident fibroblasts12, as documented 
by expression of interstitial α-SMA followed by deposition of collagen III. The macrophage 
influx paralleled the changes in α-SMA expression, in agreement with the prerequisite of 
macrophage presence for development of fibrosis after renal damage40.  In addition, the 
morphological changes in I/R injury were accompanied by an impairment in renal function, 
as demonstrated by an increase in plasma creatinine levels, despite one functional kidney 
still being present. 

In our study, systemic gene therapy with IL-13 markedly reduced all of these I/R 
induced changes. The beneficial effects of IL-13 in I/R injury have been demonstrated 
previously in several models of liver ischemia20;23;24 and ascribed to the cytoprotective (i.e. 
anti-apoptotic, anti-oxidant) and anti-inflammatory actions of IL-13. One of the most 
striking features of IL-13 therapy was the reduction of early (90 min of reperfusion) up-
regulation of adhesion molecule E-selectin, which is in line with previous data showing IL-
13 to decrease endothelial cell activation both in vitro18 and in vivo in liver24. E-selectin is 
crucial in the process of rolling and the initial attachment of circulating leukocytes, and it 
has been associated with I/R injury10;24;41. Accordingly, pretreatment with IL-13 has been 
reported to decrease MPO tissue content, a marker of neutrophil infiltration, in I/R injury in 
liver23;24 and in IgG immune complex-induced lung injury42, and to significantly diminish 
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rolling/adhesion of neutrophils in a neutrophil/HUVEC adherence assay43 and in liver I/R 
injury20. As blockade of selectins limits renal I/R injury in fully immune competent 
animals10;41, the observed downregulation of E-selectin by IL-13 may well mediate a major 
part of its beneficial effect in renal I/R injury. 

In addition to its action on E-selectin expression, IL-13 may also exert its protective 
effect through TNF-α. Local TNF-α is produced during ischemia and reperfusion by both 
resident and infiltrating inflammatory cells44  and early blockade of TNF-a diminishes 
neutrophil infiltration and preserves renal function after I/R45. We found reduced TNF-α 
mRNA levels already at 90 min after I/R, which was apparently produced by local renal 
cells, as influx of leukocytes was not yet present. As IL-13 decreases TNF-α production by 
macrophages13 but also limited their influx, we cannot distinguish between the two 
mechanisms by which IL-13 exerts its inhibitory effect on TNF- α at later time points.  
Are the protective effects of IL-13 seen in our study locally or systemically mediated? The 
existing literature suggests that IL-13 acts directly on renal cells, though the nature of the IL-
13 effect (protective or deleterious) varies with the experimental model. In vitro, IL-13 
stimulates cytokine and CD40 ligand-induced production of regulated upon activation 
normal T cell expressed and secreted (RANTES) by human renal tubular epithelial cells46, 
while in cultured mesangial cells it induces secretion of proteinase cathepsin and H+47. In 

vivo, in glomerulonephritis, IL-13 limits humorally-mediated injury48 and reduces 
glomerular macrophage infiltrates49, while its renal up-regulation protects from renal failure 
in sepsis by inhibiting pro-inflammatory cytokines/chemokines21. Our data also suggest that 
a direct effect of IL-13 on resident renal cells does exist, as we observed down-regulation of 
E-selectin and TNF-alpha already at 90 min of reperfusion, a time point when there were 
virtually no inflammatory cell infiltrates. However, we cannot exclude the possibility that E-
selectin and TNF-alpha decrement was secondary to the action of a cytokine induced 
systemically by IL-13.  

In conclusion, we showed that systemic gene therapy with IL-13 substantially 
diminishes renal tubulo-interstitial damage and inflammation induced by I/R. This finding 
may provide novel pathways of therapeutical intervention in human renal disease, 
especially in kidney transplantation, where IL-13 could be locally overexpressed by the 
means of gene therapy.  
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Abstract 
 

Background. Kidney transplantation is possible by virtue of strong, systemic 
immunosuppression, which is in turn accompanied by serious side-effects. The search for 
novel therapeutic agents and strategies to prevent renal graft rejection is ongoing.  
Methods. Here we investigate the effects of Interleukin (IL)-13, which is a cytokine with 
strong immunomodulatory properties, on the process of acute rejection of the transplanted 
kidney in rats. In addition, we compare the effects of local (intrarenal) and systemic (i.m.) 
adenovirus-mediated IL-13 gene therapy in renal allotransplantation, in the absence of any 
additional immunosuppressive therapy.  
Results. Gene therapy with IL-13 limited interstitial infiltration with macrophages and 
cytotoxic CD8+ T cell, and decreased mRNA levels of E-selectin, TNF-α and IFN-γ. 
Moreover, reduced renal interstitial pre-fibrosis was found in the rats receiving IL-13. The 
effects of local and systemic treatment were similar, in the absence of a rise in IL-13 plasma 
levels under local IL-13 therapy.  
Conclusion. This study demonstrates that IL-13 gene therapy in the graft significantly 
attenuates structural features of acute kidney transplant rejection without an increase in 
plasma IL-13 levels, suggesting local immunosuppression with IL-13 as a strategy to reduce 
the need for systemic immunosuppressive medication and thereby its side-effects.  
 

Introduction 
 

Kidney transplantation is possible by virtue of strong immunosuppressive medication. 
However, because of its systemic nature, such immunosuppression renders serious side-
effects, such as severe infections1 and malignancies2. Local, rather than systemic, 
immunosuppression or induction of tolerance would not only improve life expectancy but 
also quality of life and of the transplanted patients. Targeted (over)expression of molecules 
that are able to modulate the immune reaction locally, in the graft, offers a strategy to shield 
the transplanted kidney against rejection, while leaving the immune system virtually 
unaffected. Recently, we developed a method for selective and highly efficient transduction 
of the renal graft, using a RGD-modified first generation adenovirus3. With this approach, 
gene expression can be maintained for several weeks after transplantation, hence making 
this vector system suitable for designing local immunosuppresive strategies for acute 
rejection (AR).  

AR remains a serious post-transplantation complication, affecting up to 50% of the 
patients receiving a renal graft, and represents the most important risk factors for 
development of chronic allograft nephropathy (CAN)4. AR of an allografted organ is 
primarily an adaptive immune response triggered by the recognition of the alloantigens 
present on the graft by the T cells of the recipient. In addition, the innate immune response 
secondary to ischemia-reperfusion (I/R) injury during the transplantation may render the 
graft more prone to AR, by up-regulation of adhesion molecules and MHC class II on 
resident renal cells5. After transplantation  and following direct or indirect antigen 
presentation, recipient CD4+T cells become activated, differentiate into T helper (Th) type 1 
and 2 cells and secrete specific cytokines which further modulate the activation of 
macrophages, cytotoxic CD8+T cells and B cells. Th1 cytokines (such as IL-2, TNF-α, IFN-γ) 
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are thought to induce AR, whereas Th2 cytokines (such as IL-4, IL-10, IL-13) may ameliorate 
AR, though studies attempting to correlate expression of various cytokines with 
transplantation outcome provided partially discrepant results6-10.  

Interleukin(IL)-13 is a Th2 type cytokine that displays powerful immunomodulatory 
properties in both innate and adaptive immune responses. IL-13 is essential for induction of 
tolerance to foreign antigens in newborn mice11. Also, IL-13 has additive effects with anti-IL-
12 antibodies and allogeneic dendritic cells on prolonging skin allograft survival12, whereas 
local adenovirally-mediated overexpression of IL-13 extends cardiac allograft survival 
especially when combined with regulatory T cell infusion13. Besides, IL-13 ameliorates 
experimental autoimmune myocarditis14 and autoimmune encephalomyelitis15 in rats. In a 
recent study by Skapenko et al.16, a critical role of IL-13 (and IL-4) in extra-thymic generation 
of FOXP3+ regulatory T cells was demonstrated. In addition, IL-13 reduces expression of 
adhesion molecule E-selectin17;18 and thereby leukocyte infiltration18-20 and has mostly 
inhibitory effects on macrophages21;22. Previously, we showed that systemic gene therapy 
with IL-13 attenuated ischemia/reperfusion (I/R) injury in rats, when therapy was started 
prior to induction of I/R (chapter 5). Protection was associated with reduced E-selectin and 
TNF-α expression, and reduced fibrosis after the resolution of acute damage.  

In this study, we investigate the effects of gene therapy with IL-13 on AR of the 
transplanted kidney in rats. In addition, we compare the effects of RGD-adenoviral infection 
of the grafted organ during the transplantation procedure3 with those of systemic 
administration to the recipient. 

 
 

Methods 
 

Experimental design 
The experiments were performed in a Lewis to Fisher rat model of acute kidney allograft 
rejection. Inbred male Lewis (SsnHsd) and Fisher (F344 NHsd) rats (Harlan, UK) weighing 
210-250 g were used. Animals were housed in a light- and temperature-controlled 
environment and fed standard rodent chow and water ad libitum. The animal experimental 
protocols were approved by the Animal Research Ethics Committee of the University of 
Groningen, The Netherlands.  

For local treatment, donor kidneys were infused with 4×1011 virus particles (VP) of 
RGD-adenovirus carrying the gene for human IL-13 (RGD-AdTIL-13, n=12) or an 
adenovirus carrying the reporter gene luciferase (RGD-AdTL, n=6). The transduction-
transplantation procedure was performed as previously described3. Briefly, the donor Fisher 
kidneys were infused in situ with 0.4 ml viral solution. After 20 min of cold incubation, 
kidneys were flushed with saline and transplanted orthotopically into a recipient Lewis rat, 
by end-to-end anastomosis of renal artery, vein and ureter. For systemic treatment, recipient 
rats were injected i.m. with 4×1011 VP of RGD-AdTL-13 (n=8) or RGD-AdTL (n=6) at the 
beginning of the transplantation procedure. An additional group that received no treatment 
was included as control (n=9, saline). Warm ischemia time was 30 min. The right native 
kidney of recipients was left in situ until animal sacrifice. Blood samples from the tail vein of 
recipients were collected at the beginning of the transplantation procedure (day 0).  

Three transplanted rats that received a kidney transduced with RGD-AdTIL-13 were 
sacrificed after 3 days, to confirm successful gene delivery. The rest of the transplanted rats 
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were sacrificed after 8 days. The rats were anesthetized with isoflurane and an aortic blood 
sample was collected. Plasma was isolated and stored at -80°C. The kidneys were perfused 
with saline and removed. A midcoronal slice was fixed in 4% paraformaldehyde, processed 
for paraffin embedding and further used for immunohistochemistry. A second slice was 
snap-frozen in liquid nitrogen, stored at -80°C and further used for mRNA isolation.  
 

Vectors 
RGD-modified adenoviruses23 were used as vectors for gene delivery. Control virus (RGD-
AdTL expressing GFP(T) and luciferase(L)) and IL-13 virus (RGD-AdTIL-13 expressing GFP 
and human IL-13) were constructed as previously described (chapter 5). Viruses were 
propagated on 293 cells and purified by double CsCl density centrifugation. The amount of 
viral particles (VP) was determined spectrophotometrically at 260 nm. The infectivity of the 
viruses was determined by plaque assay on 293 cells and expressed as plaque forming units 
per milliliter of virus stock (pfu/ml). The VP/pfu ratio of the virus stocks was 100:1.  
 

IL-13 ELISA 
Human IL-13 plasma levels were measured in blood samples collected at the time of the 
transplantation (day 0) and in blood samples collected at sacrification (day 3 or day 8). An 
ELISA kit for human IL-13 (Diaclone, Cedex, France) was used. The assay was performed as 
previously described3. The amount of human IL-13 was calculated as pg IL-13/ml plasma.  
 

Immunohistochemistry and morphometry 
To confirm successful gene delivery into the donor kidney, a staining for GFP was 
performed on allografts infused with RGD-AdTIL-13, collected at day 3 after the 
transplantation-transduction operation. To study the inflammatory cell infiltration, 
immunostainings for ED-1, a marker of macrophages and for CD8, a marker of cytotoxic T 
cells, were performed. In addition, α-smooth muscle actin was analysed, as a marker of 
renal pre-fibrosis. Paraffin sections (3 μm) were dewaxed and prepared for 
immunohistochemistry, as previously described3. A 2-step immunoperoxidase technique 
was used, according to standard methods. Peroxidase activity was developed using 3’,3’-
diaminobenzidine tetrachloride (DAB) and H2O2. Control slides, in which the primary 
antibody was replaced with either PBS or IgG, were consistently negative. 

The expression of α-SMA and ED-1 by immunohistochemistry was measured using 
computer-assisted morphometry. Thirty (α-SMA) or 40 (ED-1) fields were evaluated at a 
magnification of 200×. For α-SMA, the total staining was divided by the area measured, and 
expressed as a percentage. For ED-1, the number of positive cells per area was measured. An 
average score was calculated per section. CD8 positive cells were counted in 30 fields using 
an ocular grid at 400× magnification and expressed as the number of positive cells per field. 
 

