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behorend blj het proefschrift 

'The Role of Cytomegalovirus in the Pathology and Etiology of Islet 

Graft Failure' 

1. Cytomegalovirus (CMV)-lnfectle versnelt de lmmuungemedieerde afstoting van 

ellandjes van Langerhans transplantaten In de rat (dit proefschrift:). 

2. De activatle van het immuunsysteem en aantrekklng van speclfleke alloreactleve NK 

cellen en CDa+ T cellen naar het Eilandjes van Langerhans transplantaat, kan 

versneld transplantaatfalen in CMV-geinfecteerde dleren verklaren (dit proefschrift:). 

3. Beta-cellen afkomstlg van zowel de rat als de mens zljn direct ontvankelijk voor 

CMV-infectie. De lnfectie zou kunnen bljdragen aan het ontstaan van Type I 

Diabetes en afstotlng van Ellandjes van Langerhans transplantaten (dit proefschrift). 

4. Toename van de expressle van adhesiemoleculen en niet-klassleke en klassieke 

MHC klasse I moleculen op CMV-geinfecteerde beta-cellen verhoogt de cellulaire 

lmmunogenicltelt en de gevoellgheld voor lmmuungemedieerde afbraak van deze 

cellen (dlt proefschrift). 

5. De toename van de lmmunogenlcltelt van Eilandjes van Langerhans transplantaten 

als gevolg van CMV-lnfectle, kan versneld immuungemedieerd transplantaatfalen 

verklaren. 

6. CMV zou meer aandacht moeten krijgen als factor In het falen van humane Ellandjes 

van Langerhans transplantaten, ook wanneer de infectie zich subklinisch afspeelt. 

7. De voorlichtingscampagne 'Blologisch elgenlijk heel logisch' richt zich op milieu- en 

gezondheidsbewustzljn, echter, de afzet van duurzame producten zou effectiever 

gestimuleerd kunnen warden door het prijsverschll met conventionele producten te 

verkleinen. 

8. Wanneer men in ogenschouw neemt dat de meeste biologische groente te koop in 

de supermarkt ult Spanje komt, is de bezorging van lokale blologische 

groentepakketten met een dieselbusje helemaal zo blologisch onverantwoord nog 

nlet. 



9. Zeals een huis is epgebeuwd uit stenen is wetenschap epgebeuwd uit feiten. 

Echter, zeals een berg stenen niet direct een huls is, Is wetenschap meer dan 

alleen een verzameling feiten (vrij naar Henri Poincare). 

10. Naast acknowledgements zou er in wetenschappelijke stukken oek ruimte 

meeten zijn voor disturbances. 

11. Preefschriften zijn er om te schrijven, niet om te lezen (Miquel Bulnes). 
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CHAPTER 1 

GENERAL INTRODUCTION 

M.J. Smelt 

Department of Pathology and Medical Biology, Division Medical Biology, University Medical Center Groningen 



CHAPTER 1 

Clinical islet transplantation in a historical perspective 

Pancreatic beta-cell replacement has gained much attention in the last three decades, 

since it provides a promising and minimally invasive therapy for the treatment of Type I 

Diabetes. Drs. Najarian and Sutherland performed the first series of 10 islet 

transplantations in 7 diabetes patients at the University of Minnesota from 1974 to 1977. 

Unfortunately, the transplant success was unsatisfactory low, since there was no 

measurable increase in insulin secretion in any of the recipients (1). It was not until 1989 

that a successful islet transplantation, performed by Dr. Lacy and Dr. Sharp, rendered 

the first islet recipient insulin independent. As a consequence of this success, many 

groups started islet transplant programs and approximately 300 islet transplantations 

were performed in the following decade. In spite of these efforts, the majority of these 

transplantations were not very successful. Not more 10% of the engrafted patients was 

still insulin independent at one year after transplantation (2). An imbalance between the 

islet volume and the metabolic demand, toxic effects of immunosuppressive treatment 

(mainly caused by steroids), and immune-mediated destruction, such as allograft 

rejection or recurrence of autoimmunity, could be appointed as causative factors for islet 

graft failure (3). 

