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Introduction 

During the last decades, transplantation of organs has developed from 
experimental research to a successful option for the treatment of life 
threatening end stage diseases, such as liver cirrhosis (1) and heart failure 
(2), as well as chronic diseases, such as kidney failure (3), diabetes mellitus 
(4) and familiar amyloidosis (5).The cause of this progress is apparent in all 
areas concerning transplantation, from improved selection of patients and 
organs for transplantation, better immunosuppressive protocols to better 
postoperative care and patient follow up after the operation. Due to a larger 
patient group that is appropriate for transplantation and the shortage of 
donors, the  average waiting time for an organ transplant has increased over 
the years (6). In January 2003, 81,000 patients were waiting for an organ 
transplant in the US, and 100 patients were added to the waiting list each day 
(6). Alternate techniques to allo-transplantations such as xeno-
transplantation (7), bio-syntetic tissue (8), cloning (9) and gene therapy (10) 
will hopefully shorten the waiting list, but these new technologies are still 
experimental. It is therefore of importance to optimize the care of the 
patients and the transplanted organs at every stage of the transplantation 
procedure. An overall increase in graft survival corresponds to an increased 
number of organs available for transplantation. 

Responses to surgical and ischemic injury after 
transplantation 
 
Immediately after transplantation, the inflammatory response in the graft is 
mainly caused by ischemic and surgical trauma (11, 12). Experimental 
studies show that within 24 hours after rat kidney transplantation a majority 
of infiltrating cells were macrophages and lymphocytes with broad 
specificity (13). The amount and distribution of infiltrating cells was the 
same in allografts and isografts (13, 14). The ischemia and trauma results in 
cellular swelling due to the accumulation of ions, expression of adhesion 
molecules and binding of leucocytes to the vascular endothelium (12). These 
leukocytes infiltrate the graft parenchyma and release various cytokines, 
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thereby amplifying the cascade (15). A further consequence of these events 
is that allograft immunogenicity is increased by the increased expression of 
MHC antigens, making the graft tissue more prone to the specific immune 
attack (16). 

Immunologic responses to allografts 
 
Transplantation of vascularised allogeneic tissue provokes a strong 
immunologic response, which is aggravated by ischemic and surgical trauma 
(16, 17). This response can result in graft rejection, which is classified 
depending on the type of organ transplanted. Here, a classification of 
rejection types after kidney transplantation is described, unless otherwise 
stated. 

Hyperacute rejection 
This type of rejection occurs immediately upon reperfusion of the graft or in 
the first hours post transplant. 
If the patient is transplanted with an AB0 incompatible graft, antibodies of 
AB0-type (18) can bind to the endothelium and may cause activation of the 
coagulation and complement cascades, resulting in immediate thrombosis-
formation (7, 19). In rare cases, this type of rejection is caused by preformed 
HLA antibodies (20). The production of these antibodies is induced by 
previous transplants, blood transfusions or pregnancies. 

Acute rejection    
Acute rejection occurs usually within the first months after transplantation. 
However, if immunosuppressive (IS) treatment is reduced or stopped, this 
type of rejection can be seen at any time post transplantation. 
Foreign HLA is recognized by CD4+ and CD8+ T cells causing local 
activation (21-23) and proliferation (24) of these cells. This can lead to acute 
rejection, which is morphologically classified according to the Banff criteria 
(19). Immune recognition can also stimulate formation of HLA antibodies 
(25, 26). The appearance of these donor-specific antibodies does not precede 
rejection but their presence may be compatible with unimpaired function 
(27). In fact, the mechanism behind tissue damage in antibody mediated 
acute rejection is not completely understood. Morphological evaluation 
(ME) revealing widespread vasculitis and glomerular and small vessel 
thrombosis is indicative of an antibody-mediated component (19). 
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Immunofluorescent examination shows antibodies binding to the 
endothelium and it is suggested that the endothelial loss of anticoagulant 
molecules, the expression of adhesion molecules and the release of 
inflammatory mediators lead to adhesion and activation of platlets and MNC 
(25). 

Chronic rejection 
Chronic rejection is usually not evident in the first few months, after which it 
can occur at any time (27). The precise definition of this type of rejection has 
been made difficult by the fact that a variety of processes, such as drug 
toxicity, recurrence of disease and infections, may lead to late graft failure. 
Chronic rejection is however rarely seen in syngeneic grafts which indicates 
that the immune response play a major role in the development of this type 
of rejection (27).               
Even if acute rejection can be avoided after transplantation, the reaction 
against foreign tissue results in a low-grade inflammation (28). Over time, 
this inflammation and scar-formation results in interstitial fibrosis, 
glomerular sclerosis and vascular injury due to smooth muscle hypertrophy 
in the intima and injury to vascular endothelium (19, 28, 29). Chronic 
rejection may cause deteriorating graft function, especially in kidney and 
heart transplants (30), whereas, to some extent, liver transplants can 
compensate for this destruction by regeneration of hepatocytes (31). 

Immunosuppressive treatment 

Baseline immunosuppression 
In order to reduce the unspecific inflammation, high doses of corticosteroids 
are usually administered during the first days after transplantation (32). 
Thereafter, the specific immune response toward foreign tissue becomes 
more important (11, 13, 33, 34). 
The more specific immune response is also treated by drugs targeted towards 
lymphocytes. These drugs are mainly of two kinds; the calcineurin inhibitors 
(cyclosporine A (CsA) or tacrolimus), which mainly inhibit the IL-2 
production (35), and antiproliferative drugs (azathioprin or mycophenolate 
mofetil (MMF)), which inhibit proliferation of lymphocytes at the DNA 
level (36, 37). Some protocols include induction therapy (32) with potent 
mono- or polyclonal antibodies (anti thymocyte-Ig, anti CD3-Ig or anti IL-2-
Ig) which target T cells or cause blocking of their activity (38-40). 
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Immunosuppression is gradually tapered over the weeks, months and years 
following transplantation, depending on graft function, side effects and other 
factors concerning the patient (age, disease, previous transplantations, etc). 
Tapering of immunosuppression is made possible since the effect of 
ischemia and trauma decreases over time. In addition, a certain degree of 
tolerance develops due to adaptation between the immune system and the 
transplanted organ (41). The molecular events leading to tolerance is not 
understood but involves, among other things, the co-stimulatory signaling 
taking place during the interaction between T cells and antigen presenting 
cells (42). 

Treatment of antibody mediated rejection  
This type of reaction is preventable by performing a cross-mach before 
transplantation and regularly screening for HLA antibodies (43-45). If 
rejection develops, the main goal is to eliminate the involved antibodies by 
plasmapheresis or different absorption-columns (46, 47). This treatment can 
be combined with high doses of steroids which inhibit antibody production 
as well as the inflammation. Today, immunosuppressive (IS) protocols 
including tacrolimus and MMF are often used for maintainance 
immunosuppression of patients treated for HLA antibody mediated rejection 
(48). 