RNA isolation and Real time PCR  
Twenty thin (5 μm) sections containing both cortex and medulla were cut from the frozen 
kidneys and used to isolate RNA, with a kit (Qiagen, Venlo, The Netherlands). Integrity of 
RNA was determined using agarose gel electrophoresis and the RNA concentration was 
measured spectrophotometrically at 260 nm. RNA (1ug) was reversely transcribed and 
cDNA was further used to analyze E-selectin, TNF-alpha and IFN-γ using a real time PCR  
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Figure 1. IL-13 plasma levels. IL-13 plasma levels were measured using ELISA in blood samples 
collected before the transplantation (day 0) and at the end of the follow-up period (day 8), in rats 
receiving systemic RGD-AdTL or RGD-AdTIL-13 (i.m.),  a graft transduced with RGD-AdTL or RGD-
AdTIL-13 (i.r.), or an untreated graft (saline). Of all the groups, significant increase in IL-13 plasma 
levels was found only in rats treated with RGD-AdTIL-13 i.m. (p<0.01). 
 

 

 
 
Figure 2. GFP staining showing successful transduction of the donor kidney. Three rats that received 
a kidney infused with RGD-AdTIL-13 (local treatment) were sacrificed on day 3 and GFP staining was 
performed on the grafts to verify transduction. Abundant GFP expression was found in the interstitial 
fibroblasts (black, arrows). 
 
protocol, as previously described24. The specificity of the PCR reaction was verified by 
restriction enzyme analysis of the PCR product followed by gel electrophoresis. The 
sequences of the primers used were as follows: E-selectin forward: 5’-
CCATTCGGCCTCTTCAAGCTA-3’, reverse: 5’-TGCAGCTCACAGAGCCATTC-3’; TNF-α 
forward: 5’-CACGCTCTTCTGTCTACTGA-3’, reverse:  5’-GTACCACCAGTTGGTTGTCT-
3’; IFN-γ forward: 5’-ACTGCCAAGGCACACTCATT-3’, reverse: 5’-
AGGTGCGATTCGATGACACT-3’. 
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Figure 3. Inhibitory effect of IL-13 on interstitial inflammatory cell infiltration after 

allotransplantation.  Infiltration with cytotoxic T cells and macrophages was studied using 
immunohistochemistry for CD8 and ED-1, respectively. IL-13 gene therapy significantly reduced the 
amount of CD8 positive cells (A) and ED-1 positive (B) cells. * = p<0.05 compared to saline and RGD-
AdTL; # = p<0.05 compared to i.r. RGD-AdTL. i.r. = intrarenal, local treatment; i.m. = intramuscular, 
systemic treatment. 
 

Statistical analysis 
Data are presented as mean ±s.e.m. in case of normal distribution, or in boxplots otherwise. 
Significance was tested with one way ANOVA followed by a least significant difference post 

hoc test for normal distribution, or by Kruskal Wallis test followed by post hoc Dunn’s test 
otherwise. Difference was considered significant at p<0.05. 
 
 

Results 
 

Confirmation of systemic and local gene delivery 
To verify successful IL-13 gene delivery following i.m. injection of RGD-AdTIL-13, we 
measured IL-13 plasma levels using an ELISA for human IL-13. In addition, to exclude 
systemic leakage of IL-13 from the transduced kidney, the rats undergoing local gene 
therapy (i.r.) were also included in measurement. IL-13 plasma levels were measured in 
blood samples collected before transplantation (day 0) and at the end of the follow-up 
period (day 3 or day 8). Of all the groups studied, rats receiving i.m. RGD-AdTIL-13 showed 
an about 9-fold increase in the levels of IL-13 on day 8 (400.5 ±71 pg/ml) compared to day 0 
(46.9±14.5 pg/ml), confirming successful IL-13 delivery (Figure 1). In contrast, no increase in 
IL-13 aortic plasma levels was observed in rats receiving kidneys transduced with RGD-
AdTIL-13, neither on day 8 (Figure 1), nor on day 3 (18.1±13.7 pg/ml). 
 



IL-13 gene therapy for acute rejection  

 

 105

saline

i.r. 
RGD-AdTL

i.r. 
RGD-AdTIL-13

i.m
. R

GD-AdTL

i.m
. R

GD-AdTIL-13

α
-S

M
A

 (
%

 s
ta

in
in

g
)

0

2

4

6

8

10

12

14

16

*
*

A

 

 
 

Figure 4. Inhibitory effects of IL-13 on interstitial pre-fibrosis. (A) Interstitial pre-fibrosis was studied 
using immunohistochemistry for α-smooth muscle actin(SMA). Both local (i.r.) and systemic (i.m.) IL-13 
gene therapy significantly diminished expression of α-SMA compared to saline and RGD-AdTL 
treatment (* = p<0.01). i.r. = intrarenal, local treatment; i.m. = intramuscular, systemic treatment. (B) 
Representative pictures from immunohistochemistry showing reduced α-SMA expression under IL-13 
gene therapy (panel B3, i.r. and B5, i.m.) compared to control virus (panel B2 i.r., and B4, i.m.) and 
saline (panel B1). 
 

To ascertain that the absence of plasma IL-13 was not due to lack of transduction of the 
donor kidney, local gene delivery was verified using an immunostaining for GFP in RGD-
AdTIL-13 i.r. rats, at day 3 after transplantation, when the transgene is optimally expressed3. 
Abundant GFP expression was found in the interstitial fibroblasts of the transplanted-
transduced kidneys, confirming our previous findings3 (Figure 2.). We concluded that gene 
delivery was successful both in the i.m. and in the i.r. approach.  
 

Local and systemic IL-13 gene therapy reduce macrophage and CD8 T 

lymphocyte infiltration 
We studied cytotoxic T cell and macrophage infiltration of the renal grafts using 
immunohistochemistry for CD8 and ED-1, respectively. In untreated animals at 8 days after 
engraftment, abundant accumulation of ED-1 and CD8 positive inflammatory cells were 
observed in the renal interstitium, especially around arteries (Figure 3A, 3B). Local and 



Chapter 6 

 106

systemic IL-13 gene therapy significantly diminished the interstitial infiltration of 
macrophages to a similar extent (Figure 3A, p<0.05). Moreover, IL-13 limited interstitial 
infiltration with cytotoxic T cells (CD8) when compared to the corresponding RGD-AdTL 
treatment (Figure 3B, p<0.05).  
 

Local and systemic IL-13 gene therapy reduce interstitial pre-fibrosis 
Expression of interstitial α-SMA, a marker of renal pre-fibrosis, was determined using 
immunohistochemistry and morphometric analysis. In addition to its normal location in the 
arterial blood vessel wall, α-SMA expression was found to be increased in the interstitium of 
the renal graft of untreated animals (Figure 4). IL-13 therapy significantly decreased α-SMA 
expression in comparison with the saline and virus-control groups, (Figure 4, p<0.01). No 
significant difference was found between local and systemic gene therapy with regard to 
reduction of α-SMA expression. 
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Figure 5. Effects of IL-13 on the mRNA levels of E-selectin, TNF-α and IFN-γ. Gene therapy with IL-
13 inhibited up-regulation of  E-selectin (A), TNF-α (B) and IFN-γ (C) mRNA. * = p<0.05 compared to 
saline and RGD-AdTL. i.r. = intrarenal, local treatment; i.m. = intramuscular, systemic treatment. 
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Local and systemic IL-13 gene therapy down-regulate E-selectin, TNF-a 

and IFN-γ mRNA 
E-selectin, TNF-α and IFN-γ mRNA levels were measured using real time PCR. Both local 
and systemic IL-13 gene therapy limited up-regulation of these genes when compared to the 
saline and RGD-AdTL groups (Figure 5). For IFN- γ (Figure 5C), the inhibitory effect of IL-1 

3 systemic gene therapy was at the border of statistical significance (p=0.053).  
 

 

Discussion 
 

The major finding of the present study is that IL-13 gene therapy diminishes renal 
inflammation as measured by infiltration of macrophages and CD8 T lymphocytes and 
markedly reduces interstitial pre-fibrosis in acute allograft rejection. These beneficial 
structural effects are associated with reduced expression of pro-inflammatory mediators E-
selectin and Th1-type cytokines TNF-α and IFN-γ. Importantly, intrarenal therapy with IL-
13 is equally effective in modulating the immune response after kidney transplantation as 
compared to systemic delivery of the gene, despite the absence of an increase in circulating 
IL-13. These results show that IL-13 adenoviral gene therapy attenuates AR in transplanted 
kidney. 

AR is primarily a immune cell-mediated process, in which the graft is infiltrated with 
large amounts of lymphocytes and macrophages aimed at the destruction of the non-self, 
transplanted organ25. We found IL-13 (gene) therapy to diminish infiltration with CD8+ T 
cells, which are central players in both the initiation and the maintenance of the rejection 
process. CD8+ T cells act mainly as cytotoxic T cells and invade the tubules during acute 
rejection26. In addition, they induce endothelial cell chemokine expression, such as RANTES, 
MCP-1, IP-10, Mig27. Our finding of reduced CD8+ T cell infiltration under IL-13 therapy is 
in line with earlier studies, showing that IL-13 reduces chemotaxis of CD8+ T cells in 
response to IL-8 and RANTES28. Nevertheless, while IL-13 reduces monocyte-derived IL-822, 
the effects of IL-13 on production of RANTES seems to depend on the cell type; in vitro, IL-
13 increases  CD40-CD40L-induced RANTES production by human tubular epithelial cells29, 
while reducing TNF-α and IFN-γ-induced RANTES production by HUVEC30.  

In addition, IL-13 reduced macrophage infiltration at day 8 post-transplantation, which 
is in agreement with previous studies showing IL-13 to inhibit macrophage chemotaxis in 
several animal models, including renal I/R injury (see chapter 5), nephritis31 and lung 
inflammation32. The monocyte/macrophage infiltration is triggered by induction of 
chemokine expression, such as MCP-1, MIP-1α, TNF-α by both resident and inflammatory 
cells during I/R injury, and is further augumented via alloantigen-dependent mechanisms. 
Abundant macrophage infiltration is considered a poor prognostic factor for allograft 
survival33;34, as these cells can act as antigen presenting cells via MHC II molecules, and 
further increase the immune cell infiltration by secretion of numerous pro-inflammatory 
cytokines and chemokines. In addition, macrophages can damage the graft directly, through 
release of reactive oxygen species (ROS), iNOS-derived NO and proteases. Beside inhibiting 
chemotaxis for macrophages, as seen in our study, IL-13 may also inhibit macrophage 
function by reducing the production of pro-inflammatory cytokines TNF-α, IL-1, IL-6, IL-8 
and MIP-1α21;22, and reduction of iNOS expression35;36 or activity37  by macrophages. In 
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agreement with reduced macrophage infiltration, interstitial expression of α-SMA, which is 
a marker of renal pre-fibrosis, was markedly diminished in the IL-13 treated groups. 
Proliferation and activation of the interstitial fibroblasts into α-SMA-expressing 
myofibroblasts is widely recognized as a key event in early graft damage, with 
consequences on long-term (i.e. fibrosis). The question whether this is a direct effect of IL-13 
on the renal fibroblasts or a consequence of diminished inflammatory response after kidney 
transplantation remains to be answered. 

Inhibition of macrophage and CD8+ T cell infiltration in our model may also be 
explained, at least partially, by down-regulation of E-selectin under IL-13 therapy, as these 
cells do express the E-selectin ligand CD15, once activated38;39. The reduced TNF-α 
expression under IL-13 therapy may also play a role therein, though TNF-α seems to be 
involved more in chemotaxis for CD4+ T cells, rather than that for CD8+ T cells, through up-
regulation of IL-8R on their surface28. Importantly, IFN-γ mRNA levels were down-
regulated by (local) IL-13 gene therapy. IFN-γ is produced by Th1 (CD4+) and CD8+ T 
cells40;41 and its expression increases progressively during AR42. IFN- γ plays a pivotal role in 
the rejection process by inducing de novo synthesis and cell surface expression of both class I 
and class II MHC antigens, it acts as a chemoatractant and activator of macrophages and 
increases chemotaxis for CD8+ T28.  The protective effects of IL-13 observed in our study 
were seemingly not associated with induction of these regulatory T cells, as we did not 
observe changes in the mRNA levels of FOXP3 under IL-13 therapy (data not shown). 

Our data suggest that the attenuation of AR following IL-13 gene therapy of the graft is 
entirely due to a local immunomodulatory action, despite the fact that similar effects were 
observed when employing local versus systemic delivery. This is substantiated by the 
observation that IL-13 levels remained at baseline following transplantation of the 
transduced graft, even at 3 days post transplantation, when abundant expression of the 
construct in the graft was observed. In contrast, plasma IL-13 levels at 8 days after 
transplantation were substantially increased when IL-13 was administered systemically to 
recipient rats. To what extend the reduction of AR following i.m. administration is due to 
systemic immune inhibition by increased plasma IL-13 levels remains to be established. 

