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Introduction 
Chronic kidney failure and renal transplantation 

Kidney transplantation currently represents the treatment of choice for most 

patients with end-stage renal failure. Worldwide, the population treated with renal 

replacement therapy reached almost 1.7 million at the end of 2003, representing 

approximately 1.3 million patients who undergo dialysis and 400,000 patients who are alive 

with a kidney transplant1. The number of patients treated for end-stage renal disease has 

doubled during the last decade in the United States and Europe, where dialysis consumes 

about 2% of health care budgets2. Based on the European Dialysis and Transplant 

Association registry of the European Renal Association (ERA-EDTA), about 550,000 

European patients are currently undergoing renal replacement therapy. Approximately 39% 

of these patients are on dialysis and 46.2% of them are living with a functioning graft. The 

percentage of kidneys transplanted from living donors varies widely among the European 

countries, ranging between less than 10% up to more than 50% (ERA-EDTA Registry: 

ERA-EDTA 2010, Annual report). The exponential increase in the number of patients on 

the waiting list for a renal transplant has globally become a serious problem fueled by an 

increase in the number of patients with end-stage renal disease, the shortage of donor 

organs, and the failure of transplanted kidneys3. Renal graft can be lost shortly (within 

months) after transplantation due to acute rejection, whereas the major cause of long-term 

graft loss is the chronic transplant dysfunction.  

 

Mechanism of acute transplant rejection 

Acute rejection is a cell-mediated immune response of the recipient against the 

alloantigens present on the graft4. During the past 10 years, crucial pathways involved in 

the T cell activation, triggering the acute rejection, have been elucidated. Naïve T cells 

require two signals to become fully activated5. First, there is an interaction between 

recipient T cell receptor (TCR) on the one hand, and the antigenic peptide presented on the 

major histocompatibility complex (MHC) of the “professional” antigen presenting cells 

(APC) and other alloantigens exposed on the “non-professional” APC (such as residential 

tubular epithelial, mesangial and endothelial cells)6, on the other hand. The second signal 

comprises the co-stimulatory interaction between CD28 on T cells and its ligands CD80 

(B7-1) and CD86 (B7-2) on APC. The CD28-B7 interaction induces activation and 

proliferation of T lymphocytes7. Pro-inflammatory cytokines and chemokines are released 

and activate cytotoxic T cells, B cells, phagocytes and natural killer cells, which eventually 

lead to destruction of the graft8. The molecular mechanism of acute rejection is summarized 
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in Figure 1. The alloimmune response will also trigger the formation of regulatory T cells 

(Treg), mostly CD4+CD25+foxp3 subpopulation, which are able to steer the immune 

reaction towards tolerance9. However, spontaneous activation of this counter-balance 

mechanism is normally insufficient for cessation of the allograft rejection.  

With the current immunosuppressive therapy, acute rejection is not a primary 

cause of the graft loss anymore. Nevertheless, the immunosuppressive therapy is 

accompanied by serious side-effects. Moreover the occurrence and the number of acute 

rejection episodes are the most important risk factors for the development of the chronic 

transplant dysfunction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.  Scheme depicting naïve T cell activation leading to acute rejection. APC-antigen 
presenting cells, MHC-major histocompatibility complex, TCR-T cell receptor, CTLs-cytotoxic T 
lymphocytes, and NK-natural killer cells (modified from Deng Sh. et al; Molecular Medicine Today; 
1999)  
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Mechanism of chronic transplant dysfunction (CTD) 

Despite the large improvement in the short-term renal allograft survival, long-term 

survival did not change considerably over the past 20 years. One of the reasons for this lack 

of improvement is that the currently available immunosuppressive therapy does not prevent 

CTD, which is the leading cause of graft loss at 1 year after transplantation10;11. CTD is 

highly prevalent, with moderate to severe CTD present in 24.7% of recipients at 1 year 

post-transplantation and in 90% of recipients at 10 years after transplantation12. Although 

patients can resume dialysis after graft failure, the loss of the transplanted kidney increases 

the risk of death threefold, substantially decreases the quality of life and increases the 

healthcare costs13;14.  

CTD is characterized by a relatively slow, but progressive loss of renal function 

which can start as soon as 3 months after transplantation. This coincides with chronic 

histopathological lesions such as transplant vasculopathy, interstitial fibrosis, tubular 

atrophy and focal glomerulosclerosis11;15. Even in those transplants that are well 

functioning during the first months after surgery, a progressive decline in graft function 

develops in time, associated with proteinuria, de novo or worsening of pre-existing 

hypertension and progressive tissue damage15. Unlike in acute rejection, both non-immune 

and immune factors are implicated in the pathogenesis of CTD.  Amongst the non-immune 

factors, the ischemia-reperfusion time of the graft during transplantation as well as the 

deleterious effects of calcineurin inhibitors on endothelial function are well known 

contributors to CTD11. Immune factors include the histocompatibility differences between 

the donor and the host, chronic immune stimulation of donor-derived endothelium and the 

appearance of allospecific antibodies5. A key role in the progression of renal damage to 

end-stage renal failure is played by the progressive loss of renal mass secondary to immune 

damage, hypertension and proteinuria, whereby the graft enters in a circle of self-

perpetuated injury16. Several risk factors have been implicated in the genesis/progression of 

CTD. The most important risk factor for development of CTD is the occurrence (and the 

number) of acute rejection episodes15. Recipients who have had repeated acute rejection 

episodes show a lower graft survival rate than those with none or only one acute rejection 

episode17;18. Moreover, the estimated half-life for cadaveric grafts is considerably shorter 

for the grafts that survived acute rejection than for those that did not have an acute 

rejection, i.e. 6.6 years vs 12.5 years19. HLA mismatching constitutes another risk factor for 

CTD, as estimated half-life of graft survival decreased from 12.4 years in patients that are 

fully matched to 8.6 years for those with HLA-mismatched grafts20. Further, recipients 

sensitization (anti-HLA antibodies elicited by pregnancies, blood transfusion or failed 
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transplants)21, age and race15 and, unfortunately, inadequate immunosuppression constitute 

additional risk factors for CTD22;23. Graft survival is further limited by factors that less 

obviously relate to rejection, such as donor age24;25 and source (living vs cadaveric)26;27, 

hypertension28, proteinuria15, hyperlipidemia29 and smoking30.  

Despite several attempts to slow-down the progression of CTD, and because of the 

incomplete understanding of the multiple mechanisms underlying the CTD, there is no 

efficient strategy for its prevention or cure available so far. Hence, this is the main and most 

challenging problem in the field of renal transplantation. The prevention of acute rejection 

and the avoidance of the chronic use of systemic immunosuppressive therapy (either by 

local immunosuppression or by induction of tolerance) likely represent the principle 

measures to attenuate CTD. 

 

Systemic immunosuppressive therapy 

Patients who have undergone transplantation must receive lifelong 

immunosuppressive therapy even if the donor and the recipient are completely matched for 

the major histocompatibility complex (HLA)5. There is a possible relationship between the 

minor histocompatibility antigens and the alloimmune reaction31, underlying the fact that 

only matching for HLA is not sufficient. Immunosuppressive treatment is particularly 

successful in limiting acute rejection episodes, but does not considerably increase the long-

term graft survival. Moreover, chronic immunosuppressive treatment is accompanied by 

serious and potentially life-threatening side-effects. Thus, the effectiveness of renal 

transplantation is limited by the problems caused by immune incompatibility between graft 

and host32. 

Since the early days of kidney transplantation in the 1960s, the incidence of acute 

rejection has been reduced from over 80% to below 15% at the beginning of the twenty-

first century. This is mostly due to standardized use of immunosuppressive therapy. During 

this period, the introduction of calcineurin inhibitors (CNIs) and the use of corticosteroids 

has led to a doubling of 1-year graft survival rate from around 45% to 90%11. Despite their 

effectiveness, the currently available immunosuppressive treatments also have serious 

drawbacks. Intrinsically, because of non-selective suppression of the immune system, 

immunosuppressive treatments mitigate also the immune response against bacteria, fungi, 

tumor cells and viruses. As a result, patients frequently suffer from serious side-effects, 

such as opportunistic infections33 and malignancies34. In addition, traditional 

immunosuppressive therapy negatively influences several cardiovascular risk factors, and 

significantly contributes to the development of cardiovascular co-morbidity35. Furthermore, 
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CNIs are nephrotoxic and may therefore contribute to structural damage of the graft11. 

Nowadays attempts are being made to decrease the incidence of these side-effects by 

limitation of the corticosteroids36 and minimization or complete withdrawal of CNIs37;38. 

However, these measures can only be implemented in patients with low risk for rejection39.  

Thus, immunosuppressive drugs prolong the graft survival and improve the short-

term success of organ transplantation, but impair the systemic immunity with increased risk 

of malignancy and infection and, though drug-specific side effects, they increase the risk of 

metabolic and cardiovascular co-morbidity15 and may even contribute to the development 

of CTD. 

Given the drawbacks of the current immunosuppressive treatment, the 

improvement of transplantation outcome is critically dependent on development of novel 

therapeutical strategies. In that respect, development of a local rather than generalized 

immunosuppressive therapy may improve both graft survival and quality of life of the 

transplanted patients. Such a local treatment may selectively inhibit the alloantigen immune 

response to the donor graft in the absence of (or dramatically reduced) systemic 

immunosuppression in the recipient. The Holy Grail of transplantation 

immunopharmacotherapy is induction of graft-specific tolerance. Also in this respect, a 

local strategy of interference with specific molecular pathways involved in the immune cell 

(in)activation in the renal graft may constitute an appealing approach.  

 

Local gene therapy as an alternative for systemic immunosupression 

One of the most attractive approaches for local immunosuppressive treatment 

relies on gene therapy. Gene therapy is a form of molecular treatment based on the delivery 

of exogenous nucleic acids into target cells, using various vectors39. Originally used as a 

strategy to replace altered or missing genes in inherited diseases, gene therapy has later also 

been used to treat acquired pathologic conditions5. Amongst these, gene delivery has been 

used in experimental organ transplantation as a tool to induce local immune suppression or 

to deliver cell-protective molecules. Renal transplantation is an ideal condition for gene 

therapy, as there is an opportunity to perform ex vivo genetic manipulation of the graft 

during the surgery itself40. Selective and/or peripheral inhibition of allogeneic immune 

reaction at the local organ level through gene therapy can be accomplished by: (1) targeting 

the interaction between antigen-presenting cells (APC) and T cells; (2) limiting cytokine 

expression by already activated T cells and (3) inhibition of the pathway leading to 

cytotoxic T cell and B cell proliferation41. Ideally, more than one pathway should be 
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modified by one single gene.  An appealing candidate for gene therapy in this context is the 

enzyme Indoleamine 2.3-dioxygenase, which shall be further discussed in this thesis.  

So far, several studies using both local and systemic administration and employing 

different vector systems demonstrated the beneficial effect of gene therapy on experimental 

acute renal rejection42;43. Our research group introduced a successful renal targeting strategy 

using an RGD-modified first generation type 5 adenovirus44. Local gene therapy with 

RGD-adenovirus delivered-IL-13 attenuated the acute rejection in a fully mismatched rat 

model of kidney transplantation, to the same extent as the systemic therapy (intramuscular 

injection of the vector) did in the same model. Importantly, in that study, no additional 

immunosuppressive therapy was used45. 

Nevertheless, the data describing the use of gene delivery systems for therapy of 

CTD are scarce. The prevention of CTD may require long-lasting expression of the 

therapeutic transgene, whereas the first generation adenovirus employed by us allows gene 

expression for a limited period of time (1-2 weeks)46. However, under the influence of the 

immunosuppressive effect of the transgene, the viral vector may persist longer in the renal 

graft47. Furthermore, the use of a target molecule they may induce alloantigen specific 

tolerance in “one hit” is another possible strategy to cope with the short-term expression of 

the transgene delivered by our adenoviral vector. Alternatively, donor-derived dendritic 

cells may be used as “carriers” to target the molecule of interest at the site of the 

alloimmune reaction. Both these strategies will be approached in this thesis.  

The ultimate solution to avoid life-long systemic immunosuppressive therapy and 

its associated side-effects is the induction of permanent donor-specific tolerance, i.e. the 

lack of the recipient’s immune response to the donor graft in the absence of systemic 

immunosuppression and of immunodeficiency of the recipient48. Over the past 50 years, 

rodent models have served as a tool to elucidate the mechanisms of tolerance to 

alloantigens. Also, several tolerogenic strategies have been proved successful in such 

models49. However, in humans, induction of tolerance has only been reported in selected 

patients after the administration of aggressive conditioning regimens50;51. Cessation of 

immunosuppressive medication leads usually to graft rejection, with less than 1% of kidney 

transplant patients showing (“operational”) tolerance52. Studies in these later patients 

documented that transplant tolerance is associated with the presence of a regulatory 

phenotype, such as high frequency of CD4+CD25+foxp3+ T cells and high levels of IL-

1053;54. Like natural tolerance, transplantation tolerance can be achieved by controlling the 

reactivity of T cells by two mechanisms. The first mechanism, central (thymic) tolerance 

involves deletion of T cells recognizing self-antigens and selection of those directed against 
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nonself antigens. The second mechanism, peripheral tolerance, involves the anergy 

(functional inactivity) of T cells, induction of suppressive, regulatory T cells, peripheral 

deletion (apoptosis) of alloreactive T cell or ignorance (lack of response to alloantigens)39.  

 

Indoleamine 2.3-dioxygenase  

Indoleamine 2.3-dioxygenase (IDO) is an appealing candidate to provide 

protection from both acute and chronic rejection following organ transplantation. IDO is a 

45 kD, heme-containing enzyme which catalyzes the first and rate-limiting step in the 

breakdown of the essential amino acid L-tryptophan along the kynurenine pathway (Figure 

2)55. IDO expression is most potently activated by INF-γ, however it can also be induced by 

other inflammatory cytokines such as IFN-α, IFN-β, TNF-α, TLR-ligands, GITR ligands 

(glucocorticoid-induced tumor necrosis factor receptor ligands) and HDACs (histone 

deacetylases)56. IDO is expressed in a variety of cell types including placental cells, smooth 

muscle cells, fibroblasts, macrophages, endothelial cells and tumor cells, as well as in 

organs with large areas of mucosal tissue such as lung and gut55. 

Historically, IDO has been known as an enzyme involved in the host defense 

against infections57. IDO induction by INF-γ in Toxoplasma gondii-infected fibroblasts was 

shown to limit intracellular parasite growth, due to the tryptophan deprivation in cell 

culture medium (later called “tryptophan starvation theory”)58.  

In 1998, Munn and Mellor opened up a new era for the IDO research, by 

documenting IDO expression in the placenta as a crucial factor involved in the foetal-

maternal tolerance59. This study set the stage for the use of IDO as a therapeutic target in 

several immune-mediated diseases as well as in the transplant–related pathology. 

The mechanisms behind the immunosuppressive or tolerogenic effects of IDO are complex 

and still incompletely understood. Briefly, three mechanisms of action of IDO are 

considered. The first one is the tryptophan depletion, as the tryptophan is necessary for cell 

growth60. The second mechanism is the generation of cytotoxic metabolites-mainly 

kynurenine, 3-OH-kynurenine and 3-OH-antranilic acid, which exert direct toxic effects on 

T cells (cell cycle arrest and apoptosis)61. Thirdly, IDO promotes differentiation of Tregs 

from naïve CD4 T cells62 and thereby induces tolerance. However, these three theories are 

not mutually exclusive; low tryptophan concentration enhances the immunosuppressive 

effect of some kynurenine metabolites, down regulates T cell receptor zeta-chain and 

induces a regulatory phenotype of naïve T cells63. 
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Figure 2. Tryptophan metabolism along the kynurenine pathway. Schematic representation of 
tryptophan breakdown mediated by IDO. Immunologically active IDO metabolites are highlighted in 
the boxes. 
 

 

Furthermore, IDO is expressed by dendritic cells (DC) under certain conditions. 

The IDO+DCs are able to either convert naïve CD4 T cells into Tregs64 or activate mature 

Tregs to achieve full suppressor function65. However, it is not fully clarified whether 

generation of Tregs induce IDO+DC or whether generation of Tregs follows IDO 

expression in DC61. Moreover, the ability of DC to produce IDO does not seem to be 

equally distributed among the various subsets62.  
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Until now, several transplantation studies using IDO as a treatment of (mainly) 

acute rejection have been reported, from a range of mouse to rat models. Genetic 

overexpression of IDO by different vectors was shown to prolong corneal66, cardiac67, 

islets68 and lung69 allograft survival.  

The literature on IDO and kidney transplantation is limited. In a mouse model of 

spontaneous kidney allograft acceptance evidence for an IDO-regulatory dendritic cell 

mechanism of late acceptance was reported, whereas early acceptance seemed to be 

mediated by transforming growth factor (TGF)-beta and regulatory T cells70. In human 

kidneys with acute rejection, the expression of IDO has been reported71; however, the exact 

role of IDO in this context is unclear. In addition, the therapeutic potential of IDO in both 

acute rejection and chronic transplant failure after renal transplantation has not yet been 

explored.  

 

Aim of the thesis 

The aim of this thesis is to investigate the therapeutic potential of IDO in kidney 

transplantation. To this end, we study the effects of gene therapy with IDO, in both in vivo 

and in vitro experiments. As vector for gene delivery, we use our well-established RGD-

modified adenovirus. Moreover, we investigate the expression of IDO in patients after renal 

transplantation. In chapter 2 we investigate the effects of local gene therapy with 

adenovirus-delivered IDO in a rat model of acute rejection. In chapter 3 we use the same 

approach to analyze the effects of IDO gene therapy in a rat model of chronic transplant 

dysfunction. In chapter 4 we study in vitro the effects of genetically modified dendritic 

cells overexpressing IDO on the proliferation and the phenotype of T cells. In chapter 5 we 

examine the IDO expression in renal human biopsies and we analyze tryptophan and 

kynurenines levels in both serum and urine of patients who underwent renal transplantation. 

Chapter 6 gives a summary of the current thesis, discusses possible mechanisms of IDO 

effects and outlines future perspectives of gene therapy with IDO. Moreover, it describes a 

newly-identified antifibrotic effect of IDO.  
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Abstract  
Background: Indoleamine 2.3-dioxygenase (IDO), the rate limiting enzyme in the 

tryptophan catabolism, has recently emerged as an important immunosuppressive enzyme 

involved in the regulation of both physiologic (maternal tolerance), as well as pathologic 

(neoplasia, autoimmune diseases, asthma) processes. Accumulating evidence points to a 

role for IDO in suppressing T-cell responses, thereby promoting tolerance. Here we 

investigate the effects of IDO on the acute rejection of the transplanted kidneys, using an 

adenovirus-mediated gene delivery approach. 

 

Methods: The experiments were performed in a rat Fisher to Lewis acute renal rejection 

model. RGD modified adenovirus carrying IDO gene (RGD-AdTIDO, n=9) or RGD 

modified adenovirus carrying gene for GFP (RGD-AdTL, n= 8) were injected into the renal 

artery of the donor kidney before transplantation. A group receiving saline (n= 8) served as 

control. Rats were sacrificed after 7 days.  

 

Results: Successful gene delivery was confirmed with real time polymerase chain reaction 

and immunohistochemistry. RGD-AdTIDO significantly decreased elevated plasma 

creatinine (93.7 ± 18.9 µmol/l) compared to the RGD-AdTL (248.2 ± 43.6 µmol/l) and 

saline (228.3 ± 46.4 µmol/l) treated rats. Moreover, RGD-AdTIDO therapy diminished the 

infiltration of cytotoxic CD8+ T cells and macrophages into the graft and reduced renal 

interstitial pre-fibrosis. Also, it limited the up-regulation of kidney injury molecule-1, 

interleukin (IL)-2, IL-17 and transforming growth factor-β mRNA expression, and 

increased foxp3 mRNA expression compared to controls. 

 

Conclusion: RGD-AdTIDO therapy improves renal function and morphology in a clinically 

relevant model of acute rejection.  
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Introduction 
Although kidney transplantation is currently the treatment of choice for most 

patients with end-stage renal failure1;2, its full success is hampered by the rejection of the 

grafted organ. Currently, systemic immunosuppressive therapy is employed to reduce the 

risk of graft rejection, at the cost of serious side-effects, such as the development of 

infections3;4, malignancies5 and cardiovascular morbidity6. Therefore, strategies aiming at 

the minimization/avoidance of systemic immunosuppression, such as local 

immunosuppression in the renal graft or induction of transplant-specific tolerance, are 

currently being explored as alternatives to systemic immunosuppression.  

Amongst the candidates for achieving this goal, molecules governing foetal-

maternal tolerance, such as indoleamine 2.3-dioxygenase (IDO), may provide useful 

strategies of intervention. IDO is the rate-limiting enzyme in the catabolism of the essential 

amino acid tryptophan into L-kynurenine and its downstream metabolites, kynurenic acid, 

3-hydroxykynurenine, 3-hydroxyantranilic acid and quinolinic acid7. For many years, IDO 

has been known as an enzyme involved in host defense against infections8. With their 

seminal study, Munn and Mellor9 showed that IDO expression in the placenta is crucially 

involved in the foetal-maternal tolerance because the inhibition of IDO by 1-methyl 

tryptophan induced the rejection of the foetus.  

The mechanisms behind the immunosuppressive or tolerogenic effects of IDO are 

complex and still incompletely understood. Presently, three mechanisms of action of IDO 

are considered: tryptophan depletion, the generation of immunosuppressive metabolites and 

the induction of regulatory T cells7;10–13. IDO is constitutively expressed in organs with 

large areas of mucosal tissue (lung, gut, placenta), as well as in antigen-presenting cells, 

supporting a role in the naturally occurring immune surveillance7;11. IDO steers the 

phenotype of antigenpresenting cells towards immunosuppression, as reported in dendritic 

cells7;14. Moreover, inducible IDO expression (mostly by interferon-g stimulation) has been 

described in fibroblasts15, macrophages10, endothelial cells16 and tumor cells17, with the 

latter using IDO expression as a mechanism to avoid immune recognition and destruction. 

In addition, local IDO expression has been reported as a protective mechanism in several 

diseases with an immune component, such as asthma18, allergic airway inflammation19 and 

diabetes20.  