Treatment of acute rejection 
In the case of acute cellular or acute vascular rejection, high doses of 
steroids are the first therapy of choice. In steroid resistant rejections, mono- 
or polyclonal antibodies may be necessary (32). In patients with repeated 
acute rejections, the baseline immunosuppression can be intensified by 
increasing the doses of calcineurin inhibitors, replacing CsA with tacrolimus 
(49) or adding antiproliferative drugs to the treatment (50). 

Treatment of chronic rejection 
Currently, chronic rejection can not be effectively treated. 
However, one of the risk factors for developing chronic rejection is acute 
rejection (51, 52). Thus, by minimizing the frequency, intensity and duration 
of acute rejections, it has been indicated that the occurrence of chronic 
rejection will probably decrease (27).  
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Side-effects of immunosuppressive treatment 
The development of new IS drugs has contributed considerably to the 
progress of transplantation. All IS drugs, however, still have side effects at 
short and long term. The most feared side-effects of IS treatment are 
infections and development of malignancies. A variety of other side-effects 
also follow with treatment with these types of drugs. Some of these 
negatively affect the transplanted organ, for example the calcineurin 
inhibitors that decrease the glomerular blood flow resulting in nephrotoxicity 
(53, 54).   
 
Malignancies are overrepresented in immunosuppressed transplanted 
patients (55-57). In a retrospective study, 854 renal transplant recipients 
were followed for at least one year. Seventysix patients (8.9%) developed a 
malignant neoplasia: 46% of these were cutaneous neoplasias, including 
melanomas, and the remaining 54% developed non-cutaneous cancers (33% 
miscellaneous tumors, mostly adenocarcinomas, 17% Kaposi's sarcomas and 
4% non-Hodgkin's lymphomas) (55). If lymphocyte antibodies for induction 
or rejection treatment are added to the baseline immunosuppression, the risk 
of lymphomas increases further (58). 
 Infections can be caused by viruses, bacterias, fungi or parasites. Many of 
these infections are opportunistic (59) and latent viral infections, such as 
cytomegalovirus (CMV), can be reactivated (60). 

Cytomegalovirus (CMV) infection 
CMV belongs to the herpes virus group. About 60-80% of the non-
immunosuppressed adult population is infected with the virus. The primary 
infection normally surfaces during childhood, sub-clinically or with a few 
days of fever, arthralgia and headache. After primary infection, the virus 
remains latent in MNC (61). 
During immunosuppression, there is a substantial risk for reactivation of the 
CMV infection and this may cause severe clinical symptoms (62). It has 
been suggested that CMV infection may also trigger an acute rejection 
because of induced endothelial expression of adhesion molecules (63). The 
infection as such may also resemble the morphological changes seen during 
ACR, thereby making the correct diagnosis difficult.  
CMV constitutes the most common viral infection after organ transplantation 
(60, 62). In one study, 477 consecutive renal allograft recipients were 
examined prospectively for three months (62). No prophylactic treatment 
was given. CMV infection (positive pp65 antigen staining in leucocytes) 
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occurred in 64% of the patients and 24% had CMV disease (positive pp65 
antigen staining and clinical symptoms).   
Replication of CMV is under strict control by CD8+ T-lymphocytes (64-67). 
Activation of CD8+ T cells to eliminate virus infected cells occurs only if 
the T cell receptor (TCR) binds to the proper CMV peptides presented on 
MHC class I (68). T cells recognise certain immunodominant epitopes of the 
virus, depending on viral subtype and HLA type of the affected individual 
(69, 70). Because immunosuppression after transplantation decreases 
activation, proliferation, and the number of circulating T cells, the viral 
replication may increase (71). 
Numerous methods for diagnosis of CMV are available. The detection of 
antibodies (IgM and IgG) is an indirect way which is mostly used to exclude 
previous infection (72). Detection of viral antigen (pp65) in MNC is used for 
diagnosis but has a limited value for follow up purposes (73). Culturing 
viruses is time-consuming, but can be used for detection of drug resistant 
strains (74). Presently, the most widely used technique for virus detection is 
either qualitative or quantitative PCR-analysis. PCR is sensitive enough for 
diagnostic purposes and suitable for determining the viral burden over time, 
and is thereby useful to monitor the effects of inserted antiviral treatment 
(75, 76). 
Treatment of CMV infection is routinely performed by the administration of 
antiviral drugs. The most widely adopted treatment of choice for CMV 
infection is ganciclovir (77). The drug inhibits viral DNA replication by 
competitive inhibition of guanin in infected cells (78).   
In most centres, prophylactic treatment is given to CMV seronegative 
patients receiving a graft from a CMV seropositive donor (79) or after 
rejection treatment with mono- or polyclonal antibodies (80). 
Although diagnostic techniques and effective antiviral drugs are in clinical 
use there is a need for methods to measure the immune response towards this 
virus. 

Monitoring of immunosuppression 
Since every organ transplant patient has a lifelong dependency on 
immunosuppression, it is of utmost importance to determine the minimal 
amount of IS drugs required for each patient (FIGURE 1).  
Today the immunosuppressive treatment usually results in an incidence of 
acute rejection below 20% within the first year after kidney transplantation 
(32). This, however, means that a certain proportion of the 80% of the 
patients not developing acute rejection, are most likely over-
immunosuppressed. The dosage of IS drugs are based on clinical experience. 
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The goal has been to bring the incidence of acute rejection as low as possible 
without an unacceptable occurrence of infections or drug related side effects 
in the short term, and malignancies in the long term. From these experiences, 
the amount of drugs needed for a specific individual is determined from 
blood concentrations of the drugs (81-83). Initially after transplantation, IS 
drugs are administered after body weight. This can result in overly high 
concentrations in the blood since the amount of body fat is not taken into 
account (84, 85). Other factors determining the dosages and type of 
immunosuppression are graft function, time-point since transplantation, 
interactions between drugs and specific drug-related side effects. 
 