In terms of therapeutic effectiveness of IL-13, it should be noted that transduction was 
achieved during the transplantation procedure, so that the optimal IL-13 expression was 
reached around day 2 after transplantation3. We showed previously (chapter 5) that, when 
using systemic gene therapy for renal I/R injury, the effect on macrophage infiltration, E-
selectin and TNF-α was more pronounced, presumably due to the presence of therapeutical 
levels of IL-13 at the time of I/R. In this respect, our gene therapeutic approach may benefit 
from recent developments in portable machine perfusion employing preservation at body 
temperature, which would allow for induction of gene expression in the graft while on its 
way to the recipient.  

In summary, the present study provides the first evidence for a beneficial effect of IL-13 
gene therapy on the process of AR in the allografted kidney. Furthermore, local intrarenal 
induction of IL-13 protein is equally effective in modulating the immune response after 
transplantation as compared to systemically delivered IL-13. Application of local gene 
therapy with IL-13 may prevent possible deleterious side effects of conventional systemic 
immunosuppressive therapy. Future studies will aim at a further reduction of AR by 
combined delivery of various beneficial cytokines to the transplanted kidney.  
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Abstract 
 

Background. Hibernating animals transiently reduce renal function during their 
hypothermic periods (torpor), while completely restoring it during their periodical 
rewarming to euthermia (arousal). Moreover, structural integrity of the kidney is preserved 
throughout the hibernation. Nitric oxide (NO) generated by endothelial nitric oxide 
synthase (eNOS) is a crucial vasodilatory mediator and a protective factor in the kidney. 
Methods. We investigated renal NOS expression in hibernating European ground squirrels 
after 1 day and 7 days of torpor (torpor short, TS, and torpor long, TL, respectively), at 1.5 
and at 10 hours of rewarming  (arousal short, AS, and arousal long, AL, respectively), and in 
continuously euthermic animals after hibernation (EU). For that purpose, we performed 
NOS activity assay, immunohistochemistry and real-time PCR analysis. 
Results. Immunohistochemistry revealed a decreased glomerular eNOS expression in 
hibernating animals (TS, TL, AS, AL) compared to non-hibernating animals (EU, p<0.05), 
whereas no difference was found in the expression of interstitial eNOS. Expression of iNOS 
and nNOS did not differ between all groups. The reduced glomerular eNOS was associated 
with a significantly lower eNOS mRNA levels and NOS activity of whole kidney during 
torpor and arousal (TS, TL, AS, AL) compared to EU. In all methods used, torpid and 
aroused squirrels did not differ.  
Conclusion. These results demonstrate differential regulation of eNOS in glomeruli and 
interstitium of hibernating animals, which is unaffected during arousal. The differential 
regulation of eNOS may serve to reduce ultrafiltration without jeopardizing tubular 
structures during hibernation.  
 
 

Introduction 
 

Mammalian hibernation has been perceived as a natural model of kidney preservation for 
clinical conditions such as renal ischemia and transplantation1. Particularly small 
hibernating animals seem suited as a model, because during hibernation they cycle through 
periods of extremely low body temperature (0-4 oC; torpor phases) and full rewarming (35-
37 oC; arousal phases). Besides the nearly complete shutdown of metabolic function, torpor 
is characterized by dramatic decrease in heart rate2 and blood pressure3, increased 
peripheral resistance and shunting of the blood to the heart, brain, lungs, diaphragm and 
brown adipose tissue4;5.  

Consequently, as the kidney is reset to function at minimal blood flow during torpor, 
renal hemodynamics and function undergo dramatic changes, reflected in a reduction of 
glomerular filtration rate (GFR)6-8, and effective renal plasma flow (ERPF)5;8;9 below 5-10% of 
their normal values. However, during periodic arousals, cardiac output and body 
temperature normalize rapidly10, with full restoration of GFR, ERPF and urine production6;8. 
Although recent studies suggest that animals suffer from oxidative stress during 
hibernation11, they maintain (ultra)structural integrity of the kidney1.  

To date, there is only limited information on the molecular basis of the adaptive 
features employed by hibernators to prevent or counteract kidney damage. Recent studies 
examining changes in vascular properties of hibernating animals have suggested nitric 
oxide (NO) to play an important role12-14. In the kidney of non-hibernating animals, NO is a 
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key factor involved in the control of renal hemodynamics and function. In various species 
all three isoforms of nitric oxide synthase (NOS) have been identified in the kidney, i.e. the 
constitutive forms, endothelial and neuronal NOS (eNOS and nNOS, respectively) and the 
inducible form (iNOS). Nitric oxide contributes to the modulation of afferent arteriolar 
tone15 and mesangial cell contraction16, thereby modulating the renal hemodynamics and 
function. Further, studies in different pathophysiological conditions, including renal 
ischemia-reperfusion, have identified eNOS as a protective NO-producing enzyme17;18. 
Moreover, NO inhibits platelet aggregation and adhesion molecules expression, as well as 
vascular smooth muscle and mesangial cell proliferation and modifies oxidative tissue 
damage19. Therefore, NO may contribute to the changes in renal hemodynamics during 
hibernation and/or to the maintenance of the normal renal structure and function during the 
cyclic ischemia/reperfusion that the kidney undergoes during hibernation.  

In this study, we examined the regulation of renal NOS in hibernation by determining 
its expression in the European ground squirrel (Spermophilus citellus) at different time points 
in torpor and arousal during hibernation, and in continuous euthermia in spring, by the 
means of NOS activity assay, immunohistochemistry and real-time PCR. 
 
 

 Methods 
 

Animals 
The European ground squirrels (Spermophilus citellus) used in our study were captured and 
housed as described previously12. Briefly, the animals were kept in lucite cages (l × w × h = 
48 × 28 × 50 cm) with a nestbox attached (l × w × h =15 × 15 × 15 cm). Rabbit breeding chow 
and water were provided ad libitum. The animals were housed in a climate-controlled room 
at a relative humidity of 60 %. To induce hibernation, the environmental temperature was 
gradually reduced from 20 °C to 5 °C and the light conditions were changed from 12 hours 
light and 12 hours dark, to continuous dim red light (<1 lux). To assess the individual 
torpor-arousal patterns, the nestbox temperatures were measured every minute using a 
computer based recording system20. Furthermore, six squirrels were equipped with a 
customized abdominal temperature logger (Fidbit, Onset, USA) to register body 
temperature every 48 min. 

Animals were sacrificed at several time points of the hibernation cycle: (1) torpid 
animals for 1 day (torpor short group, TS; n=5), (2) torpid animals for 7 days (torpor long 
group, TL; n = 5), (3) aroused animals after 1.5 h (arousal short group, AS; n=5), (4) aroused 
animals after 10 h (arousal long group, AL; n=5). In addition, material was collected after 
cessation of hibernation from (5) euthermic animals (EU; n = 8). The animals were allowed to 
hibernate at least 10 weeks before being sacrificed. Average of the spontaneous torpor bout 
duration was 11.2 ± 0.4 days, and of the spontaneous arousal episode duration was 20.6 ± 0.9 
hours. At the time of the experiment, the duration of their torpor bouts did not differ 
between torpor and arousal groups (7.0 ± 0.2 days and 7.0 ± 0.1 days, respectively). The 
euthermic animals were studied 6-7 days after cessation of hibernation in spring. Animals 
were terminally anesthetized (thiopental, 120 mg, i.p.) and blood was collected by aortic 
puncture. Renal tissue was removed and snap-frozen in liquid nitrogen and stored at -80°C. 
Animal experimental protocols were approved by the Animal Experiments Committee of 
the University of Groningen, The Netherlands (BG02198). 
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Blood analysis 
Serum creatinine, urea and electrolytes were measured by an automated multi-analyzer 
(SMA-C, Technicon Instr Corp, Tarrytown, New York, USA). Combined total nitrite and 
nitrate concentrations (NOx) were determined in plasma using a modified Griess reaction, 
as previously described21, in both hibernating (n=2-4 /group) and euthermic animals (n=8). 
The measurements from short and long aroused animals were pooled in one group 
“arousal” (A) and the measurements from short and long torpid animals were pooled in one 
group “torpor” (T).  
 

NOS activity assay 
Nitric oxide synthase activity was measured by the conversion of radio-labeled L-
[3H]arginine to L-[3H]citrulline, using a NOS assay kit (Stratagene Europe, Amsterdam, The 
Netherlands), according to the manufacturer’s protocol. In brief, 5 µl of tissue protein extract 
from the whole kidney homogenate was added to 40 µl of reaction mixture consisting of 50 
mM Tris-HCl, pH 7.4, 6 µM tetrahydrobiopterin (BH4), 2 µM flavin adenine dinucleotide 
(FAD), 2 µM flavin adenine mononucleotide (FMN), 10 mM NADPH, 6 mM CaCl2 and 
1µCi/µl [3H]arginine. Rat cerebellum extract was used as a positive control. Duplicate 
reactions were carried out in the absence and presence of Nω-Nitro-L-arginine Methyl Ester 
(L-NAME, 1mM), a specific NOS inhibitor. Incubation was performed at 37°C, for 40 min 
and the enzyme reaction was stopped by adding 400 µl of stop buffer (50 mM HEPES, pH 
5.5 and 5 mM EDTA). L-[3H]citrulline was then separated from the incubation mixture by 
addition of an equilibrated resin, followed by centrifugation at 14 000 rpm, for 30 sec. The 
specific NOS activity was determined by subtracting the counts obtained in the presence of 
L-NAME, from the counts obtained in the absence of L-NAME. Protein concentration of the 
renal samples was determined using a Bio-Rad Protein Assay. The results are expressed as 
pmol of citrulline formed, per mg protein, per 40min.  

eNOS, nNOS and iNOS immunohistochemistry 
Cryostat sections were cut at 4 µm and fixed in acetone for 10 min. Sections were then 
treated with 0.075 % H2O2 in PBS, pH 7.4, for 30 min, to block the endogenous peroxidase 
(PO). eNOS, nNOS and iNOS proteins were detected using monoclonal mouse  antibodies 
(Transduction Laboratories, Lexington, KY, USA), as described previously [21]. A two-step 
immunoperoxidase technique was performed, with sequential incubations of PO-labeled 
rabbit anti-mouse and PO-labeled goat anti-rabbit (all from Dakopatts, Glostrup, Denmark). 
All PO-labeled antibody dilutions were made in PBS, pH 7.4, supplemented with 1 % 
normal squirrel serum. Peroxidase activity was developed using a freshly prepared solution 
of 3-amino-9-ethylcarbimazole and H2O2. Sections were counterstained with hematoxylin. 
Negative controls were performed by replacing the primary antibodies either by PBS or by 
nonspecific antibodies of the same IgG isotype. Control sections were consistently negative 
(data not shown). The intensity of immunostaining was scored semiquantitatively by an 
observer blinded for the groups, from 0 to 3, as follows: 0=absent; 1=weak; 2=moderate; 
3=strong. 

RNA isolation 
Frozen kidneys tissue was brought into tubes containing 2ml of lysis buffer (GIT) consisting 
of 4M guanidine thiocyanate, 25 mM NaCitrate, 0.5% N-Lauroyalsarcosine and 10 UI/ml β-
mercapto-ethanol added just before use. The tissue was homogenized on ice, then 0.2 ml 2M 
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NaAcetate and 2 ml water-saturated phenol were added. Total RNA was then extracted 
with 0.4 ml chloroform, followed by 10 min centrifugation at 8500 rpm at 4°C. Supernatant 
was transferred to a new tube and the RNA was precipitated with isopropanol (vol/vol). 
After another 10 min centrifugation at 12 000 rpm at 4°C, the supernatant was removed and 
the pellet was resuspended into 0.5 ml GIT and 1 volume isopropanol. The mixture was 
pelleted again by centrifugation at 14 000 rpm at 4°C, for 10 min, washed with 0.5 ml 75% 
ethanol, air-dried and reconstituted in diethyl pyrocarbonate-treated water. Integrity of 
RNA was determined using agarose gel electrophoresis and the RNA concentration was 
measured by spectrophotometry at 260 nm. 
 