These properties have made IDO an appealing target for intervention in animal 

models of organ transplantation21. Nevertheless, the literature on IDO and kidney 

transplantation is limited. In a mouse model of spontaneous kidney allograft acceptance 

Orosz et al.22 reported evidence for an IDO-regulatory dendritic cell mechanism of late 
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acceptance, whereas early acceptance was mediated by transforming growth factor (TGF)-β 

and regulatory T cells. In human kidneys with acute rejection, the expression of IDO has 

been reported23; however, the role of IDO in this context is unclear. In addition, the 

therapeutic potential of IDO in kidney transplantation has not yet been explored. 

Previously, we developed an adenovirus-based gene delivery technique that enables us to 

specifically target genes to the transplanted kidney24. In the present study, we utilize this 

technique to explore the capacity of IDO to inhibit acute rejection following kidney 

transplantation in rats. 
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Material and Methods 
Experimental design 

Experiments were performed in a model of acute kidney allograft rejection, in which inbred 

male Fisher (F344 NHsd) rats were used as donors and male Lewis (SsnHsd) rats were used 

as recipients. Body weight was 210-250 g. The animals were housed in a light- and 

temperature-controlled environment and fed standard rodent chow and water ad libitum. 

Experimental protocols were approved by the Animal Research Ethics Committee of the 

University of Groningen, The Netherlands. 

Adenovirus-mediated gene delivery in donor kidneys followed by orthotropic kidney 

transplantation was performed as previously described24. Briefly, donor kidneys were 

infused with adenovirus solution via the renal artery [4x1011 viral particles (VP) per animal] 

and incubated for 20 min in cold (4ºC) saline. After perfusion with saline, kidneys were 

transplanted by an end-to-end anastomosis of the renal artery, vein and ureter. Warm 

ischemia-time was 25 min. At the end of the transplantation procedure, a contralateral 

nephrectomy was performed, so that the renal function exclusively relied on the graft. Also, 

a blood sample from the tail vein of the recipient was taken before starting the 

transplantation. Animals did not receive any additional immunosuppressive treatment. 

Three groups of animals were included. In a first group donor kidneys were infused with an 

RGD-adenovirus carrying the reporter gene for green fluorescent protein (GFP) (T, 

tracking) and the gene for human IDO (RGD-AdTIDO group, n=9). In a second group an 

adenovirus carrying the reporter genes GFP and luciferase was used (RGD-AdTL group, 

n=8). An additional group receiving saline was included as control (saline group, 

n=8).Animals were sacrificed at day 7. Because, as reported in the literature, there is no 

significant raise in plasma creatinine levels approximately 1 week after syngeneic 

transplantation26, we did not include additional isotransplantation groups in the present 

study.  

At termination, the rats were anesthetized with isoflurane and an aortic blood sample was 

collected. Plasma was isolated and stored at -80°C. The kidney was 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. 

 

Adenoviral vectors 

RGD-modified adenoviruses27 were used as vectors for gene delivery. A first generation 

recombinant adenovirus type 5 having an RGD sequence in the HI loop was kindly 
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provided by Dr. David T. Curiel (University of Alabama at Birmingham, Birmingham, 

Alabama, USA). This adenovirus contains the genes for green fluorescent protein (GFP, T) 

and firefly luciferase (L) under the control of a CMV promoter, in the E1 region (RGD-

AdTL). To construct the IDO vector, the IDO gene was isolated from human placenta using 

PCR. Next, the cDNA of human IDO gene (hIDO) was cloned into the shuttle-plasmid 

pAdTrack-CMV28. Using homologous recombination in Escherichia coli BJ5183, the 

shuttle was integrated into the RGD adenovirus plasmid pVK50329, resulting in a RGD 

modified adenovirus genome with GFP and hIDO under the control of a CMV promoter 

cloned into the E1 region. Viruses were propagated on 293 cells and purified by double 

CsCl density centrifugation. The amount of viral particles VPs was determined 

spectrophotometrically at 260 nm. The infectivity of the viruses was determined by plaque 

assay on HEK 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 for both RGD-AdTL and RGD-

AdTIDO.  

 

Western blotting 

IDO protein expression by the RGD-AdTIDO vector was confirmed in transduced 293 cells 

by Western blot analysis, as previously described30. Briefly, transduced cells were washed 3 

times using phosphate-buffered saline (PBS) and subsequently lysed in 800 µl of M-PER® 

Mammalian protein extraction reagent (Pierce Biotechnology, USA). Protein 

concentrations were determined using Bio-Rad protein assay. Equal amount of protein in 

SDS-PAGE sample buffer was separated on 4-20% PAA-SDS gels. After transfer to 

nitrocellulose membranes (Amersham, UK), protein samples were incubated with primary 

antibody against IDO (Millipore, The Netherlands) and thereafter with a horseradish 

peroxidase-conjugated rabbit anti-mouse antibody (Dako, USA). Signals were detected by 

chemiluminiscent detection using ECL (Amersham, The Netherlands). 

 

High-performance liquid chromatography (HPLC) assay for functional hIDO expression  

To verify the functionality of the hIDO construct, IDO activity was measured in vitro by 

quantifying metabolization of tryptophan to kynurenines in 293 cells transduced with RGD-

AdTIDO [multiplicity of infection (MOI) of 50], RGD-AdTL (MOI of 50) and in 

untransduced cells. Cells were cultured for 24 hours and the concentrations of tryptophan 

and kynurenines were measured in the cell lysates using a high-throughput on-line solid-

phase extraction-liquid chromatographic-tandem mass spectrometer31. Fifty microliters of 

lysate was pre-purified by automated on-line solid-phase extraction, using strong cation 
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exchange (PRS, propylsulphonic) cartridges. Chromatographic separation of the analytes 

and deuterated analogues occurred by C18 reversed phase chromatography. Mass 

spectrometric detection was performed in the multiple reaction-monitoring mode using a 

quadrupole tandem mass spectrometer with positive electrospray ionization. Detection limit 

was 30 nmol/L for tryptophan and 1 nmol/L for kynurenines. The same method was 

employed for the measurement of tryptophan and kynurenine levels in serum from day 7. 

  

Plasma creatinine 

Plasma creatinine levels were determined as a measure of renal function, in blood samples 

collected on day 0 and at the end of the study (i.e. day 7), using the enzymatic colorimetric 

assay CREA plus (Roche Diagnostics, Mannheim, Germany). 

 

Immunohistochemistry and morphometry 

Immunohistochemistry was performed on 3 m paraffin sections. To confirm successful 

gene delivery into the donor kidney, a GFP immunostaining with rabbit polyclonal anti-

GFP antibody (Molecular Probes, Leiden, the Nederlands) was performed. To evaluate the 

renal damage after transplantation-infection procedure, sections were stained for α-smooth 

muscle actin (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) and cytotoxic T lymphocytes (mouse monoclonal anti-CD8, a generous gift from Dr. 

J.L Hillebrand, UMCG, the Netherlands). Before the immunostaining procedure, paraffin 

sections 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), and overnight 

incubation in 0.1M Tris/HCl buffer, pH 9.0, at 80C (α-SMA, ED-1). For 

immunohistochemistry, a two-step immunoperoxidase technique was used, according to 

standard techniques. Peroxidase activity was developed using 3’,3’-diaminobenzidine 

tetrachloride and H2O2. The expression of GFP, ED-1 and α-SMA by 

immunohistochemistry was measured using computer-assisted morphometry. Total of 30 

(GFP, α-SMA) or 40 (ED-1) fields were evaluated at a magnification of 200×. For GFP, 

three sections per rat were stained. The GFP staining was divided by the area measured and 

expressed as a percentage. ED-1, the number of positive cells per area was measured. For 

α-SMA, the total staining (excluding glomeruli and arteries) was divided by the area 

measured, and expressed as a percentage. An average score was calculated per section. 

CD8+ cells were counted in 30 fields using an ocular grid at 400×magnification and 
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expressed as the number of positive cells per field. Evaluation of the stainings and 

morphometric analysis were performed in a blinded manner. 

 

RNA isolation and real time PCR 

Frozen kidney samples containing both the cortex and the medulla were homogenized, and 

RNA was isolated using a Qiagen kit (Qiagen, Venlo, The Netherlands), which included a 

DNAse step. Integrity of RNA was determined using agarose gel electrophoresis, and the 

RNA concentration was measured spectrophotometrically at 260 nm. RNA (1 μg, except 

for foxp3, where 3 μg was used) was reverse-transcribed, and cDNA was further used to 

analyze rat kidney injury molecule-1 (KIM-1), transforming growth factor (TGF)-β, 

interleukin (IL)-2 , foxp3 and IL-17and hIDO gene expression using a real-time PCR 

protocol, as described previously32. Sequence-specific PCR primers were purchased from 

Biolegio (Nijmegen, The Netherlands). The sequences of the primers used were as follows: 

KIM-1 forward: 5'-GTCTGTATTGTTGCCGAGTG-3', reverse: 5'-

GGTCTTGTTGGAGGACTTGT-3' (106 bp); TGF-β forward: 5'-

ATACGCCTGAGTGGCTGTCT-3', reverse: 5'-  TGGGACTGATCCCATTGATT-3' (153 

bp) and IL-2 forward: 5'-ATGCAGCTCGCATCCTGTGT-3', reverse: 5'-

CAATTCTGTGGCCTGCTTGG-3' (740 bp); foxp3 forward: 5'-

GCACAAGTGCTTTGTGCGAGT-3', reverse: 5'-TGTCTGTGGTTGCAGACGTTGT-3' 

(572 bp); IL-17 forward: 5'-ATGTGCCTGATGCTGTTGCTGCTA-3', reverse: 5'-

TTAGGACGCATGGCGGACAATAGA-3' (453 bp);     human IDO forward: 5'-

TCATGGAGATGTCCGTAAGG-3', reverse: 5'-GCCAAGACACAGTCTGCATA-3' (111 

bp). 

 

Statistical Analyses 

Data are presented as the mean ± SEM. Significance was tested with one way ANOVA 

followed by a least significant difference post hoc test. p<0.05 was considered statistically 

significant.
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Results 

Expression of a functional hIDO with the RGD-AdTIDO construct 

First, expression of IDO protein by the RGD-AdTIDO construct was verified in vitro in 293 

cells. An expected 42 kDa protein band was detected in the cells infected with RGD-

AdTIDO, while cells transduced with the RGD-AdTL construct or untransduced control 

cells did not show any IDO expression (Figure 1). Further, functionality of the IDO 

construct was verified by assessing in vitro the metabolization of tryptophan to kynurenines 

in 293 cells transfected with RGD-AdTIDO, RGD-AdTL and in untransduced cells. As 

shown in Table 1, IDO expression by the RGD-AdTIDO both depleted tryptophan content 

and increased kynurenine concentration in cell lysates as compared to the controls, 

confirming IDO functionality.  

 

 

 

 

 

 

 

 
 
Figure 1. IDO protein expression detected by western blotting in 293 cells.  293 cells were 
cultured either in the absence (control) or presence of RGD-AdTL or RGD-AdTIDO, respectively. A 
42 kDa band corresponding to the size of IDO protein was detected in lysates of cells transduced with 
RGD-AdTIDO, whereas no band was detected in cells transduced with RGD-AdTL and in 
untransduced control cells.  
 

 

Transgene expression in the donor kidneys and systemic kynurenine/tryptophan ratio 

To confirm gene delivery with the RGD-adenovirus we first investigated the expression of 

the hIDO gene in the transplanted kidneys, at 7 days after transplantation. The hIDO 

mRNA was only found in the kidneys of rats transduced with RGD-AdTIDO, whereas no 

transcript was observed in RGD-AdTL treated or in saline treated kidneys (Figure 2A). 

Furthermore, to identify the transduced cells, we performed an immunostaining for GFP in 

all three groups of animals (Figure 2B). There was substantial GFP expression in the RGD-

AdTIDO transduced kidneys (2.3 ± 0.2%) and GFP expression to a lesser extent in the 

RGD-AdTL group (0.5 ± 0.1%) (p<0.01), whereas GFP expression was absent in the 

saline-treated animals. Expression was found mostly in the interstitium, in cells resembling 

      control     RGD-AdTL RGD-AdTIDO        

50 kDa 

37 kDa 
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fibroblasts, as previously reported24. We also investigated whether our therapy affected the 

systemic kynurenine levels. No significant difference was found in the 

kynurenine/tryptophan ratio between the saline (66.9 ± 6.5µmol/mmol), RGD-AdTL (49.6 

± 9.5µmol/mmol) and RGD-AdTIDO (58.2 ± 15.4µmol/mmol) groups (p<0.05). 

 

 

Table 1. IDO activity in RGD-AdTIDO transduced 293 cells 

 

 

 

 

  

 

 

 
The concentration of tryptophan and kynurenines was determined using HPLC in lysates of 293 cells 
transduced with RGD-AdTIDO (MOI of 50), RGD-AdTL (MOI of 50) and in untransduced control. 
<LOD, below the limit of detection (0.001 µmol/l), *p<0.05 vs. RGD-AdTL and control. #p<0.01 
because the value is more than three SDs above detection limit.  
 

 

 

RGD-AdTIDO therapy attenuates renal transplant dysfunction 

Renal function was assessed by measurement the plasma creatinine in blood samples 

collected before transplantation (day 0) and at the end of the study (day 7) (Figure 3). 

Creatinine level in plasma of recipients rats before surgery amounted 34.8 ± 6.7 μmol/l. 

Renal transplantation induced a substantial increase in plasma creatinine in the saline 

treated group (228.3 ± 46.4 μmol/l), which was not statistically different from the level 

found in the RGD-AdTL group (248.2 ± 43.6 μmol/l). The RGD-AdTIDO therapy 

significantly attenuated the increase in plasma creatinine compared to both untreated and 

RGD-AdTL groups (93.7 ± 18.9 μmol/l, p<0.05).     

 

 

 
 
 
 
 

 
Tryptophan  

(μmol/l) 

Kynurenines  

(μmol/l) 

 

control 

 

0.48 ± 0.08 

 

<LOD 

RGD-AdTL 0.65 ± 0.17 <LOD  

RGD-AdTIDO   0.12 ± 0.05* 0.92 ± 0.11# 
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Figure 2. Quantification and localization of transgene expression 7 days after viral transduction 
of the donor kidney. (A) Real-time PCR was performed using primers specific for hIDO. mRNA was 
isolated from frozen kidneys, followed by hIDO gene amplification. Data document expression of 
hIDO mRNA solely in the kidneys of rats transduced with RGD-AdTIDO. (B) 
Immunohistochemistry for the GFP transgene was performed on paraffin sections using a rabbit 
polyclonal anti-GFP antibody followed by a two-step immunoperoxidase assay. Three sections per rat 
were evaluated using computer-assisted morphometry. Significantly more GFP staining was found in 
the RGD-AdTIDO group compared to the RGD-AdTL group (*p<0.01), whereas saline-treated rats 
were devoid of GFP expression. (C) Representative images from GFP immunostaining. (a) Saline-
treated kidneys lack GFP expression. (b) Limited GFP staining is observed in RGD-AdTL transduced 
kidneys (brown staining, arrows). (c) Substantial GFP expression (brown staining, arrows) is 
observed in the RGD-AdTIDO transduced kidneys. Scale bars=100µm. 
 

 

 

RGD-AdTIDO therapy reduces graft CD8+ T lymphocyte and macrophage infiltration  

The effects of IDO gene therapy on graft infiltration with CD8+ T cells and macrophages in 

the renal interstitium were examined using immunohistochemistry for CD8+ and ED-1, 

respectively. In saline and RGD-AdTL groups, a substantial accumulation of CD8+ T cells 

(Figure 4A) and macrophages (Figure 4B) was observed. RGD-AdTIDO therapy 

significantly diminished the interstitial infiltration of CD8+ T cells and macrophages.  
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Figure 3. IDO effect on increased plasma creatinine. Creatinine plasma levels were measured 
using the enzymatic colorimetric assay CREA plus in blood samples collected before transplantation 
and at the end of the experiment (day 7). IDO therapy significantly decreased the levels of plasma 
creatinine compared to saline and RGD-AdTL groups (*p<0.05 versus saline and RGDAdTL; 
#p<0.05 versus RGD-AdTIDO; tx, transplantation). 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4. Inhibitory effect of IDO on interstitial inflammatory cell infiltration after 
allotransplantation. Infiltration with CD8+ T cells and macrophages was studied using 
immunohistochemistry with a mouse monoclonal anti-CD8 and mouse monoclonal anti-ED-1 
antibody, respectively. A two-step immunoperoxidase assay was used. CD8+ cells were counted 
manually in 30 fields at _400 magnification. The number of ED-1+ cells was estimated in 40 fields at 
_200 magnification, using computer-assisted morphometry. Local IDO gene therapy significantly 
reduced the amount of CD8 positive cells (A) and ED-1 positive cells (B) compared to saline and 
RGD-AdTL groups. *p<0.05 versus saline and RGD-AdTL. 
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RGD-AdTIDO therapy reduces the expression of damage parameters α-SMA and KIM-1 

Because proliferation of myofibroblasts expressing the α-smooth muscle actin (α-SMA) is 

widely recognized as a key event in early transplantation-related injury33, its expression was 

studied as a marker of renal pre-fibrosis. With immunohistochemistry, we observed 

considerable interstitial α-SMA staining in the saline and RDG-AdTL groups (15.4 ± 0.4% 

and 13.6 ± 0.9%, respectively). RGD-AdTIDO therapy significantly decreased the 

expression of α-SMA (7.1 ± 0.9%) compared to both control groups (Figure 5A).  

Increased transcription of kidney injury molecule-1 (KIM-1) is a specific biomarker for 

early tubular injury after kidney transplantation34. Therefore, we measured expression of 

KIM-1 mRNA by real-time PCR. RGD-AdTIDO therapy significantly down-regulated the 

elevated expression of KIM-1 mRNA [0.4 ± 0.1 arbitrary units (au)] as found in saline and 

RGD-AdTL groups (2.0 ± 0.4 and 2.0 ± 0.3 au, respectively) (Figure 5B). 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 5. Treatment with IDO reduces renal damage. (A)Interstitial pre-fibrosis was assessed by 
immunohistochemistry for a-SMA using a mouse monoclonal antibody, followed by a two-step 
immunoperoxidase assay. The stained area was measured by computer-assisted morphometry, 
excluding the glomerular area and the blood vessels from the measurement. IDO gene therapy 
significantly diminished the expression of aSMA compared to saline and RGD-AdTL groups. (B) 
Tubular epithelial cell injury was assessed by measuring the expression of KIM-1 mRNA using real-
time PCR. IDO gene therapy significantly down-regulated the expression of KIM-1 mRNA. *p<0.05 
versus saline and RGD-AdTL. 
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RGD-AdTIDO therapy down-regulates IL-2, IL-17 and TGF-β mRNA and up-regulated 

foxp3 mRNA 

Cytokines are key mediators in the induction and effector phases of the immune and 

inflammatory responses in kidney transplantation35. The effect of RGD-AdTIDO therapy on 

the mRNA levels of the cytokines IL-2, IL-17 and TGF-β was measured using real-time 

PCR. RGDAdTIDO therapy markedly down-regulated the increased expression of IL-2 

mRNA (0.36 ± 0.1 au) compared to the saline (0.97 ± 0.05 au) and RGD-AdTL (1.19 ± 

0.12 au) groups (Figure 6A). RGD-AdTIDO also significantly diminished the levels of IL-

17 mRNA (saline: 1.32 ± 0.09 au; RGD-AdTL: 1.48 ± 0.09 au; RGD-AdTIDO: 0.65 ± 0.1 

au) (Figure 6B) and limited the up-regulation of TGF-β mRNA (saline: 3.50 ± 0.16 au, 

RGD-AdTL: 3.73 ± 0.24 au, RGD-AdTIDO: 2.68 ± 0.19 au; notably, the levels of TGF- β 

found in normal Fisher kidneys were 1.41 ± 0.1 au (Figure 6C). By contrast to the effects 

on the above mentioned cytokines, significantly higher levels of the regulatory T-cell 

marker foxp3 mRNA were found the RGD-AdTIDO group (1.70 ± 0.18 au) compared to 

the saline (0.47 ± 0.06 au) and RGD-AdTL (0.49 ± 0.08 au) groups (Figure 6D). 
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Figure 6. Effect of IDO on the mRNA levels of IL-2, IL-17, TGF-b and foxp3. mRNA levels of 
IL-2, IL-17, TGF-β and foxp3 were measured using real-time PCR. Local gene therapy with IDO 
inhibited the up-regulation of IL-2 (A), IL-17 (B) and TGF-β (D) mRNA compared to saline and 
RGD-AdTL groups, and upregulated foxp3 mRNA levels (C). *p<0.05 versus saline and RGD-
AdTL. 
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Discussion 

The major finding of the present study is that adenovirus-mediated gene therapy 

with IDO attenuates the early functional and morphological deterioration of the kidney 

associated with allotransplantation in rats. This is demonstrated by significantly decreased 

plasma creatinine levels in the RGD-AdTIDO-treated animals, which were accompanied by 

a substantial reduction in the tubular injury and interstitial pre-fibrosis, as well as a marked 

reduction of 

renal inflammation.  