In 2000, Shapiro et al (4) overcame several of the problems by designing a 

novel standardized transplantation protocol, now known as the Edmonton protocol (4). 

This protocol is based on the administration of relatively large amounts of islets, 

reduction of the cold ischemic time of the pancreas, and a steroid-free triple 

immunosuppressive protocol consisting of Sirolimus (Rapamycin), Tacrolimus (FK506), 

and Dacluzimab, an anti-IL-2-receptor monoclonal antibody. Using this protocol, Shapiro 

et al rendered seven Type I Diabetes patients insulin independent up to 14 months after 

transplantation (4). 

This success brought great optimism to the field, and as of 2001, many groups 

started clinical islet transplantation programs. However, publication of the five-year graft 

survival rates tempered this initial enthusiasm. Five years after transplantation, only 

10% of the patients still remained insulin independent, whereas 90% of the patients had 

partially or completely lost graft function (5). Islet exhaustion by work overload, 

recurring autoimmunity, and alloimmunity despite the presence of immunosuppression, 

have been suggested to be causative for these low graft survival rates (5). This list of 

causal factors for the failure of islet grafts may be far from complete. For instance, the 

role of viral infections in islet allograft failure, has gained only minor attention up to now. 
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CHAPTER 1 

Beta-cell destruction and viral infection 

The role of viral infections in beta-cell loss and the development of Type I Diabetes is 

well-recognized. Type I Diabetes is considered to be the result of autoimmune 

destruction of pancreatic beta-cells (6). This autoimmune destruction of beta-cells can be 

triggered or accelerated by environmental factors, including viral infections. Several 

mechanisms of virus-induced beta-cell damage have been described, which include both 

direct and indirect effects. Direct effects may be infection-induced reduction of the 

beta-cell insulin secretion, as well as cytolytic beta-cell infection leading to non 

immune-mediated cell death. Indirect effects of viral infection involve the activation of 

the immune system leading to immune-mediated destruction of the beta-cell mass. The 

activation of autoreactive T-cells, loss of regulatory T cells, or molecular mimicry (7) and 

activation of cross-reacting T cells may lead to the loss of self-tolerance. These 

mechanisms of beta-cell damage are not necessarily mutually exclusive, as will be 

discussed below. 

Rubella virus is an example of a virus that directly infects the pancreatic 

beta-cells (8;9) with beta-cell death as a result. As a consequence, patients with 

congenital rubella have a higher risk to develop Type I Diabetes (10). The exact 

mechanism underlying rubella-induced diabetes is not yet completely elucidated, 

however, reduced insulin secretion after beta-cell infection (9) and beta-cell destruction 

due to molecular mimicry have been suggested (11). 

Another example of a virus associated with beta-cell death is Coxsackievirus, i.e. 

an Enterovirus infection. Coxsackievirus may have both direct cytolytic effects on 

pancreatic beta-cells, as well autoimmune stimulating effects. Non-cytolytic infection 

might enhance the presentation of beta-cell antigens to resting autoreactive T-cells. 

Furthermore, cross-reactivity directed against viral antigens and beta-cell antigens, as 

well as bystander damage due to excessive inflammation have been suggested as 

mechanisms of infection stimulated beta-cell destruction (12; 13). 

Another important candidate virus that has been associated with the destruction 

of the endocrine pancreas is Cytomegalovirus (CMV). CMV-infection has been suggested 

to contribute to beta-cell dysfunction in both human and rodent new-onset Type I 

Diabetes (14-17). Similar to Rubella and Coxsackievirus infections, CMV has been 

suggested to have both direct and indirect effects on beta-cell function and survival 

(14; 18). However, the accelerating effect of CMV on the development of new-onset 

Diabetes has been interpreted as a CMV-induced reinforcement of existing autoimmune 

responses (14 ), rather than direct cytolytic infection of the beta-cells. 

To date, the knowledge about the role of CMV-infection in islet graft failure is 

limited. Only two studies addressed this issue (19;20). This is surprising, since 
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CHAPTER 1 

CMV-infection is not only associated with native beta-cell destruction, but also with solid 

organ graft rejection. Before further argumentation is given for detailed studies on the 

role of CMV in islet allograft failure (Design and Rationale), we will discuss the 

characteristics, the immunomodulating properties, and the immunological control of 

CMV-infection. This is essential for understanding the potential role of CMV in pancreatic 

islet allograft failure. 