Real-time PCR 
The expression of eNOS in squirrel kidney was analyzed using real-time two-step 
quantitative RT-PCR. Quantification was performed with SYBR Green PCR reagents 

(Molecular Probes Europe, Leiden, Netherlands) and an ABI PRISM 5700 Sequence 
Detection System (Applied Biosystems, Nieuwerkerk a/d IJssel, Netherlands). A 50 µl PCR 
reaction mixture contained 0.5 units Taq polymerase (Eurogentec, Belgium), 5 µl of the 
supplied reaction buffer, 250 nM dATP, 250 nM dCTP, 250 nM dGTP, 500 nM dUTP, 2 mM 
MgCl2, 50ng cDNA, 500nM of each gene specific primer, 1µl of 50*ROX reference dye 
(Invitrogen, Breda, Netherlands) and 1 µl of 10*Sybr Green I (Molecular Probes Europe, 
Leiden, Netherlands). The PCR profile consisted of 5 minutes at 95°C, followed by 40 cycles 
with heating to 95°C for 15 seconds and cooling to 60°C for 1 minute. PCR product 
specificity and purity was evaluated by gel-electrophoresis and by generating a dissociation 
curve following the manufacturer’s recommendations. Sample CT values were normalized 
to CT values for 18S RNA. Sequence-specific PCR primers were purchased from Eurogentec 
(Seraing, Belgium). The PCR primers used were as follows. eNOS: sense, 5’-
GGCATCACCAGGAAGAAGACC-3’; antisense, 5’-GCCATCACCGTGCCCAT-3’. 18S: 
sense, 5’-CATTCGAACGTCTGCCCTATC-3’; antisense, 5’-CCTGCTGCCTTCCTTGGA-3’. 
To confirm amplification of eNOS in the PCR reaction, the amplified product was sequenced 
(genbank accession number: AY177690). The product showed a 100% homology with eNOS 
from mouse. 
 

Statistical analysis 
Values are expressed as mean ± s.e.m, unless stated otherwise. Differences between groups 
were analyzed using one-way ANOVA with Student-Newman-Keuls correction for 
pairwise comparisons for continuous variables, and Kruskal-Wallis ANOVA on ranks 
followed by Dunn’s test for discreet variables. Differences were considered significant at p < 
0.05. 
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Results 
 

Timing and body temperature  
Daily nest box temperature registration confirmed the presence of torpor/arousal patterns in 
hibernating animals under laboratory conditions (Fig. 1). Measurement of rectal 
temperature at the moment of removal of the kidney established that the groups 
represented the targeted phases of hibernation (AS: 30.9 ± 3.6°C, AL: 34.5 ± 0.7°C, TS: 8.2 ± 
0.5°C, TL: 8.2 ± 0.6°C, EU: 36.5 ± 1.3°C, respectively).  

 

Figure 1. Typical registration of the abdominal temperature by an implanted abdominal temperature 
logger, demonstrating the torpor/arousal pattern during hibernation under laboratory conditions in the 
European ground squirrel.  
 
 

Blood analysis  
To obtain information about renal function during hibernation, serum urea, creatinine, and 
electrolytes were measured (Fig. 2). Urea did not significantly change during hibernation, 
while creatinine showed increased values in TL and AS, which normalized at AL and were 
maintained low at TS. Further, serum phosphate and Mg2+ showed a similar pattern of 
normalization of levels after arousal at AL, with increased levels in TS and particularly in 
TL. Hibernating animals normalized serum levels of all changed parameters by the end of 
arousal, except for K+, which was decreased throughout hibernation. Measurements in urine 
failed, as the bladders of aroused and euthermic animals were empty at the time of sacrifice.  
However, previous studies showed that the parameters measured in plasma correlate with 
the values measured in urine both during hibernation and euthermia6;22. 

Plasma NOx levels were significantly lower both during torpor (T: 56.25  ± 9.88 µmol/L) 
and arousal (A: 51.14 ± 10.75 µmol/L) compared to euthermia (EU: 151.8 ± 45.10 µmol/L) 
(p<0.05). 
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NOS activity  
The results of in vitro NOS activity assay are presented in Figure 3. A significantly lower 
level (p<0.01) of NOS activity was found during both torpor (TS: 2 ± 0.32 pmol/mg/40min; 
TL: 3.43 ± 1.27 pmol/mg/40min) and arousal (AS: 2.95 ± 1.01 pmol/mg/ 40min; AL: 1.32 ± 0.85 
pmol/mg/40min) when compared to euthermic animals (EU: 11.73 ± 1.33 pmol/mg/40min). 
No significant difference (p>0.05) was found between the hibernating groups (TS, TL, AS, 
AL).  
 

eNOS, nNOS and iNOS immunostaining 
In view of the reduced overall NOS activity found during hibernation, we determined the 
expression of all three NOS isoforms protein in the squirrel kidney by immunohistochemical 
staining. In euthermic animals, expression of eNOS was found in glomeruli, and within the 
in interstitium in peritubular capillaries and arterioles. No eNOS staining was found in 
tubules. A strongly reduced eNOS immunoreactivity was found in the glomeruli of both 
torpor (p<0.01) and arousal (p<0.05) groups compared to euthermic animals (Fig. 4). In 
contrast, eNOS expression at the interstitial level did not differ between the groups (p>0.05). 
There was no difference between the hibernating animals (TS, TL, AS, AL) either in 
glomerular or interstitial eNOS expression.  

NNOS protein was localized mainly in the macula densa in the cortex, but also in the 
medulla, while expression of iNOS protein was found in the tubular structures of both 
cortex and medulla. No significant changes could be detected in the staining intensity of 
both nNOS and iNOS between the groups (p>0.05, data not shown). 
 

Real-time PCR 
To further investigate the mechanism of reduced eNOS expression during hibernation, 
eNOS mRNA was measured by real-time RT-PCR on whole kidney homogenates and 
expressed as ratio to 18S mRNA (Fig. 5). The mRNA levels of eNOS were significantly 
reduced during torpor (TS: 49.41 ± 9.52, TL: 43.83 ± 20.04, p<0.05), compared to euthermia 
(EU: 112.64 ± 18.06). There was a trend towards increased eNOS mRNA levels during 
arousal (AS: 69.97 ± 9.82, AL: 67.65 ± 12.08) compared with torpor, though the values were at 
the border of statistical significance (p=0.06).  
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Figure 2. Changes in serum levels of urea, creatinine and electrolytes during hibernation (all groups 
n=5, except EU n=8). * = significantly different compared to TL, AS, # = compared to AS, + = compared to 
all hibernating groups, and π = compared to TS, TL, AS. 
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Figure 3. NOS activity levels during hibernation. NOS activity was reduced in both torpid (TS and TL) 
and aroused (AS and AL) animals compared to euthermic (EU) animals. 

 

 

 

 

Figure 4. Immunostaining for eNOS in squirrel kidneys. (A) Reduction of glomerular eNOS in torpor 
(TS, TL) and arousal (AS, AL) groups compared to euthermic group (EU). Torpid and aroused animals 
did not significantly differ in glomerular eNOS expression (p> 0.05). (B) No significant change in the 
interstitial eNOS expression was found between the five groups of squirrels. (C) Representative pictures 
from immunohistochemistry: decreased glomerular (arrows) eNOS expression can be seen in a 
hibernating squirrel (arousal) (C2), compared to glomeruli from a euthermic squirrel (C1). * p < 0.05 
compared to euthermic animals. 
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Figure 5. eNOS mRNA levels during hibernation. eNOS mRNA was significantly reduced in torpid 
animals (TS, TL) compared with euthermic animals (EU). * = significantly different compared to EU. 
 
 

Discussion 
 

The present study examines the changes in the renal expression of NOS in the European 
ground squirrel during hibernation. The major finding is a significant decrease in 
glomerular eNOS expression throughout hibernation, without a change in interstitial 
expression. In contrast, expression of nNOS and iNOS was unaffected by hibernation. The 
decrease in glomerular eNOS expression during torpor was associated with decreases both 
in whole kidney eNOS mRNA levels and NOS activity. Furthermore, arousal did not affect 
the expression of eNOS or NOS activity levels when compared to torpor. Thus, our data 
suggest that ground squirrels prepare their kidney for hibernation by a specific 
downregulation of glomerular eNOS through a decrease of its gene transcription. 

It has previously been shown that, during hibernation, there is a reduction of 
glomerular filtration rate (GFR) to less than 10% of that found in a euthermic animal8. At a 
single nephron level, GFR is the result of two major factors: the filtration pressure across the 
glomerular capillary, and the ultrafiltration coefficient. Endothelial-derived NO is known to 
modulate GFR, by influencing both these factors. Firstly, NO is an endogenous vasodilator, 
acting mainly on the preglomerular arterioles23. Thus, a reduced NO production in the 
hibernating kidney might decrease the net filtration pressure. Secondly, NO has been shown 
to inhibit contraction of the mesangial cells16. Hence, a reduced eNOS expression decreases 
the glomerular filtration surface. Considering both, these would result in a reduced GFR. 
Such a reduction of NO-mediated renal vasodilatation might allow endogenous 
vasoconstrictors, e.g., angiotensin II, to predominate and mediate an increased vascular 
resistance within the kidney. Indeed, the renin-angiotensin system seems to be activated 
during hibernation, since plasma renin and juxtaglomerular cells activity are increased in 
this period, compared with euthermia24;25. Thus, downregulation of glomerular eNOS may 
principally serve to reduce GFR during hibernation.  

Previous studies have indicated that GFR, ERPF and tubular excretion are fully restored 
during arousal periods6;8. In agreement, we found that the increased serum levels of 
creatinine, Mg2+ and phosphates at late torpor are normalized during the arousal period. 
Interestingly, serum levels of Mg2+ and phosphates normalized faster than those of 
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creatinine, which may reflect the observation that the restoration of tubular activity is an 
earlier event than normalization of GFR in aroused hibernators9. In this regard, the 
preserved eNOS expression at the peritubular capillaries may serve to secure adequate 
blood supply to the tubular cells throughout hibernation enabling the animal to 
immediately restore tubular function during arousal.  

Normalization of glomerular filtration during arousal seems largely independent of 
eNOS, as we did not find any significant change in its expression and NOS activity during 
the arousal phase, when compared to torpor. Restoration of renal vascular function during 
arousal periods may therefore depend on vasorelaxing pathways other than NO, as was 
found in the aorta of aroused ground squirrels12.  

While our data demonstrate a regional control of eNOS expression within the kidney, it 
may even be more complex in the whole hibernating animal. Previously, the expression of 
eNOS protein in the hamster renal artery was reported to be downregulated during torpor 
and upregulated during arousal13.  We did not measure the eNOS protein expression in the 
renal artery in our study; however we did not find changes in eNOS expression either in the 
renal arterioles or peritubular capillaries. Whether this reflects differences between vascular 
beds or species remains to be established.  

The most straightforward interpretation of our data is that down-regulation of eNOS 
mRNA drives the decrease in glomerular eNOS and consequently NOS activity is reduced; 
however several other factors may well take part therein. The decrease in glomerular eNOS 
protein expression seems transcriptionally regulated, since we found an approximately 2-
fold decrease in eNOS mRNA levels during hibernation. As regulation of glomerular eNOS 
appears independent of the specific phase of hibernation, it seems conceivable that its 
expression is driven by factor(s) related to the hibernating state as such, rather than in 
response to changes at the renal level. Surprisingly, the glomerular eNOS protein reduction 
was associated with 4-fold decrease in overall NOS activity. As it seems unlikely that the 
reduction in expression of glomerular eNOS can account for such a strong reduction of total 
NOS activity we studied also the expression of the other two NOS isoforms. Yet, no 
measurable changes in either nNOS or iNOS protein expression were found. Consequently, 
additional factors are likely to be involved in reducing renal NOS activity during 
hibernation. However, by our method we did not assess the possible changes in co-factor or 
substrate availability or the presence of NOS modulators (such as ADMA26, caveolin-127 etc.) 
that might well affect NOS activity in vivo. A potentially interesting finding is that NOx 
plasma levels, which reflect the NO production in all tissues, showed the same pattern as 
NOS activity in the kidney. In which other organs than kidney the NO system is regulated 
during hibernation remains to be established. 

While decrease in glomerular eNOS may be advantageous for renal hemodynamics 
during hibernation, reduced eNOS expression has been associated with extensive renal 
damage in pathological conditions because of detrimental effects on neutrophil infiltration 
and platelet aggregation28. Also, increased NO production by L-arginine supplementation 
attenuates renal ischemia-reperfusion injury in rat29. Since we found a reduced glomerular 
eNOS expression throughout hibernation, other physiological mechanisms operating in 
hibernation, such as sequestration of leukocytes and increase in blood clotting time30, may 
be involved here in obtaining renal tolerance to ischemia.  

In conclusion, throughout hibernation there is a down-regulation of eNOS expression in 
the glomerular capillaries, without a change in expression in the interstitial vasculature, 
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which is unaffected during the arousal period. Whether such regional regulation of eNOS 
provides a feasible strategy to preserve renal function in a clinical situation awaits 
clarification of its mechanism.  
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Summary 
 

Kidney transplantation is inevitably faced with overcoming the immune response to the 
grafted organ, necessitating immunosuppressive therapy. Further, the immunogenicity of 
the graft is augmented by the initial ischemia-reperfusion injury, which negatively 
influences both acute and chronic renal graft failure. Because of its systemic nature, current 
immune suppression is a trade-off of efficacy against side-effects. Local, rather than 
generalized, immunosuppression or tolerogenic strategies may improve graft survival and 
quality of life of the transplanted patients. Targeted (over)expression of molecules that are 
able to modulate the immune reaction locally, in the graft, offers a strategy to shield the 
transplanted kidney against rejection, while leaving the immune system virtually 
unaffected. Gene therapeutic approaches may transform the theory of local immune 
suppression into reality. In addition, gene therapy may be instrumental in expanding the 
donor pool from non-heart beating donors and ameliorate ischemia-reperfusion injury in 
both living-related as well as deceased kidney transplantation. The aim of this study was to 
investigate (1) the potential of gene therapy with Interleukin-13, an immunomodulatory and 
cytoptotective cytokine, to mitigate renal I/R injury and acute kidney transplant rejection 
and (2) the potential of local immunosuppressive gene therapy in kidney transplantation. 