The pathogenesis of the acute rejection comprises primarily an adaptive immune 

response targeted at destroying the allograft. Central players in this concerted attack are the 

T lymphocytes, which intervene in the rejection process both by directly killing the foreign 

cells of the allograft (mainly the cytotoxic T cells), as well as by secreting a plethora of 

modulatory cytokines (mainly the helper T cells), which will further influence the activity 

of other immune cells. Generally, Th1 and Th17 cells are considered to drive the rejection 

of transplanted organs36, whereas Th2 cells counteract this37. The alloimmune response will 

also trigger the activation of regulatory T cells, which comprise a subset of T cells, mostly 

with the CD4+CD25+highfoxp3 phenotype, that  are able to steer the immune response 

towards tolerance38. Resident renal cells, such as tubular epithelial cells and endothelial 

cells, are also active players during acute rejection. They can function as “nonprofessional“ 

antigenpresenting cells and produce pro-inflammatory cytokines and chemokines39, hence 

contributing to the perpetuation of the inflammatory response. Infiltration of CD8+ T cells 

is considered a specific marker for acute allograft rejection40, with the substantial 

infiltration of CD8+ T cells in the untreated grafts confirming acute allorecognition in our 

model. Adenoviral transduction of the donor kidney with a construct expressing human 

IDO significantly decreased the interstitial infiltration of donor kidneys with CD8+ T cells, 

possibly by reducing their chemotaxy, local proliferation and/or surviva the infiltration of 

CD8+ T cells41. Also in rats, ex vivo gene delivery of IDO to the donor heart reduced graft 

infiltration with inflammatory cells, including CD8+ T cells42. The inhibitory effects of IDO 

on T-cell proliferation and survival have been widely demonstrated in both in vitro and in 

vivo studies. Specifically, in vitro overexpression of IDO by syngeneic fibroblasts in a co-

culture with pancreatic islets dramatically reduced lymphocyte proliferation43. Furthermore, 

human vascular endothelial cells transfected with IDO gene were incapable of stimulating 

allogeneic T-cell responses and induced anergy of allospecific T cells in vitro16. Moreover, 

IDO transfected murine corneal endothelial cells inhibited  allogeneic T-cell proliferation 
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and prolonged graft survival44. However, adeno-associated IDO gene therapy did not have 

any effect on graft survival in liver transplantation45. A possible explanation is the different 

pattern of gene expression in these two studies. In the liver transplantation study, IDO was 

widely expressed in the liver parenchyma, and the substantial reduction in the circulating 

levels of tryptophan may have affected the capacity of liver to regenerate after ischemia-

reperfusion injury. In the present study, a numerically minor population of cells, mostly 

interstitial fibroblasts, as previously reported24, express the transgene. The particular 

expression of IDO in the fibroblasts may be implicated in the specific induction of 

regulatory T cells in the microenvironment43, without interfering with tryptophan 

metabolism on a broader scale.  

The mechanism of acute rejection involves IL-2 induced T-cell proliferation and 

differentiation46. We found a remarkable decrement in the IL-2 mRNA levels in the 

RGDAdTIDO-treated rats, which is in line with recent literature showing decreased IL-2 

production by the T cells in the presence of IDO47. In addition, decreased IL-2 production 

by the resident renal cells may also be involved. Furthermore, down-regulation of IL-17 

was found, which is in line with the effects of IDO found in heart transplantation48. 

Previously, up-regulation of IL-17 was reported in acutely rejected kidneys by infiltrating 

monocytes49. Because the level of IL-17 reduction was approximately equal to that of the 

macrophage infiltration, it may well be that the effect on IL-17 is the result of reduced 

macrophage infiltration only. However, an effect on IL-17 production by the infiltrating 

cells cannot be excluded.  

TGF-β plays a peculiar role in the mechanism of graft rejection. TGF-β is a 

powerful immunomodulatory molecule, involved in early transplant tolerance22, whereas 

long-term TGFβ expression is involved in mesenchymal to epithelial transition and 

fibrosis50. In the present study, decreased TGF-β expression was associated with diminished 

interstitial a-SMA expression, which is considered a marker of early/pre-fibrosis.  

In addition to the well known effects of IDO on T-cell responses, the data obtained 

in the present study suggest that IDO may also play a regulatory role on the influx of 

macrophages into the renal interstitium because a decreased number of infiltrating 

macrophages was found in the RGD-AdTIDO-treated rats. The influx of macrophages is 

recognized as an important factor involved in allograft dysfunction because macrophages 

can act as antigen-presenting cells via MHC II molecules, increase immune cell infiltration 

by secretion of numerous proinflammatory cytokines and chemokines, and dismantle the 

graft directly51. Although a direct effect of IDO on macrophage function, proliferation and 

infiltration is yet unknown, a relationship between IDO and macrophage influx was 
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suggested previously. In a heart transplantation model, decreased infiltration with 

macrophages was found in the IDO group42. Moreover, in mice with nephrotoxic serum 

nephritis, treatment with the IDO  inhibitor 1-methyl-tryptophan resulted in enhanced 

infiltration of inflammatory macrophages in glomeruli and tubulointerstitium52. 

Remarkably, decrease in macrophage and CD8+ cells infiltration occurred in the present 

study, despite a more robust GFP expression in the RGDAdTIDO group compared to the 

RGD-AdTL group.  

Ischemia/reperfusion injury (IRI) represents an intrinsic problem in kidney transplantation, 

which impairs early transplant function. Previously, it was shown that IDO gene therapy 

protects against IRI in lungs53. However, in contrast, early inhibition of IDO protected 

against kidney IRI in mice54. In our model, we cannot distinguish between the effects of 

IDO on IRI and acute rejection. It may well be that the immunosuppressive effects of IDO 

overrule the deleterious effects on IRI. Another explanation for the apparently contradictory 

effects found in these two studies may be given by the time pattern of gene expression after 

gene delivery to the kidney. Namely, the transgene comes to expression at approximately 

24h after gene delivery, comprising the moment at which most of the IR damage has 

already taken place.  

In the present study, we have employed adenovirus-mediated gene delivery to 

achieve IDO expression in the renal graft. Previously, we have shown that local delivery of 

the vector induced strong expression of the transgene in the kidney, whereas only slight 

expression was found in the liver and spleen32. In the present study, we did not investigate 

IDO expression in organs other then the kidney; however, systemic levels of kynurenines 

were not affected by RGD-AdTIDO therapy. Interestingly, immunohistochemical staining 

demonstrated a 4.5-fold stronger GFP expression in the RGD-AdTIDO compared to 

RGDAdTL group at day 7, despite renal transduction with equal amounts of viral titers. 

Previously, we demonstrated 

that renal transduction of RGD modified adenoviruses declines logarithmically over a 

period of 2weeks after renal transduction, apparently through cytotoxic T-cellmediated 

clearance of the transduced cells24. The findings of the present study suggest that the 

IDOmediatedinhibition of T-cell infiltration or function prolongs the duration of human 

IDO expression in the kidney by protection of the infected cells against immune clearance. 

However, we cannot rule out the possibility that IDO influences in vivo the infectivity of 

the adenovirus (i.e. the initial viral load). This observation brings up the opportunity of 

adding IDO to other genes within delivery systems that rely on infection, to enhance tissue 

transduction in vivo. 
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In conclusion, the present study provides the first evidence for a beneficial effect 

of adenovirus-mediated IDO therapy on early renal graft damage in an allotransplantation 

model. Whether the renal graft benefits over the long-term from IDO (gene) therapy 

remains to be investigated in models of chronic allograft nephropathy. 
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Abstract  
Background: Chronic transplant dysfunction (CTD) is the primary cause of late allograft 

loss in kidney transplantation and remains the major challenge in the field of kidney 

transplantation. Indoleamine 2.3-dioxygenase (IDO) is crucially involved in foeto-maternal 

tolerance and inhibits acute allograft rejection following kidney transplantation. The aim of 

the current study is to investigate whether intra-graft gene therapy with IDO is able to 

attenuate CTD. 

 

Methods: Kidney transplantation was performed in a rat Dark-Agouti to Wistar-Furth CTD 

model. During the transplantation procedure, donor kidneys were incubated with either a 

modified adenovirus carrying the IDO gene (RGD-AdTIDO, n=7), a control adenovirus 

(RGD-AdTL, n=5) or saline (n=5). Recipients received low-dose cyclosporine during the 

first 10 days post-transplantation. Body weight, blood pressure, serum creatinine and 

proteinuria were measured every two weeks. Rats were sacrificed after 12 weeks and 

kidneys were analyzed using (immuno) histochemistry and real time PCR.  

 

Results: Plasma creatinine levels and creatinine clearance were slightly increased by the 

end of the study and did not significantly differ between groups. RGD-AdTIDO 

significantly improved body weight gain and reduced systolic blood pressure compared to 

controls. Additionally, IDO therapy significantly decreased proteinuria, the transplant 

vasculopathy and the number of graft-infiltrating macrophages at week 12. The mRNA 

levels of foxp3 and TGF-β were elevated in the IDO-treated group as compared to the 

saline group. 

 

Conclusion: Here we show for first time the beneficial effect of local IDO gene therapy on 

CTD in a rat model of renal transplantation.  
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Introduction 
Although the rate of acute graft loss has substantially been reduced during the last 

decades due to novel (and combination of) immunosuppressive medication together with 

better organ preservation techniques, long-term graft survival has not improved 

considerably1;2. Consequently, the main cause of graft loss is the chronic transplant 

dysfunction (CTD)2.  

CTD is characterized by a progressive loss of renal function, proteinuria and de 

novo or worsening of pre-existing hypertension, coinciding with chronic histopathological 

lesions such as transplant vasculopathy, interstitial fibrosis, tubular atrophy and focal 

glomerulosclerosis3-5. The development of CTD is a multifactorial process including both 

immune and nonimmune factors6;7.   

Several approaches have been employed to reduce the occurrence of CTD, 

including the use of living donors, reduction of the incidence of acute rejection episodes, 

shortening of cold-ischemia time, the use of machine perfused instead of cold-stored renal 

grafts, and optimization of chronic immunosuppressive medication8-10. Despite these 

efforts, there is still no prevention strategy nor an effective treatment available for CTD. 

Therefore, the improvement of long-term graft survival remains the major challenge in the 

field of renal transplantation and the search for new targets of intervention in CTD is still 

ongoing. Indoleamine 2,3 dioxygenase is the rate-limiting enzyme in the metabolism of 

tryptophan, whereby the essential amino acid L-tryptophan is converted into its catabolites, 

the kynurenines11. It has recently been proposed that IDO has profound immunoregulatory 

activity and the concept that cells expressing IDO can suppress T-cell response and 

promote tolerance is a relatively new paradigm in immunology12. Considerable evidence 

now supports this hypothesis, including studies regarding mammalian pregnancy, tumor 

resistance, chronic infections and autoimmune diseases13-16. In organ transplantation, 

several studies have indeed confirmed the potential of IDO gene therapy in preventing 

acute rejection of skin, lungs, heart and pancreatic islets17-20. In addition, we recently 

demonstrated the protective effect of adenoviral gene therapy with IDO against acute 

rejection following kidney transplantation in rats21.  

The evidence about the role of IDO and/or its therapeutic effect in chronic 

transplant dysfunction is limited to one study showing that sleeping beauty-based gene 

therapy with IDO inhibits lung transplantation-associated chronic complications22. Here we 

employed adenovirus-delivered IDO gene therapy to study the effects of IDO in a rat model 

of renal CTD.  
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Material and Methods 
Experimental design 

Experiments were performed in a rat kidney transplant model for CTD, in which inbred 

male Dark Agouti rats (DA/OlaHsd, Haplotype RT1av1) were used as donors and male 

Wistar Furth (WF/NHsd, Haplotype RT1u) rats were used as recipients. Body weight of the 

animals at the time of the transplantation was 210-250 g. The animals were housed in a 

light- and temperature-controlled environment and fed standard rodent chow and water ad 

libitum. Experimental protocols were approved by the Animal Research Ethics Committee 

of the University of Groningen, The Netherlands. 

Adenovirus-mediated gene delivery in donor kidneys followed by orthotropic kidney 

transplantation was performed as previously described23. Briefly, donor kidneys were 

infused with adenovirus solution via the renal artery and incubated for 20 min in cold (4ºC) 

saline. After perfusion with saline, kidneys were transplanted by an end-to-end anastomosis 

of the renal artery, vein and ureter. Warm ischemia-time was 25 min. To prevent acute 

rejection, recipients received low dose cyclosporine A (CsA; 5 mg/kg body weight; 

Sandimmune, Novartis, Arnhem, The Netherlands) subcutaneously during the first 10 days 

post transplantation. The native kidney was removed after 10 days.  

To investigate the effects of IDO gene therapy in this model, three groups of animals were 

included. In a first group, donor kidneys were infused with an RGD-adenovirus carrying the 

reporter gene GFP and the gene for human IDO (RGD-AdTIDO group). In a second group, 

an adenovirus carrying the reporter genes GFP and luciferase was used (RGD-AdTL 

group). An additional group receiving saline was included as control (saline group). Seven 

animals (3 from RGD-AdTL group, 1 from RGD-AdTIDO group and 3 from saline group) 

in which surgical and urological complications were observed were terminatedat 

nephrectomy (day 10). The follow-up was 12 weeks. Blood pressure was measured every 2 

weeks. Also, blood samples and 24 hrs urine were collected every 2 weeks. At the end of 

the study the rats were anesthetized with isoflurane and an aortic blood sample was 

collected. Plasma was isolated and stored at -80°C. The kidney was perfused with saline 

and removed. A midcoronal slice was fixed in 4% paraformaldehyde, processed for paraffin 

embedding and further used for (immuno)histochemistry. A second slice was snap-frozen 

in liquid nitrogen, stored at 80°C and further used for mRNA isolation. 

 

Adenoviral vectors 

RGD-modified adenoviruses24 were used as vectors for gene delivery. A first generation 

recombinant adenovirus type 5 having an RGD sequence in the HI loop was kindly 
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provided by Dr. David T. Curiel (University of Alabama at Birmingham, Birmingham, 

Alabama, USA). This adenovirus contains the genes for green fluorescent protein (GFP, T) 

and firefly luciferase (L) under the control of a CMV promoter, in the E1 region (RGD-

AdTL). To construct the IDO vector, the IDO gene was isolated from human placenta using 

PCR. Next, the cDNA of human IDO gene (hIDO) was cloned into the shuttle-plasmid 

pAdTrack-CMV25. Using homologous recombination in Escherichia coli BJ5183, the 

shuttle was integrated into the RGD adenovirus plasmid pVK50326, resulting in a RGD 

modified adenovirus genome with GFP and hIDO under the control of a CMV promoter 

cloned into the E1 region. Viruses were propagated on HEK 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 HEK 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 for both RGD-AdTL and RGD-

AdTIDO. 

 

HPLC assay for IDO activity  

IDO activity was defined as kynurenine/tryptophan ratio and it was assessed in both plasma 

and urine at the end of the follow-up. The concentrations of tryptophan and kynurenines 

were measured using a high-throughput on-line solid-phase extraction-liquid 

chromatographic-tandem mass spectrometer (XLC-MS/MS)27. Fifty microliters of lysate 

was pre-purified by automated on-line solid-phase extraction, using strong cation exchange 

(PRS, propylsulphonic) cartridges. Chromatographic separation of the analytes and 

deuterated analogues occurred by C18 reversed phase chromatography. Mass spectrometric 

detection was performed in the multiple reaction-monitoring mode using a quadrupole 

tandem mass spectrometer with positive electrospray ionization. Detection limit was 30 

nmol/L for tryptophan and 1 nmol/L for kynurenines. 

 

Blood pressure measurement 

Prior to and every 2 weeks after transplantation, systolic blood pressure measurements were 

carried out in conscious animals with the tail-cuff plethysmography method (IITC Life 

Science, Woodland Hills, CA). Rats were trained to undergo blood pressure measurements 

2 weeks before the first measurement. They were placed in restrainers while the 

temperature of the tail was maintained at 35-37°C. For each rat, the value was calculated as 

the mean of three to five consecutive measurements. 

 



58     

 

Markers of the renal damage 

Prior to and every 2 weeks after transplantation, the urinary protein excretion was 

determined by nephelometry (Dade Behring III, The Netherlands) in 24 hour urine.  

In addition, plasma and urine creatinine levels were measured using i-STAT® System 

(Abbott, Den Hague, The Netherlands) and DCA Vantage Analyzer + kit (Siemens 

Healthcare Diagnostics Inc., Deerfield, IL, USA) and creatinine clearance was calculated 

using the formula creatinine clearance = (urine creatinine x urine flow) / (plasma creatinine 

x bodyweight). 

To assess the degree of glomerular damage and transplant vasculopathy, paraffin sections 

were stained with periodic acid-Schiff (PAS). A qualified, independent pathologist 

semiquantitavely scored 50 glomeruli on a scale of 0 to 4 by light microscopy in a blinded 

fashion. Focal glomerular sclerosis (FGS) was scored as present when the collapse of 

capillary lumens, mesangial matrix expansion, hyalinosis and adhesion formation were 

present in the same quadrant. If 25% of the glomerulus was affected, it was scored as 1, 

50% was scored as 2, 75% was scored as 3, and 100% as 4. The total FGS score was 

calculated by multiplying the score by the percentage of glomeruli with the same FGS 

score. The sum of these scores gives the total FGS score, ranging from 0 to 100%. 

Transplant vasculopathy (TV) was assessed as intima/media ratio of intrarenal arteries with 

a diameter higher than 120 µm and evaluated blindly for the groups. 

 

Immunohistochemistry and morphometry 

Immunohistochemistry was performed on 3 m paraffin sections. To evaluate renal damage 

after transplantation-infection procedure, sections were stained for α-smooth muscle actin 

(mouse monoclonal anti-α-smooth muscle actin, α-SMA, Sigma Chemical Co, St Louis, 

MO, USA) and macrophages (mouse monoclonal anti-ED-1, Serotec Ltd, Oxford, UK). 

Before the immunostaining procedure, paraffin sections were dewaxed and subjected to 

antigen retrieval by overnight incubation in 0.1M Tris/HCl buffer, pH 9.0, at 80C. For 

immunohistochemistry, a two-step immunoperoxidase technique was used, according to 

standard techniques. Peroxidase activity was developed using 3, 3’-diaminobenzidine 

tetrachloride and H2O2. The expression of ED-1 and α-SMA by immunohistochemistry was 

measured using computer-assisted morphometry. A total of 40 (ED-1) or 30 (α-SMA) fields 

were evaluated per animal at a magnification of 200×. For ED-1, the number of positive 

cells per area was measured. For α-SMA, the total staining (excluding glomeruli and 

arteries) was divided by the area measured, and expressed as a percentage. An average 

score was calculated per section.  
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RNA isolation and real time PCR 

Frozen kidney samples containing both the cortex and the medulla were homogenized, and 

RNA was isolated using a Qiagen kit (Qiagen, Venlo, The Netherlands), which included a 

DNAse step. Integrity of RNA was determined using agarose gel electrophoresis, and the 

RNA concentration was measured spectrophotometrically at 260 nm. RNA (1 μg) was 

reverse-transcribed, and cDNA was further used to analyze rat IDO, foxp3, hIDO, TGF-β, 

renin and ACE gene expression using a real-time PCR protocol, as described previously28. 

Sequence-specific PCR primers were purchased from Biolegio (Nijmegen, The 

Netherlands). The sequences of the primers used were as follows: rat IDO forward: 5'-

CTCCGAGAAGAAGTCGAGAA-3', reverse 5'-TTCTCCAGACTGGCAGCTAT-3'; 

human IDO forward: 5'-TCATGGAGATGTCCGTAAGG-3', reverse: 5'-

GCCAAGACACAGTCTGCATA-3'; foxp3 forward: 5'-CCACACCTCCTCTTCTTCCTT-

3', reverse: 5'-TGACTAGGGGCACTGTAGGC-3'; TGF-β forward: 5'-

ATACGCCTGAGTGGCTGTCT-3', reverse: 5'-TGGGACTGATCCCATTGATT-3'; renin 

forward: 5'-CTGTGCATACTGGCTCTCCA-3', 5'-reverse: 

GGCTTGGCCTAAAACTAGGG-3' and ACE forward: 5'-

GTGTTGTGGAACGAATACGC-3', reverse: 5'-CCTTCTTTATGATCCGCTTGA-3'.  All 

values were expressed as saline = 100% and standardized on GAPDH. 

 

Statistical Analyses 

Data are presented as mean ± SEM. Area under the curve (AUC) for blood pressure and 

proteinuria were calculated and expressed as arbitrary units. Significance was tested with 

one way ANOVA followed by a least significant difference post hoc test. The relationships 

between ED-1 and α-SMA/FGS and between rIDO and foxp3/TGF-β were calculated using 

Spearman’s nonparametric correlation.  

Difference was considered significant at p<0.05. 
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Results 
Clinical parameters 

During the follow-up, one rat had to be killed prematurely (in week 8 after transplantation) 

in the RGD-AdTL treated group due to a deterioration of its general condition, as indicated 

by piloerected fur and severe weight loss (6% weight loss within 2 days). All rats in the 

RGD-AdTIDO and saline group survived until the end of the experiment. The prematurely 

killed rat was excluded from all histological and biochemical analyses described below. 

For the long-term follow-up (12 weeks), the following groups were studied: saline group (n 

= 5), RGD-AdTL group (n = 5) and RGD-AdTIDO group (n = 7). 

The treatment with RGD-AdTIDO significantly increased body weight of recipients in 

comparison with rats treated with RGD-AdTL or saline, starting from week 6 after 

transplantation (Figure 1A). 

Following transplantation, systolic blood pressure increased gradually from a mean of 

129.0±2.5 mmHg and 128.8±1.8 mmHg to 162.6±7.7 mmHg and 154.1±10.3 mmHg in the 

allograft recipients treated with saline and RGD-AdTL, respectively. In contrast, the RGD-

AdTIDO treated group only showed a modest increase in systolic blood pressure from 

128.6±1.4 mmHg to 136.5±1.8 mmHg. RGD-AdTIDO treatment significantly reduced the 

increase in systolic blood pressure compared to the RGD-AdTL and saline (p<0.05; Figure 

1B).  
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Urinary protein excretion, plasma creatinine, creatinine clearance  

Proteinuria, a hallmark of progressive renal injury, increased in the saline and RGD-AdTL 

treated groups from respectively week 6 and 8 after transplantation and continued to 

increase thereafter. RGD-AdTIDO treatment attenuated the increase of urinary protein 

excretion in time and significantly attenuated the increase observed in the saline group 

(p<0.05) (Figure 1C).  

The values of plasma and urine creatinine and the creatinine clearance are summarized in 

Table 1. RGD-AdTIDO group showed a trend toward decreased serum creatinine levels, 

increased levels of urinary creatinine and increased creatinine clearance, compared to the 

RGD-AdTL and saline treatment, however without reaching statistical significance.  

  

Figure 1. Body weight, blood 
pressure and proteinuria during the 
follow-up. RGD-AdTIDO treatment 
significantly increased the body 
weight (A),  decreased blood pressure 
(B) and decreased proteinuria (C) 
during 12 week follow-up. *p<0.05 vs 
RGD-AdTL; # p<0.05 vs saline 
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Table 1. Serum and urinary creatinine, creatinine clearance, serum and urinary kynurenine 
and tryptophan, serum and urinary ration of kynurenine to tryptophan 

  kyn, kynurenine; trp, tryptophan; cr, creatinine 

 

 

Effects of renal IDO expression on plasma and urinary kyn/trp levels 

Neither the serum levels of kynurenines and tryptophan, nor those of kyn/trp ratio were 

significantly different between groups (Table 1). Urinary kyn/trp ratio was slightly higher 

in de IDO group, however without reaching statistical significance (Table 1).  