 
 

 
 
 
 

Diagnosis of rejection 
Increased concentrations of soluble factors in the blood (creatinine, liver 
enzymes) can indicate an ongoing rejection process and is most often 
followed up by a biopsy to get an accurate diagnosis (86). A biopsy for ME 
of the transplanted organ is the most important method for diagnosis of 
rejection (19). For this purpose, ME is more sensitive and more specific than 
scintigraphy, fine-needle aspiration or ultrasound examination (87). ME is 
also used to detect other causes of deteriorating graft function than rejection 

FIGURE 1
The immune competence differs between individuals. The goal with the 
immunosuppressive treatment is to lower the incidence of acute rejection while 
minimizing the risk of infection and malignancies. In this thesis, we studied the 
immune response during infection and acute rejection.  
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(19, 86). In the case of ACR the ME demonstrates, besides general 
morphological changes, the amount and localisation of the infiltrating 
lymphocytes (19). However, when performing protocol biopsies of grafts 
with a stable function, infiltration of lymphocytes is often seen, and up to 
30% of these biopsies are diagnosed as having an ongoing rejection 
processes (88, 89). Rush et al. analysed twenty-nine biopsies from stable 
grafts (88). Of these biopsies, nine showed rejection according to the Banff 
criteria.  
ME is of limited value for the assessment of inserted rejection treatment 
(90). Studies have shown that infiltrating cells can persist for more than a 
week after inserted rejection treatment (90, 91). Chauhan et al. performed 
histological analysis of renal biopsies from nine allografts both before and 
after successful OKT-3 therapy (92). Despite almost complete elimination of 
CD3+ cells from the circulation, T cells expressing CD3 continued to be 
present in the biopsies following therapy.   
In conclusion, previous results indicate that a functional analysis (e.g. 
proliferative capacity, expression of activation markers) of infiltrating cells 
should be a useful complement to the histochemical evaluation in order to 
evaluate the clinical significance of the infiltrating cells. 
Mixed leucocyte culture (MLC) and limiting dilution (LD) have been 
performed to find methods to evaluate the immune response during rejection 
and stable graft function (93-98), but these methods are labour intensive, 
results are not available for many days, and the results do not concur with 
each other. Steinmann and Goulmy have shown that MLC has little or no 
predictive value after kidney transplantation (95, 99). The reason for this is 
probably due to the fact that the immune responce is primarily a local 
process taking place in the graft. The detection of immune cells directed 
towards the graft, or of locally produced cytokines or other factors, in the 
peripheral blood is difficult since the frequencies of cells and concentrations 
of the substances are very low (100). 
 
To summarize, no reliable methods are in routine clinical use for the 
functional analysis of the immune response in transplanted patients. 
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Aims 

General aim with the study 
Since too low dose immunosuppression can result in acute rejection and too 
high dose immunosuppression can result in infection, our main objective was 
to develop tools to determine the immune responses at these conditions. The 
techniques should be able to be implemented in the clinical situation. 
 

Specific aims with the study 
- To develop a rat-kidney transplantation model for the study of acute 
cellular rejection 
 
- To develop a tissue culture system for the propagation and characterisation 
of graft infiltrating lymphocytes 
 
- To use the tissue culture system in the rat model for evaluation of inserted 
rejection treatment 
 
- To use the tissue culture system on biopsies of transplanted human kidneys 
and to compare the results with morphological evaluation and with the 
clinical outcome of graft function  
 
- To evaluate new techniques for detection of CMV-specific T cells and to 
introduce these techniques in the clinical setting 
 
- To use these techniques to compare the frequency and number, as well as 
the functional capacity, of CMV specific T cells in immunosuppressed and 
non-immunosuppressed individuals 
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Materials and Methods 

The rat kidney transplantation model (Papers I and II) 
Kidney transplantations were performed between inbred rat-strains.  
Male inbred DA (RT1a) rats served as donors and male inbred Lewis (RT1l) 
rats as recipients. This constitutes an allogeneic barrier and is, without 
immunosuppression, known to cause a fulminate ACR within a few days of 
transplantation (14). The animals were anaesthetised using a mixture of 
chloral hydrate (180 mg/kg body weight) and pentobarbital (40 mg/kg body 
weight) given as an intraperitoneal injection. Orthotopic kidney 
transplantations were performed using the cuff technique for anastomosis of 
the renal vessels to the aorta and the caval vein (101). In brief, at organ 
procurement the left donor kidney was dissected free from surrounding 
tissues, vessels were mobilised and, before removal, the kidney was perfused 
via the aorta with cold FW-solution (102). The kidney was stored in FW-
solution at +4°C until implantation. The recipient’s left kidney was removed, 
leaving the renal vessels which were inverted over plastic cuffs. The donor 
kidney was placed in the orthotopic position and anastomosis of the vessels 
was performed by pulling the vessels of the graft over the plastic cuffs. The 
cold ischemic time was 1.5 - 2 hours, the warm ischemic time (from 
clamping of the aorta to perfusion) was approximately one minute and the 
vessel anastomosis time was 10-15 minutes. In order to reduce the risk of 
ureteral stenosis and development of hydronephrosis, the distal donor ureter, 
together with a small piece of the bladder, was anastomosed to the recipient 
bladder with a pull through procedure. The remaining native kidney was 
retained during the whole experimental period. After the operation, all 
recipient animals received a single dose (20 mg/animal) of cefuroxim 
intramuscularly. 
Where indicated, CsA was mixed with Intralipid® and administered orally 
once daily at a dose of 10 mg/kg body weight via a gastric feeding tube, 
CH5. CsA was administered from day 0 to 9, thereby allowing the effects of 
ischemia and trauma to subside. With the withdrawal of immunosuppression 
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the model theoretically resembles the clinical situation where rejection 
occurs as a result of inadequate immunosuppression (103, 104). 
Animals were killed and the transplanted organs were removed for further 
analyses as described in paper I. 
For the study in paper II, the animals were anaesthetised at day 15 after 
transplantation and an open biopsy was taken from the lower pool of the 
kidney-graft, using a biopsy-tool, Ø 4 mm. The biopsy was divided in two 
and used for in vitro culturing and immunohistochemical/morphological 
evaluation respectively. CsA was reinserted in some groups, followed by 
graft removal for further analysis as described in the paper. 

 

The tissue culture system for propagation of graft 
infiltrating lymphocytes (Papers I – III) 
A biopsy of the transplanted kidney was put in a culture well containing 1 ml 
complete culture medium (RPMI 1640) with 10% pooled, heat-inactivated 
human AB-serum / rat serum, 1% HEPES, 1% glutamine, 1% 
penicilline/streptomycin) (FIGURE 2). In some cases (paper I), recombinant 
rat IL-2 was added at a final concentration of 10 IU/ml. No feeder cells were 
added. The biopsy was incubated in 5% CO2 at 37º C for 24 hours. Culture 
medium surrounding the biopsies was then mixed by aspiration, allowing for 
the detachment of cells adhering to the biopsy. After centrifugation at 300g 
for 5 min, the supernatant was frozen and the remaining cells were 
resuspended in 1ml lysing solution (0.15M NH4Cl, 0.01mM KHCO3, 0.1mM 
Na2EDTA in dH2O) to eliminate erythrocytes. After washing once in PBS, 
the total volume was adjusted to 2ml in PBS. The number of cells 
propagated from each biopsy was determined using an absolute-count flow 
cytometer (Ortho Cytoron Absolute). Lymphocytes, identified on the 
forward-scatter (FSC) / side-scatter (SSC) plot, were counted in 100µl of the 
adjusted 2ml volume of cell-suspension. The number of cells propagated 
from each biopsy was then calculated. The rest of the cell-suspension was 
centrifuged and aliquoted to five tubes. In the rat model, cells from other 
cultures were pooled in some cases. Cells were incubated for ten minutes 
with fluoroescein-conjugated antibodies. After incubation and washing once, 
cells were analysed in a FACScan flow-cytometer (Beckton Dickinson). 
Lymphocytes were gated according to FSC/SSC and the percentage of CD3+ 
lymphocytes expressing CD4, CD8, CD25 and MHC class II antigens was 
determined.  The number of each cell-type was calculated and adjusted to the 
length of the biopsy.  
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After developing and evaluating the tissue culture system using the animal 
model, the technique was applied on biopsies of transplanted human kidneys 
(Paper III).  