The prerequisites of a successful gene therapy are an efficient, safe and selective vector, 
an appropriate technique and an appropriate gene (reviewed in chapter 2). Using both viral 
and non-viral vectors and employing various techniques, specific cell compartments of the 
kidney can be targeted. However, while plenty of studies show successful reporter gene 
delivery to the kidney, the number of functional studies with gene therapy in models of 
kidney disease in general and in transplantation in particular, is surprisingly low, 
presumably reflecting an insufficient transfection efficiency of the vectors used. From the 
available vectors for gene therapy, adenoviruses offer good perspectives, as they are able to 
infect a wide variety of cells, they have a relative high efficiency, are easy to produce on 
large scale and, important for kidney transplantation, they preserve their infectivity at low 
temperature. As a first step towards successful gene therapy for transplanted kidney, we 
employed in chapter 3 as vector a modified first generation adenovirus, which has an 
additional RGD sequence in the fiber knob1. With this modification, both CAR (coxsackie 
adenovirus receptor)-dependent and CAR-independent (RGD-integrin-dependent) cell 
entry pathways are accessible for adenovirus, thus allowing enhanced infectivity. Indeed, 
the RGD-modification increased approximately 5-fold the transduction efficacy of the 
adenovirus, without enhancing the immune reactivity to viral genes in our model of rat 
kidney transplantation. Importantly, transgene expression was restricted to the renal graft, 
hence allowing selective, local gene therapy. With this vector and using an infusion-
clamping technique, reporter gene (GFP) expression was found almost exclusively in the 
interstitial fibroblasts. As the interstitium of the renal graft is the stage of both immune 
infiltration, as well as long-term fibrosis, the most straightforward applications of fibroblast 
targeting in the context of kidney transplantation are local modulation of the immune 
microenvironment in the interstitium or blockade of fibroblast activation. As previously 
reported with the first generation adenoviruses (see chapter 2), the transgene expression 
was short-lasting (weeks), due to the adaptive immune response elicited by this type of 
adenovirus, making this vector suitable for short-term studies. We therefore aimed at 
investigating the potential of gene therapy in two of the most common acute events 
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following kidney transplantation, which are the ischemia-reperfusion (I/R) injury and the 
acute rejection (AR).  

Donor organs inevitably undergo ischemia followed by reperfusion, leading to variable 
degrees of damage (I/R injury). Especially long ischemia, as encountered in non-heart-
beating donor kidneys, is accompanied by severe I/R damage2, with both acute implications, 
i.e. delayed/non-graft functioning and acute rejection, and chronic consequences (chronic 
allograft nephropathy). To prevent or inhibit damage, one should know its cause and 
mechanism. For this purpose and taking advantage of the available microarray technique3, 
we performed in chapter 4 an analysis of renal gene expression at several time points during 
a 3 week period after I/R, in a rat model. Our data confirmed changes in expression of genes 
already identified as being involved in I/R injury, such as transcription factors, stress 
response proteins, inflammation-related products and, at later time points, cell adhesion and 
extracellular matrix molecules. The two most important findings of this study are: (1) there 
is a quick and transient up-regulation of (mainly transcription) factors able to initiate not 
only an acute response to (hypoxic/oxidant) stress, but also a healing process through 
activation of inflammation and pro-fibrotic pathways; (2) factors (such as Egr-3 and Btg-2) 
that link innate and adaptive immunity come to expression after I/R injury, a process that 
was regarded till recently as being exclusively an innate immune response4. In addition, in 
view of the following gene therapy studies, the pattern of several markers of renal I/R 
damage in time was defined: Kidney Injury Molecule (KIM)-1 for tubular damage; ED-1 
(macrophages) for inflammation; α-smooth muscle actin (SMA) and collagen III for early 
and late fibrotic changes, respectively.  

From a pathophysiologic perspective, a proper gene candidate to attenuate I/R injury 
and AR should combine anti-oxidant and anti-apoptotic properties with anti-inflammatory 
and immunomodulatory effects. Such a gene product is Interleukin(IL)-13. Previous data 
coming from studies in liver had documented strong protection from I/R with IL-135;6. As a 
proof of principle, chapter 5 investigates the effects of systemic (i.m.) IL-13 gene therapy in 
the renal I/R model described in chapter 4. Earlier studies showed that injection of 
adenoviruses in limb muscles (i.m.) is a feasible approach to deliver gene products 
systemically7. Indeed, following i.m. injection of an RGD-adenovirus carrying the gene for 
IL-13, systemically circulating IL-13 levels were detectable for approximately 2 weeks. To 
ascertain that therapeutic levels of IL-13 were present at the time of I/R, i.m. delivery was 
performed 2 days prior to the I/R procedure. We demonstrated that IL-13 preserved renal 
histology and function after I/R. Specifically, IL-13 reduced tubulo-interstitial damage both 
on short and long-term (till day 14 after I/R), and limited neutrophil and macrophage 
infiltration by approximately 50% of their values in controls. This was associated with 
down-regulation of E-selectin and TNF-α mRNA levels, and, unexpected, with an almost 
unchanged expression of HO-1, which was described as a putative mediator of IL-13 
protective effects in liver I/R8;9. This apparent discrepancy remains to be clarified; a possible 
explanation is that tubular epithelial cells, which are the major renal source of HO-1 in this 
model, do not express IL-13 receptors. Thus, this study confirmed IL-13 as a novel and 
potent target for preventing renal I/R injury. 

In a further step towards gene therapy for transplanted kidney, and taking advantage 
of the RGD-adenovirus vector described in chapter 3, we studied in chapter 6 the effects of 
local gene therapy with IL-13 on the acute rejection of the renal graft in rats. Systemic 
delivery of the IL-13 through i.m. RGD-adenovirus injection was also included in our study, 
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for comparison with regard to efficiency of the gene therapy approach. We showed that IL-
13 reduced macrophage and CD8+ T cell infiltration, and down-regulated E-selectin, TNF-α 
and IFN-γ mRNA levels. Moreover, we found that expression of α-SMA was inhibited by 
approximately 40% compared to controls. Remarkably, the protection conferred by local as 
compared to systemic IL-13 therapy was similar, though elevated systemic IL-13 plasma 
levels were only found after i.m. gene therapy. One could speculate that the effects we 
found were exclusively locally-mediated. Or that the effects seen in the two treatments are 
(at least partially) the results of IL-13 acting on different (systemic vs. renal) cell types. 
However, the exact mechanisms involved herein remain to be investigated. We concluded 
that application of local IL-13 gene therapy appears as a feasible strategy to suppress the 
immune response locally, in the renal graft, and thereby to protect the graft against acute 
rejection. 

Although the rat model is suitable for studying transplantation-related kidney damage, 
several other small species of mammals may provide new insights into better organ 
protection. Mammalian hibernation has been perceived as a natural model of repetitive I/R 
devoid of damage. As reduced endothelial-derived NO is incriminated as an important 
mediator of early injury during I/R injury10, whereas maintenance of eNOS activity trough, 
for instance, inhibition of Rho kinase11 attenuates I/R injury, we investigated in chapter 7 the 
expression of eNOS in hibernating ground squirrels. The main finding of this study was that 
eNOS expressed by endothelial cells of the peritubular capillaries and arterioles 
(“interstitial” eNOS) was unaffected by the hibernation, whereas glomerular eNOS was 
decreased throughout hibernation. In view of the fact that the tubules are the renal 
structures most sensitive to ischemic damage, and that eNOS-derived NO has vasodilatory 
and protective effects, it can be speculated that hibernating squirrels preserve their eNOS 
expression in the peritubular capillaries as a strategy to protect the tubules against I(/R) 
injury and to allow immediate restoration of tubular function during arousal. Is such a 
strategy applicable to the donor kidneys? Brodsky et al.12 showed that infusion of genetically 
modified cells (over)expressing eNOS into the I/R kidneys protected from I/R injury. 
Alternatively, NOS could be targeted to the endothelial cells through, for instance, an 
adenovirus coupled with an anti-(activated) endothelial cell marker, such as E-selectin.  
 
 

Future perspectives 
 

Improving the effects of IL-13 on AR through anti-T cell strategies 
One of the most important finding of this thesis was that (over)expression of IL-13 in the 
donor kidney was able to diminish the acute immune response (chapter 6). Still, the effect on 
(CD8) T cell infiltration appeared less pronounced compared to that on macrophages. To 
improve these effects, one obvious approach is to combine IL-13 with a molecule that is able 
to inhibit chemotaxis or/and T cell proliferation or function. Such a molecule is 2,3-
Indoleamine dioxygenase (IDO). IDO is the rate limiting enzyme in the catabolism of 
tryptophan, which is an amino acid essentially required for T cell survival, activation and 
proliferation13. Tryptophan starvation together with the tryptophan metabolites kynurenins 
may promote T cell apoptosis, induce T cell ignorance, anergy or generate regulatory T 
cells13;14. IDO is abundantly expressed in placenta (Figure A) and is crucially involved in 
maternal tolerance15. In addition, many tumors express IDO as a mechanism to escape the 
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immune surveillance of the host16. In our rat model of acute kidney transplant rejection, we 
found IDO expression to be limited to a few cells in the inflammatory infiltrates (Figure B). 
In view of this data, it is conceivable that overexpression of IDO in the renal graft using the 
available RGD-adenovirus vector system would protect the graft against rejection. In 
addition to its effects on T cells, IDO has also anti-oxidant properties17 and hence may 
further protect the graft from I/R injury, on top of the already documented effects of IL-13. A 
study regarding the effects of IDO gene therapy on AR of the transplanted kidney is 
ongoing. 
 

Gene therapy for chronic allograft nephropathy 
A major problem still to be solved in organ transplantation is chronic allograft failure. 
Following kidney transplantation, more than 50% of the patients develop progressive renal 
dysfunction, necessitating dialysis or a new graft within 10 years18. As the pathogenesis of 
chronic allograft nephropathy (CAN) involves both immune and non-immune factors (see 
chapter 1), multiple therapeutic strategies have been attempted, none 
of them being yet effective. Can gene therapy take this challenge? 

1. long-term immune suppression or tolerogenic strategies 

A successful therapeutic strategy for CAN needs to interfere with its pathogenesis, to be 
local, long-term and non-toxic. As an alternative to the currently used systemic immune 
suppression, gene therapy offers the possibility of local immune surveillance. We (this 
thesis) and others (see chapter 2) have shown that local immune suppression through gene 
therapy can prevent AR. To combat chronic rejection, long-lasting vectors such as the 
helper-dependent (“gutless”) adenoviruses or adeno-associated viruses offer a good 
perspective. In the “gutless” adenovirus19 the whole coding sequence of the viral genome 
has been removed, making the vector longer-lasting, safer (due to the lack of adaptive 
immune response against the viral genes) and increasing its coding capacity (so that several 
genes that target different pathways can be employed). As RGD-adenovirus is more 
effective in transducing the kidney than the unmodified virus, to optimize the “ gutless” 
adenovirus, insertion of the RGD sequence into the fiber knob would be required. In 
addition, as repetitive immune injury is incriminated in the development of CAN20, 
adjustable instead of continuous immunosuppression would likely be more appropriate. To 
adjust the level of immune suppression in chronic gene therapy, activation of interstitial 
fibroblasts may be used, as they act as “sensors” of local immune activation. Hereto, 
therapeutic genes, such as IL-13 and IDO, may be placed under the control of promoters 
with response elements of signaling routes that are activated in renal fibroblasts by the 
immune response, such as TGF-β or PDGF21.  

Another alternative to continuous systemic immune suppression is induction of 
tolerance (i.e. the lack of a destructive response against the graft in a fully immune 
competent recipient). Drug-free tolerance is rare in human kidney transplantation, as 
interruption of immunosuppression therapy usually leads to AR or chronic rejection22. 
Besides donor bone marrow transplantation23 or infusion of immature donor dendritic cells 
prior to engraftment24, gene therapy with blockers of co-stimulatory pathways of T cell 
activation, such as CTLA4Ig, have shown promising results25. Notably, the tolerogenic 
effects of CTLA4Ig may be at least partially mediated by IDO13;26.  
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Figure. IDO expression in human placenta and in acutely rejected rat transplanted kidney. Human 
placenta exibits abundant expression of IDO (arrows) (A), whereas a limited number of IDO positive 
cells (arrows) are seen in acutely rejected rat (B) (immunohistochemistry). 
 