 

Development of transplant vasculopathy, focal glomerulosclerosis, interstitial fibrosis, and 

interstitial macrophage influx 

Chronic transplant dysfunction (CTD) in the rat is characterized by transplant vasculopathy, 

mild glomerular basement membrane thickening and sclerosis, interstitial fibrosis and 

severe tubular atrophy2. 

Transplant vasculopathy (TV) is the main feature of CTD and contributes to the graft loss29.  

The incidence of TV, evaluated as intima/media ratio, was significantly decreased by IDO 

treatment as compared to RGD-AdTL and saline group (2.7 ± 0.2 vs. 3.8 ± 0.4 and 3.6 ± 

0.4, respectively, p<0.05; Figure 2).  

 

 

    12 wk after tx   

  Saline RGD-AdTL RGD-AdTIDO 

 

serum creatinine (µmol/l)  

 

45.00 ± 5.26 

 

49.00 ± 7.38  

 

40.00 ± 4.26 

urine creatinine (µmol/l) 6.12 ± 1.07 4.40 ± 0.40 7.27 ± 1.69 

Cr. clerance (ml/min/kg) 6.26 ± 1.21 3.01 ± 0.20 6.87 ± 0.74 

serum kynurenine (µmol/l) 1.70 ± 0.76 1.64 ± 0.20 1.76 ± 0.23 

serum tryptophan (mmol/l) 0.07 ± 0.01 0.08 ± 0.04   0.07 ± 0.00 

ratio kyn/trp 24.90 ± 2.58 21.00 ± 2.19 23.61 ± 2.71 

urinary kynurenine (µmol/l) 1.94 ± 0.39 1.11 ± 0.32 1.82 ± 0.28 

urinary tryptophan (mmol/l) 0.009 ± 0.005 0.004 ± 0.001 0.004 ± 0.001 

ratio kyn/trp 358.04 ± 92.85 320.70 ± 111.87 449.20 ± 47.32 
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Figure 2. Transplant vasculopathy three months after transplantation. Treatment with 
RGD-AdTIDO significantly ameliorated transplant vasculopathy in comparison with RGD-
AdTL and saline (A). *p<0.05 vs RGD-AdTL; # p<0.05 vs saline; representative pictures of 
RGD-AdTL (B), saline (C), RGD-AdTIDO (D); transplant vasculopathy was expressed as 
intima/media ratio  
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Furthermore, CTD was associated with an abundant influx of macrophages in the 

interstitium in both RGD-AdTL and saline groups as quantified by ED-1 positive cells. 

Treatment with RGD-AdTIDO markedly reduced the influx of macrophages into the graft 

(100% and 89% compared to 52%, respectively, p<0.05; Figure 3). 

PAS staining revealed mild FGS and interstitial α-SMA expression in the allografts of 

RGD-AdTL and saline recipients. RGD-AdTIDO treatment showed a trend towards 

decreased FGS and α-SMA score, although this did not reach statistical significance 

(Figures 4, 5). As expected, a positive correlation was found between the expression of α-

SMA and ED-1 positive cells and between FGS and ED-1 positive cells across all three 

groups (R=0.587, p<0.05 and R2=0.558, p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3. The influx of macrophages into the interstitium. RGD-AdTIDO treatment 
significantly decreased the influx of macrophages into the graft. *p<0.05 vs RGD-AdTL; # 
p<0.05 vs saline; ED-1, marker for macrophages 
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Figure 4. Focal glomerulosclerosis three months after transplantation. Treatment with 
RGD-AdTIDO did not influence significantly the focal glomerulosclerosis (A). 
Representative pictures of RGD-AdTL (B), saline (C), RGD-AdTIDO (D)
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mRNA expression of foxp3, endogenous IDO and TGF-β 

To establish whether IDO treatment affected the number of regulatory T-cells in the kidney, 

the expression levels of its marker Forkhead box p3 (foxp3) were evaluated by real time 

PCR. RGD-AdTIDO treatment up-regulated the level of foxp3 mRNA significantly in 

comparison with the saline group (177.2 ± 6.3% for RGD-AdTIDO vs 100 ± 13.5% for 

saline, p<0.05; Figure 6A). 

Additionally, expression of rat IDO mRNA (rIDO) was quantified to assess whether 

transfection with hIDO influenced the expression of recipient IDO. RGD-AdTIDO 

treatment up-regulated rIDO compared to the saline group (110.8 ± 1.5% vs 100 ± 0.5%, 

p<0.05; Figure 6B).  

TGF-β plays an important role in the generation of foxp3+ T regulatory cells31 and 

induction of tolerance32. We observed a significant increase in the mRNA expression of 

TGF-β in IDO treated kidney, compared to both saline and RGD-AdTL group (105.5 ±  

1.8% vs 100 ± 1.8% and 97.4 ± 3.2%, respectively, p<0.05; Figure 6C). Moreover, there 

Figure 5. Immunohistochemistry for alpha-smooth muscle actine 
(α-SMA). No significant changes were found in the expression of α-
SMA between the groups.
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was a positive correlation between rIDO and foxp3 mRNA (R=0.556, p<0.05) and between 

rIDO and TGF-β mRNA (R=0.653, p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Expression of renal RAAS components mRNA 

As IDO gene therapy markedly attenuated the increase in systolic blood pressure following 

transplantation, without indications for increased systemic IDO activity. In search of a 

mechanism for this effect, we evaluated the mRNA expression of renin, 

angiotensin II receptor type 1 (AT1R) and angiotensin converting enzyme (ACE) in the 

transplanted graft. Real time PCR analysis showed no differences in mRNA expression of 
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Figure 6. The effect of RGD-AdTIDO 
treatment on the mRNA levels of 
foxp3, ratIDO and TGF-β.  RGD-
AdTIDO treatment significantly 
increased the level of foxp3 (A), rat 
IDO (B) and TGF-β (C) mRNA. 
*p<0.05 vs RGD-AdTL; # p<0.05 vs 
saline; values were standardized on 
GAPDH, saline was expressed as 100%. 
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renin (Figure 7A) and AT1R (data not shown) between the experimental groups, whereas 

mRNA of ACE was slightly down-regulated in the RGD-AdTIDO group in comparison 

with saline and RGD-AdTL groups (95.9 ±  1.2% vs 100 ± 1.7% and 101.5 ± 0.8%, 

respectively, p<0.05; Figure 7B).  
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Figure 7. The effect of RGD-AdTIDO treatment on the mRNA levels of renin and 
ACE.  RGD-AdTIDO did not affect the levels of renin mRNA (A), however it 
significantly down-regulated the level of ACE mRNA (B). *p<0.05 vs RGD-AdTL; # 
p<0.05 vs saline; values were standardized on GAPDH, saline was expressed as 100%. 
ACE, angiotensine converting enzyme. 
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Discussion 
The major finding of the present study is that adenovirus-mediated gene therapy 

with IDO attenuates the key features of CTD, as documented by decreased proteinuria, 

decreased systolic blood pressure, and reduced incidence of transplant vasculopathy. This is 

accompanied by a reduced infiltration of macrophages into the transplanted graft, and an 

increased foxp3 mRNA and TGF-β mRNA expression in the IDO treated animals.  

Several mechanisms may be involved in the beneficial effects of IDO on the 

development of CTD found in our study. A first mechanism may involve an increased 

expression of TGF-β and foxp3 mRNA, the later one being a marker of active regulatory T 

cells (Treg)33. Previously, an immunoregulatory mechanism involving TGF-β and Treg 

have been identified in mice recipients that had spontaneously accepted renal allografts31. 

In those mice, early escape from cellular rejection was associated with regulation of graft-

reactive T cells by a transient TGF-β-mediated mechanism. TGF-β is a known stimulator of 

maturation of CD4+CD25+ Treg. Accumulating data support the role of Treg in long-term 

allograft acceptance34-36, while TGF-β appears to be an essential intermediary in this 

proces32;37. In the same model of spontaneous renal graft acceptance, long-term escape from 

rejection was associated with regulation of graft-reactive T cells by IDO, while TGF-β-

mediated regulation being lost in time. The source of IDO in this model was the regulatory 

dendritic cells (DCs) which expressed IDO upon the stimulation of Treg. Conversely, it has 

also been shown that IDO+ DCs are capable of stimulating the development of Treg38;39. 

The most probable scenario in our study is that the initial expression of IDO in the renal 

graft led to the formation of Treg, with TGF-β tacking over the stimulation of Treg 

formation later in time. Another possibility is that the increased rat IDO is the direct or 

additional factor enhancing the foxp3 and TGF-β mRNA expression in the chronic phase 

after transplantation. In support to this hypothesis come the positive correlations we found, 

on one hand between the rat IDO and foxp3, and on the other hand between rat IDO and 

TGF-β mRNA levels. 

The most important risk factor for development of CTD is the incidence of acute 

rejection10. Previously, we demonstrated beneficial effects of IDO gene therapy in 

protection against acute rejection of the renal graft21. Therefore, another possible 

mechanism of the beneficial effects of IDO in CTD is the influence of IDO on acute, 

immune-mediated graft injury, on top of the effect of the low-dose Cyclosporine.  

IDO may have also influenced the outcome of the kidney transplantation in our 

study by interfering with the regulation of blood pressure and proteinuria. CTD is 

characterized by a relative slow but variable rate of decline in renal function. This is often 
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found in combination with proteinuria and aggravation of pre-existing or de novo 

hypertension40;41. High blood pressure, along with proteinuria, has been associated with 

reduced graft survival10. Hypertension may promote atherosclerosis within renal blood 

vessels or glomerular hypertension, which can increase glomerular permeability and 

consequently enhance protein trafficking and thus proteinuria10. In our study, we observed 

that local gene therapy with IDO significantly decreased systolic blood pressure and 

proteinuria as compared to the saline group. Hofmann et al. showed that metabolisation of 

tryptophan to kynurenines by the IDO expressed in endothelial cells contributes to arterial 

vessel relaxation and thereby the control of blood pressure, during the inflammation and 

sepsis. This was mediated by activation of the adenylate and soluble guanylate cyclase 

pathways42;43. Moreover, kynurenine administration decreases blood pressure in a dose-

dependent manner in spontaneously hypertensive rats and it has been proposed as a novel 

endothelium derived vascular relaxing factor42. There is no indication however, that this 

mechanism is also involved in the hypertension associated with CTD. In our study, the 

systemic levels of tryptophan and kynurenines were not different in the rats receiving local 

IDO gene therapy as compared to the controls. Nevertheless, it is well known that blockade 

of the renin-angiotensin system (RAS) with angiotensin-converting enzyme (ACE) 

inhibitors and angiotensin II (Ang II) receptor blockers slow down the progression of 

chronic allograft dysfunction44. ACE inhibitors are often used to achieve adequate control 

of hypertension associated with CTD. Another beneficial effect of ACE inhibitors is a 

significant reduction of proteinuria45. Both mentioned effects of ACE inhibitors can affect 

the long-term graft survival. Using real time PCR we found that IDO did not influence the 

mRNA expression of renin and type 1 ATII receptor in the graft, however, interestingly, 

significantly down-regulated ACE mRNA in RGD-ADTIDO group compared to both 

untreated groups. Thus, rather than a direct effect of kynurenines on vasodilatation, 

reduction of blood pressure in IDO treated animals may depend on ACE expression. 

Although IDO treatment did not significantly affect the incidence of FGS and 

expression of α-SMA in our model, it did ameliorate the development of transplant 

vasculopathy (TV) and the influx of macrophages into the graft. TV is a specific lesion of 

chronic allograft nephropathy, which leads to impaired perfusion and subsequent allograft 

dysfunction2. Endothelial dysfunction and damage plays an important role in the initiation 

of TV, because endothelial cells respond to inflammatory cytokines produced by activated 

T cells and/or macrophages and because endothelial cells are the first foreign cells that 

come in contact with the alloreactive T cells of the recipient46;47. Therefore, the 
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improvement of TV in our model might be a consequence of reduced macrophages influx 

into the graft, initiated by IDO. 

Crucial for long-term immunomodulation via gene therapy is the use of a vector 

able to induce high-level transgene expression and to drive expression of the therapeutic 

gene for a prolonged period of time. Our modified adenovirus that has an Arg-Gly-Asp 

(RGD) motif inserted in the HI loop of the fiber knob represents a successful strategy to 

transduce the renal graft, as we previously documented23. However, transgene expression 

lasted in the absence of any immunosuppression for only 2-3 weeks23.  Interestingly, when 

IDO was inserted into the adenovirus and delivered to the kidney using the same technique, 

a clear increase in the GFP expression in the RGD-AdTIDO compared to RGD-AdTL 

group at day 7, was found21.  This observation suggests that IDO-mediated inhibition of T-

cell infiltration or function prolongs the duration of human IDO expression in the kidney by 

protection of the infected cells against immune clearance. Thus, most probably, transgene 

IDO expression lasts longer than 3 weeks in the present experimental setting. However, no 

human IDO was found at the end of the experiment. 

In summary, we show here for the first time that local adenoviral gene therapy 

with IDO has beneficial effects on the key features of CTD. This may be due in part to a 

TGF-β mediated and in part to a direct stimulation of Treg formation, in addition to 

interference with the regulation of blood pressure and proteinuria. Thus, gene therapy with 

IDO constitute a new appealing strategy in the armamentarium against CTD.  
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Abstract  
Background: Targeting the interaction between antigen presenting cells and T cells 

represents an appealing tool for acquiring graft-specific tolerance. In this study, we 

investigated the feasibility of enhancing the expression of Indoleamine 2.3-dioxygenase 

(IDO) in rat dendritic cells (DC), as a strategy to obtain tolerogenic dendritic cells. The 

phenotype of these adenoviral-transduced dendritic cells overexpressing IDO was analyzed. 

Moreover, the effects of transduced DC on the proliferation and the phenotype of the T 

cells were investigated in vitro.  

 

Methods: DC were obtained from bone marrow of Brown Norway rats. Nine days after 

harvesting, DC were transduced with an RGD modified adenovirus carrying the gene for 

human IDO (RGD-AdTIDO) or the gene for luciferase (RGD-AdTL). Untransduced DC 

served as control. At day 11, DC were used as stimulators in a mixed leukocyte reaction 

(MLR) with naïve Lewis rat lymphocytes as responders. Phenotype of DC and T-cells was 

assessed by FACS and real-time PCR. 

 

Results: Both in RGD-AdTIDO and RGD-AdTL transduced cells CD86 membrane 

expression was decreased in DC compared with the untransduced cells. However, in the 

MLR only the DC overexpressing IDO suppressed the proliferation of the naïve T cells, 

which was associated with an up-regulation of foxp3, IL-10, IL-13, IL-2 and IL-17 gene 

expression.  

 

Conclusion: Although both RGD-AdTL and RGD-AdTIDO transduced DC showed an 

immature phenotype, only the IDO-overexpressing DC inhibited the proliferation of the 

naïve T cells in vitro. Moreover, these T cells exhibited a mixture of tolerogenic and pro-

inflammatory cytokine profile. Whether the anti- or the pro-inflammatory effects of IDO 

transduced DC will predominate in vivo remains to be established.  
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Introduction 
Dendritic cells (DC) are highly-specialized antigen presenting cells able to 

modulate the T-cell reactivity to foreign antigens1. While DC are key regulators of the 

immune outcome, they are capable of both promoting and suppressing T-cell responses2, 

depending on their functional state of maturation3. Mature DC possess a strong 

immunostimulatory capacity, which is reflected by high levels of cell surface class II major 

histocompatibility complex (MHC II), integrin CD11c and co-stimulatory molecules such 

as CD80 (B7-1), CD86 (B7-2) and CD404. Consequently, fully mature DC induce a potent, 

antigen-specific response characterized by the induction of T helper (Th) type 1 CD4+ T 

cells, cytotoxic CD8+ T cells and the activation of natural killer cells5. In contrast, 

immature DC, which were previously regarded as mere sentinels for antigens, diminish T-

cell reactivity and induce tolerance6-8. Immature DC, characterized by a low expression of 

both MHC II antigens, CD11c integrin and co-stimulatory molecules4, promote peripheral 

tolerance by several mechanisms including T-cell anergy, immune deviation (i.e. shifting 

from a Th1-dominated response toward a Th2 response and inducing infectious tolerance), 

T-cell apoptosis and stimulation of regulatory T cell (Treg) formation9;10. Specifically, 

immature DC can differentiate naïve CD4+ T cells into different Treg classes, including 

CD4+CD25+foxp3 Treg and type 1 T regulatory cells (Tr1), which inhibit proliferation of 

Th1 cells66. Thus, mature DC induce immunity, while immature DC promote tolerance to 

the presented antigen.  

Because of the central role of DC in modulating T cell reactivity, modification of 

their function by, for instance, genetic manipulation with tolerogenic molecules, is an 

attractive approach to treat immune-mediated diseases, including transplant allograft 

rejection. Indoleamine 2.3-dioxygenase (IDO) is an enzyme that catabolizes the essential 

aminoacid tryptophan into kynurenines and plays a crucial role in the foeto-maternal 

tolerance11. Tryptophan starvation, accumulation of kynurenines and induction of Treg are 

considered as the mechanisms underlying the tolerogenic effects of IDO2. Overexpression 

of IDO in solid organ transplantation was previously found to attenuate acute rejection of 

the lung, heart, islets and skin allograft12-15. We have previously shown that adenovirus-

mediated gene therapy16 with IDO attenuates the features of both acute rejection17 and CTD 

(Chapter 3, this thesis) in animal models of kidney transplantation. During the last decade, 

the importance of IDO expression in DC has been recognized. It has been observed that 

induction of IDO by DC is necessary for the protection from graft versus host disease 

(GVHD), as INFγ -/- mice succumbed to GVHD very rapidly due to the failure of IDO 

expression in DC10. Moreover, IDO is able to steer the phenotype of DC towards 
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tolerogenesis, and after ligation with CTLA-4, immunogenic DC may convert into 

tolerogenic, IDO expressing DC18. Therefore, DC genetically modified to express IDO 

represent an appealing alternative in the treatment of allograft rejection. 

Although viral delivery of IDO may be an effective therapeutical tool, viral 

transduction of DC may be associated with changes in the DC phenotype dependent on 

both the viral vector as well as the maturation state of the DC18;19. Overexpression of IDO 

in DC has been studied before2;20;21. Notably, transfection of fully mature DC with IDO 

using an adenoviral vector suppressed T cell proliferation and induced foxp3 expression, 

while the DC maintained their mature state20. As a first step towards the use of IDO-

overexpressing DC in animal models of kidney transplantation, we sought here to 

characterize these genetically modified DC and their effects on T cell proliferation and 

phenotype in vitro.   
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Material and Methods 
Animals  

Animals were housed in a light- and temperature-controlled environment and fed standard 

rodent chow and water ad libitum. Bone marrow (BM) was obtained from Brown Norway 

(BN, RT1n) rats weighing 150 to 175 g. T cells were obtained from BN or Lewis (LW, 

RT1l) rats weighing 150 to 175 g (all from Harlan Laboratories, The Netherlands). 

Experimental protocols were approved by the Animal Research Ethics Committee of the 

University of Groningen, the Netherlands.  

 

Isolation and culturing of bone marrow derived dendritic cells  

BM-derived dendritic cells (DC) were obtained as previously described3;4;22 with minor 

modifications. BM cells were cultured in 24-well plates (1x106/well) in 1 mL of RPMI 

1640 supplemented with 10% foetal bovine serum (to stimulate full maturation) and 100 

U/mL of granulocyte-macrophage colony-stimulating factor (GM-CSF) and 20 ng/mL 

interleukin (IL)-4 (Insight Biotechnology, Wembley, UK). Every second day, 75% of the 

medium was replaced with fresh medium containing GM-CSF and IL-4. At day 9, cells 

were harvested, re-plated at 1x106 cells/mL in serum-free RPMI 1640, and transduced with 

RGD-AdTL or RGD-AdTIDO at multiplicity of infection (MOI) 300 for 3 hours. 

Subsequently, serum, GM-CSF, and IL-4 were restored and cell culture continued until day 

11. At day 11, cells (control-DC, RGD-AdTL-DC and RGD-AdTIDO-DC were harvested, 

cell surface immunophenotypic analyses was performed by fluorescent-activated cell 

sorting (FACS Calibur cytometer, San Jose, CA, USA) and data acquisition and analyses 

was performed using Kaluza 1.2 cytometry software (Beckman Coulter, Inc, Brea, CA, 

USA). Cells were used further as stimulators for primary mixed lymphocyte reaction. 

Mouse monoclonal antibodies specific for rat determinants included antibodies specific for 

CD11c (FITC-conjugated; Serotec), CD86 (PE-conjugated; eBioscience) and class II MHC 

(OX6, Serotec). FITC-conjugated goat-anti-mouse immunoglobulin G (BD Biosciences) 

was used as a secondary antibody for the anti-OX6 antibody. 

 

Adenoviral vectors for gene transfer into dendritic cells 

RGD-modified adenoviruses23 were used as vectors for gene delivery into the DC. A first 

generation recombinant adenovirus type 5 having an RGD sequence in the HI loop was 

kindly provided by Dr. David T. Curiel (University of Alabama at Birmingham, 

Birmingham, Alabama, USA). This adenovirus contains the genes for green fluorescent 

protein (GFP, T as tracking) and firefly luciferase (L) under the control of a CMV 
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promoter, in the E1 region (RGD-AdTL). To construct the IDO vector, the IDO gene was 

isolated from human placenta using PCR. Next, the cDNA of human IDO gene (hIDO) was 

cloned into the shuttle-plasmid pAdTrack-CMV24. Using homologous recombination in 

Escherichia coli BJ5183, the shuttle was integrated into the RGD adenovirus plasmid 

pVK50325, resulting in a RGD modified adenovirus genome with GFP and hIDO under the 

control of a CMV promoter cloned into the E1 region. 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 HEK 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 for both 

RGD-AdTL and RGD-AdTIDO. 

 

Mixed lymphocyte reaction  

Primary mixed lymphocyte reaction (MLR) was performed using transduced BN RGD-

AdTL-DC, RGD-AdTIDO-DC or untransduced control-DC and LW lymph node (LN) cells 

(1x106/well) obtained by passing lymph node suspensions through a stainless sieve. 