 

HLA-pp65 tetramers for the detection of CMV specific 
T cells in whole blood (Papers IV and V) 
The HLA tetramer is a construct, originally described by Altman et al., to 
enable visualisation of antigen-specific T cells (105). 
HLA tetramers are formed by first refolding MHCs in the presence of high 
concentrations of the desired antigenic peptide, followed by biotinylation of 
the carboxy-terminus of one chain of the MHC molecule. This MHC/peptide 
complex can then be bound to streptavidin. Because the latter has four 
biotin-binding sites, four MHC molecules can be linked together in a single 

FIGURE 2
 Biopsies of the transplanted kidney were obtained for morphological evaluation 
and tissue culturing. Propagated graft infiltrating lymphocytes were counted and 
characterised using flow-cytometry 
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complex. The ability to link multiple MHC/peptide complexes together 
compensates for the relatively poor binding affinity to the T cell receptor 
(106). The complex is conjugated to fluorochromes for detection using flow 
cytometry. The HLA tetramer binds to T cell receptors specific for the 
combination of MHC molecule and peptide that constitutes the HLA 
tetramer (FIGURE 3).  
 

 

 
 

 
 
 
 
 

The soluble HLA tetramers used in our studies were produced using a 
similar method to that described by Altman et al. (105). ß2 microglobulin 
and HLA-A2 heavy chain extracellular component, fused at the COOH 
terminus to a 13 AA target sequence for the biotin ligase BirA enzyme, were 
produced in E. coli as inclusion bodies. HLA-A2 complexes (2µM HLA-A2 
and 2uM β2m) were folded by dilution in the presence of 10µM CMV pp65 
peptide (NLVPMVATV) (107). The folded MHC complexes were 

FIGURE 3
The interaction between T cell and target cell via the TCR, which recognizes MHC 
class I + peptide (a). 
The HLA tetramer is a construct of 4 MHC/peptide complex linked to streptavidin-
PE. The MHC/peptide-complexes bind to TCR receptors (b). 
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diafiltered and concentrated to 1 mg/ml in Tris 10 mM pH8.00 on a prep 
scale 3kD concentration cassette. The MHC complexes were biotinylated 
using purified BirA enzyme at a concentration of 10 µg/ml of enzyme, 40 
µM biotin, 2mM ATP, 10mM MgOAc. Biotinylated complexes were then 
purified by anion exchange with a 0-0.5 M NaCl gradient and checked by 
SDS-PAGE and analytical gel filtration. Biotinylated complexes were then 
tetramerized with PE-streptavidin at a 4/1 molar ratio and stored at 4°C at 
200µg of MHC in Tris 10 mM pH 8.00, 50 mM NaCl, EDTA 0.5 mM until 
use. Titration curves by flow cytometry on specific T cell lines showed that 
the tetramers were stable for at least three months.  
EDTA-blood was incubated for 30 minutes at room temperature with the 
HLA tetramers together with monoclonal antibodies directly conjugated to 
fluorochromes as described in papers IV and V. Samples were analyzed on a 
FACScan flow-cytometer. 

CMV antigen stimulation technique (Paper V) 
An alternative to the HLA tetramer technique is incubation of whole blood 
with antigen, either as short selected peptides representing immunodominant 
epitopes presented by MHC class I, or as crude unprocessed viral lysates for 
proteolytic processing and antigen presentation by MHC class II on antigen 
presenting cells present in blood. Subsequently, T- lymphocytes of either the 
CD8+ or the CD4+ subset, when stimulated with the specific antigen, will 
produce cytokines, e.g. interferon-gamma (IFN-γ). By using brefeldin to stop 
granule secretion and membrane permeabilising agents, cells producing IFN-
γ in response to antigen challenge can be readily detected using flow 
cytometry (FIGURE 4). This assay is a modification of a protocol developed 
by Dr. L.E. Nomura and co-workers at BD Biosciences, San Jose, California 
(108). Ten µl CMV pp65 peptide (NLVPMVATV; 0.5 mg/ml) or 10 µl 
CMV lysate of CMV infected fibroblasts (0.5 mg/ml) were added to 0.5 ml 
sodium-heparinized whole blood. The blood + antigen were incubated for 2h 
at 37°C, 5% CO2 at a 5° slant after which 10 µl Brefeldin A (0.5mg/ml in 
EtOH) were added followed by a 4h incubation at 37°C. After the final 
incubation, samples were stored at 4°C until analysis. Onehundred µl of 
0.2M EDTA were then added, samples were vortexed, incubated for 15 min 
at room temperature and then vortexed again. Samples were aliquoted in 250 
µl to obtain optimal lysing, and 4.5 ml lysing solution (Beckton Dickinson) 
were added, followed by incubation for 10 min at room temperature. The 
samples were then centrifuged at 200 x g for 5 min, decanted and washed 
once with 1% BSA in PBS, and supplemented with 0.5 ml permeabilizing 
solution (BD-perm, Beckton Dickinson), followed by 10 min incubation at 
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room temperature in the dark. After washing, staining was performed using 
monoclonal antibodies directly conjugated to fluorochromes as described in 
paper V.,Cell suspensions were incubated with antibodies for 30 min at room 
temperature, washed once, and then fixed by adding 250 µl PBS containing 
1% paraformaldehyde and 0.1% sodium azide. Samples were analyzed on a 
FACScan flow-cytometer. A threshold was set to exclude CD3-negative 
events. Typically, 30-50,000 events were analyzed for each tube.  
 