Characteristics of CMV; structure, and infection 

With a linear double stranded DNA genome larger than 230 kb, human CMV is the largest 

and the most complex member of the human herpes-virus family (8). The viral genome 

is surrounded by a proteinaceous matrix, the tegument, and a lipid bilayer containing 

viral glycoproteins necessary for host cell entry (21). Following cellular entry, the viral 

genome translocates to the nucleus, where the viral genes are transcribed and the 

replication cycle is started (22). 

Immediately after cellular infection, the viral immediate early (IE) genes are 

transcribed, which are necessary for the transcription of the early (E) and the late (L) 

genes. The viral E proteins are involved in viral DNA replication, whereas the L genes 

encode viral structural proteins and are transcribed last (22;23). Two modes of viral 

replication, i.e. (i) acute productive infection and (ii) persistent, low-grade or abortive 

infection can be distinguished within infected cells, depending on the infected cell type. 

Permissive cells (fibroblasts, endothelial cells) allow acute, productive infection, which is 

characterized by high replication rates and the formation of viral progeny (21). Non

permissive cells repress the viral Major Immediate Early promoter (MIEP) (21) and only 

allow persistent infection, which is characterized by the presence of viral DNA, but low 

levels or absence of viral replication and viral proteins (21). Examples of non-permissive 

cell types are monocytes and their progenitor cell types, which are considered to be the 

predominant site of viral latency in vivo (21). To date, the direct susceptibility of 

pancreatic beta-cells for CMV-infection and the consequences of beta-cell infection are 

largely unknown. 

Already in 1980, Jenson et al observed typical CMV-inclusion bodies in the 

pancreatic islets of CMV-infected children (16). The direct susceptibility of pancreatic 

islets for CMV-infection was confirmed by Numazaki et al (24). Although productive CMV

infection in the islets was observed, direct evidence for the infection of the beta-cells was 

lacking. Hayashi et al demonstrated, however, that CMV-infection of immunocompetent 

mice led to impaired beta-cell insulin secretion, mild islet inflammation, and occasional 

presence of viral antigen in, what appeared to be, beta-cells (18). Again, evidence for 

direct beta-cell infection was lacking. 
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CHAPTER 1 

That pancreatic beta-cells may be direct targets for CMV-infection is likely, when one 

considers the membrane proteins CMV uses for cellular entry. CMV has a broad cell 

tropism, which is based on the use of wide-spread and common cellular receptors for 

entry. Prior to cellular infection, interaction of virus particles with integrins and/or the 

Epidermal Growth Factor Receptor (EGFR), results in a series of signaling events that 

allow fusion of the viral membrane with the host cell membrane (25-27). The subsequent 

viral entry and viral gene expression results in several cellular responses; a combination 

between cellular stress responses and regulation of host cell gene expression by the 

virus. Viral regulation of host cell gene expression and a series of immunomodulatory 

strategies is considered to be necessary to enhance viral replication and to avoid host 

immune recognition (22;23;28). 

Immunomodulation and immunological control of CMV-infection 

CMV has unique immunomodulating properties that facilitate escape from immune 

attack. This immunomodulation is highly efficient and consists of the expression of virally 

encoded immune cell inhibitory receptors, chemokines and chemokine (decoy) receptors, 

and proteins that modulate the cellular MHC expression (21). However, the innate and 

adaptive immune system have co-evolved to control viral infection and spread. In 

healthy, immunocompetent subjects, CMV-infection therefore normally develops without 

symptoms and only establishes latent infection (21). The control of CMV in healthy 

subjects occurs at different levels, as will be outlined in the following section. 