2. anti-fibrotic strategies 

Extensive tubulo-interstitial fibrosis is a hallmark of CAN. Incriminated herein are I/R 
damage, repetitive immune insults, proteinuria, hypertension. Irrespective of the trigger, the  
common pathway is the activation of interstitial fibroblasts (myofibroblasts)27;28. With 
progressive fibrosis, tubular epithelial cells may also acquire a fibroblast-like phenotype 
(epithelial mesenchymal transition), further aggravating the fibrotic process29. Blockade of 
fibroblast activation seems crucial to limit long-term fibrosis. We showed that (both local 
and systemic) IL-13 therapy inhibited early activation of fibroblasts, as documented by 
reduced α-SMA expression, though whether this was a direct effect of IL-13 on the 
interstitial fibroblasts or secondary to inhibition of inflammation needs further investigation. 
This was associated with reduced long-term fibrosis. With the RGD-adenovirus, most of the 
transduced cells were interstitial fibroblasts (see chapter 3). Thus, in addition to the IL-13 
gene therapy, targeted blockade of, for instance, transforming growth factor (TGF)-β 
(through Smad7), or overexpression of anti-fibrotic factors, such as bone morphogenic 
protein (BMP)-7 or hepatocyte growth factor (HGF) via an RGD-“gutless” adenovirus seems 
feasible and may ameliorate long-term tubulo-interstitial fibrosis and thereby CAN. 
  

Clinical perspectives  
Kidney transplantation is nowadays generally viewed as the best therapeutic option for 
patients with end stage renal disease (ESRD). The life expectancy of patients with ESDR 
receiving a cadaveric kidney is twice as long as compared to patients remaining on chronic 
dialysis, even in elderly patients or after a long period of dialysis30. The demand for donor 
kidneys grows along with the number of patients with ESRD31 and with ageing of the 
human population. Notwithstanding the increasing reliance on living donors, the waiting 
lists become longer every year. About 50% of the transplanted patients re-enter the waiting 
lists after 10 years due to CAN32, adding to the already existing shortage of donors. Apart 
from efforts to increase the donor pool, extending the life span of the graft  deserves full 
attention. This thesis shows that gene therapy can contribute to that in two ways: (1) 
optimize the outcome of cadaveric renal transplantation, by protecting the donor organ 
against I/R injury, and (2) improve the graft survival through local rather than systemic 
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immune suppression. With the development of more efficient, safer and longer-lasting 
vectors for gene therapy  and with the advances in understanding the molecular pathways 
underlying (chronic) rejection, one expects that in short time we shall arrive at a point where 
clinically suitable vector(s) and gene products will be available. Of course, extensive testing 
in animal models is first needed before making the step to humans. Entering the clinical 
arena with gene therapy always imposes a hurdle, in view of the negative publicity on gene 
therapy brought by few cases of fatal side-effects induced by some of the vectors used33;34. In 
addition, gene therapy with immunomodulatory agents may be considered with even more 
suspicion because of the recent TeGenero case35, implicating that interference with 
mechanisms that control the immune system, such as regulatory T cells, may have dramatic 
side-effects. Finally, surprisingly, out of the about 1200 ongoing clinical gene therapy trials, 
none regards, to our knowledge, kidney transplantation. Consequently, while experimental 
gene therapy in kidney transplantation is advancing rapidly, its image and the lack of 
expertise in human trials may impede its entrance into the clinic. To prevent any delay, we 
better start preparing for clinical testing today. Not only for the benefit of the individual 
patient, but even more to cope with the ever increasing shortage of donors in an ageing 
population. 
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Niertransplantatie is de optimale therapie voor patiënten met chronische nierinsufficiëntie. 
Niertransplantatie kan echter leiden tot zowel acute als chronische complicaties in de 
getransplanteerde nier. Op de korte termijn zijn acute tubulusnecrose ten gevolge van 
ischemie-reperfusie (I/R) schade en acute afstoting de belangrijkste oorzaken voor het falen 
van de getransplanteerde nier. Op de lange termijn is chronisch transplantaatfalen de 
belangrijkste oorzaak voor het verloren gaan van de getransplanteerde nier. Derhalve berust 
het succes van niertransplantatie grotendeels op het gebruik van immunosuppresieve 
geneesmiddelen. Helaas remmen immunosuppressiva niet alleen de immuunreactie tegen 
het transplantaat, maar remmen zij ook de rest van het immuunsysteem, met als gevolg een 
verhoogde kans op infecties en maligniteiten. Een mogelijke manier om deze ernstige 
bijwerkingen te verminderen c.q. te voorkomen, is het induceren van lokale 
immunosuppressie in de nier, in plaats van algemene immunosuppressie. Gentherapie 
maakt het uitvoeren van een dergelijke selectieve, lokale immuunonderdrukking mogelijk 
middels lokale expressie van immunosuppressieve genen in het niertransplantaat. Tevens 
zou deze gentherapeutische strategie gebruikt kunnen worden om de donornier tegen I/R 
schade te beschermen. Het doel van dit proefschrift is (1) het bestuderen van de efficiëntie 
van gentherapie met het immuunmodulatoire molecuul interleukin-13 (IL-13) om I/R schade 
en acute rejectie (AR) te verminderen en (2) het bestuderen van het potentieel van lokale 
immunosuppressie in niertransplantatie.  

Succesvolle gentherapie vereist een efficiënte en selectieve vector, een goede transfectie 
techniek en een therapeutisch gen (zie hoofdstuk 2). Eerdere studies hebben aangetoond dat 
de nier met behulp van zowel virale als non-virale vectoren getransfecteerd kan worden. 
Van deze vectoren zijn de adenovirussen echter het meest gebruikt op grond van hun 
capaciteit om verschillende soorten cellen te infecteren, alsmede hun relatief hoge 
transfectie-efficiëntie en eenvoudige productie. Belangrijk voor het gebruik in 
niertransplantaties, is dat adenovirussen cellen kunnen infecteren bij een lage temperatuur. 
Hoofdstuk 3 beschrijft de zoektocht naar een goede methode voor gentherapie in een 
experimenteel niertransplantatie model. Om de efficiëntie van het algemeen gebruikte 
adenovirus serotype 5 te verhogen, is een RGD (arginine-glycine-aspartaat)-gemodificeerd 
adenovirus gebruikt. Het RGD motief herkent integrines die op het celoppervlak tot 
expressie komen waardoor de internalisatie van het virus bevorderd wordt. Zoals verwacht, 
was de transductie efficiëntie van het RGD-adenovirus groter (5×) dan die van het 
“normale” adenovirus. Lokale toediening van het virus in de getransplanteerde nier leidde 
niet tot significante accumulatie in andere organen, zoals de lever. Echter, adenovirale 
transfectie van het niertransplantaat resulteerde in een milde infiltratie met lymfocyten. De 
expressie van het transgen duurde een paar weken en werd voornamelijk in de interstitiële 
fibroblasten gevonden. Het insterstitium van de nier is de ruimte waar de infiltratie van 
inflammatoire cellen plaatsvindt tijdens acute rejectie en chronische niertransplantaatfalen 
en is tevens de plaats waar fibrose zich ontwikkelt. Hierdoor dienen zich twee directe 
toepassingen van deze gentherapeutische methode aan, namelijk lokale immunosuppresie 
en het remmen van niertransplantaatfibrose. De korte duur van transgen-expressie maakt 
het RGD-adenovirus voornamelijk geschikt om de effecten van lokale gentherapie op korte 
termijn te bestuderen. Daarom werd gentherapie met RGD-adenovirus door ons toegepast 
in experimentele modellen van I/R schade en acute afstoting van de nier.  

I/R is onvermijdelijk in niertransplantatie en veroorzaakt schade die grotendeels door 
de duur van de ischemie wordt bepaald. Langdurige ischemie, zoals in de nieren van non-
heart-beating donoren, induceert ernstige schade die zowel acute (acute nierinsufficiëntie en 
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een verhoogde kans op acute afstoting) als chronische (chronische afstoting) gevolgen kan 
hebben. Om efficiënte strategieën tegen I/R schade te kunnen ontwerpen, is het van belang 
dat men eerst de cellulaire en moleculaire mechanismen achter I/R schade goed begrijpt. 
Hiertoe hebben wij in hoofdstuk 4 het mechanisme van I/R schade in de nier onderzocht 
middels een “microarray” techniek waarmee we veranderingen in genexpressie bestudeerd 
hebben tijdens de eerste 3 weken na I/R. Onze analyse bevestigde eerdere beschreven 
veranderingen in de expressie van een aantal genen, zoals transcriptiefactoren, 
stresseiwitten en ontstekingsfactoren en karakteriseerde veranderingen in de expressie van 
twee nieuwe genen, Egr-3 en MKP-1. 

Vanuit een pathofysiologisch standpunt, zou een molecuul geschikt zijn voor 
gentherapie in I/R en AR als deze antioxidante, anti-apoptotische, ontstekingsremmende 
en/of immuunmodulatoire eigenschappen zou hebben. Een dergelijk molecuul zou IL-13 
kunnen zijn. Er zijn aanwijzingen in de literatuur dat IL-13 de lever beschermt tegen I/R 
schade. In hoofdstuk 5 hebben we de effecten van IL-13 op de I/R schade in de nier 
bestudeerd. Daarvoor hebben we een zogenaamde “systemische gentherapie” methode 
gebruikt bestaande uit het i.m. inspuiten van een RGD-adenovirus-IL-13. In deze studie 
werd aangetoond dat het systemisch toedienen van IL-13 vóór het induceren van renale I/R, 
de nier beschermt tegen histologische en functionele schade. IL-13 vermindert tubulaire en 
interstitiële schade en remt de infiltratie van inflammatoire cellen (neutrofilen en 
macrofagen) met 50% in vergelijking met de controlegroep. Daarnaast, resulteert IL-13 
therapie in een daling van endotheelactivatie (E-selectine) en lokale ontsteking (TNF-α). Een 
onverwachte bevinding was dat de expressie van haemeoxigenase 1 (HO-1), die de 
belangrijkste downstream factor van IL-13 in de lever en hart zou zijn, in de nier 
onveranderd bleef onder behandeling met IL-13. De reden hiervoor is onduidelijk. De 
belangrijkste bron van HO-1 in de nier zijn de tubulaire cellen. Theoretisch is het mogelijk 
dat deze cellen geen receptor voor IL-13 hebben. Om dit te onderzoeken, zou de lokalisatie 
van IL-13 receptoren in de nier bepaald moeten worden.  

Naar aanleiding van onze bevindingen in hoofdstuk 3 en 5, zijn in hoofdstuk 6 de 
effecten van lokale IL-13 gentherapie op acute rejectie onderzocht. Bovendien is de 
efficiëntie van lokale en systemische IL-13 gentherapie met elkaar vergeleken. In acute 
rejectie bestaat er naast de I/R schade een sterke immuunreactie tegen de donornier. De 
resultaten tonen aan dat IL-13 beschermt tegen AR, waarbij IL-13 de infiltratie van het 
niertransplantaat met macrofagen en lymfocyten vermindert. Daarnaast treedt er onder IL-
13 therapie minder activatie op van de endotheelcellen (E-selectin) en is er minder lokale 
ontsteking (TNF-α en IFN-γ). Verder werd de vorming van fibrose verminderd met 
ongeveer 40% in vergelijking met de controles. Tevens blijkt er geen verschil te bestaan 
tussen lokale en systemische behandeling met IL-13, hoewel hoge IL-13 plasma spiegels 
alleen in systemisch behandelde ratten werden gemeten. Men kan hierdoor speculeren dat 
de effecten van IL-13 uitsluitend lokaal bepaald zijn, of dat de effecten van de systemische 
en lokale therapie berusten op het beïnvloeden van verschillende (systemische vs. lokale) 
processen.  