 

FIGURE 4
After stimulation with peptide or virus-lysate, virus specific T cells respond with 
IFNγ production. Brefeldin stops IFNγ from being secreted out of the cells (a). 
By adding permeabilising agents, fluorochrome-conjugated antibodies can enter the 
cells and bind to the produced cytokine (b). 
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Results and discussion 

Development of an animal kidney transplantation model 
of acute cellular rejection for functional characterization 
of the graft infiltrating immune cells (Paper I) 

Background 
The aim with this study was to devleop an animal model for ex vivo 
characterization of ACR in terms of lymphocyte activation, proliferation and 
donor specificity. Since immune response is mainly a result of local events 
we have analysed graft tissue.  
 Our goal was to perform a functional analysis, in terms of proliferation, of 
the infiltrating cells because markers of proliferation are expressed in grafts 
suffering from ACR (24, 109). Also, a large proportion of grafts with a 
stable function display infiltration of lymphocytes resembling ACR. Cellular 
infiltration of graft tissue can also be seen during other causes of graft 
dysfunction such as viral infections (62, 63). These findings indicate that a 
functional analysis of a cellular infiltrate is necessary. 
We also wanted to analyse the expression of activation markers on graft 
infiltrating cells. Markers of activation can be seen in grafts suffering from 
ACR (14, 21-23). The expression of activation marker can be analysed using 
flow cytometry (110). Because digestion of graft tissue for isolation of graft 
infiltrating lymphocytes using enzymes may disrupt the expression of cell-
surface markers (111), it is advantageous to isolate these cells without these 
agents. To achieve our aims, we wanted to develop a tissue system for 
isolating graft infiltrating lymphocytes without the use of enzymatic tissue 
digestion. Cells should be able to propagate out of the tissue as a result of 
proliferation. 
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Methods 
Kidney transplantations between inbred rat strains were performed with the 
animals initially immunosuppressed with CsA. In order to initiate ACR, 
immunosuppression was withdrawn after 10 days. Infiltrating lymphocytes 
were analysed using the in vitro culture system, allowing cells to propagate 
from biopsies of the transplanted kidneys to culture medium. The propagated 
cells were counted and analysed for subtype, activation markers and donor-
specificity using flow cytometry and a proliferation assay. The results were 
compared with immunohistochemical analyses and morphology. 
Syngeneically transplanted animals and animals given constant 
immunosuppression upon transplantation were used as controls. 

Results 
 In the rejection group, massive propagation of T cells was seen around the 
cultured biopsies, whereas the numbers of T cells propagating from 
syngeneic grafts and grafts protected by immunosuppression were markedly 
lower. The numbers of outgrowing T cells correlated with morphological 
and immunohistochemical signs of rejection. A higher percentage of the 
propagated T cells in the rejection group expressed activation markers 
(CD25 and MHC class II antigen) compared to spleen and peripheral blood 
T cells from the same animals. Propagated MNC from biopsies in the 
rejection group were proliferating and showed donor specific reactivity, 
whereas mononuclear spleen cells from animals in the same group did not 
show this donor specificity. 

Conclusion and remarks  
In this model we have shown that it is possible to isolate graft infiltrating T 
cells within 24 h, without the use of proteolytic enzymes, feeder cells or  
IL-2. This is of importance because the use of proteolytic enzymes may 
disturb the expression of surface markers and the use of exogenous 
stimulants may result in unspecific activation and proliferation of infiltrating 
cells.  
By using this proliferation assay we found that propagated cells showed 
higher proliferative activity against donor cells as compared to syngeneic or 
third-party stimulator cells. This analysis also confirms that the rejection 
process is mainly a result of local immunological events since mononuclear 
spleen cells from the recipient did not show donor specific proliferative 
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activity. In support of this finding, propagated T cells showed a significantly 
higher percentage of CD25 and MHC class II antigen positive cells 
compared to T cells in spleen and peripheral blood.  

 

Applying the tissue-culture system in the kidney 
transplantation model for monitoring of rejection 
treatment (Paper II) 

Background  
The objective of the present study was to examine whether or not the in vitro 
assay developed in paper I could be used to evaluate the effect of inserted 
rejection treatment. Biopsies for ME are of restricted value for this purpose 
since infiltrating cells can persist for more than a week after inserted 
treatment.  

Methods 
We applied the kidney allo-transplantation model described in paper I. After 
kidney transplantation and IS treatment for ten days, an episode of ACR was 
induced by withdrawing immunosuppression for five days. Before starting 
the rejection treatment, a core biopsy from the transplanted kidney was 
taken. At the end of the experiment, animals were killed and the kidney 
grafts were removed. At both time-points (before and during rejection 
therapy), infiltrating MNCs were isolated using the in vitro culture system. 
The propagated cells were counted and analysed for subtype and activation 
markers. The results were compared with immunohistochemical and 
morphological evaluation. 

Results  
The immunohistochemical and morphological evaluation after withdrawal of 
immunosuppression showed cellular rejection in all kidney grafts. In 
addition, infiltrating cells could be propagated from all animals at this time 
point. However, immunohistochemical and morphological evaluation could 
not reveal any improvement two or four days after initiation of rejection 
treatment whereas the number of propagated lymphocytes was reduced by 
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50 and 75%, respectively. The expression of activation markers (CD25 and 
MHC class II) on T cells were not affected by inserted treatment.  

Conclusion and remarks  
The study in this paper demonstrate that the ex vivo propagation technique, 
as used in this model, is superior to immunohistochemical and 
morphological evaluation to assess whether an attempted anti-rejection 
therapy is effective. This finding shows that the propagation of infiltrating 
cells is a result of proliferation and not simply a passive diffusion out of the 
tissue. The expression of activation markers could not, however, be used to 
differentiate a graft with ongoing rejection from one responding to rejection 
treatment. Previous studies in humans have also failed to detect any specific 
correlation between the expression of CD25 and MHC class II and ongoing 
rejection (112, 113). 

 

Applying the tissue-culture system on biopsies from 
kidney transplant patients (Paper III) 

Background  
The objective of this study was to apply the tissue culture system, originally 
developed for the animal model, on biopsies of transplanted human kidneys. 
In order to be useful in the clinical situation, straightforward results from the 
method must be available quickly, so as not to allow a rejection process to 
proceed very long. In the animal model, results were available within 24 
hours.  
Biopsies of kidney grafts are routinely taken for ME and it is thereby 
possible to compare the results from the culture system with ME, which is 
presently the gold standard technique for diagnosis of rejection. Biopsies are 
taken at the first sign of graft dysfunction, but the biopsy procedure differs 
between centers. The biopsies may be taken blindly, without the use of 
ultrasound guidance, thereby increasing the risk of obtaining a non-
representative specimen of the kidney. At our center, the intention is to 
always obtain a biopsy before insertion of rejection treatment, and the biopsy 
procedure is performed by an experienced radiologist using ultrasound for 
guidance. Biopsy of transplanted kidneys is a safe procedure with a low 
incidence of complications. In a series totalling 1,421 biopsies, percutaneous 
biopsy caused no deaths or graft losses (114). 
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Methods  
Tissue culturing of biopsies from kidney transplant patients with signs of 
transplant dysfunction was performed.  
Ninetyseven biopsies from 72 patients were analysed. We quantified the 
outgrowth of lymphocytes from the biopsies and analysed the cells further 
for CD4 / CD8 ratio and the expression of activation markers. The results 
were correlated to the ME and the clinical outcome of graft function. For 14 
patients, multiple biopsies were available, allowing us to correlate the results 
to the clinical outcome over time. 