The spread of blood borne virus is controlled by glycoprotein B specific 

antibodies, which induce neutralization of the virus particles (23;29). NK cells facilitate 

the early clearance (day 2 to 7 after infection) of the virus by the production of antiviral 

IFN-y and TNF-a, or by the direct lysis of infected cells (30-32). At later stages (day 7 to 

10), regulation is facilitated by IFN-y producing CD4+ T cells in the salivary glands (33) 

and CD4+ and cos+ T-cells in the periphery (34-37). The role of NK cells is not only 

important in the direct clearance of virally infected cells, but also in generating a correct 

T cell response towards the virus. In this process, specific NK cells, T cells, and NKT cells 

collaborate to effectively clear the infection and to establish immunologic memory (38-

41). Since this process may lead to excessive immune activation, the expansion of 

regulatory T cells dampens the immune response to prevent collateral damage ( 42;43). 

These responses of regulatory T cells, combined with the immuno-evasive strategies of 

the virus itself, prevent complete viral clearance and allow the virus to establish 

persistent latent infection. That the NK and T cell-mediated control of CMV-infection is 

essential, is illustrated by the observation that NK cell deficient mice are very susceptible 

for CMV infection (44) and that immunocompromised individuals, with reduced T cell 
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function, show episodes of lytic CMV infection (23). This immunocompromised situation 

also occurs after transplantation, when immunosuppression is mandatory to avoid 

rejection of the graft. In this situation, CMV has a chance to escape the immunological 

control, with severe morbidity and mortality as a consequence. 

CMV-infection and epidemiology after solid organ transplantation 

Under immunosuppression, and in the absence of any antiviral treatment, as much as 

30-75% of the transplant patients demonstrate viral reactivation and clinically detectable 

systemic infection. In 8-30% of these patients, systemic infection may develop into mild 

to severe CMV-disease, which is characterized by fever, malaise, leucopenia and CMV

invasive end-organ disease ( 45). The CMV-infected organs demonstrate high degrees of 

viral replication, viral protein expression, typical cellular swelling, and severe 

inflammation (21). Also, more indirect clinical consequences of CMV-infection have been 

reported. These include allograft injury and increased risk of graft rejection (46;47), 

increased risk of the development of post transplantation diabetes mellitus ( 48-50). 

Furthermore, patients are more prone to secondary opportunistic infections (51-54) 

In transplant patients, the CMV-infection may originate from both the recipient 

(reactivation), as well as from the graft (primary infection or viral superinfection). Both 

the direct and indirect clinical consequences of CMV-reactivation appear to be most 

severe when the infection originates from the CMV-infected graft in a CMV-naive 

recipient. Recipients that are already CMV-infected, are considered to be at moderate risk 

for CMV-disease and the CMV-associated indirect clinical consequences (55;56). The high 

risk on CMV-induced pathologies in CMV-naive recipients can be explained by the 

absence of immunological memory. The local effects of the virus in the graft, and the 

development of a primary antiviral immune response may act in concert to accelerate 

graft rejection. 

CMV-infection and reduced graft viability 

The first report about the association between allograft rejection and CMV-infection came 

from von Willebrand et al, who observed a high frequency of late acute renal graft 

rejection in CMV-positive transplant patients (57). Since then, several papers have been 

published about the role of CMV in both acute and chronic allograft rejection. A 

prospective study done by Shira Ii et al in biopsies of cardiac transplant patients, 

demonstrated that the risk on vasculopathy and graft rejection was up to 7 times higher 

when CMV-DNA was present in the graft (58). These results were corroborated by 

Grattan et al who observed a high frequency of cardiac allograft rejection and graft 

atherosclerosis in CMV-positive transplant recipients (59). In liver transplantation, 
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several groups reported a clear correlation between CMV-infection and an increased 

magnitude of chronic graft rejection (60-62). A strong association between CMV-infection 

and graft rejection has also been reported for lung and renal transplantation (57;63-65). 

However, to date, the exact role of CMV-infection in graft rejection remains 

subject of debate, since not all groups find clear correlations between CMV-infection and 

graft rejection (52;66). However, this might be explained by differences in experimental 

setup, rather than by the absence of virus-induced effects. The clinical studies differ 

widely in the use of antiviral medication, immunosuppressive regimen, the length of the 

follow up period, the applied CMV-detection methods, and the infection status of both 

donor and recipient. Viral co-infection with for instance adenoviruses or enteroviruses 

might cause 'noise', overshadowing the effect of CMV. This argumentation is 

substantiated by the findings of Shirali et al, who demonstrated that cardiac allograft 

rejection can be correlated to the presence of several types of viral DNA and RNA (58). 