Cultures were maintained in RPMI/foetal bovine serum 20% in 5% carbon dioxide in air at 

37°C for 4 days. The DC-to-LN cell ratio was 1:100; BN lymph node cells (1x106/well) 

were used for the control syngeneic condition. The proliferation response was evaluated by 

CyQUANT® NF Cell Proliferation Assay kit (Invitrogen Life Technologies, Bleiswijk, the 

Netherlands) and expressed as the intensity of fluorescence. At the end of MLR, cells (BN 

RGD-AdTL-DC-, RGD-AdTIDO-DC- and control-DC-generated LW T cells) were 

collected and used further for PCR analysis. 

 

RNA isolation and real time PCR 

To analyze gene expression in T cells stimulated by DCs, RNA was isolated using 

NucleoSpin® RNA/Protein kit (Bioké), which included a DNAse step. Experiments were 

performed in triplo. Integrity of RNA was verified using agarose gel electrophoresis, and 

the RNA concentration was measured spectrophotometrically at 260 nm. RNA (1 μg) was 

reverse-transcribed, and cDNA was further used to analyze human IDO and rat foxp3, IL-2, 

IL-4, IL-6, IL-10, IL-13, IL-17, TNF-α, TGF-β, and INF-γ gene expression using a real-

time PCR protocol, as described previously17. Sequence-specific PCR primers (table 1) 

were purchased from Biolegio (Nijmegen, The Netherlands). All expression values were 

standardized for GAPDH expression. 
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Table 1. Sequences of the primers used in real time PCR analysis of gene expression. 

 

 

Western blotting 

IDO protein expression by the RGD-AdTIDO vector was confirmed in transduced 293 cells 

by western blot analysis. Briefly, transduced cells were washed three times using 

phosphate-buffered saline and subsequently lysed in 800 ml of M-PER (mammalian protein 

extraction reagent, Pierce Biotechnology, Rockford, IL, USA). Protein concentrations were 

determined using a BioRad protein assay (Bio-Rad, Hercules, CA, USA). An equal amount 

of protein in sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis sample 

buffer was separated on 4–20% poly(acrylic acid)-SDS gels. After transfer to nitrocellulose 

membranes (Amersham, Little Chalfont, UK), protein samples were incubated with primary 

mouse antibody against IDO (Chemicon International, Temecula, CA, USA) and thereafter 

with a horseradish peroxidase-conjugated rabbit anti-mouse antibody (Dako, Carpinteria, 

CA, USA). Signals were detected by chemiluminiscence using ECL (Amersham, 

Eindhoven, the Netherlands).  

 

High-performance liquid chromatography (HPLC) assay for functional hIDO expression 

To verify the functionality of the hIDO construct, IDO activity was measured in vitro by 

quantifying metabolization of tryptophan to kynurenines in 293 cells transduced with RGD-

AdTIDO (MOI of 50), RGD-AdTL (MOI of 50) and in untransduced cells. Cells were 

gene forward primer (5'→3') reverse primer (5'→3') 

human IDO  TCATGGAGATGTCCGTAAGG   GCCAAGACACAGTCTGCATA 

foxp3  CCACACCTCCTCTTCTTCCTT   TGACTAGGGGCACTGTAGGC 

IL-2  ATGCAGCTCGCATCCTGTGT   CAATTCTGTGGCCTGCTTGG 

IL-4  TGATGGGTCTCAGCCCCCACCTTGC   CTTTCAGTGTTGTGAGCGTGGACTC 

IL-6  TTCCAGCCAGTTGCCTTCTT   CAGTGCATCATCCGCTGTTCA 

IL-10  CAGCTGCGACGCTGTCATCGA   GTCCAGTAGATGCCGGGTGGT 

IL-13  ATCACACAAGACCAGAAGACTTC   AACTGGGCTACTTCGATTTTGG 

IL-17  ATGTGCCTGATGCTGTTGCTGCTA   TTAGGACGCATGGCGGACAATAGA 

TNF-α  CACGCTCTTCTGTCTACTGA   GTACCACCAGTTGGTTGTCT 

TGF-β  ATACGCCTGAGTGGCTGTCT   TGGGACTGATCCCATTGATT 

INF-γ  ACTGCCAAGGCACACACTCATT   AGGTGCGATTCGATGACACT 
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cultured for 24 hours and the concentration of tryptophan and kynurenines was measured in 

the cell lysates using a high-throughput on-line solid-phase extraction-liquid 

chromatographic-tandem mass spectrometer26. Fifty microliters of lysate was pre-purified 

by automated on-line solid-phase extraction, using strong cation exchange (propylsulphonic 

acid) cartridges. Chromatographic separation of the analytes and deuterated analogues 

occurred by C18 reversed phase chromatography. Mass spectrometric detection was 

performed in the multiple reaction-monitoring mode using a quadrupole tandem mass 

spectrometer with positive electrospray ionization. Detection limit was 30 nmol/l for 

tryptophan and 1 nmol/l for kynurenines. 

 

Statistical Analyses 

Data are presented as mean ± SEM and significance was tested with one way ANOVA 

followed by a least significant difference post hoc test. Differences were considered 

significant at p<0.05. 
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The concentration of tryptophan and kynurenines was determined using HPLC in the lysates of 
293 cells transduced with RGD-AdTIDO (MOI of 50), RGD-AdTL (MOI of 50) and in 
untransduced control. < LOD, below the limit of detection (0.001mmol/l). *p<0.05 versus RGD-
AdTL and control. †p<0.01 because the value is more than three SDs above the detection limit 
(as shown previously17). 
 

Results 
Expression of a functional human IDO with the RGD-AdTIDO construct 

First, the expression of (human) hIDO protein by the RGD-AdTIDO construct was verified 

in vitro in 293 cells (data replicated from chapter 217). An expected, a 42 kDa protein band 

was detected in the cells transduced with RGD-AdTIDO, whereas cells transduced with the 

RGD-AdTL construct or untransduced control cells did not show any IDO expression 

(Figure 1). Furthermore, functionality of the IDO construct was verified by assessing in 

vitro the metabolization of tryptophan to kynurenines in 293 cells transduced with RGD-

AdTIDO and RGD-AdTL, as well as in untransduced cells. As shown in Table 2, IDO 

expression by the RGD-AdTIDO both depleted tryptophan content and increased 

kynurenine concentration in cell lysates compared to controls, confirming the functionality 

of the RGD-AdTIDO construct.  

 

 

 

 

 

 

 
Figure 1. IDO protein expression detected by western blotting in 293 cells.  293 cells were 
cultured either in the absence (control) or presence of RGD-AdTL or RGD-AdTIDO, respectively. A 
42 kDa band corresponding to the size of IDO protein was detected in lysates of cells transduced with 
RGD-AdTIDO, whereas no band was detected in cells transduced with RGD-AdTL and in 
untransduced control cells (as shown previously17).  
 

 

 

 

 

 

 

 

 

 

 

 

 
Tryptophan  

(μmol/l) 

Kynurenines  

(μmol/l) 

control 0.48 ± 0.08 <LOD 

RGD-AdTL 0.65 ± 0.17 <LOD  

RGD-AdTIDO   0.12 ± 0.05* 0.92 ± 0.11# 

      control     RGD-AdTL    RGD-AdTIDO        

50 kDa 

37 kDa 

Table 2. IDO activity in RGD-AdTIDO transduced 293 cells
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Figure 2. Human IDO gene expression  in control-DC, RGD-AdTL-DC and RGD-
AdTIDO-DC. On day 11, cells (n=3 experiments/group) were harvested, RNA was 
isolated and converted to cDNA. Real-time PCR was performed using primers specific 
for the human (h)IDO. RGD-AdTIDO transduced DC expressed hIDO gene, whereas 
no expression of hIDO gene was found in DC transduced with RGD-AdTL (RGD-
AdTL-DC) or in untransduced (control) DC . 

Expression of hIDO gene by the transduced RGD-AdTIDO-DC 

To confirm hIDO gene delivery with RGD-AdTIDO in DC, IDO expression was assessed 

using Real time-PCR. IDO mRNA was only found in the RGD-AdTIDO-DC, whereas no 

hIDO transcript was detected in RGD-AdTL-DC or untransduced control DC (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Transduction with RGD-adenovirus down-regulated CD86 (B7-2) expression 

To determine the maturation state of the DC, we assessed the expression of cell surface 

class II major histocompatibility complex (MHCII), integrin CD11c and co-stimulatory 

molecule CD86. In our experiment, BM-derived control DC expressed high levels of 

CD11c (85.9±6.8%), MHCII (81.7±9.4%) and CD86 (80.2±3%) (Figure 3). Because both 

RGD-AdTIDO and RGD-AdTL carry the gene for the green fluorescence protein (GFP), it 

was not possible to assess the expression of CD11c and MHCII in transduced DC, as 

antibodies for these markers were labeled with fluorescein isothiocyanate (FITC) which 

show considerable overlap with the fluorescent spectrum of GFP. Therefore, only the red 

fluorescent labeled antibody for CD86 was used. Interestingly, transduction with either of 

the RGD-adenoviruses dramatically reduced the expression of CD86 (RGD-AdTIDO-DC 
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Figure 3. FACS analyses for 
CD11c, MHCII and CD86. 
Staining was performed with 
FITC-conjugated anti-CD11c 
and anti-MHCII mAb, or with 
PE-conjugated anti-CD86 
mAb on control-DC, RGD-
AdTL-DC and RGD-
AdTIDO-DC. The results are 
representative of three 
independent experiments. 
 

 
Figure 4. FACS analyses for CD86. Staining was performed with PE-conjugated anti-CD86 
mAb on control-DC, RGD-AdTL-DC and RGD-AdTIDO-DC. Transfection with RGD-AdTL 
and RGD-AdTIDO markedly reduced the expression of CD86 on the cell surface (*p<0.05 vs 
control-DC). The results are expresed as percentage of CD86 positive cells. 

22.7±6.5%, RGD-AdTL-DC 25.7±6.6%; Figure 4) in comparison with control-DC 

(80.2±3.0%; p<0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

CD86 

RGD‐AdTIDO‐DC RGD‐AdTL‐DC 

CD11c MHCII

CD86

CD86

control‐DC 
C

D
8

6 
(%

)

0

20

40

60

80

100

contro
l-D

C 

RGD-AdTL-DC 

RGD-AdTIDO-DC 

* *



90     

 

RGD-AdTIDO-DC inhibited naïve T-cell response in primary MLR 

To study the influence of RGD-AdTIDO-DC on naïve T cells, we performed MLR. T cells 

were isolated from LW rats (allogeneic combination) and from BN rats (syngeneic 

combination). Transduction with both RGD-AdTL and RGD-AdTIDO did not influence the 

proliferation of syngeneic T cells in comparison with control DC. However, control DC 

exhibited a potent stimulatory capacity towards allogeneic T cells (p<0.05; Figure 5), as 

documented by high proliferation, which was unaffected by transduction with RGD-AdTL  

(Figure 5). In contrast, transduction of DC with RGD-AdTIDO markedly reduced their 

ability to stimulate naïve allogeneic T cells during MLR (p<0.05; Figure 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. IDO expression inhibits primary MLR. RGD-AdTL-DC or RGD-AdTIDO-DC 
were used as stimulators in MLR with LN cells from naive LW (allogeneic combination, 
black bars) or BN rats (syngeneic combination, white bars). Proliferation was expressed as 
intensity of fluorescence. Control-DC and RGD-AdTL-DC significantly induced the 
proliferation of LW T cells. RGD-AdTIDO significantly supressed proliferation of LW T 
cells. *p<0.05 vs RGD-ADTL-DC and vs control-DC (allogeneic combination). 
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RGD-AdTIDO-DC induced Treg, Th2 and Th17 subsets of T helper cells 
Because DC play a pivotal role in the differentiation of naïve CD4 T cells27, we evaluated 

the mRNA expression of a panel of cytokines specific for Th1, Th2, Th17 and Treg cell 

subsets.  

Forkhead box p3 (foxp3), the exclusive product of iTreg, was significantly up-regulated in 

T cells stimulated with RGD-AdTIDO-DC, compared to T cells stimulated with RGD-

AdTL-DC or control-DC (p<0.05, Figure 6A). The immunosuppressive cytokine TGF-β 

mRNA was up-regulated in RGD-AdTIDO-DC stimulated T cells (p<0.05 in comparison 

with control-DC; Figure 6B). Furthermore, the expression of IL-10, which is produced by 

Tr1 subpopulation of Treg and Th2 cells, was also increased in the RGD-AdTIDO-DC 

stimulated T cells (p<0.05 in comparison with both RGD-AdTL-DC and control-DC; 

Figure 6C).  

The expression of IL-4 mRNA, which is a Th2 cytokine, was significantly elevated in both 

RGD-AdTIDO-DC and RGD-AdTL-DC stimulated T cells, compared to control-DC 

treated cells (p<0.05; Figure 7A). IL-13, which is another Th2 type cytokine, was increased 

significantly only in the RGD-AdTIDO-DC stimulated T cells (p<0.05 vs RGD-AdTL-DC 

and control-DC; Figure 7B).  

The expression of IL-2, which is a Th type 1 cytokine was significantly increased in the T 

cells stimulated with RGD-AdTIDO-DC in comparison with RGD-AdTL-DC and control-

DC treatment (p<0.05; Figure 8A). However, no difference was found in the expression of 

IFN-gamma (Figure 8B), TNF-α and IL-6 between the groups (data not shown).  

Further, higher expression of IL-17, a product of Th17 cells was found in the RGD-

AdTIDO-DC group, compared to RGD-AdTL-DC and control-DC groups (p<0.05, Figure 

8C).  
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Figure 7. Analyses of IL-4 and IL-13 mRNA expression. After day 4, cells (n=3) from MLR 
(allogeneic combination) were harvested, RNA was isolated and converted to cDNA. Real 
timePCR was performed. The expression of IL-4 mRNA (A) was upregulated in T cells 
stimulated with both RGD-AdTL-DC and RGD-AdTIDO-DC; # p<0.05 vs control-DC). The 
expression of IL-13 mRNA (B) was upregulated in T cells stimulated with RGD-AdTIDO-DC; 
*p<0.05 vs RGD-ADTL-DC and vs control-DC. Values were standardized on GAPDH.  
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Figure 6. Expression of foxp3, TGF-β and 
IL-10 mRNA in T cells co-cultured with 
control-DC, RGD-AdTL-DC and RGD-
AdTIDO-DC. After day 4, cells (n=3 
experiments/group) from MLR (allogeneic 
combination) were harvested, RNA was 
isolated and converted to cDNA. Real-time 
PCR was performed. The expression of the 
foxp3 mRNA (A), TGF-β mRNA (B) and 
IL-10 mRNA (C) was upregulated in T cells 
stimulated with RGD-AdTIDO-DC; 
*p<0.05 vs RGD-ADTL-DC and vs control-
DC; # p<0.05 vs control-DC. Values were 
standardized on GAPDH. 
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Figure 8. Analyses of IL-2, INF-γ and 
IL-17 mRNA expression. After day 4, 
cells (n=3) from MLR (allogeneic 
combination) were harvested, RNA was 
isolated and converted to cDNA. RT-PCR 
was performed. There was significanly 
upregulated IL-2 mRNA (A) in T cells 
stimulated with RGD-AdTIDO-DC, no 
change in INF-γ mRNA expression (B), 
and significantly upregulated IL-17 mRNA 
expression (C) in T cells stimulated with 
RGD-AdTIDO-DC; *p<0.05 vs RGD-
ADTL-DC and vs control-DC. Values were 
standardized on GAPDH. 
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Discussion 
In the current work we sought to investigate the feasibility of producing IDO-

overexpressing, rat dendritic cells and to analyze their phenotype and effects on T cell 

proliferation and differentiation in vitro. 

We successfully delivered a functional IDO construct into DC, confirmed by real 

time PCR, and studied the phenotype of these cells. Interestingly, the transduction with 

both the control adenovirus as well as with the adenovirus carrying the gene for IDO 

changed the phenotype of the cultured fully mature DC into an immature one. This 

conclusion is based on the high expression of MHCII, integrin CD11c and co-stimulatory 

molecule CD86 in control-DC, and a marked decrease in the expression of CD86 in both 

RGD-AdTL and RGD-AdTIDO transduced DC. However, in a mixed lymphocyte reaction 

with naïve allogeneic T cells, only RGD-AdTIDO-DC suppressed the proliferation of the T 

cells, almost to the level of syngeneic control. Moreover, only RGD-AdTIDO-DC 

influenced the in vitro differentiation of naïve T cells into a subpopulation of foxp3 

expressing T cells. Additionally, T cells stimulated with RGD-AdTIDO-DC featured 

increased expression of TGF-β, IL-13 and IL-10 mRNA. Our data suggest therefore that the 

mere down-regulation of the CD86 on the surface of the DC is not sufficient for functional 

effects as assessed by the MLR.  

The effect of the viral transduction on the DC expression of the co-stimulatory 

molecule CD86 is an unexpected finding. The viral transduction of DC may be associated 

with alterations in the phenotype as well as in the function of these cells. In general terms, 

viral vectors that are successful at transducing DC also activate these cell19. The adenoviral 

vectors are the most efficient at transducing DC19. Nevertheless, the literature on its effects 

on the phenotype of the transduced DC is controversial. Funeshima et al.20 have not found 

any change in the phenotype of fully mature XS106 DC which were transduced with a 

recombinant adenovirus carrying the gene for IDO, while anothers28;29 observed radical 

maturation of DC after adenoviral transduction, leading to increased proliferation of T cells 

in MLR. This was reversed completely by adding IL-10 into the medium30;31. In another 

experiment, transduction of immature DC with adenovirus encoding GFP upregulated co-

stimulatory molecules and MHCII, whereas no augmentation of the expression of these 

molecules was found in mature DC transduced with adenovirus19. Moreover, transduction 

of both immature and mature DC induced the production of Th1 and inflammatory 

cytokines19. However, the ability of virally-transduced DC to stimulate T cells in MLR was 

altered. Immature DC potentiated the proliferation of T cells in MLR, whereas mature DC 

failed to stimulate T cells in MLR because viral transduction of mature DC resulted in an 
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increased expression of endogenous IDO. Inhibition of IDO restored the ability of DC to 

stimulate the MLR19. However, in our study, transduction of DC with both control 

adenovirus and adenovirus carrying IDO decreased the expression of CD86, while the 

ability of stimulating T cells in MLR was only significantly inhibited in DC transduced 

with adenovirus carrying IDO. The transduction of DC with RGD modified adenovirus has 

not been studied previously. 

Therefore we can only speculate which aspect led to the changed phenotype of DC when 

transduced with both RGD-AdTL and RGD-AdTIDO. The two adenoviruses used by us 

were identical with the exception of the firefly luciferase (in case of the RGD-AdTL) and 

human IDO (in case of the RGD-AdTIDO), with the RGD motif being inserted in both of 

them. However, if the insertion of these genes, or the additional RGD motif in our viral 

construct initiated the phenotype shift, is not clear. Thus, this important finding needs to be 

further investigated.  

Further we show that transduction of DC with RGD-AdTIDO resulted in a 

markedly suppressed proliferation of allogeneic T cells and a higher secretion of specific 

types of cytokines in the MLR. Although suppression of T cell proliferation by DC 

expressing IDO is in line with previous research20;32, the characterization of T cell subtypes 

induced by IDO has not been thoroughly studied so far. First, generation of Treg, as 

documented by the enhanced foxp3 expression was found. Although this increase was 

relatively small, a small increase in the foxp3 expression is sufficient for promoting the 

tolerance32. Several subsets of CD4+ T cells with regulatory properties have been 

described, namely CD4+CD25+ Treg that suppress T-cell response in a cell-to-cell contact 

dependent manner, and Th3 and Tr1 subsets that exert their suppressive activity through the 

release of immunosuppressive cytokines6. Transduction with RGD-AdTIDO stimulated the 

expression of IL-10, which is the typical cytokine expressed by Tr1 Treg6. Also, IL-13 and 

TGF-β were expressed after IDO transduction, however, in case of TGF-β, also by the 

control virus transduction. A possible explanation for higher TGF-β expression might be 

the increased number of T cells in the MLR in the RGD-AdTL group in comparison with 

the RGD-AdTIDO-DC group. Foxp3, IL-10 and TGF-β however, could be expressed by 

both Treg/Tr1 subsets and tolerogenic DC. DC can promote a tolerogenic environment 

through production of suppressive cytokines (such as IL-10, IL-13 and TGF-β)33. These 

tolerogenic DC can expand immunosuppressive Treg, which function to inhibit effector cell 

proliferation and activation33. It is hard to distinguish therefore, whether the increased 

expression of IL-10, IL-13 and TGF-β found in IDO transduced DC originates from DC 



96     

 

itself, or from Treg generated by these DC. The former is favored, as DC expressing IDO 

also co-express IL-10 and TGF-β2.  

The mechanism of the immunosuppressive and tolerogenic effect of IDO includes 

tryptophan depletion and an increased level of kynurenine33. Three pathways may be 

involved in producing their immune modulatory effects: T cell anergy, T cell apoptosis and 

promotion of tolerance via foxp3 expression2. Tryptophan depletion and an increased 

kynurenine level may explain the decreased T cells proliferation. We also found increased 

regulatory T cell formation, as reflected by up-regulation of foxp3 selectively in the RGD-

AdTIDO-DC stimulated group. Tryptophan starvation can be sensed by cells via activation 

of GCN2 (general control nonrepressed 2) kinase, which directly binds uncharged tRNAs34. 

It was found that tryptophan depletion resulted in activation of the GCN2 pathway, the 

down-regulation of CD3 zeta-chain in CD8+ T cells35 and inhibition of Th17 cell 

differentiation36. Although GCN2 also contributes to Treg generation in an IDO-high 

environment35, this hypothesis seems falsified by our observation of increased IL-17, a 

marker for Th17 cells, in RGD-AdTIDO-DC T cells. The increased IL-17 suggests the 

generation of proinflammatory Th17 cells. Moreover, also IL-2, another pro-inflammatory 

cytokine was found increased in the group stimulated with RGD-AdTIDO-DC. It is 

therefore possible, that although IDO suppressed the T cell proliferation and induced Treg 

subpopulation, it also stimulated particular inflammatory response.  