Results  
In biopsies from grafts with acute cellular or combined cellular and vascular 
rejection, the number of propagated cells was profoundly higher than from 
grafts without rejection, grafts with borderline changes and from grafts 
undergoing vascular rejection. 
The expression of the activation markers CD25 and MHC class II on T cells 
was similar in all groups. 
To test our hypothesis that quantification of cellular propagation could 
correlate to ACR, we determined a cut-off value for growth using Fischer’s 
exact test. For all different cut-off levels that were tested, the sensitivity and 
specificity was low for the culture system when compared to ME. However, 
by looking further into the clinical outcome of the false positive and false 
negative biopsies, in some cases the number of propagated lymphocytes 
better predicted the clinical outcome than the diagnosis made by routine ME. 

Conclusion and remarks  
The results of this study confirm the results from our animal model and from 
other clinical studies showing that graft infiltrating cells are possible to grow 
in vitro and that growth correlates to ACR (115-118). 
The technique has both a diagnostic and a predictive value for evaluation of 
acute rejection when a cellular component is present. The proliferative 
response predicted the clinical outcome in a majority of the grafts with acute 
cellular and cellular + vascular rejection according to the ME, thereby 
providing a tool to assist in the decision-making to apply an intensified or 
unchanged IS treatment. 
 
The culture system was however of little value for the diagnosis of other 
causes of graft dysfunction and for the detection of vascular rejections. In 
addition, the usefulness of the method to evaluate borderline changes or 
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cellular infiltrations due to infections could not be estimated due to too few 
patients with these diagnoses.  
It was also noted that the expression of activation markers could not be used 
to discriminate rejecting from non-rejecting grafts. This is perhaps because 
the extravasation of MNC, as a result of either ischemic trauma or 
immunologic response, is dependent upon lymphocyte activation and that 
additional parenchymal damage is caused by further activation and 
proliferation.  
When we correlated the number of propagated lymphocytes to the clinical 
outcome (creatinine levels), the outcome seemed to be more in accordance 
with our findings from the in vitro lymphocyte propagation assay than with 
the ME. It is, however, important to note that the creatinine level is affected 
by a number of conditions such as infections, dehydration, dosage of IS 
drugs, etc. Various IS protocols were used and biopsies were not classified 
strictly according to the Banff criteria. Instead, the cellular propagation was 
correlated to routine histology and the implication this had on the treatment. 
This was done because decisions as to whether or not rejection treatment 
should be administered are based on this type of clinical information.  

Use of HLA tetramers for detection and characterisation 
of CMV specific T cells (Paper IV) 

Background 
The objective in this paper was to study the immune response to an infection 
commonly affecting immunosuppressed patients. We chose to study CMV 
infection which, as discussed above, constitutes the most common viral 
infection after organ transplantation.  
We evaluated a novel HLA tetramer for identification of CMV specific 
CD8+ T cells, the cells responsible for suppressing viral replication.  
Immunosuppressed organ transplanted patients and healthy individuals were 
studied. We specifically asked whether the frequency of these cells differed 
between the two groups. Since CMV, during latent infection, remains in 
MNC (61), peripheral blood was used for analysis. We also attempted to 
follow the frequency of these cells repeatedly during an ongoing primary or 
reactivated infection.  
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Methods 
To test the CMV tetramer for accuracy and specificity, CMV infected cell 
lines were analysed. It was also necessary to investigate individuals with 
different combinations of serostatus and HLA types. Therefore, 14 HLA-A2-
positive and 5 HLA-A2 negative healthy blood donors were included in the 
study. In addition, 12 HLA-A2-positive and 5 HLA-A2-negative, CMV 
seropositive, kidney transplanted individuals with latent infection, and three 
HLA-A2-positive transplanted patients, with reactivated CMV infection, 
were included. Finally, one non-immunosuppressed individual with primary 
CMV infection was analysed. The expression of activation markers (MHC 
class II, CD38 and the CD45RO/RA ratio) on tetramer+ T cells was 
examined. 

Results  
The HLA tetramer specifically stained CMV directed T cell lines and 
isolated cells showed CMV specific cytotoxic activity. CMV specific T cells 
were only seen in individuals with latent or active CMV infection, and only 
if their MHC class I was the same as in the tetramer used (HLA A0201). 
CMV specific T cells were detected in healthy blood donors as well as in 
immunosuppressed patients with no difference between the groups. The 
frequency was between 0.1% and 8% of CD8 + T cells. The expression of 
CD38, but not MHC class II or CD45 RO, was higher in immunosuppressed 
patients with latent infection as compared to blood donors. 

Conclusion and Remarks  
We found that the HLA tetramers accurately detected CMV specific CD8+ T 
cells and no false positive results were seen. The frequency of these cells 
wais up to ten-fold higher than previously reported using LD-technique (70, 
119). However, the LD-assay depends on the capacity of T cells to survive 
and proliferate in culture. Fully differentiated T cells are therefore likely not 
detected using this technique. A similar discrepancy in the frequency of 
Epstein-Barr virus (EBV) specific CD8+ T cells was recently observed when 
comparing direct measurement of EBV-tetramer positive CD8+ T cells with 
LD-analysis (120). 
It was also of interest to note that the frequency of CMV specific T cells did 
not differ between non-immunosuppressed and immunosuppressed 
individuals. This indicates that a functional estimation of these cells is 
important to conduct in order to determine the immune response to this 
virus. The finding that the expression of CD38 on tetramer+ T cells was 
higher in immunosuppressed patients and in participants with reactivated 
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infection supports previous studies showing that CD38 expression correlates 
to active viral infection (120-122). 

 

Combining the HLA tetramer technique with antigen 
stimulation for determining the functional capacity of 
virus specific T cells (Paper V) 

Background 
The findings in paper IV led us to perform the study described in this paper. 
Specifically, we asked whether immunosuppressed patients, who have an 
increased risk for CMV disease, differ in the absolute number or functional 
capacity of CMV specific T cells as compared to healthy controls.  

Methods 
Peripheral blood from twelve organ transplant patients and 41 healthy blood 
donors with latent CMV infection were investigated using CMV pp65 
tetramer staining and antigen stimulation with either the same 
immunodominant CMVpp65 peptide as that used for tetramer construction 
(NLVPMVATV) or a lysate of CMV infected fibroblasts. 
The antiviral capacity of CMV specific T cells was determined by the ratio 
of CMV tetramer+ T cells responding with IFN-γ secretion after stimulation 
with CMV pp65 peptide.  