In this study, not only the presence of CMV, but also adenovirus, enterovirus, parvovirus, 

Eppstein-Barr virus, and Herpes Simplex virus infections were associated with graft 

failure. 

The lack of consistency in human studies combined with the presence of 

overshadowing secondary infections demands experimental models to determine the 

contribution of CMV-infection to graft failure. Rodent transplantation models may in this 

case provide valuable information, since they are well controlled and lack overshadowing 

secondary infections. Although some genetic differences exist between human (HCMV) 

and rat CMV (RCMV) (67;68), CMV-infection develops in a similar manner in humans and 

rats (69). For this reason, rat models are considered to be adequate read-out systems to 

investigate the role of CMV-infection in graft rejection. Indeed, several rat solid organ 

transplantation models have found accelerated graft rejection after RCMV-infection (70-

73). This, combined with the data from clinical studies confirming the role of CMV in 

transplantation, makes it safe to conclude that CMV-infection is indeed a factor 

contributing to solid organ graft rejection. 

Effects of CMV-infection on local immunogenicity and systemic immunoactivation 

The immunological processes in immunosuppressed transplant patients are unique. As a 

consequence, the immunomodulation and immunological control of CMV is different in 

transplant patients. As the role of CMV in islet allograft rejection is the subject of this 

thesis, the immunological processes in transplant patients in relation to immune

mediated graft destruction requires some further consideration. 

The immunological rejection process is the result of the recognition of non-self 

antigens by immune cells in the transplanted organ. Allorecognition may occur via two 
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independent pathways. The first pathway, e.g. indirect allorecognition, involves the 

internalization of foreign proteins, mainly 'non-self' MHC molecules, by the recipients' 

antigen presenting cells. Presentation of 'non-self' peptides on 'self' MHC will lead to T 

cell activation and subsequently an al loimmune response directed against donor MHC. 

The second pathway, e.g. direct allorecognition, is unique to transplantation. In this 

pathway, T cells may directly become activated upon recognition of foreign peptides in 

the context of foreign MHC I and MHC II. The primacy of the direct allorecognition 

pathway is demonstrated by the high frequency of T cells with direct allospecificity as 

compared to T cells with indirect allospecificity. In both cases, T cell activation will lead to 

a strong al loimmune response, characterized by T cell proliferation and immune

mediated destruction of the allograft (74). 

CMV-infection may contribute to graft failure via two mechanisms. First, 

infection may lead to CMV-induced cell lysis. Second, infection may lead to an 

enhancement of immune-mediated graft destruction. This CMV-mediated enhancement of 

graft destructive immune responses may be observed in the graft or more 

systemical ly. Viral reactivation or infection of the graft may enhance local 

immunogenicity, by increasing the intragraft expression of adhesion molecules, such as 

ICAM-1 (71; 75-81) and LFA-3 (80;81), classical MHC class I molecules (79;82-84), and 

non-classical stress-inducible MHC molecules MICA and MICB (85-88) . Additionally, 

interactions of the viral glycoproteins with Toll-like Receptors (TLRs) in the graft may 

stimulate the release of cytokines, which enhance the local pro-inflammatory 

environment (89-95), which may result in the enhanced recruitment and activation of 

alloreactive immune cells. 

CMV-infection may not only contribute to allograft rejection by increasing local 

immunogenicity, but the infection may also have more systemical immunological 

consequences. First, TLR signaling is considered to contribute to dendritic cell migration 

and alloantigen presentation in the secondary lymphoid organs (91). Furthermore, in an 

attempt to effectively combat the viral infection, promiscuous alloreactive co4+ T cells 

(96-99), cos+ T cel ls (36;37;85 ;100), and NK cell (101-109) subpopulations may arise, 

which may be efficiently activated in the secondary lymphoid organs, as well as at the 

local transplantation site. 

Both NKG2D+ and activating Killer cell lg-like Receptor+ (KIR+ in human), or 

Killer cell Lectin-like Receptor+ (KLR+ in rodents) T (85 ; 99; 100) and NK cells 

(88; 110; 111) have been suggested to play a central role in these al loreactive processes. 