The second mechanism of immune suppression elicited by IDO is due to the direct 

effects of the tryptophan metabolites, such as kynurenine on target cells34. In addition to 

kynurenine, also other IDO metabolites can induce immunosuppression36;37. In the case of 

CD4+ T cells, IDO metabolites favor expansion of foxp3 Treg35;37.   

Additionally, we found increased level of IL-4 mRNA, an anti-inflammatory cytokine38, in 

both RGD-AdTIDO-DC and RGD-AdTL-DC stimulated groups. Because IL-4 is generated 

by Th2 subpopulation of T cells39, it is thus possible, that also a second small colony of Th2 

cells is present in both groups. Th2 cells proliferate from naïve T cells after contact with 

extracellular pathogens39. It might be therefore possible, that this Th2 subpopulation is 

generated in response to the viral vector itself.  

It should be noted that the adenoviral vectors that we have used in transducting DC 

are partially immunogenic themselves. Thus, it may be crucial, especially in the context of 

human DC transduction, to use a viral vector which is devoid of any gene expression, i.e. 

the third generation “gutless” adenovirus, to avoid the unwanted immunogenic stimulation.  

In conclusion, we document here for the first time that mature rat DC isolated from 

bone marrow changed their phenotype towards an immature one after transduction with 
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RGD-adenoviruses carrying the gene for hIDO and luciferase, as reflected by the decreased 

surface of CD86 expression. However, it was only the DC expressing IDO that suppressed 

the proliferation of naïve T cells in vitro. This was associated with increased expression of 

foxp3, IL-10, TGF-β and IL-13 by the T cells co-cultured with RGD-AdTIDO-DC, which 

suggests generation of Tr1 subset of T cells. However, also the pro-inflammatory cytokines 

IL2, IL17 were up-regulated. Whether the anti-inflammatory/tolerogenic milieu would 

overwhelm the pro-inflammatory effects of these cytokines remains to be investigated.  
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Abstract  
Background: Chronic transplant dysfunction (CTD) is the leading cause of long-term loss 

of the renal allograft. So far, no single test is available to reliably predict the risk for CTD. 

Monitoring of tryptophan metabolism through the enzyme Indoleamine 2.3-dioxygenase 

(IDO) has been previously proposed to predict acute rejection of human kidney transplants. 

Here we investigate the potential of IDO to predict the long-term outcome of human kidney 

transplantation.  

 

Methods: During the 2 year follow-up blood, urine and kidney biopsies were collected from 

48 renal transplant patients. Concentrations of kynurenine and tryptophan in serum and 

urine were measured 2 weeks, 6 months and 2 years after transplantation. Kynurenine to 

tryptophan ratio (kyn/trp) was calculated as an estimate of IDO activity. To evaluate the 

histological changes and IDO expression, PAS staining and immunohistochemistry for IDO 

was performed on biopsies taken at 6 months and at 2 year follow-up. Correlation analysis 

between tryptophan, kynurenine, kyn/trp ratio, clinical data and immunohistochemistry was 

performed. 

 

Results: Urine IDO activity 2 years after transplantation was increased as compared to 2 

week values, whereas serum IDO activity decreased. In 2 year biopsies IDO expression was 

found in infiltrating inflammatory cells and in the glomeruli. The amount of IDO staining 

did not correlate with the histologic damage in the renal biopsies, nor with the levels of 

tryptophan, kynurenine and kyn/trp ratio in serum and urine. Serum level of kynurenine 6 

months after transplantation predicted the serum creatinine 2 years after transplantation. 

Additionally, the urine level of tryptophan 2 weeks after transplantation predicted the serum 

creatinine 6 months and the estimated creatinine clearance 2 years after transplantation.  

 

Conclusion: Early serum and urine levels of tryptophan and kynurenine predicted the 2 year  

outcome in patients after transplantation. Therefore, these parameters might offer a novel 

route for early diagnosis of CTD. 
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Introduction 
The short-term outcome of renal transplantation has improved during the past 20 

years. The introduction of cyclosporine in the early 80’s and the use of newer and a 

combination of immunosuppressive drugs such as mycophenolate mofetil and mTOR 

(mammalian target of rapamycin) inhibitors have substantially increased the rate of short-

term graft survival1. However, long-term graft survival has not noticeably improved2. 

Among all causes of long-term graft failure, chronic transplant dysfunction (CTD) is the 

most common indication for re-transplantation1. The cause of CTD is multifactorial, with 

alloresponsiveness, diabetes mellitus, hypertension and nephrotoxicity of 

immunosuppressants having a role herein3-5. Clinically, hypertension, increased levels of 

serum creatinine and proteinuria are found in the patients with signs of CTD6. The definite 

diagnosis requires histological analysis of a kidney biopsy in which interstitial fibrosis, 

tubular atrophy and glomerulosclerosis are indicators for CTD7. Although needle biopsy of 

the graft is the most sensitive diagnostic method, there is a 5-10% risk of biopsy-associated 

complications8, such as hematoma, infections (including sepsis and peri-renal abscess) and 

even loss of the renal graft9. 

As currently no single test is available to accurately predict the risk for CTD, the 

search for a suitable biomarker for CTD is still ongoing. In contrast to biopsies, such a 

marker would allow close monitoring of the development of CTD, especially in high risk 

patients. Consequently, the use of renal graft biopsy for graft monitoring may be 

minimized. Additionally, immunosuppressive therapy could be tailored according to the 

individual risk profile10. 

 Monitoring of tryptophan (trp) metabolism through the enzyme Indoleamine 2.3-

dioxygenase (IDO) has been previously proposed to predict acute rejection in renal 

transplant patients.  IDO11 catalyzes the initial and rate-limiting step of tryptophan 

oxidative catabolism with formation of several intermediaries, collectively referred to as 

kynurenines (kyn)12;13. The rate of tryptophan degradation, expressed as the kyn/trp ratio, 

has been used as a good estimate of enzymatic activity of IDO14;15.  

IDO has been documented to be critically involved in establishing immune tolerance 

against paternal antigens in pregnant mice16 and in inducing T-cell unresponsiveness11;17;18. 

Moreover, several studies indicate IDO activity or levels of its substrate and/or metabolites 

to associate with or predict acute rejection. Brandacher et al.19 documented elevated serum 

and urinary kyn/trp ratios during acute rejection of human kidney transplants. Further, 

Lahdou et al.20 found that increased pre-transplantation serum kynurenine levels predict 

acute kidney allograft rejection in humans. Additionally, IDO activity correlates with the 
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severity of chronic kidney disease13. There is yet no data regarding IDO activity or 

tryptophan metabolism in relation to the development of CTD or in long-term, 

uncomplicated renal transplantation. As a first step towards assessing the potential use of 

IDO activity as a biomarker in patients with CTD, we analyzed the levels of tryptophan and 

kynurenines in both serum and urine samples during a follow-up period of 2 years in kidney 

transplant patients. Moreover, level of rejection (Banff score) and IDO expression in renal 

biopsies was assessed using (immuno)histochemistry and correlation and multivariate 

regression analyses were performed between tryptophan metabolism and long-term renal 

outcome. 
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Material and Methods 
Study design and patient population 

Forty eight patients (thirty two male and sixteen female, aged between 18 and 70 years), 

receiving a kidney transplant were included in a 24 month, prospective, randomized trial. 

The immunosuppressive treatment prior to the transplantation and during the follow-up was 

previously described2. Briefly, the peri-operative immunosuppressive regimen consisted of 

20 mg badiliximab i.v. prior to transplantation and on day 4 and two doses of 50 mg 

prednisolone i.v. during the first 48 hrs. During the first 6 months after transplantation, all 

patients received oral prednisolone (P) and triple-drug therapy consisting of cyclosporine A 

(CsA), mycophenolic sodium (MPS) and everolimus (EVL) (Table 1). After 6 months, the 

patients were randomized to double therapy with P/CsA, P/MPS, or P/EVL. Patients with 

histologic features of rejection continued on the triple-drug medication. 

Immunosuppressive drug exposure was closely monitored and its level was adjusted when 

necessary. Scheduled renal biopsies were performed at 6 months and 2 years after 

transplantation.  

 

 
Table 1. Immunosuppressive therapy during the follow up. During the first six months after 
transplantation all patients received triple therapy consisting of CsA, MPS and EVL. The drug 
regimen thereafter consisted of double therapy with P/CsA, P/MPS, or P/EVL or continuation of the 
triple-drug medication (triple therapy). P-prednisolone; CsA-cyclosporine A; MPS-mycophenolate 
sodium; EVL-everolimus 
 

first 6 months after transplantation    after 6 months 

 triple therapy (CsA+MPS+EVL)   P/CsA       P/MPS      P/EVL   triple therapy  

 patients (n)   48                             15              6              15              12 

 

 

Clinical parameters 

Serum and urine from these patients were collected at 2 weeks (2 wk), 6 months (6 mo) and 

2 years (2 yrs) after transplantation. Clinical parameters (blood pressure, body weight) as 

well as serum creatinine and albuminuria were measured at each time point. Estimated 

creatinine clearance was calculated according to the Cockroft-Gault formula (140 – age) x 

body weight x gender coefficient/serum creatinine)13.  
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Tryptophan and kynurenine measurement  

The concentration of tryptophan and kynurenines in serum and urine was measured by a 

high-throughput on-line solid-phase extraction-liquid chromatographic-tandem mass 

spectrometer (XLC-MS/MS), as described earlier21. Briefly, fifty microliters of serum or 

urine were pre-purified by automated on-line solid-phase extraction, using strong cation 

exchange (PRS, propylsulphonic) cartridges. Chromatographic separation of the analytes 

and deuterated analogues occurred by C18 reversed phase chromatography. Mass 

spectrometric detection was performed in the multiple reaction-monitoring mode using a 

quadrupole tandem mass spectrometer with positive electrospray ionization. Detection limit 

was 30 nmol/l for tryptophan and 1 nmol/l for kynurenines. Finally, kynurenine/tryptophan 

(kyn/trp) ratio was calculated as an indirect estimate of IDO activity. 

 

Histology and Immunohistochemistry 

PAS staining was performed on biopsies taken at 6 months and at 2 year follow-up, 

according to the standard protocol.  

Immunohistochemistry for IDO was performed on biopsies taken at 6 months and at 2 years 

after transplantation. Normal kidneys were used as controls. Biopsies were dewaxed and 

subjected to antigen retrieval by 15 min incubation in 0.1M Tris/HCl buffer, pH 9.0, at 

80C. Mouse hybridoma anti-IDO primary antibody was used to assess the IDO expression. 

For immunohistochemistry, a three-step immunoperoxidase technique was used, according 

to standard techniques. Peroxidase activity was developed using 3, 3’-diaminobenzidine 

tetrachloride and H2O2. The cortical staining was measured using an Aperio-Image Scope 

based protocol and these values were further used in the correlation analysis.  

 

Statistical analysis  

Data are presented as mean ± SEM in case of normal distribution and as median 

(interquartile range) in case of skewed distribution. Significance was tested with the 

ANOVA for repeated measures followed by a least significant difference post hoc test, or 

with the Friedman test, as appropriate (SPSS). The potential relationships between 

tryptophan and kynurenine concentrations and kyn/trp ratio and clinical parameters were 

analyzed using Pearson’s parametric correlation test or Spearman’s non-parametric test as 

appropriate (SPSS). Multivariate linear regression analyses with forward stepwise 

procedure were performed to identify significant predictors of long-term renal outcome 

(plasma creatinine and albuminuria as dependent variables) among the concentrations of 

tryptophan and kynurenine and kyn/trp ratio 2 weeks and 6 months after transplantation 
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(independent variables). To avoid multicollinearity, the independent variables which were 

in correlation were excluded from data set and included to another data set where no inter-

variable correlation occurred. Differences were considered significant at p<0.05.  
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Results 
Patients, assessment of the biopsies and clinical follow-up 

Table 2 gives an overview of the demographic characteristics of the patients.  

 

 

Table 2. Demographic characteristics of the patients 

 

Number of patients (male/female)    48 (32/16) 

Age in years (mean ± SEM)     49.2 ± 2.0 

Cause of end-stage renal disease (number of patients) 

  Glomerulonephritis     12 

  Polycystic kidney disease    10 

  Urological (postrenal) causes    7 

  Hypertensive nephropathy     3 

  Vascular       2 

  Diabetes mellitus     1 

  Other      13 

Donor (number of patients) 

  Living nonrelative donor    10 

  Living relative donor    9 

  Cadaveric donor     29 

Mean duration of cold ischemia (hrs)    11.1 ± 1.2 
 

 

 

Body weight, blood pressure, serum creatinine and albuminuria were monitored during the 

2 year follow up. These data are depicted in Table 3. Body weight increased significantly at 

2 years as compared to 2 week values. There were no significant changes in systolic blood 

pressure between all three time points however diastolic blood pressure was significantly 

elevated at 6 months and 2 years after transplantation, compared to the values at 2 weeks 

after transplantation. Serum creatinine and estimated creatinine clearance decreased at 6 
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months after transplantation and remained at this level untill the end of the follow-up. A 

small but significant increase in albuminuria was seen at 6 months and 2 years after 

transplantation, compared to the second posttransplantational week. There were no 

significant differences between the four arms of immunosuppressive treatments (data not 

shown). 

 

Table 3.  Clinical parameters, serum creatinine and albuminuria during the follow-up. Data are 
expressed as mean ± SEM in case of normal distribution and as median (interquartile range) in case of 
skewed distribution; * p<0.05 versus 2 weeks.  
     2 weeks  6 months 2 years 

Body weight (kg)    74.4 ± 2.0 79.4 ± 2.1 81.0 ± 2.1*  

Systolic blood pressure (mmHg)  143.6 ± 2.8 145.4 ± 2.3 150.4 ± 1.9 

Diastolic blood pressure (mmHg)  81.1 ± 1.5 90.7 ± 2.1* 91.1 ± 1.6* 

Mean arterial pressure (mmHg)  102.0 ± 1.7 109.0 ± 1.9* 110.9± 1.8* 

Serum creatinine (µmol/l)   164 (332)  118.5 (48.2)* 114 (68)* 

Creatinine clearance (ml/min)   49.4 (37.8) 72.5 (28.9) * 65.2(33.8)* 
 
Albuminuria (mg/24 hrs)   34 (5)  42 (2.5)*  40 (4)*  
 

 

 

Based on histological analysis of the renal biopsy at 6 months follow-up, from the 48 

patients studied, 3 patients suffered from acute rejection (Banff score 1A), 5 patients were 

on the borderline of acute rejection, 15 patients showed slight reactive changes and 15 

patients did not show any significant histological changes. For six patients no biopsy was 

performed. Four biopsies showed no adequate or no kidney tissue. 

Table 4 depicts the results of the histological analysis at 2 year follow-up. Two patients 

showed clear signs of acute rejection (Banff 1A), 25 patients showed a borderline acute 

rejection pattern and 23 patients showed various degrees of interstitial fibrosis and tubular 

atrophy (IFTA). In 15 patients both signs of borderline acute rejection as well as IFTA were 

found. No significant changes were found in 10 biopsies. For 3 patients no biopsy was 

available or the biopsy was inadequate.  
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Table 4. Histologic changes at 2 years. From the 48 patients included, for 3 patients no biopsy was 
available. IFTA = interstitial fibrosis and tubular atrophy. 
 

Histologic changes     Number  

Acute rejection Banff 1A    2  

Borderline acute rejection     25  

IFTA      23 

IFTA + Borderline acute rejection   15 

No changes      10 

 

 

 

Serum tryptophan, kynurenine and kyn/trp ratio 

In comparison with 2 weeks after transplantation, the serum level of tryptophan was 

increased at 6 months and 2 years after transplantation and slightly decreased at 2 years in 

comparison with 6 months (Figure 1A, p<0.05). Serum level of kynurenine increased at 6 

months as compared to 2 weeks and returned to the level of the 2 week by 2 years after 

transplantation (Figure 1B, p<0.05). Consequently, the serum IDO activity calculated as 

kyp/trp ratio was not changed at 6 months after transplantation as compared to the 2 weeks 

level and decreased significantly at 2 years (Figure 1C, p<0.05). No significant differences 

were found in serum tryptophan, kynurenine and kyn/trp ratio between the four 

immunosuppressive treatments (data not shown). In summary, IDO activity in serum is 

decreased at 2 years post-transplantation as compared to 2 week level. 

 

Urine tryptophan, kynurenine and kyn/trp ratio 

We also determined urine concentrations of tryptophan, kynurenine and kyn/trp ratio in our 

patients. The level of tryptophan at month 6 decreased significantly compared to week 2 

(Figure 2A, p<0.05) and remained stable at 2 years post-transplantation. The urine level of 

kynurenine decreased significantly at 6 months compared to week 2 (Figure 2B, p<0.05). 

Consequently, no change was observed in kyn/trp ratio from week 2 to 6 months. However, 

the kyn/trp ratio did significantly increase at 2 years in comparison with both 2 weeks and 6 

months (Figure 2C, p<0.05). No significant differences were found in urine tryptophan, 

kynurenine and kyn/trp ratio between the four immunosuppressive treatments (data not 

shown). In conclusion, IDO activity in urine is increased at 2 years post-transplantation as 

compared to 2 week and 6 months levels.  
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Figure 1. Changes in serum levels of 
tryptophan, kynurenine and kyn/trp 
ratio during the 2 years follow-up. 
The level of tryptophan (A) increased at 
month 6 after transplantation and 
remained increased thereafter. The level 
of kynurenine (B) increased at month 6 
and again decreased at 2 years. The 
kyn/trp ratio (C) decreased during the 
follow-up. * p<0.05 vs 2 wk; # p<0.05 
vs 6 mo; trp, tryptophan; kyn, 
kynurenine; wk, weeks; mo, months; 
yrs; years 
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We further investigated the expression of IDO protein in the 6 month- and 2 year-biopsies, 

using immunohistochemistry. In normal kidneys, a very limited expression of IDO was 

found in some distal tubular epithelial cells. In the 6 month-biopsies of the patients with 

acute rejection, a clear expression of IDO was found in the infiltrating inflammatory cells 

that morphologically resembled macrophages and dendritic cells (Figure 3A). There was 

also some expression in glomerular (mostly endothelial) cells (Figure 3B). In the 2 year 

biopsies of the patients with signs of chronic damage (IFTA), IDO expression was found 

around the atrophic tubules (Figure 3C). There was also a variable amount of glomerular 

staining, with some glomeruli showing strong expression of IDO in cells morphologically 

resembling endothelial cells and mesangial cells (Figure 3D). A very limited expression 

was found in the tubular epithelial cells. 

Figure 2. Changes in urine levels of 
tryptophan, kynurenine and 
kyn/trp ratio during the 2 years 
follow-up. The level of tryptophan 
(A) decreased at month 6 and 
remained stable thereafter. The level 
of kynurenine (B) decreased at month 
6 after transplantation. The kyn/trp 
ratio (C) increased at year 2. * p<0.05 
vs 2 wk; # p<0.05 vs 6 mo; trp, 
tryptophan; kyn, kynurenine; wk, 
weeks; mo, months; yrs; years 
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Figure 3. Localization of IDO in acute rejection (A, B) and chronic transplant damage (C, D). 
Arrows indicate positive cells, including interstitially located inflammatory cells (black arrows), 
glomerular endothelial cells (dashed black arrows) and mesangial cells (red arrow).  
 

 

The amount of IDO staining, as assessed by morphometric analysis (data not shown), did 

not correlate with the histologic damage in the renal biopsies, nor with the levels of 

tryptophan, kynurenine and kyn/trp ratio in serum and urine.  

 

The serum level of kynurenine 6 months after transplantation predicted the serum 

creatinine at 2 years after transplantation 

Both serum kynurenine level and kyn/trp ratio at 6 months after transplantation correlated 

with the serum creatinine at 2 years after transplantation (Figure 4A, R = 0.444, Figure 4B, 

R = 0.410, p<0.05, respectively). Moreover, both serum kynurenine level and kyn/trp ratio 

at 6 months correlated with the serum creatinine at the same time point (R = 0.548, R = 

0.516, p<0.05, respectively). Multiple regression analyses identified serum kynurenine 

level at 6 months as the only independent predictor for serum creatinine at 2 years (best 

fitting model: serum creatinine 2 years = 85.3 + 19.8 x kynurenine 6 months; R = 0.336; 
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p<0.05), when serum tryptophan 2 weeks, kynurenine 2 weeks and kynurenine 6 months 

were included as independent factors.  

We did not find correlations between tryptophan or tryptophan metabolites levels and the 

extent of the transplant damage, as assessed by the renal biopsies (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The correlations between serum levels of kynurenine, kyn/trp ratio and serum 
creatinine. The level of kynurenine 6 months after transplantation correlated with the serum 
creatinine 2 years after transplantation (A). The serum kyn/trp ratio 6 months after transplantation 
correlated with the serum creatinine 2 years after transplantation (B). p<0.05; mo, months; yrs, years 
  

kynurenine 6 mo (mol/l)

1,0 2,0 3,0 4,0 5,0 6,0

se
ru

m
 c

re
at

in
in

e 
2 

yr
s 

(
m

ol
/l)

0

50

100

150

200

250

300 A
R= 0.444
p< 0.05

kyn/trp ratio 6 mo 
0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14

se
ru

m
 c

re
at

in
in

e 
2 

yr
s 

(
m

ol
/l)

0

50

100

150

200

250

300 B R= 0.410
p< 0.05



Rijksuniversiteit Groningen
IDO in renal transplantation 

117 

 

                                               
Tryptophan metabolism preditcts long‐term renal 

The urine level of tryptophan 2 weeks after transplantation predicted the serum creatinine 

at 6 months and the estimated creatinine clearance 2 years after transplantation 

We found that the urine tryptophan level and kyn/trp ratio at week 2 after transplantation 

correlated with the serum creatinine at month 6 and year 2 after transplantation, in the case 

of tryptophan the correlation being negative (Figure 5A, R = -0.281, Figure 5B, R = 0.341, 

Figure 5C, R = -0.319, Figure 5D, R = 0.326, p<0.05, respectively). Additionally, urine 

tryptophan level at 2 weeks correlated with estimated creatinine clearance 2 years after 

transplantation (R = 0.403, p<0.05). Moreover, both urine tryptophan and kynurenine levels 

at week 2 correlated with the albuminuria at year 2 after transplantation (Figure 5E, R = 

0.285, Figure 5F, R = 0.365, p<0.05, respectively). Additionally, urine kyn/trp ratio at 

month 6 correlated with the albuminuria at year 2 after transplantation (Figure 5G, R = 

0.342, p<0.05). Multiple regression analyses identified urine tryptophan level at 2 weeks as 

the only independent predictor for serum creatinine at month 6 and for estimated creatinine 

clearance at year 2 (best fitting model: serum creatinine 6 months = 116.2 - 0.49 x 

tryptophan 2 weeks; R = 0.530; p<0.05; best fitting model: estimated creatinine clearance 2 

years = 52.4 + 0.36 x tryptophan 2 weeks; R = 0.497; p<0.05;  ), when urine tryptophan 2 

weeks, kyn/trp ratio 2 weeks, tryptophan 6 months and kyn/trp ratio 6 months were 

included as independent factors.  