Naast de experimentele I/R en AR modellen, zou het bestuderen van andere diersoorten 
nuttig kunnen zijn om innovatieve strategieën voor het beschermen van het 
niertransplantaat te ontwerpen en te ontwikkelen. Winterslapende zoogdieren ervaren 
tijdens de winterslaap I/R episoden waarbij opmerkelijk genoeg de nier geen enkele 
permanente schade ondervindt. Het mechanisme dat deze nieren beschermt is echter niet 
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opgehelderd. In mensen en ratten, bestaat er na I/R een tekort aan nitric oxide (NO) in het 
endotheel. NO is een vasodilatoire en endotheel beschermend molecuul en wordt in het 
endotheel geproduceerd door het enzym eNOS. Uit eerder onderzoek is gebleken dat het 
verhogen van eNOS spiegels (bijvoorbeeld door het remmen van Rho kinase in rat) I/R 
schade vermindert. Hoofdstuk 7 beschrijft het patroon van eNOS expressie in de nieren van 
Europese grondeekhoorns (Spermophilus citellus) tijdens de zomer- en winterslaapfase. In 
de peritubulaire haarvaten en kleine nierarteriën blijft de expressie van eNOS onaangetast, 
terwijl in de glomeruli eNOS tijdens de winterslaap minder tot expressie komt dan in de 
zomerfase. Aangezien de tubuli van de nier het meest gevoelig zijn voor ischemie, kan 
gespeculeerd worden dat grondeekhoorns de expressie van eNOS in de peritubulaire 
haarvaten behouden als een mechanisme voor het beschermen van de tubuli tegen I/R 
schade. Kan een dergelijke strategie bij humane niertransplantatie toegepast worden? Er 
bestaan studies die aantonen dat het inspuiten van met eNOS getransfecteerde cellen in de 
nier arterie I/R schade voorkomt. Als variant hierop, zou NOS getarget kunnen worden naar 
het geactiveerde endotheel middels een vector die endotheel specifieke moleculen herkent, 
zoals E-selectine. 

De hierboven beschreven studies tonen aan dat IL-13 de nier beschermt tegen I/R 
schade en acute rejectie. Verder blijkt uit onze studies dat lokale immunosuppressie een 
uitvoerbaar en efficiënt alternatief is voor de tegenwoordig gebruikte systemische 
immunosuppressie. De efficiëntie van deze strategie tegen acute rejectie zou mogelijk verder 
vergroot kunnen worden door de IL-13 gentherapie te combineren met een verdere 
suppressie van specifieke klassen van lymfocyten. Op dit moment wordt onderzocht of een 
combinatie met 2,3-Indoleamine dioxygenase tot dit gewenste effect leidt.  

Het adenovirus dat wij hebben gebruikt in onze studies heeft een korte levensduur. Om 
het optreden van chronisch niertransplantaat falen met gentherapie te kunnen voorkomen, 
moeten vectoren met langere expressie, zoals een “gutless” adenovirus worden gebruikt. 
Aangezien het RGD-adenovirus de nier efficiënter transfecteert dan het “normale” 
adenovirus, zou het “gutless” adenovirus tevens RGD-gemodificeerd moeten worden. 
 

Klinische perspectieven  

Niertransplantatie is de beste therapie voor de patiënten met chronische nierinsufficiëntie 
(CNI). De levensverwachting van de patiënten met CNI (inclusief ouderen) die een nier 
ontvangen van een non–heart-beating donor, is twee keer hoger dan die van de patiënten 
die gedialyseeerd blijven. De vraag aan donoren neemt echter toe met de groei van het 
aantal CNI patiënten en met de toenemende vergrijzing, resulterend in langere wachtlijsten. 
Ongeveer 50% van de getransplanteerde patiënten heeft een nieuwe nier nodig binnen 10 
jaar na transplantatie. Derhalve is het ontwikkelen van strategieën om de levensduur van 
het niertransplantaat te verlengen zeer belangrijk om het tekort aan donornieren te 
verminderen. Dit proefschrift laat zien dat gentherapie daar op twee manieren een bijdrage 
aan kan leveren: (1) het verbeteren van de kwaliteit van de non-heart-beating donor nieren 
door het te beschermen tegen de I/R schade; (2) een lokale immunosuppressie.  
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Transplantul de rinichi este considerat în prezent terapia optimă pentru pacienţii cu 
insuficienţă renală cronică. Transplantul de rinichi poate fi însoţit însă atât de complicaţii 
acute, cât şi cronice. Pe termen scurt, succesul transplantului de rinichi este determinat de 
capacitatea de a preveni sau trata în primul rând necroza tubulară acută secundară 
ischemiei şi reperfuziei (I/R) din timpul colectării şi transplantării şi în al doilea rând rejetul 
acut (şi hiperacut) de grefă. Pe termen lung, cauza principală a pierderii grefei renale este 
“rejetul” cronic. Din această cauză, reuşita transplantului de rinichi se datorează în mare 
parte folosirii terapiei imunosupresive. Terapia imunosupresivă inhibă însă nu numai 
răspunsul imun faţă de grefa renală, ci întreg sistemul imunitar. În consecinţă, primitorii 
unei grefe renale aflaţi sub terapie imunosupresivă sunt expuşi unui risc crescut de apariţie 
a infecţiilor şi tumorilor maligne. O modalitate de a evita aceste efecte secundare ale terapiei 
imunosupresive sistemice este inducerea unei aşa-numite imunosupresii locale, limitate la 
nivelul grefei renale. Terapia genică face posibilă o astfel de imunosupresie locală, prin 
expresia la nivelul rinichiului transplantat a unor gene codante pentru molecule 
imunosupresoare. În plus, terapia genică ar putea fi folosită pentru a limita sau preveni 
efectele I/R. Scopul lucrării de faţă este (1) studierea eficienţei terapiei genice cu citokina 
imunomodulatoare Interleukina-13 în a limita efectele I/R şi rejetul acut şi (2) studierea 
potenţialului imunosupresiei locale prin terapie genică drept alternativă la imunosupresia 
sistemică în transplantul de rinichi. 

Terapia genică reprezintă o modalitate de trata sau preveni un proces patologic prin 
exprimarea într-un anumit organ sau tip de celulă a unei gene benefice. Terapia genică are la 
bază folosirea unui vector eficient şi selectiv, a unei metode eficiente şi a unor gene 
terapeutic benefice (descrise in capitolul 2). Dintre vectori, adenovirusurile sunt cel mai des 
folosite, având în vedere capacitatea lor de a infecta o largă gamă de celule, faptul că sunt 
relativ eficiente, sunt uşor de produs pe scară largă şi, important pentru transplantul de 
rinichi, adenovirusurile îşi păstrează infectivitatea la temperaturi joase. În studiul descris in 
capitolul 3 am folosit ca vector un adenovirus de generaţia I modificat genetic prin inserarea 
unei secvenţe RGD (arginina-glicina-aspartat) în fibra virală. Prin această modificare 
adenovirusul poate infecta o celulă nu numai printr-un mecanism dependent de prezenţa 
receptorului CAR (coxsackie adenovirus receptor), dar şi printr-un mecanism independent 
de CAR, dar dependent de interacţiunea RGD-integrine. În acest fel infectivitatea 
adenovirusului este mărită.  Într-adevăr, în studiul nostru, adenovirusul modificat a fost de 
aproximativ cinci ori mai eficient decât adenovirusul nemodificat. Gena test (transgena) a 
fost detectată doar în grefa renală, în fibroblaştii din interstiţiu. Având în vedere că celulele 
inflamatorii se acumulează în majoritatea lor în interstiţiu în timpul rejetului acut şi cronic şi 
că modificările fibrotice pornesc tot din interstiţiu, două aplicaţii directe ale metodei noastre 
pot fi propuse: imunosupresia locală şi blocarea activării fibroblaştilor şi în acest fel 
inhibarea fibrozei. Expresia transgenei a fost de scurtă durată (săptămâni), făcând acest 
vector potrivit pentru studiul efectelor terapiei genice asupra complicaţiilor acute ale 
transplantului de rinichi. Pe baza acestor rezultate, am investigat în capitolele următoare 
efectele terapiei genice asupra modificărilor structurale şi funcţionale induse de ischemie-
reperfuzie (I/R) şi asupra rejetului acut (AR) de grefă renală.  

I/R este inevitabilă în transplantul de rinichi şi determină modificări structurale şi 
funcţionale care depind în principal de durata ischemiei. Ischemia prelungită, aşa cum se 
întâlneşte în cazul organelor recoltate de la cadavru, este însoţită de modificări de I/R 
severe, care pot avea atât consecinţe acute (ca de exemplu disfuncţia primară a grefei şi risc 
crescut de rejet acut), cât şi cronice (“rejetul” cronic). Pentru a preveni sau reduce leziunile 
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asociate cu I/R este necesară cunoaşterea mecanismelor celulare şi moleculare care stau la 
baza I/R. Folosind tehnica “microarray”, am efectuat în capitolul 4 o analiză a modificărilor 
de expresie genică care apar în primele trei saptămâni după I/R renală, în şobolani. Datele 
obţinute au confirmat modificări în expresia genelor codante pentru anumiţi factori de 
transcripţie, proteine de stress, factori implicaţi în inflamaţie, molecule de adeziune 
intercelulară şi molecule aparţinând matrixului extracelular, descrise în studii publicate 
anterior. În plus, am caracterizat expresia a două gene noi, Egr-3 şi MKP-1. 

Dintr-o perspectivă patofiziologică, o moleculă candidat pentru terapie genică în I/R şi 
AR ar trebui să posede proprietăţi anti-oxidante, anti-apoptotice, anti-inflamatorii şi/sau 
imunomodulatorii. O astfel de moleculă este Interleukina(IL)-13. Studii anterioare au arătat 
că IL-13 conferă protecţie faţă de I/R în ficat. În plus, este cunoscut faptul că injectarea i.m. a 
unui adenovirus este o metodă eficientă de terapie genică sistemică. Prin urmare, în 
capitolul 5 am investigat efectele terapiei genice sistemice cu IL-13 în modelul de I/R renală 
descris în capitolul 4. Rezultatele obtinute arată că IL-13 protejează rinichiul împotriva 
modificărilor structurale şi funcţionale induse de I/R. Tratamentul cu IL-13 a diminuat 
leziunile la nivelul celulelor tubulare epiteliale şi la nivelul interstiţiului şi a limitat 
infiltrarea rinichiului supus I/R cu neutrofile şi macrofage cu aproximativ 50% faţă de 
control. Aceste efecte au fost însoţite de o expresie redusă a mRNA pentru molecula de 
adeziune E-selectin şi TNF-α. În mod neaşteptat, expresia hemoxigenazei(HO)-1, o enzimă 
despre care se presupune că ar media efectele IL-13 în ficat şi inimă, a rămas aproape 
neschimbată atât la nivel de mRNA cât şi la nivel de proteină. Această aparentă discrepanţă 
rămâne să fie clarificată; o posibilă explicaţie ar fi lipsa receptorului pentru IL-13 la nivelul 
celulelor tubulare epiteliale, care constituie sursa principală de HO-1 în rinichi. Localizarea 
exactă a receptorului pentru IL-13 în rinichi este în prezent necunoscută. În concluzie, 
studiul nostru a demonstrat terapia (genică) cu IL-13 drept o strategie nouă şi eficientă de 
protecţie a rinichiul împotriva modificărilor induse de I/R.  

Pentru a investiga mai departe potenţialul terapiei genice în transplantul renal, am 
studiat comparativ în capitolul 6 efectele terapiei genice sistemice (i.m.) şi locale cu IL-13 
asupra rejetului acut al grefei renale în şobolani. Rezultatele obţinute au arătat că IL-13 
limitează infiltrarea grefei renale cu macrofage şi limfocite T CD8+ şi reduce nivelul de 
mRNA pentru E-selectin, TNF-α şi IFN-γ. În plus, expresia α-SMA a fost redusă cu 
aproximativ 40% faţă de control. În mod remarcabil, terapia genică locală şi cea genică 
sistemică cu IL-13 au conferit un nivel asemănător de protecţie, aceasta în ciuda faptului că 
nivele crescute de IL-13 în plasmă au fost măsurate doar în cazul terapiei genice sistemice cu 
IL-13. La nivel speculativ se poate concepe că efectele IL-13 sunt în exclusivitate rezultatul 
unei acţiuni locale a IL-13; sau că efectele celor două modalităţi de tratament sunt (cel putin 
parţial) rezultatul acţiunii IL-13 asupra diferitor structuri celulare (sistemic vs. renal). 
Mecanismul exact al acestor efecte rămâne să fie clarificat. În concluzie, aplicarea terapiei 
genice locale cu IL-13 apare drept o strategie posibila de limitare locală a răspunsul imun al 
primitorului faţă de grefa renală şi prin aceasta de protejare a grefei renale faţă de rejetul 
acut. 