The activation of these cells may be explained by the direct involvement of these specific 

T and NK cell subpopulations in the clearance of the viral infection. Concomitant 

recognition of the NKG2D ligands MICA and MICB (85 ;88; 112) and/ or ligands for 
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activating KIRs/KLRs in the absence of inhibitory signals from 'self' MHC I to inhibitory 

KIRs/KLRs (110;113;114) may contribute to the alloreactivity of these cells. Thus, CMV

induced increased loca l immunogenicity may act in concert with systemic 

immunoactivation to enhance allograft rejection in CMV-infected recipients. Such a role 

for CMV-infection may also hold true for islet transplantation, since several stages in islet 

engraftment appear to be vulnerable for CMV-induced failure. 

The expression of TLRs on pancreatic beta-cells (115;116), suggests that  CMV

infection of the islets may induce beta-cell activation and the production of pro

inflammatory cytokines. Furthermore, the importance of islet graft immunogenicity in 

islet graft failure has been demonstrated in several studies. Arai et al (117), Coddington 

et al (118), and Campbell et al (119) have demonstrated the relation between increased 

ICAM-1 expression and islet graft failure. Moreover, Hankey et al demonstrated that MIC 

expression in the graft correlates to the levels of islet graft rejection (120). Thus, 

enhancement of the local pro-inflammatory environment and the graft immunogenicity 

by islet graft CMV-infection may lead to CMV-induced graft failure. 

Treatment and effect on graft outcome 

Clinically, transplant recipients are treated with antiviral medication, such as ganciclovir 

and acyclovir. Ganciclovir and acyclovir are both acyclic guanosine analogues, which after 

triphosphorylation by the virus and host cell enzymes, inhibit the viral DNA polymerase 

and vira l DNA synthesis (40;41). Prophylactic treatment after transplantation has 

successfully abolished systemic viremia and CMV-disease. In islet transplantation, this 

lack of clinical signs of CMV-infection has led to the assumption that CMV is not a factor 

involved in islet graft failure. However, several studies suggest that local reactivation and 

subclinical infection may be more important determinators of islet graft failure. H ayashi 

et al demonstrated that even low-grade infection of immunocompetent mice had direct 

effects on the beta-cell insulin secretory capacity and inflammation of the native islets 

(18). Also, after clinical islet transplantation, Eckhard et al demonstrated declining islet 

graft function in patients that had been successfully treated with antiviral medication 

(19), suggesting that systemic viremia is not an absolute requirement for CMV-induced 

effects. 

Several studies have evaluated the effects of antiviral treatment on graft 

outcome and found that, despite the successful treatment of systemic viremia and CMV

disease, graft survival was not positively affected (63; 121). This suggests that the 

immediate-early stages of viral infection, rather than the complete viral replication cycle 

or the production of structura l viral proteins, contributes to the CMV-induced effects. 

Indeed, it has been demonstrated that intragraft ICAM-1 expression is upregulated even 
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when the infection develops subclinically (71; 75; 76) or when viral replication is aborted 

using antiviral medication (81). Moreover, Greijer et al demonstrated that following 

transplantation, subclinical CMV-infection may be much more frequent than systemic 

viremia (122). Martelius et al demonstrated that the transcription of IE-1 and IE-2 genes 

triggers the transcription of inflammatory mediators and they postulate that even a very 

short expression of IE-genes is enough to trigger an abundant inflammatory response 

(72). Taken together, this suggests that also in graft recipients without detectable early

late viral proteins or clinical signs of CMV-infection, the virus may still contribute to graft 

failure. 

Hypothesis 

Over the past years, the success of islet transplantation has increased from direct 

graft rejection to more prolonged periods of allograft survival. Since viral infections are 

able to affect islet al lograft survival, it is necessary to direct our research efforts towards 

understanding the role of CMV-infection in islet allograft failure. Moreover, for unknown 

reasons, the majority of the Type I Diabetes patients appears to be CMV-negative (123), 

while 60% tot 80% of the general population is CMV-infected (124 ). Since in islet 

transplantation patients often receive islets from multiple donors (4), it is plausible that 

the vast majority of the islet grafts are indeed CMV-infected. Therefore, the majority of 

the islet graft recipients are subjected to the worst-case scenario, i.e. primary infection 

by a CMV-infected graft (47). 