Thus, the urine tryptophan levels at 2 weeks significantly predicted the higher serum 

creatinine at 6 months. 
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Figure 5. The correlations between 2 weeks urine tryptophan, kyn/trp ratio and serum 
creatinine and albuminuria. The urine tryptophan level 2 weeks after transplantation negatively 
correlated with the serum creatinine 6 months after transplantation (A). The urine kyn/trp ratio at 
week 2 after transplantation correlated with the serum creatinine at month 6 after transplantation (B). 
The urine tryptophan level 2 weeks after transplantation negatively correlated with the serum 
creatinine 2 years after transplantation (C). The urine kyn/trp ratio at week 2 after transplantation 
correlated with the serum creatinine at year 2 after transplantation (D). The urine tryptophan level 2 
weeks after transplantation correlated with the albuminuria 2 years after transplantation (E), as well as 
the urine kynurenine level 2 weeks after transplantation (F). The urine kyn/trp ratio 6 months after 
transplantation correlated with albuminuria 2 years after transplantation (G).  p<0.05; trp, tryptophan; 
kyn, kynurenine; wk, weeks; mo, months; yrs, years; hrs, hours  
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Discussion 
The current study demonstrates that the serum and urine levels of tryptophan and 

kynurenine measured early after renal transplantation (i.e. at 2 weeks and 6 months) predict 

long-term renal outcome after transplantation, as assessed by serum creatinine and 

albuminuria in patients without overt CTD. The progressive decline in the renal function 

and the development of proteinuria and hypertension, are indicators alerting the clinician to 

the presence of CTD6. A biomarker which could predict these changes years before may 

allow early identification of patients at high risk for development of CTD. Our data indicate 

that the analysis of tryptophan metabolism early after transplantation might contribute to 

early detection of CTD. 

Several studies suggested the changes in tryptophan, kynurenine and IDO activity 

to reflect the short-term outcome of kidney transplantation. Serum kyn/trp ratio is higher in 

non-rejecting renal allograft recipients in comparison with healthy volunteers19. Moreover, 

kyn/trp is rapidly increasing in recipients with acute rejection compared to non-rejectors as 

early as by day one post-transplant. Additionally, IDO-positive cells were detected in renal 

biopsy of rejecting patients but not of those who did not reject the graft19. It has also been 

shown that serum tryptophan and kynurenine levels predict acute rejection of human kidney 

transplant. The pre-transplant levels of serum kynurenine and tryptophan were increased in 

patients who went on to develop acute renal rejection compared to those who did not20. 

These and other findings22 indicate that IDO activity is induced during acute rejection. Up 

till now, there is a lack of information regarding IDO activity, expression and tryptophan 

catabolism in long-term post-transplant outcome. Schefold et al.13 analyzed tryptophan 

catabolism and IDO activity in a cohort of forty patients with chronic kidney disease with 

various backgrounds, such as diabetic and hypertensive nephropathy and 

glomerulonephritis. The serum tryptophan level was relatively unchanged, but IDO activity 

and serum levels of tryptophan catabolites (such as kynurenine, kynurenic acid and 

quinolinic acid) increased with the severity of chronic kidney disease. Furthermore, the 

levels of kynurenic and quinolinic acid correlated with serum creatinine, creatinine 

clearance and in the case of kynurenic acid, also with eGFR13. The induction of IDO in 

chronic kidney diseases may primarily be a consequence of chronic inflammation13.  

In our study, urine IDO activity 2 years after transplantation was increased as 

compared to 2 week values, whereas serum IDO activity decreased. Previously, little IDO 

expression was found in kidney biopsies without acute rejection approximately 2 weeks 

after transplantation19, whereas strong IDO expression was found in our study at 2 years 

after grafting. It may thus be possible that the increased IDO activity in urine at 2 years 
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reflects the increased expression of IDO in the transplanted kidney. However, no 

correlation was found between the amount of IDO staining and the kyn/trp ratio in urine, 

possible because not all the IDO protein in the kidney is enzymatically active. Earlier, 

Brandacher et al.19 documented IDO expression in acutely rejected renal grafts. IDO 

positive cells were identified in the mononuclear cell infiltrates and the tubular epithelial 

cells. In our study, the strongest expression was also found in the interstitial inflammatory 

infiltrates. Only weak expression was found in tubular epithelial cells and, as opposed to 

the study of Brandacher et al., glomerular staining in (mostly) endothelial cells was also 

documented. The reason for this difference is unclear; it may rely for instance on the time 

to biopsy (6 months in our study vs. weeks in the study of Brandacher), the differences in 

the anti-IDO antibody or the differences in the (induction) immunosuppressive medication. 

In the 2 year biopsies IDO expression followed a similar pattern, however stronger 

expression was noticed in (both endothelial and mesangial) glomerular cells. This pattern of 

IDO expression is not unexpected. IDO is known to be up-regulated in immunologically 

active cells (i.e., infiltrating mononuclear cells). Also, expression of IDO in endothelial 

cells at the foeto-maternal interface has been earlier documented23. Expression of IDO in 

mesangial cells has, to the best of our knowledge, not been reported so far. What role does 

exactly IDO play in these cells remains to be elucidated.  

In this study we describe for the first time the kinetics of the tryptophan 

metabolism during a 2 year follow up after kidney transplantation in humans. Moreover, we 

document that the levels of tryptophan and its metabolite kynurenine at week 2 and month 6 

can predict the long-term changes in serum creatinine and albuminuria. Hence, analyzing 

the combination of tryptophan, kynurenine and kyn/trp ratio early after the transplantation 

may assist the clinician to define the subgroup of the patients more likely to develop CTD. 
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Summary 
A new era in the renal medicine started in 1954, when the first kidney 

transplantation was performed between identical twins1. Over the years, kidney 

transplantation has considerably improved both quality of life and lifespan of millions of 

patients with end-stage renal failure. However, graft survival relies on patients chronically 

taking strong immunosuppressive drugs with possible life-threatening side effects. 

Moreover, even with the advanced use of multiple, complementary immunosuppressive 

therapies, most of the grafts progressively lose their function due to a combination of 

immune- and non-immune-mediated damage2. Up to 30% of the patients receiving renal 

graft experience one or more acute rejection episodes within the first year after 

transplantation3. However, the major cause of graft loss following renal transplantation is 

chronic transplant dysfunction (CTD)4, which is characterized by a progressive decline in 

renal function, associated with proteinuria, hypertension and progressive tissue damage in 

previously well-functioning grafts2. As a result, half of all transplanted kidneys fail within 

10 years after engraftment5;6.  

So far, no effective therapy exists to prevent or treat CTD despite several clinical 

attempts7. Therefore, the improvement of transplantation outcome is critically dependent on 

novel strategies to influence different factors involved in the development of CTD, i.e. 

either the induction of a state of donor-specific tolerance or amelioration of several non-

immune aspects (such as minimization of immunosuppressive drug use with well-known 

nephrotoxic side-effects). Gene therapy represents an appealing approach to improve long-

term survival of the renal graft as it may locally target both immune and non-immune 

mechanisms involved in graft failure with relatively low renal and systemic 

impact/toxicity8. Here we have chosen as target of intervention the immunomodulatory 

molecule Indoleamine 2.3-dioxygenase (IDO). We first investigated the effects of local 

gene therapy with IDO in a rat model of acute kidney transplant rejection. Based on the 

promising results of this study we have further tested the same approach in animal rat 

model of CTD. Moreover, we explored the feasibility of producing and the therapeutic 

potential of genetically modified IDO-expressing dendritic cells in vitro. Finally, we have 

made the step to the clinical setting, whereby we studied the tryptophan metabolism and its 

possible usefulness as a biomarker tool in patients after renal transplantation.  
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Local gene therapy with IDO in acute rejection and CTD 

IDO is the rate-limiting enzyme in the metabolism of the aminoacid tryptophan, 

which was documented in the early literature as an inhibitor of the proliferation of 

facultative intracellular pathogens and tumor cells9. In 1999, Mellor and Munn documented 

a striking new property of IDO, namely its crucial role in the foeto-maternal tolerance10. 

Until now, a number of studies have been performed using IDO as a treatment for acute 

rejection following solid organ transplantation (summarized in table 1). However, no study 

has investigated yet IDO therapy in renal transplantation. As a proof of concept of the 

beneficial effects of IDO gene therapy in kidney transplantation, we investigated in chapter 

2 the effects of local gene therapy with human IDO (hIDO) in a rat model of acute renal 

rejection. As a gene delivery vector we used our previously characterized RGD-modified 

first generation adenovirus11. We found that in the absence of any additional 

immunosuppression, local gene therapy with IDO attenuated the functional and structural 

changes of kidney associated with acute rejection. Specifically, IDO treatment decreased 

plasma creatinine levels, which was accompanied by a significant reduction of the tubular 

injury and interstitial fibrosis, as well as a substantial reduction in the renal inflammation. 

Furthermore, we examined the mechanisms underlying these protective effects by studying 

the gene expression of several pro-inflammatory and anti-inflammatory cytokines. IDO 

treatment strongly inhibited the expression of the pro-inflammatory cytokines IL-2 and IL-

17, and reduced the expression of the pro-fibrotic TGF-β, which coincided with decreased 

alpha-SMA staining, which is a marker of early interstitial fibrosis. This data suggests that 

the protective effects of IDO are mediated by inhibition of an adaptive immune response 

targeted at destroying the allograft. Direct inhibitory effect on cytotoxic T cells and indirect 

via reduced immunomodulatory cytokine expression may be involved herein.  
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Table 1. Experimental models used to explore IDO as the therapy in organ transplantations.  

transplanted organ experimental model IDO treatment/delivery reference  

lungs rat (LW to SD) sleaping beauty transposon 12 

 rat (LW to SD) plasmid 13 

  

heart rat (F344 to LW) adenovirus gene delivery 14  

 mouse adenovirus gene delivery 15 

skin rat (BN to LW) trp metabolite mixture 16 

 mouse IDO transduced BMDC 17 

pancreatic islets mouse adenovirus gene delivery 18 

cornea mouse IDO overexpression by INF and TNF 19 

kidney rat (F344 to LW) adenovirus gene delivery this thesis 

 rat (DA to WF) adenovirus gene delivery this thesis 

 

Abbreviations: LW Lewis; SD Sprague Dawley; BN Brown Norway;  F344 Fisher; BMDC bone 
marrow derived dendritic cells; INF interferon; TNF tumor necrosis factor;  DA Dark Agouti; WF 
Wistar Furth     
 

 

Interestingly, by the end of the study, we found a 4.5-fold stronger transgene 

(GFP) expression in the adenovirus-IDO compared to the adenovirus-control group, despite 

renal transduction with equal amounts of viral titers. This may reflect the IDO-mediated 

inhibition of T cell infiltration or function, including that directed at clearance of the virus-

infected renal cells and presumably account for longer duration of transgene expression 

under therapy with IDO. Based on these promissing findings, we have sought in chapter 3 

to investigate the effect of local IDO gene therapy on development of CTD. Hereto we used 

as animal model kidney transplantation in the Dark Agouti to Wistar Furth combination. In 

this well established model CTD develops within first three months post-transplantation7. 

The major finding in this chapter was that IDO gene therapy attenuated the key features of 

CTD. IDO therapy was associated with a significant decrease in proteinuria and systolic 

blood pressure and morphologically with reduced incidence of transplant vasculitis and 

infiltration of macrophages into the transplanted graft. Interestingly, despite sustained 

protective effects in time, we did not detect any hIDO anymore in the transduced grafts at 

the end of the study. We did document an increased foxp3 and TGF-β mRNA levels in the 

renal graft treated with adenovirus-IDO by the end of the study. Thus, the protective effects 

of IDO found in our study may be due in part to a tolerogenic effect of IDO (possibly TGF-
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β mediated), in addition to interference with the regulation of blood pressure and 

proteinuria. Thus, gene therapy with IDO constitute a new appealing strategy in the 

armamentarium against CTD.  

 

IDO expressing dendritic cells: therapeutical tool in transplantation? 

Due to their crucial role in the initiation of the adaptive immune responses, 

dendritic cells (DC) may represent an ideal vehicle for targeted immune modulation in 

kidney transplantation. There is a growing body of evidence that DC expressing IDO can 

suppress T cell response and promote tolerance20. Short-lasting IDO expression can be 

induced in DC by, for instance, in vitro stimulation with IFN-gamma. Long-term 

expression may be achieved by genetic modification of DC. Before making the step to the 

animal models, detailed in vitro analysis of these genetically modified dendritic cells has 

first to be performed. Therefore, in chapter 4 we explored the feasibility of producing and 

the therapeutic potential of genetically modified IDO-expressing dendritic cells in vitro. 

Bone-marrow derived rat dendritic cells were transduced with an RGD-adenovirus-IDO, 

RGD-adenovirus-control or left untransduced.  

Interestingly, the transduction with both the RGD-adenovirus-IDO and the RGD-

adenovirus-control steered the fully mature phenotype of DC towards an immature one, as 

documented by a markedly decreased level of CD86. In MLR with naïve allogeneic T cells 

however, only IDO expressing DC featured suppressive properties. The reduced 

proliferation of T cells caused by IDO-transfected-dendritic cells was associated with 

increased foxp3, TGF-β, IL-13 and IL-10 expression, which suggests preferential 

generation of Tr1 subset of T cells. However, unexpectedly, we also found increased 

production of the pro-inflammatory cytokine IL-2 and IL-17. For future use of genetically 

modified, IDO-expressing DC as a therapeutic tool in renal transplantation, several 

questions need to be clarified. DC transduced with control virus induced the T cell 

proliferation despite the low CD86 levels.  

Although IDO might eliminate the immune response against its “own” viral body, 

there is a need for using another gene delivery vector with decreased potential to trigger an 

immune reaction, such as the helper-dependent (“gutless”) adenovirus, or adeno-associated 

virus.  

 

Endogenous IDO expression – no protection but prediction? 

So far, the only reliable method to assess the (risk of) development of CTD is the 

needle biopsy, with its possible complications and sampling limitations21;22. Therefore, the 
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search for a non-invasive, reliable and early predictor of long-term renal graft outcome is 

still ongoing. In chapter 5 we studied the predictive value of IDO substrate tryptophan, its 

metabolite kynurenine, and kyn/trp ratio, which reflects the IDO enzymatic activity, in a 

cohort of 48 patients after renal transplantation. Our observations that the early 

posttransplant levels of serum and urine tryptophan and kynurenine are predictors of 

creatinine and albuminuria 2 years after transplantation suggested that IDO might be 

utilized as an early diagnostic tool of CTD. However, the finding that increased tryptophan 

and kynurenine levels early after transplantation correlate with increased creatinine or 

albuminuria might appear in argument with our previous studies, where the enhanced IDO 

expression protected the allograft against both acute rejection and CTD (chapter 2 and 3). 

It has been shown that IDO expression and activity is increased during the acute allograft 

rejection in patients after renal transplantation23. Moreover, IDO activity predicted the acute 

kidney allograft rejection24. Furthermore, IDO activity increased with the severity of 

various chronic kidney diseases in patients25. On the other hand, various experimental 

studies indicate that IDO is able to protect an allograft from injury12;15;26. Therefore, the 

hypothesis that IDO is “trying” insufficiently to prevent or counterbalance the alloresponse 

is open to speculations and needs further investigation.       

 

Future perspectives 
Antifibrotic properties of kynurenines – preliminary results  

Extensive interstitial fibrosis and tubular atrophy is a hallmark of CTD2. The 

proliferation and activation of fibroblasts into α-smooth muscle actin (α-SMA) expressing 

myofibroblasts is recognized as an early process leading to the development of interstitial 

fibrosis and ultimately loss of renal function27. Moreover, with progressive fibrosis, tubular 

epithelial cells may also acquire a fibroblast-like phenotype (epithelial mesenchymal 

transition), further aggravating the fibrotic process28. Blockade of fibroblast activation 

appears thus crucial to limit long-term fibrosis and may be beneficial for the long-term graft 

survival. In this thesis we showed that IDO gene therapy diminished the expression of α-

SMA and TGF-β in a rat model of acute rejection (chapter 2). Also, it has been observed 

that treatment with sleeping beauty transposon encoding the IDO gene reduced the collagen 

content in lung allografts. In addition, IDO overexpressing lung cells inhibited TGF-

stimulated fibroblast proliferation in vitro12. The mechanism underlying this anti-fibrotic 

property of IDO is not known. Therefore, we explored this mechanism under in vitro 

conditions, in fibroblast culture. To eliminate the possible influence of the viral construct, 

we used conditioned medium from Chinese Hamster Ovarian (CHO) cells transduced with 
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the hIDO gene. The high kynurenine and low tryptophan concentration in this medium was 

confirmed using HPLC (data not shown). Afterwards, mouse embryonic fibroblasts (NIH 

3T3 cells) were pretreated with the conditioned, kynurenine rich medium (kyn medium) or 

conventional DMEM medium for 24 hours. Cells were then treated with TGF-β1 (5 ng/ml) 

for 48 hours, followed by Western blot analysis to assess the expression of α-SMA. As 

expected, TGF-β increased the expression of α-SMA in control cells. Interestingly, kyn 

medium significantly attenuated the TGF-β mediated increase in the expression of α-SMA 

(p<0.05, Figure 1). As myofibroblast activation is primarily dependent on activation of the 

TGF-β/SMAD cell signaling39, we further examined the effect of kynurenine on the 

expression of phosphorylated SMAD2 (pSMAD2). To this end, we employed a SMAD 

binding element (SBE)-luciferase (luc) reporter vector, which produces luciferase in 

response to phosphorylation (activation) of pSMAD2. Fibroblasts were pretreated for one 

hour with two different concentrations of kynurenine (3 and 10 µmol/l) and thereafter 

incubated with two different concentrations of TGF-β (0.3 and 1 ng/ml). Thereafter, cells 

were harvested and luciferase assay was performed. As hypothesized, treatment with 

kynurenine decreased expression of pSMAD2 in the TGF-β stimulated cells compared with 

untreated cells (p<0.05, Figure 2A). Furthermore, we found that even the lowest 

concentration of kynurenine examined (0.1 µmol/l; range 0.1-10 µmol/l) completely 

inhibited pSMAD2 expression after the stimulation with different concentrations of TGF-β 

(0.1-10 ng/ml; Figure 2B). Thus, our results suggest that kynurenine may display an anti-

fibrotic effect through interference with the TGF-β/SMAD signaling. It is known that 

during the sepsis, kynurenines decrease the blood pressure via AC/cAMP pathway30, while 

cAMP prevents TGF-β-induced SMAD-specific gene transactivation in human dermal 

fibroblasts31. Whether an increase in cyclic adenosine monophosphate (cAMP) via 

increased adenylate cyclase (AC) activity is also involved in the anti-fibrotic effect of 

kynurenines, is subject of our current research. Taken together, our data document anti-

fibrotic properties of the kynurenines, which are possibly the result of interference with the 

TGF-β-mediated activation of the renal fibroblasts. This sheds light on a new face of 

beneficial effects of IDO and further supports its potential therapeutic use not only in CTD, 

but also in other fibrotic diseases. 
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Figure 1. α-SMA expression after stimulation with TGF-β. A - representative western blot. B - 
cells stimulated with TGF-β vs cells stimulated with TGF- β and cultured in conditioned medium; α-
SMA-α smooth muscle actin, TGF-b-transforming growth factor β , kyn-conditioned, kynurenine rich 
medium; *p<0.05  data are expressed as average ±SEM 
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Figure 2. A- treatment with both concentrations of kynurenine inhibited the expression of pSMAD2 
after the stimulation with TGF-β. B – Even the lowest concentration of kynurenine completely 
inhibits the pSMAD2 expression after the stimulation with different concentrations of TGF-β. TGF-β-
transforming growth factor β; kyn-kynurenine; *p<0.05 data are expressed as average ±SEM 
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The role of IDO in the induction of tolerance 

The ultimate step in elimination of life-long immunosuppression would be the 

induction of permanent donor-specific tolerance, which results in the acceptance of the 

allograft while maintaining a fully operational immune system of the recipient. From the 

thousands of patients who undergo kidney transplantation, there are rare individuals who 

seem to develop tolerance naturally32. Studies on these patients showed an association of 

transplant tolerance with regulatory T cell (Treg) function, documented by high numbers of 

CD4+CD25+foxp3 T cells33.  A number of strategies to promote tolerance based on Treg 

induction have been tried over the past years33. It is known that IDO is able to induce 

peripheral tolerance via differentiation of T cells into foxp3 Treg20;34. However, the 

mechanism of promoting tolerance by IDO is not clear as are the conditions that promote its 

occurrence. The interplay between IDO, Treg and TGF-β might be the key for achieving 

tolerance. Dendritic cells have been found to be both an early source and a target of TGF-β 

action, as in these cells, autocrine, paracrine and T-cell derived TGF-β activates the 

tolerogenic pathway mediated by IDO35. Moreover, in the spontaneous renal allograft 

acceptance in mice, TGF-β is the leader of tolerance induction during the first months after 

transplantation, whereas later on IDO takes over this role20. Although TGF-β is recognized 

as the main trigger of fibrosis, it also controls T-cell mediated tolerance through inhibition 

of T helper 1 and 2 cells and cytotoxic T cells21;36. Three chapters of this thesis deal with 

the IDO mediated foxp3 and TGF-β expression and hint at their role in the induction of 

tolerance. In the model of acute rejection (chapter 2) increased foxp3 expression was 

found in the IDO treated group (although IDO therapy diminished TGF-β expression and 

the early fibrotic changes). In the CTD model we found increased expression of foxp3 

together with TGF-β in the IDO group (chapter 3) and furthermore, the same result was 

found in the T cells stimulated by IDO transfected dendritic cells (chapter 4). We can thus 

speculate that, in the case of acute rejection, IDO induces foxp3 expression and in CTD 

IDO induces TGF-β expression which leads to up-regulation of foxp3. This might indicate 

that IDO promotes tolerance directly by stimulation of T reg formation, or via TGF-β 

mediated foxp3 expression. 