Deşi studiile pe şobolani permit obţinerea de informaţii valoroase despre patologia 
asociată cu transplantul de rinichi, studiul altor specii de mamifere ar putea de asemenea 
ajuta la conceperea unor strategii inovatoare pentru protecţia grefei renale. Mamiferele 
hibernante reprezintă un model natural de I/R repetată neînsoţită de alterarea structurală a 
rinichiului. Un deficit de oxid nitric (NO) la nivelul endoteliului este incriminat ca un 
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mediator important al modificărilor morfologice şi funcţionale acute induse de I/R. În plus, 
menţinerea activităţii eNOS (sintetaza de NO endotelială) atenuează I/R în şobolani. În 
capitolul 7 am studiat expresia eNOS în veveriţe, în timpul unui ciclu de hibernare. 
Expresia eNOS la nivelul capilarelor peritubulare şi al arteriolelor (eNOS “interstiţial”) a 
rămas nealterată în timpul hibernării, în timp ce expresia eNOS la nivelul capilarelor 
glomerulare a fost diminuată pe durata hibernării. Având în vedere că tubulii reprezintă 
structurile cele mai sensibile faţă de ischemie şi că NO produs în celulele endoteliale via 
eNOS are proprietăţi vasodilatatoare şi protective, se poate specula că veveriţele păstrează 
nealterată expresia eNOS în capilarele peritubulare ca un mecanism de protecţie a tubulilor 
faţă de I/R şi de restaurare imediată a funcţiei tubulare după hibernare. Poate fi aplicată o 
astfel de strategie în transplantul renal?  Brodsky et al. a arătat că injectarea în rinichi a unor 
celule modificate genetic care exprimă eNOS protejează rinichiul împotriva I/R. O altă 
strategie ar putea fi reprezentată de trimiterea ţintită a NOS spre celulele endoteliale, de 
exemplu prin folosirea unui adenovirus care exprimă o moleculă capabilă să recunoască un 
marker de activare endotelială, cum ar fi E-selectin. 

În concluzie, în lucrarea de faţă am arătat că imunosupresia locală bazată pe terapie 
genică este o alternativă viabilă la imunosupresia  sistemică. În plus, am demonstrat pentru 
prima oară efectul protector al IL-13 împotriva I/R şi a rejetului acut în rinichi. Pentru a 
îmbunătăţi efectele obţinute prin folosirea IL-13 în rejectul acut o abordare posibilă ar fi 
combinarea IL-13 cu molecule capabile să inhibe chemotaxia, proliferarea şi/sau funcţia 
limfocitelor T. O astfel de moleculă este 2,3-Indoleamin dioxigenaza (IDO), o enzimă cheie 
în catabolismul triptofanului. Prezenţa IDO în placentă în timpul sarcinii este esenţială 
pentru toleranţa maternă. În plus, multe tumori exprimă IDO ca un mecanism de eludare a 
răspunsului imun. Un studiu asupra efectelor terapiei genice cu IDO asupra rejetului acut 
de grefă renală este în desfăşurare. 

O problemă majoră în transplantul de rinichi este “rejetul” cronic al grefei renale 
(chronic allograft nephropathy, CAN). În primii 10 ani după transplant mai mult de 50% din 
pacienţi dezvoltă insuficienţă renală progresivă, necesitând dializă sau o nouă grefă. 
Adenovirusul folosit în studiile noastre are o durată de exprimare scurtă. Pentru a putea 
preveni aparitia CAN cu ajutorul terapiei genice, vectori cu perioadă de exprimare mai 
lungă, ca de exemplu “gutless” adenovirus ar trebui folosiţi. Având în vedere că RGD-
adenovirus este mai eficient decât adenovirusul nemodificat, un astflel de “gutless” 
adenovirus ar trebui mai întâi modificat prin inserarea unei secvenţe RGD în fibra virală. 
 

Perspective clinice  
Transplantul renal este actualmente terapia optimă pentru pacienţii cu insuficienţă renală 
cronică (IRC). Speranţa de viaţă a pacienţilor cu IRC care primesc un rinichi de la cadavru 
este de două ori mai mare decât a pacienţilor care rămân în dializă cronică, chiar şi în cazul 
pacienţilor în vârstă sau după o perioadă lungă de dializă. Cererea de rinichi donori creşte o 
dată cu numărul pacienţilor cu IRC şi cu îmbătrânirea populaţiei umane. În ciuda folosirii 
din ce în ce mai mult a donorilor vii, listele de aşteptare devin din ce în ce mai lungi.  
Aproximativ 50% din pacienţii transplantaţi reintră pe listele de aşteptare dupa 10 ani, din 
cauza CAN. Pe lângă eforturile de a lărgi numărul rinichilor disponibili pentru transplant, 
extinderea vieţii grefei renale merită o atenţie sporită. Lucrarea de faţă arată că terapia 
genică poate contribui la aceasta în două moduri: (1) îmbunătăţirea calităţii organului donor 
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de la cadavru, prin protejarea acestuia împotriva leziunilor induse de I/R; (2) protecţia 
împotriva răspunsului imun al primitorului printr-o imunosupresie locală.



 



 

Acknowledgements 
 

A law of Physics says that the mechanical work between two points depends on the chosen 
path. Writing a thesis involves certainly some mechanical work and thus it obeys this law; it 
does matter the path you opt for, the story behind it, the people you meet, you work with, 
their support and commitment. Many people have walked along with me and have helped 
me to choose the right direction during the last four years. The final words of my thesis are 
dedicated to them.  
 
I would like to begin with my promoters, Rob Henning and Dick de Zeeuw. Dear Rob, I 
have been privileged to have you as scientific mentor during these four years. You have 
been the person most involved in my research project and you have contributed essentially 
to the existence of this thesis. Thank you for helping me whenever I needed it, for believing 
in me, for nourishing my interest for research with your dedication, enthusiasm, optimism 
and creativity. I have really appreciated your support in developing the IDOL without an L 
project (it will work out for certain!). And not least, thank you for supporting me towards 
the accomplishment of my professional dream.  
Dear Dick, you have been actually for long time the leader of the team involved in my 
research project. You always had a critical look at the design of the experiments and at the 
results. You helped me realize that in research, as in life, it is important to take timely 
decisions and to focus on important things. I have really enjoyed our discussions during the 
refereeravond and the nierklas. Thank you! 
 
I would also like to thank my co-promoters, Harry van Goor and Leo Deelman. Dear Harry, 
for me the concept of a bridge between AZG and the faculty building had a shape before a 
real bridge has existed. You have been the bridge for me. You helped me enormously in 
creating my own network in the hospital. Thank you also for your support in solving 
practical problems and for being on the other side of the microscope whenever I needed it.   
Dear Leo, I guess you do not remember it anymore but you were the first who had the vision 
of a thesis with my name on it…And it was not only your vision that helped me to complete 
the path towards today, but also your continuous assistance during the last four years. Your 
help in solving practical problems has always come promptly, really speeding up the things. 
For this (and for your jocks as well…), I thank you! 
 

My word of thank goes also to the members of the reading committee, Dr. Ariela Benigni, 
Prof. Dr. Hidde Haisma and Prof. Dr. Rutger Ploeg, for critically evaluating my thesis.  
 
A great part of my PhD story has been written in the AIO kamers, the place where I could 
always find someone to share with the successes and frustrations of the lab work. These 
rooms have also been a nest for friendships. That is why a big word of thank is dedicated to 
my colleagues, AIO’s and PhD students: Simone G., Annemarieke, Els, Bart, Peter O., Erik, 
Peter van der Meer, Menno, Bas, Jacoba, Heidrun, Willeke, Lisa, Larissa, Cheng, Ying, 
Bernadet, Mirjam, Willemijn, Rik, Liana, Sascha, Jacoline, Pim, Daan, Hiddo, Hisko, Irma, 
Nadir, Irina. Dear Els, our gene therapy projects have developed together, and our 
friendship has evolved along with them. I have really appreciated your support and enjoyed 
our conversations. I whish you good luck in the future! Dear Peter, your presence in 
Groningen has made me feel one step closer to my homeland. Your joy of life and 



Chapter 8 

 154

spontaneity reminded me the ancient daci, as they are described in novels. You are a great 
friend! I hope you will accomplish soon the dream of doing research in a famous lab in the 
USA. Dear Willemijn, two things we have in common for certain: the first is that we are both 
willing to combine research with clinical work, the second is that we have both worked late 
in the evening during the last year (meeting you was always a good excuse for a break). 
Good luck with choosing your specialty (don’t go for the last switch)! 
 
Dear Erik, from bench to bedside has not only been a kind of motto of your EPO project, but 
also the way you smoothly combined the research with the clinical work. I guess your 
determination and success in combining them has influenced my own vision of the future. 
Thank you for being my paranimf! 
My second paranimf, Mihaela, I would like to thank you for being my friend throughout the 
highs and the lows of these four years. I found in you a great person, more than the words 
can say it. Good luck with defending your own thesis and with the fulfillment of your 
dreams! 
 
Anton, it is difficult to place your name in a list…Thank you for your support whenever I 
needed it, for your humor and friendship.  
 
I would also like to thank the other people who have contributed to the nice atmosphere at 
the Clinical Pharmacology during the last four years: Wiek, Floor, Richard, Hendrik, Regien, 
Pieter, Peter Mol, Cees, Adriaan, Amani, Haang, Simone. I thank Ardy, Alexandra, Ellen 
and Jan for daily help. Ardy, I really appreciated your support at the beginning of my time 
in Groningen. Wessel, thank you! 
 
The biotechnicians and the laboratory assistants have not only made my lab work easier, but 
also nicer. Thank you Alex, Egbert, Marry (I have always enjoyed our conversations about 
the Dutch and Romanian societies), Antoinet (a big thank you for the virus production), 
Cecile, Linda, Maaike, Kristien, Alexandra, Azuwerus, Jacko, Janneke, Bianca, Peter, Martin, 
Marjolein! Marian (Pathology), I thank you for all your help with immunohistochemistry. 
The people from CDL, Annemieke, Hans, Hesther, Antony, thank you for your help with 
the animal experiments. I also thank my students (Erik, Paul, Arjan, Emilio) for our fruitful 
collaboration. 
 
The people from the other side of the Bridge, Ester, Andrea, Mirjan, Eelke, Inge, Titia, Auke, 
thank you for lively discussions at the Kidney Center and for the great time at the ASN 
Conference! I would also like to thank Riekje Banus and all the people from GUIDE who 
supported my research during the last four years.  
 
A special “Thank you!” is addressed to Prof. Dr. Paul de Jong and to the team at the 
Nephrology-UMCG who have offered me the opportunity to look at the kidney 
transplantation from the bedside during the last months. 
 
Being far away from your homeland is not always easy. I thank my old friends from 
Romania for being there for me with news, jocks and their hart: Lidia, Melania, Roxana, 
Alina N., Ioana, Relu, Bogdan S., Mihai, Sandu, Sergiu, Sorin, Marius, Alina I., Bogdan I., 



Acknowledgements 

 

 155

Irina and Irinel. My Romanian friends in Groningen, Geanina and Daniela, good luck with 
defending your own thesis soon!  
 
This thesis is dedicated to my beloved parents, Elena and Valeriu, for all the moments, days 
and years they have invested in me, for their love and patience. My dear sister Ana, thank 
you so much for your support! Good luck together with Costi! Dear Ionel, it would be 
difficult to compete with you in research, luckily we have different areas of interest. Thank 
you for your encouragements! Dear Adrian, we have spent together a wonderful time in 
Groningen, thank you for being here! I also thank Laura for her help and friendship and to 
Ruxandra and Smaranda for bringing so much life and joy into our house when they came 
to Groningen.   
I would also like to thank my parents-in-law, Felicia and Dumitru, for their support.  
My precious Orest, we have walked together through fields of ideas, sounds and 
words…Thank you!  
 

 

 



 



 

 157

Bibliography 
 

1. van der Wouden EA, Sandovici M, Henning RH, de Zeeuw D, Deelman LE. 
Approaches and methods in gene therapy for kidney disease. J Pharmacol Toxicol 

Methods 2004; 50:13-24 
 
2. Sandovici M, Henning RH, Hut RA, Strijkstra AM, Epema AH, van Goor H, 

Deelman LE. Differential regulation of glomerular and interstitial endothelial nitric 
oxide synthase expression in the kidney of hibernating ground squirrel. Nitric 

Oxide 2004; 11:194-200 
 

3. Sandovici M, Deelman LE, Smit-van Oosten A, van Goor H, Rots MG, de Zeeuw 
D, Henning RH. Enhanced transduction of fibroblasts in transplanted kidney with 
an adenovirus having an RGD motif in the HI loop. Kidney Int 2006; 69(1):45-52 

 
4. Prakash J, Sandovici M, Saluja V, Lacombe M, Scaapveld R, de Borst M, van Goor 

H, Proost JH, Moolenar F, Keri G, Meijer DKF, Poelstra K, Kok RJ. Intracellular 
targeting of the P38 MAPK inhibitor SB202190 in renal tubular cells: a novel 
strategy to treat renal fibrosis. J Pharmacol Exp Ther 2006; 319(1):8-19 

 
5. Sandovici M, Henning RH, van Goor H, Helfrich W, de Zeeuw D, Deelman LE. 

Systemic gene therapy with Interleukin-13 attenuates renal ischemia-reperfusion 
injury. In revision for J Am Soc Nephrol 

 

6. Sandovici M, Deelman LE, Duin M, Gerbens F, van Goor H, de Zeeuw D, Henning 
RH. A profile of changes in renal gene expression early and late after ischemia-
reperfusion in the rat. Submitted 

 

7. Sandovici M, Deelman LE, van Goor H, Helfrich W, de Zeeuw D, Henning RH. 
Interleukin-13 gene therapy attenuates acute renal transplant rejection. Submitted 

 

 

 

 
 