Based on the discussed role of CMV-infection in solid organ transplantation, we 

propose that (subclinical) CMV-infection affects islet allograft survival by increasing the 

local graft immunogenicity, as wel l  as by promoting the systemic activation of 

promiscuous, alloreactive lymphocyte populations. 

DESIGN AND RATIONALE 

Islet transplantation is a promising therapy for the treatment of Type I Diabetes. 

Unfortunately however, the long-term graft survival rates are still too low to merit 

widespread clinical application. Five years after transplantation only 10% of the patients 

is still insulin independent, whereas 90% has partially or completely lost graft function. 

This decline in graft function is attributed to metabolic exhaustion and immune-mediated 

destruction; induced by either alloreactivity or recurring autoreactivity. Although 

CMV-infection has been associated with solid organ graft rejection, the infection has 

18 



CHAPTER 1 

gained only minor attention in islet transplantation. Therefore, the aim of this thesis was 

to determine the role of CMV-infection in islet graft failure, as well as to gain more insight 

in the mechanisms of CMV-induced graft failure. The effects of CMV-infection were 

studied in an allogenic and syngenic rat islet transplantation model, as well as in vitro on 

rat and human beta-cells. 

In Chapter 2 we tested the hypothesis that CMV-infection of transplanted rats 

accelerates the rejection of islet allografts. To this end, STZ-diabetic rats received a renal 

subcapsular islet allograft. One day after transplantation, the recipients were either CMV

or Mock-infected. Subsequently, graft function was assessed by measuring blood glucose 

levels. Furthermore, we studied the ex vivo susceptibility of pancreatic beta-cells for 

RCMV-infection as a measure for graft infectability. 

In Chapter 3 we investigated the direct effects of CMV-infection on islet graft 

function. The effect of a subclinical CMV-infection was investigated in a syngenic islet 

transplantation model. This model was chosen, because we aimed at studying the direct 

effects of CMV in vivo, in the absence of interfering allogeneic immune responses. A 

reason to choose for a subclinical infection model was that systemic viremia and CMV

disease are only rarely observed after clinical islet transplantation. More likely, a 

subclinical CMV-infection, such as observed in the syngenic transplantation model, will 

occur in clinical islet transplantation settings. 

Since CMV-infection is known to have strong interactions with the peripheral 

immune system, we investigated the changes in composition of the peripheral immune 

system after islet transplantation and CMV-infection in Chapter 4 and 5. We 

hypothesized that CMV-infection would promote the emergence and recruitment of 

alloreactive leukocyte populations, while diminishing the peripheral and local regulatory 

capacity of the immune system. To this end, we determined the frequency of peripheral 

and local T, NKT (Chapter 4), and NK cell (Chapter 5) subpopulations in rats after islet 

allotransplantation and CMV-infection. 

Since CMV-infection may not only affect the peripheral immune system and 

emergence of alloreactive leukocyte populations, but also the local immunogenicity of the 

islet graft, we investigated the effect of CMV-infection on beta-cell immunogenicity in 

Chapter 6 and 7. Since it remains unclear whether pancreatic beta-cells are susceptible 

for CMV-infection, we first studied the consequence of infection in CMV-infected rat 

(Chapter 6) and human (Chapter 7) beta-cells in vitro. We applied both primary 

pancreatic beta-cells (isolated as described in the addendum) as well as a rat and a 

human beta-cell line. Next, we investigated the immunological consequences of beta-cell 

CMV-infection as a model for graft immunogenicity in CMV-infected recipients. To this 
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end, beta-cells were CMV-infected. Subsequently, we determined the expression of 

adhesion molecules, MHC class I molecules, and Toll Like Receptors. 

To perform studies on a pu re population of primary rat and human beta-cells, 

we required a methodology to isolate large amou nts of viable beta-cells from isolated 

islets. In the addendum, we present a novel method to isolate large amounts of pu re 

beta-cells with a documented viability. 