Results  
CMV specific T cells were detected in similar frequencies, but also in 
absolute numbers in the two groups investigated, without any false positive 
results. In HLA-A2-positive and CMV seropositive healthy blood donors, 
CMV specific cells were detected in 83% of individuals using CMV lysate 
pulsing, 42% using A2/pp65 tetramer and 29% using the pp65 peptide 
pulsing technique. The CD38 expression on CMV specific CD4+ T cells was 
markedly higher in immunosuppressed patients as compared to healthy 
blood donors. The CD8+ T cells in immunosuppressed individuals showed a 
decreased functional response to the CMV peptide as evidenced by reduced 
IFN-γ production when compared to healthy blood donors. 
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Conclusion and Remarks  
As in our first study, CMV-specific T cells were detected in similar 
frequencies in the two groups investigated. In addition, in this second study 
the numbers of these cells did not vary between the groups. We also found 
support for our hypothesis that the CD8+ T cells in immunosuppressed 
individuals showed a decreased functional response to the CMV-peptide as 
evidenced by reduced IFN-γ production when compared to healthy blood 
donors.  
IFN-γ plays a central role in the host resistance to pathogens; IFN-γ is 
secreted by T cells and NK-cells during viral infection and stimulates 
antigen presentation through MHC class I and II, recruits macrophages, 
directs the adaption of a Th1 response, and has direct anti-viral effects by 
inducing regulatory transcription factors (123). Hence, the present findings 
of a reduced number of IFN-γ secreting, CMV specific CD8+ T cells may, 
more accurately than the frequency or number of HLA tetramer+  T cells, 
reflect an impaired generation of functional cytotoxic T cells controlling 
latent CMV infection in immunosuppressed patients. 
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Conclusions 

- Using the animal model we developed a tissue culture system for isolation 
of graft infiltrating cells without the use of enzymes, cytokines or feeder-
cells. A high number of propagated graft infiltrating cells correlated to 
morphological signs of acute cellular rejection. 
 
- In the animal model, the tissue culture system was superior to ME for the 
assessment of successful rejection treatment. 
 
- The tissue culture system can be a valuable tool for analysis of biopsies of 
transplanted human kidneys suffering from acute cellular rejection. 
 
- By using HLA tetramers, it was possible to visualise CMV specific T cells. 
The frequency or the absolute numbers of CMV specific T cells did not 
differ between immunosuppressed and non-immunosuppressed individuals. 
 
- By combining HLA tetramer staining with antigen stimulating techniques it 
was possible to verify a functional impairment in the CD8+ T cells directed 
to CMV in immunosuppressed patients. 

 

General conclusion 
By using the techniques described in the papers, it was possible to determine 
the cellular immune responses during acute cellular rejection and CMV 
infection. The tools can be used in a clinical setting to aid diagnosis of 
rejection and to identify patients at risk of infection due to over-
immunosuppression. 

 
 
 
 
 

 



26 

Discussion 

The general aim of the present thesis was to develop methods, possible to 
implement in the clinical setting, for the dection of over- and under-
immunosuppression. The tissue culture system is easy to perform and 
evaluate, results are available quickly and the biopsies used for analysis have 
already been obtained for ME upon signs of transplant dysfunction. The 
biopsy procedure is safe and has a low risk of complications. 
By the use of the animal model the culture system was developed and 
validated. Here, ACR can be induced for characterisation of the rejection 
process and the effect of inserted rejection treatment or baseline 
immunosuppression can be evaluated. The number of ex vivo propagated 
cells was found to correlate with rejection, and the usefulness of the 
technique was further supported by the findings in paper II that the number 
of propagated lymphocytes was reduced by 50 and 75%, respectively, two 
and four days after initiation of rejection treatment, whereas morphological 
evaluation could not reveal any improvement of the graft.  
The results from the tissue culture system when human kidney graft biopsies 
were examined are in accordance with that of other studies where 
propagation of graft infiltrating lymphocytes have shown to correlated to 
ACR (115, 116). Kirk et al. examined 100 consecutive human renal allograft 
biopsies using a similar technique and found that growth at 24 h was 
predictive of ACR and unrelated to chronic rejection or maintenance 
immunosuppression.  
Human studies using the ex vivo propagation technique have mostly been 
conducted after heart transplantation, where biopsies are taken repeatedly for 
diagnosis of rejection. Friesman et al. demonstrated that propagated cells 
from biopsies of transplanted hearts had specific cytolytic capacity (118). 
Our proliferation assays, conducted in papers I and III, confirm that the 
propagated cells are donor specific.  
In many studies, biopsies have been cultured for long time periods (124-
126). In our system, biopsies are cultured for only 24 hours, making the 
method more attractive for clinical use. In addition, previous studies have 
used the addition of cytokines (127, 128), thereby increasing the risk of 
unspecific activation and proliferation. In our culture system, no stimulants 
were required.  
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The biopsy contains all components for a rejection process; infiltrating 
lymphocytes, donor tissue and locally produced cytokines. A rejection 
process can thereby theoretically continue in the culture system. As a result, 
activated and proliferating cells are allowed to propagate out of the biopsy. 
In vivo, the proliferative capacity of the infiltrating cells are inhibited due to 
IS drugs (129, 130). By transferring the graft tissue to the culture system, the 
effect of IS drugs diminishes and it might than be possible to reveal a sub-
clinical rejection process.  
The importance of proliferation has been confirmed in other studies on graft 
infiltrating cells. Poindexter et al. showed that proliferation is directed 
towards donor tissue (131, 132). Smith et al. showed that proliferation of 
propagated graft infiltrating lymphocytes from biopsies of human kidney 
grafts correlated to an episode of rejection within two months after biopsy 
(117). Since graft infiltrating cells express markers of proliferation (24, 109)     
we decided to, by aid of the tissue culture system, evaluate whether or not 
this parameter added clinically relevant information to the assay. 
 
By analysing the expression of activation markers (CD25 and MHC class II) 
on propagated cells we could not discriminate rejecting grafts from non-
rejecting, nor could we evaluate the effect of rejection treatment. It would, 
however, also be interesting to study the expression of perforin and 
granzyme B. Expression of these markers have been shown to correlate to 
acute rejection of lung and kidney grafts when analysing local lymphocytes 
(133-136) or peripheral blood (137). Clement et al. analysed bronchoalveolar 
lavage specimens and showed that the expression of perforin and granzyme 
B on lymphocytes correlated with the severity of rejection after lung 
transplantation (133). Pascoe et al. analysed aspiration biopsy samples from 
human renal allografts and found a correlation between ACR and perforin, 
granzyme B and Fas ligand expression (135).  
The isolated cells or the surrounding culture medium can be analysed for 
cytokine production. Using ELISA and RT-PCR, Baan et al. studied the 
kinetics of IL-2 and IL-4 production of propagated heart-infiltrating 
lymphocytes (138). Kirk et al. showed that IL-2 was specifically elevated 
during ACR when compared to other causes of kidney graft dysfunction 
(139). In both the animal model and after culturing of human biopsies we 
attempted to analyse the released cytokines using commercial ELISA. IL-2, 
IL-4, TNF-α and IFN-γ were detected, but conclusions from the results could 
not be drawn since the concentration of the cytokines in the supernatants was 
around the lower detection limit for the tests.  
 
When analysing human biopsies, a high number of propagated cells 
correlated with morphological signs of acute cellular rejection, but not with 
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vascular rejection. This limitation is not surprising, taking into account that 
in acute vascular rejection the amount of infiltrating cells is generally lower 
and the cells are mainly located to the vessel walls (19, 86). Other causes of 
graft dysfunction are best diagnosed using alternative methods, i.e. ME, 
ultrasound, etc. From the results with the tissue culture system we conclude 
that the method could be used as a complement to ME to evaluate the 
clinical significance of cellular infiltration of grafts and to assess whether an 
attempted therapy of ACR is effective or not.  
 