In conclusion, IDO holds a great therapeutic potential in renal transplantation, as 

our studies document clear beneficial effects on both acute rejection and CTD. These 

effects are the consequence of an orchestra of immune and non-immune mechanisms. On 

one hand IDO suppresses the proliferation of T cell and may promote transplant-tolerance 

by stimulation of T reg formation. On the other hand, the tryptophan catabolites 
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kynurenines may have potent anti-fibrotic properties. Further studies are thus warranted to 

clarify these effects before moving into the clinical arena.  
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Nederlandse samenvatting 
In 1954 werd een nieuw tijdperk in de Nefrologie ingeluid toen de eerste 

niertransplantatie werd uitgevoerd tussen identieke tweelingen. In de loop der jaren, is 

niertransplantatie aanzienlijk verbeterd en is zowel de levenskwaliteit als de levensduur van 

miljoenen patiënten met eindstadium nierfalen verbeterd. Echter, overleving van de 

getransplanteerde nier is afhankelijk van het chronisch innemen van immunosuppressieve 

geneesmiddelen met mogelijk levensbedreigende bijwerkingen voor de patiënt. Zelfs met 

het gebruik van meerdere gecombineerde immunosuppressieve therapieën falen de meeste 

transplantaties door de acute afstoting en chronische transplantaat dysfunctie (CTD).  

Ondanks verschillende klinische studies bestaat er tot dusver geen effectieve 

therapie ter voorkoming of behandeling van CTD. Gentherapie is een aantrekkelijke 

therapeutische optie om langdurige transplantaat overleving te verbeteren aangezien het 

gericht kan worden tegen zowel immuun als niet-immuun gerelateerde mechanismen 

betrokken bij transplantaat afstoting. Tevens biedt deze optie de mogelijkheid de nier lokaal 

te behandelen waardoor relatief lage nier- en systemische toxiciteit kan worden bereikt. In 

dit proefschrift hebben we het therapeutische effect van Indoleamine 2.3-dioxygenase 

(IDO), een immuun modulerend molecuul, op het voorkomen van afstoting en CTD 

onderzocht. Eerst hebben we in een ratmodel van acute nier afstoting de effecten van lokale 

gentherapie met IDO bepaald. Op basis van de veelbelovende resultaten van dit onderzoek 

hebben we vervolgens ook het effect van IDO op CTD onderzocht in een rat model voor 

CTD. Omdat dendritische cellen (DC) een belangrijke rol spelen bij de initiatie van 

adaptieve immuunreacties betrokken bij transplantaat afstoting en CTD, hebben we de 

haalbaarheid en het therapeutisch potentieel bepaald van genetisch gemodificeerde DCs die 

IDO tot expressie brengen. Tot slot, aangezien IDO als enzym betrokken is bij de omzetting 

van tryptofaan naar kynurenines, hebben we tevens onderzocht of deze stoffen geschikte 

biomarkers zijn om nier afstoting en CTD na niertransplantatie in patiënten te voorspellen. 

 

 Lokale gentherapie met IDO in acute afstoting en CTD 

IDO is een snelheid beperkend enzym in het tryptofaan (aminozuur) metabolisme. 

Tevens speelt IDO een cruciale rol in de foetus-maternale tolerantie. Als een ‘proof of 

concept’ van de gunstige effecten van IDO gentherapie in niertransplantatie, hebben we in 

hoofdstuk 2 de effecten van lokale gentherapie met humane IDO (hIDO) in een rat model 

van acute nier afstoting bepaald. Als gen-delivery vector gebruikten we onze eerder 

gekarakteriseerde RGD-gemodificeerde eerste generatie adenovirus. In afwezigheid van 

extra immunosuppressie was lokale gentherapie met IDO voldoende om de functionele en 
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structurele veranderingen in de nieren geassocieerd met acute afstoting te verminderen. 

Bovendien had IDO behandeling een sterke remming van de expressie van pro-

inflammatoire en pro-fibrotische cytokines tot gevolg. Deze resultaten suggereren dat de 

beschermende effecten van IDO worden gemedieerd door remming van de adaptieve 

immuunrespons verantwoordelijk voor schade en afstoting van het transplantaat.  

Op basis van deze veelbelovende resultaten, hebben we in hoofdstuk 3 het effect 

van lokale IDO gentherapie op de ontwikkeling van CTD bij ratten onderzocht. IDO 

gentherapie verminderde de belangrijkste kenmerken van CTD. Behandeling met IDO 

resulteerde in een afname van de proteïnurie en systolische bloeddruk en morfologisch 

verminderde incidentie van transplantatie vasculitis en infiltratie van macrofagen in het 

transplantaat. Bovendien, verhoogde IDO therapie de foxp3 en TGF-β mRNA niveaus in 

het transplantaat. Aldus gentherapie met IDO lijkt een nieuwe aantrekkelijke therapeutische 

optie om CTD tegen te gaan.  

 

Dendritische cellen met IDO expressie: therapeutisch hulpmiddel bij transplantatie? 

Door de cruciale rol in de initiatie van de adaptieve immuunreacties kunnen 

dendritische cellen (DC) een ideaal middel vertegenwoordigen voor doelgerichte immuun 

modulatie in niertransplantatie. Daarom hebben we in hoofdstuk 4 de haalbaarheid en het 

therapeutisch potentieel verkend van in vitro genetisch gemodificeerde, beenmerg 

afgeleide, rat dendritische cellen die IDO tot expressie brengen.  

In MLR met naïeve allogene T-cellen, werden DC met IDO expressie gekenmerkt 

door onderdrukkende eigenschappen. Dit ging gepaard met verhoogde foxp3, TGF-β, IL-13 

en IL-10 expressie, welke preferentieel de generatie van een Tr1 subset van T-cellen 

suggereert. Echter, onverwacht vonden we ook verhoogde productie van de pro-

inflammatoire cytokines IL-2 en IL-17. Daarom is meer onderzoek noodzakelijk om tot een 

oordeel te komen met betrekking tot het toekomstige therapeutisch gebruik van genetisch 

gemodificeerde DC met IDO expressie bij niertransplantatie. 

 

Endogene IDO - geen bescherming maar voorspelling? 

Tot nu toe, is de enige betrouwbare methode om de risico’s op ontwikkeling van 

CTD te beoordelen het nemen van een naald biopsie, met de kans op mogelijke 

complicaties en beperkingen van het gelimiteerde biopt. Daarom is men op zoek naar een 

niet-invasieve, betrouwbare en vroege indicator (biomarker) van nier afstoting en het 

ontwikkelen van CTD, die niertransplantaat overleving op de lange termijn voorspelt. In 

hoofdstuk 5 onderzochten we de voorspellende waarde van tryptofaan (TRP) levels (een 
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IDO substraat) en het kataboliet kynurenine (KYN), alsmede de KYN/TRP-ratio, in een 

cohort van patiënten na niertransplantatie. De resultaten laten zien dat de serum en urine 

tryptofaan en kynurenine levels kort na transplantatie correleren met de creatinine levels en 

albuminurie 2 jaar na transplantatie, wat suggereert dat het IDO substraat (TRP) en 

kataboliet (KYN) levels gebruikt zouden kunnen worden als een vroege biomarker van 

CTD. Deze bevinding lijkt echter in strijd met onze voorgaande resultaten, waar verhoogde 

IDO expressie (hoofdstuk 2 en 3) juist bescherming bood tegen transplantaat afstoting en 

CTD. Het is aangetoond dat IDO expressie verhoogd is bij de acute nier afstoting en dat 

IDO activiteit een voorspeller was van dit letsel. Bovendien is de mate van IDO activiteit 

verhoging gerelateerd aan de ernst van verschillende chronische nierziekten. Anderzijds, 

laten verschillende experimentele studies zien dat IDO het transplantaat kan beschermen 

tegen schade. Daarom is de hypothese dat IDO probeert om de allo-response te voorkomen 

of tegen te gaan maar niet in staat is dit uiteindelijk te voorkomen. Deze hypothese is echter 

speculatief en toekomstig onderzoek zal dit verder moeten ophelderen. 

 

Toekomstperspectieven 

Anti fibrotische eigenschappen van kynurenines - voorlopige resultaten 

Uitgebreide interstitiële fibrose en tubulaire atrofie is een kenmerk van CTD. De 

proliferatie en activatie van fibroblasten tot myofibroblasten die α -gladde spier actine (α-

SMA) tot expressie brengen wordt gezien als een vroeg proces dat leidt tot de ontwikkeling 

van interstitiële fibrose en uiteindelijk verlies van nierfunctie. In dit proefschrift hebben we 

aangetoond dat IDO gentherapie de expressie van α-SMA en TGF-β (hoofdstuk 2) 

verminderd. Het mechanisme achter deze anti-fibrotische eigenschap van IDO is niet 

bekend. Daarom hebben we dit mechanisme in vitro in fibroblasten onderzocht. Muis 

embryonale fibroblasten werden voorbehandeld met kynurenine rijk of conventioneel 

medium waarna de fibroblasten werden behandeld met TGF-β1, gevolgd door analyse van 

de α-SMA expressie. Een interessante bevinding was dat kynurenine rijk medium de TGF-β 

gemedieerde toename van α–SMA expressie aanzienlijk beperkte. Bovendien verminderde 

kynurenine rijk medium ook de expressie van pSmad2 in TGF-β gestimuleerde cellen, zelfs 

bij de laagste concentratie. Onze resultaten suggereren dat kynurenine een mogelijk anti-

fibrotisch effect heeft door middel van interferentie met de TGF-β/SMAD signaal 

transductie cascade. Samengevat, onze resultaten duiden op nieuwe gunstige effecten van 

IDO en ondersteunt het potentieel therapeutisch gebruik niet alleen in CTD, maar ook in 

andere fibrotische ziekten.  
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Samenvatting 

De rol van IDO in de inductie van immuun tolerantie 

De ultieme stap in het overbodig maken van levenslange immunosuppressie zou 

de inductie van permanente donor-specifieke tolerantie zijn. Het is bekend dat IDO perifere 

tolerantie kan induceren door de differentiatie van T-cellen in Foxp3 Treg. De 

wisselwerking tussen IDO, Treg en TGF-β is mogelijk de sleutel tot het bereiken van 

tolerantie. In de spontane donornier acceptatie bij muizen, speelt TGF–β een belangrijke rol 

in de inductie van tolerantie in de eerste maanden na transplantatie, terwijl later IDO deze 

rol overneemt. Hoewel TGF-β wordt erkend als de belangrijkste oorzaak van fibrose, 

reguleert deze ook de T- celgemedieerde tolerantie. Drie hoofdstukken van dit proefschrift 

behandelen de IDO gemedieerde Foxp3 en TGF-β expressie en hinten op hun rol in de 

inductie van tolerantie (hoofdstuk 2, 3 en 4). We kunnen dus speculeren dat, in het geval 

van acute afstoting, IDO de expressie van Foxp3 induceert en in CTD, IDO TGF-β 

expressie induceert die vervolgens leidt tot upregulatie van Foxp3. Dit zou erop kunnen 

wijzen dat IDO direct de tolerantie bevordert door stimulatie van T-reg vorming, of via 

TGF-β gemedieerde Foxp3 expressie. 

Concluderend, IDO heeft een groot therapeutisch potentieel in niertransplantatie 

en de gunstige effecten van IDO zijn het gevolg van een samenspel tussen immuun en niet-

immuun mechanismen die afstoting en CTD remmen. Aan de ene kant onderdrukt IDO de 

proliferatie van T-cellen en kan het mogelijk transplantaat-tolerantie bevorderen door 

stimulering van T-reg formatie. Aan de andere kant is er mogelijk een rol voor de 

tryptofaan katabolieten (kynurenines) die mogelijk sterke anti-fibrotische eigenschappen 

hebben. Verdere studies zijn dus gerechtvaardigd om deze therapeutische effecten te 

verduidelijken en om de uiteindelijke klinische toepasbaarheid te onderzoeken.  
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Zhrnutie 
Novú éru v oblasti nefrológie započala v roku 1954 prvá transplntácia obličky 

medzi jednovaječnými dvojčatami. Transplantácia obličky odvtedy výrazne zlepšila kvalitu 

a dĺžku života miliónom pacientov v konečnom štádiu renálneho zlyhania. Aby sa však 

zabránilo odvrhnutiu transplantovaného štepu, pacienti sú nútení užívať silné 

imunosupresíva s potenciálne život ohrozujúcimi nežiadúcimi účinkami. Naviac, i 

napriek liečbe mnohonásobnou doplnkovou imunosupresívnou terapiou drvivá vačšina 

štepov zlyhá v dôsledku akútneho odvrhnutia a chronickej transplantačnej dysfunkcie 

(CTD). 

Napriek výraznému klinickému úsiliu doteraz nebola objavená efektívna terapia, 

ktorá by zabránila vzniku a/alebo rozvoju CTD. Génová terapia predstavuje atraktívny 

prístup zlepšenia dlhodobého prežívania štepu, pretože môže lokálne interferovať 

s imunitnými i neimunitnými mechanizmami zahrnutými v zlyhaní štepu, pričom jej dopad 

na obličku a celý organizmus je relatívne malý a jej toxicita nízka. V predkladanej 

dizertačnej práci sme si ako cieľ intervencie vybrali imunomodulačnú molekulu indolamín 

2,3-dioxygenázu (IDO). Najskôr sme sledovali efekt lokálnej génovej terapie s IDO na 

potkaní model akútneho odvrhnutia obličky po transplantácii. Na základe sľubných 

výsledkov z tohto experimentu sme následne testovali rovnaký postup na zvieracom modeli 

CTD. Naviac sme skúmali terapeutický potenciál geneticky modifikovaných IDO 

exprimujúcich dendritických buniek in vitro. V závere sme študovali metabolizmus 

tryptofánu a jeho možné využitie ako biomarkera u pacientov ktorí podstúpili transplantáciu 

obličky.  

 

Lokálna génová terapia s IDO pri akútnom odvrhnutí a CTD 

 IDO je rýchlosť limitujúci enzým v metabolizme esenciálnej aminokyseliny L-

tryptofánu a je kruciálne v udržaní tolerancie matky voči plodu. Aby sme overili pozitívne 

účinky IDO, skúmali sme v kapitole 2 efekty lokálnej génovej terapie s ľudským IDO 

(hIDO) génom na akútne odvrhnutie transplantovanej obličky v potkaňom modeli.  Ako 

vektor pre vnesenie génu sme použili náš predtým dobre charakterizovaný RGD-

modifikovaný adenovírus prvej generácie. Zistili sme, že lokálna génová terapia s IDO 

dokázala bez akejkoľvek aditívnej imunosupresie potláčať s akútnym odvrhnutím 

asociované funkčné a štrukturálne zmeny transplantovanej obličky. Navyše, terapia s IDO 

výrazne inhibovala expresiu prozápalových a profibrotických cytokínov. Tieto dáta 

naznačujú, že protektívny účinok IDO je mediovaný inhibíciou adaptačnej imunitnej 

odpovede, ktorej cieľom je štep zničiť. 
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 Na základe týchto sľubných výsledkov sme v kapitole 3 sledovali účinok lokálnej 

génovej terapie na rozvoj CTD u potkana. Zistili sme, že génová terapia s IDO potláčala 

kľúčové črty CTD. Terapia bola asociovaná so znížením proteinúrie a systolického krvného 

tlaku a morfologicky so zníženou incidenciou transplantačnej vaskulitídy a infiltrácie 

makrofágov do transplantovaného štepu. Ba čo viac, terapia s IDO indukovala expresiu 

foxp3 a TGF-β mRNA v štepe. Preto génová terapia s IDO môže predstavovať novú 

atraktívnu stratégiu v inštrumentáriu proti CTD. 

 

IDO exprimujúce dendritické bunky: terapeutický nástroj na poli transplantácie? 

Pre ich kruciálnu rolu v iniciácii adaptačnej imunitnej odpovede predstavujú dendritické 

bunky (DC) ideálny nástroj modulácie imunity v renálnej transplantácii. Preto sme sa 

v kapitole 4 venovali skúmaniu terapeutického potenciálu geneticky modifikovaných, IDO 

exprimujúcich dendritických buniek izolovaných z potkanej kostnej drene in vitro.  

 V zmiešanej lymfocytovej reakcii s naivnými alogénnymi T lymfocytami, IDO 

exprimujúce DC vykazovali supresívne vlastnosti. To bolo spojené so zvýšením expresie 

foxp3, TGF-β, IL-13 a IL-10, čo naznačuje preferenčnú formáciu Tr1 submnožinu T 

lymfocytov. Neočakávane sme však našli zvýšenú produkciu prozápalových cytokínov IL-2 

a IL-17. Preto ak sa geneticky modifikované, IDO exprimujúce DC budú v budúcnosti 

používať ako terapeutický nástroj, je nutné vyjasniť viacero otázok. 

 

Expresia endogénneho IDO – nie ochrana, ale predikcia? 

 Ihlová biopsia je jediná dôveryhodná metóda pre zistenie rizika/rozvoja CTD, s jej 

možnými komplikáciami a limitáciami. Preto neustále prebieha hľadanie neinvazívneho, 

spoľahlivého a pritom skorého prediktora dlhodobého outcomu renálneho štepu. V kapitole 

5 sme študovali  predikčnú schopnosť substrátu IDO – tryptofánu, metabolitu IDO – 

kynurenínu a pomeru kyn/trp, v kohorte pacientov po renálnej transplantácii. Naše zistenie, 

že hladiny tryptofánu a kynurenínu v sére a moči veľmi skoro po transplantácii 

predpovedajú kreatinín a albuminúriu dva roky po transplantácii naznačujú, že IDO by 

mohlo byť utilizované ako skorý diagnostický ukazovateľ CTD. Avšak toto zistenie sa 

môže zdať kontrovezné s našimi predchádzajúcimi štúdiami, kde práve zosilnená IDO 

expresia chránila alogénny štep (kapitola 2 a 3). Bolo ukázané, že počas akútneho 

obličkového odvrhnutia bola expresia IDO zvýšená a že aktivita IDO predpovedá toto 

poškodenie. Naviac, aktivita IDO sa zvyšuje so zhoršením rôznych chronických ochorení 

obličiek. Na druhej strane, viacero experimentálnych štúdií indikuje, že IDO je schopné 
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chrániť štep pred poškodením. Preto hypotéza, že IDO sa „pokúša“ (neúspešne) zvrátiť 

alebo vyvážiť imunitnú reakciu musí byť podrobená budúcemu skúmaniu. 

 

Budúce perspektívy 
Antifibrotické vlasnosti kynurenínov – preliminárne výsledky 

 Rozsiahla intersticiálna fibróza a tubulárna atrofia je jedným s hlavných znakov 

CTD. Proliferácia a premena fibroblastov do α-smooth muscle aktínu (α-SMA) 

exprimujúcich myofibroblastov je rozpoznaná ako prvotný proces vedúci k rozvoju 

intersticiálnej fibrózy a nakoniec k strate renálnych funkcií. V prekladanej dizertačnej práci 

sme ukázali, že génová terapia s IDO znižuje expresiu α-SMA a TGF-β (kapitola 2). 

Presný mechanizmus antifibrotického pôsobenia IDO však nie je známy. Preto sme 

sledovali tento mechanizmus na bunkovej kultúre fibroblastov in vitro. Myšacie 

embryonálne fibroblasty boli predliečené médiom bohatým na IDO metabolit - kynurenín, 

alebo konvenčným médiom. Následne sme bunky liečili TGF-β a sledovali expresiu α-

SMA. Prekvapivo, médium bohaté na kynureníny signifikantne potláčalo expresiu α-SMA. 

Navyše sme zistili, že aj najnižšia koncentrácia kynurenínov znižovala expresiu pSMAD2 

v bunkách liečených TGF-β. Naše výsledky preto napovedajú, že kynureníny môžu mať 

antifibrotický efekt prostredníctvom ovplyvnenia TGF-β/SMAD signalingu. Tento 

poznatok odkrýva novú tvár IDO a ukazuje možný terapeutický potenciál IDO nielen v 

CTD, ale aj v iných ochoreniach vyznačujúcich sa fibrózou. 

 

IDO a indukcia tolerancie 

 Najviac prospešný krok v eliminácii užívania doživotných imunosupresív je 

indukcia permanentnej donorovo-špecifickej tolerancie. Je známe že IDO je schopné 

indukovať periférnu toleranciu prostredníctvom diferenciácie T lymfocytov na foxp3 

regulačné T lymfocyty (Treg). Súhra medzi IDO, Treg a TGF-β môže byť kľúčom 

k dosiahnutiu tolerancie. V myšacom modeli, kde transplantovaná oblička je spontánne 

prijatá, je TGF-β hlavný induktor tolerancie v priebehu prvých mesiacov po transplantácii, 

kdežto neskôr túto rolu preberá práve IDO. I keď TGF-β sa považuje za hlavný spúšťač 

fibrózy, taktiež kontroluje T-lymfocytmi mediovanú toleranciu. Tri kapitoly tejto 

dizertačnej práce sa zaoberajú expresiu foxp3 a TGF-β, ktorú sprostredkuje IDO 

a poukazujú na ich rolu v indukcii tolerancie (kapitola 2, 3 a 4). Môžeme teda 

hypotetizovať, že v prípade akútneho odvrhnutia IDO indukuje expresiu foxp3 a v prípade 

CTD IDO indukuje expresiu TGF-β, ktorá vedie k upregulácii foxp3. To by mohlo 
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naznačovať, že IDO indukuje toleranciu priamo stimuláciou Treg, alebo prostredníctvom 

TGF-β-indukovanej foxp3 expresie. 

 IDO má obrovský terapeutický potenciál v renálnej transplantácii. Tento účinok je 

následok orchestra imunitných i neimunitných mechanizmov. Na jednej strane IDO potláča 

proliferáciu T lymfocytov a može indukovať toleranciu prostredníctvom stimulácie Treg. 

Na druhej strane, katabolit tryptofánu kynurenín môže mať antifibrotický potenciál. Je teda 

nevyhnutné objasniť tieto účinky pred využitím v klinickej praxi.  
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