Using HLA tetramers, we studied the immune response during infection. 
Since graft rejection is a local process, as discussed above, and CMV 
infection is a systemic disease, where virus during latent infection persists in 
peripheral MNC, we used whole blood for analysis. This makes the 
investigations relatively simple to conduct. Due to the non-invasive 
procedure, results are safely achieved both for patients and for healthy 
control individuals. Results can be available within eight hours, making the 
method suitable for clinical use. 
We chose to study CMV infection since most individuals are infected during 
childhood with this virus and then carry the disease in a latent form. CMV 
infection is the most common viral infection after organ transplantation and 
infection can develop as a result of impaired immune function caused by 
immunosuppression. In addition, new reagents are available for the detection 
of CMV-specific T cells. These cells are responsible for keeping the 
infection in a latent stage. 
We hypothesised that the frequency of these cells differed between 
immunosuppressed patients and healthy individuals. Our results, however, 
showed that the both the frequency and the absolute number of these cells 
were similar in both groups. Studies of HIV patients show that viral 
replication can be high despite a high number of HIV-specific T cells (140, 
141). Bentz et al. revealed a higher frequency of CMV-specific T cells in 
liver transplanted patient compared with non-immunosuppressed controls 
(122). Aubert et al. showed similar findings in bone marrow transplanted 
patients (142). By using an alternate technique for the detection of these cells 
we found that the functional response in terms of IFN-γ production after 
peptide stimulation was lower in immunosuppressed patients. Ozdemir et al. 
studied patients transplanted with bone marrow and found a lower fraction of 
IFN-γ secreting, CMV-specific, cytotoxic cells during CMV reactivation 
(143). Benz et al. could not, however, detect any different fraction of these 
cells when comparing non-immunosuppressed and immunosuppressed 
individuals (122).  
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The estimation of antiviral immune response may be of importance for 
evaluating the risk of developing primary as well as reactivated CMV- 
infection. However, since quantitative PCR is in clinical use for diagnosis of 
CMV infection and evaluation of inserted antiviral treatment, the tetramer 
and antigen stimulation techniques may be of limited additional value for 
these purposes. Rather, the techniques described in papers IV and V might 
be used to detect over-immunosuppression in patients, especially if analyses 
are performed repeatedly, since the absolute number of functionally active T 
cells can be monitored. Since a lower number of functionally active CMV-
specific T cells were detected in immunosuppressed individuals, this could 
explain why these patients have a higher risk for developing CMV disease. 
By verifying a progressively lower number of these cells over time, this 
could indicate that the level of IS treatment is too high. The HLA tetramer 
and peptid stimulation techniques have limitations in terms of restriction to a 
specific HLA allele and to a defined viral epitope. Even in HLA-A2 
individuals, T cell clones directed at other epitopes on the pp65 may be 
present. Also, in some HLA-A2 individuals, T cell clones with affinity to 
any of the other three HLA class I alleles present can be favoured in the 
mature immune response (144). This may be a disadvantage due to the 
requirement of several tetramer/peptide constructs. Kern et al. used peptide 
pools, spanning the entire amino acid sequences of the CMV pp65 and major 
immediate early proteins, for stimulation of CMV infected cells (144). Using 
these peptide pools, the absolute number of functionally active CMV 
specific cells can be determined, irrespective of the tissue-type of the patient 
investigated. 
 
Bringing the results from the tissue culture and HLA tetramer/antigen 
stimulation techniques together, we conclude that it is not sufficient to detect 
and quantify graft infiltrating lymphocytes or CMV-specific T cells to 
determine the IS state. By determining the functional response of these cells 
in terms of proliferation and IFN-γ production, respectively, it could, 
however, be possible to detect a state of under- or over-immunosuppression 
of transplanted patients. The methods describe a novel way of characterizing 
the consequences of IS treatment on the functional capacity of the cellular 
immune system.  
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Future Perspectives  

 
- We, and others, have shown that the tissue culture system can be used to 
study ACR after allogeneic organ transplantation. The technique can also be 
used for characterising xenogenic cellular rejection (145). In the concordant 
mouse-to-rat heart transplantation model, the number of propagated T cells 
during cellular rejection was about 3.5 times higher than during optimal 
immunosuppression, and six times higher than during acute vascular 
rejection.  
 
- The tissue culture system leaves donor-reactive T cells and their products 
available for further investigations and manipulations. The system can be 
used both in animal experiments and for human biopsies. In the clinical 
setting, one can either split the biopsy into two parts or obtain a second 
biopsy. In this way, material for both ME and tissue culturing will be 
available with only minor impact on the patient. One application is to add IS 
drugs directly to the cultures in order to in vitro identify the most suitable IS 
drugs at a specific occasion for a specific patient. A similar technique, using 
a human cell line panel, is in use for the evaluation of cytostatic drugs (146-
148). This kind of application is illustrated in paper III, where steroids were 
added to the explant cultures. The amount of cellular propagation was 
reduced with increasing steroid concentration, indicating that this rejection 
was steroid sensitive. 
 
- The technique for intracellular staining of cytokines, used in paper V, may 
be useful for cytokine detection in propagated cells. This method, as well as 
the ELISPOT-technique, can detect cytokine secretion at the single-cell 
level. To our knowledge, propagated cells from organ grafts have yet not 
been analysed using these methods. 
 
- Techniques for detection of multiple gene expression and their products 
(microarray or proteomics) may well be usable together with the tissue 
culture technique. In this way the rejection process can be studied in more 
detail and cytokine patterns before and after inserted rejection treatment may 
be revealed.  
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- Besides during ACR, there are other situations when lymphocytes are 
infiltrating graft tissue and the functional significance of these cells needs to 
be further investigated. This is, for example, the situation when borderline 
changes are present (89) or during infections (86).  
 
- As previously discussed, by using peptide pools the absolute number of 
functionally active CMV-specific cells can be determined irrespective of the 
tissue-type of the patient or the cellular restriction to a defined viral epitope. 
If analyses are performed repeatedly, this information may be used to 
identify patients at risk of infection due to over-immunosuppression. 
 
- In paper IV we showed that CMV-specific cells are possible to isolate for 
culturing. Previous studies have confirmed this possibility using antigen 
staining and HLA tetramers, respectively (149, 150). Einsele et al. prepared 
CMV-specific cell lines by stimulation with the CMV antigen. After 
expansion, cells were transfused to BMT patients not responding to antiviral 
treatment. The CMV load dropped in five of seven patients (151). 
Our laboratory is using CMV pp65-modified dendritic cells for expansion of 
CMV-specific T cells (152). As peptides from immunodominant tumor 
epitopes also can be used for this purpose, the technique has a potential role 
for immunotherapy of malignant tumors.  
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