Finally, the results described in this thesis are summarized and discussed in 

Chapter 8. 
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CHAPTER 2 

ABSTRACT 

Transplantation of pancreatic islets is a promisi ng therapy for the treatment of Type I 

Diabetes. However, long term islet graft survival rates are still unsatisfactory low. Causes 

of islet graft failure have suggested to be exhaustion, alloreactivity, and recurring 

autoimmu nity. A viral infection well known to be involved in solid orga n failure is 

cytomegalovirus (CMV). The role of this virus in islet graft failure has gained only minor 

attention. In the present study we investigated the role of CMV in the failure of islet 

allografts. 

Allogeneic rat pancreatic islet grafts were tra nsplanted to STZ-diabetic 

recipients. One day after transplantation rats received either a CMV or control infection. 

Graft fu nction was assessed by measuring basal blood glucose levels. After 

re-establishment of diabetes, the animals were sacrificed and the islet grafts were 

retrieved for histological examination. 

CMV-infected islet graft recipients demonstrated significantly accelerated islet 

graft failure compared to non-infected recipients. Ex vivo infection of isolated pancreatic 

beta-cells showed viral gene expression. All grafts showed infiltration of cos+ T cells, 

co4+ T cells, macrophages, and NK(T) cells, but quantification of the leukocyte 

infiltration showed that CMV-infected islet graft recipients demonstrated significantly 

higher cos+ T and NK(T) cell infiltration. 

We demonstrate that CMV-infection can accelerate islet allograft failure. The 

effect of the virus is twofold. First, direct infection with CMV with cytolysis of the islet 

graft cells, or clearance as a consequence. Second, an acceleration of the allogeneic 

immune response directed against the islet allograft. 
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INTRODUCTION 

After more than three decades of research, a major breakthrough in clinical islet 

transplantation was achieved in 2000 by Shapiro et al (1), who demonstrated tha t  insulin 

independence could be established by applying a glucocorticoid-free immunosuppressive 

regimen after grafting of islets into the liver of diabetic patients (1). This was the first 

demonstration of the principle applicability of clinical islet transplantation and has led to a 

tremendous growth in the number of groups involved in clinical islet transplantation. In 

spite of this optimism, a number of critical issues remain to be resolved. Islets from more 

than one donor are required, and in a fol low up study, it was demonstrated that the 

metabolic capacity of the graft was only 20% of that of a normal subject (2). 

Furthermore, l arge numbers of patients suffered from graft failure in a long-term follow 

up study (only 10% is still normoglycemic after five years) (2). 

Causes of the low success rates for islet allografts remain to be identified. The 

following factors have been suggested to be causative: acute and chronic a llograft 

rejection, recurring autoimmunity, islet cell toxicity by immunosuppressive drugs, failure 

of islet cel ls to regenerate and inadequacies of the transplantation site (2). Surprisingly, 

the role of viral infection in islet graft failure has gained only minor attention (3). 

A deleterious transplantation related vira l infection that has been studied in 

great detail in solid organ transplantation is Cytomegalovirus (CMV). CMV is a widely 

spread, persistent infection in the general population (4-6). In solid organ 

transplantation, the infection is strongly associated with increased alloreactivity towards 

the graft, and subsequent graft rejection (7-14). Systemic viremia due to 

CMV-reactivation generally occurs within the first four months after solid organ 

transplantation, with evidence of active vira l replication in 50 to 75% of the patients 

(15). The possible role of CMV-infection in failure of islet grafts has been subject of not 

more than a few studies. In 1992, Warnock et al suggested a deleterious effect of 

CMV-infection on islet graft function (16). More recently, Eckhard et al demonstrated 

high CMV-transmission rates in patients receiving a CMV-positive combined islet-kidney 

transplant. These patients were followed up for one year after transplantation, and 

CMV-infected allograft recipients demonstrated lower C-peptide levels as compared to 

non-infected patients (3). This suggests reduced islet graft function in the CMV-infected 

recipients. Transmission of CMV from a CMV-positive islet grafts has been reported in 

several studies (17-19), but could not be confirmed by a ll (20;21). 

As can be deduced from the above, there is only circumstantia l evidence that 

CMV-infection affects islet allograft function and survival. Studies proving the deleterious 
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effect of CMV on islet grafts are lacking and interpretation of results from patient studies 

shows major limitations in respect to size and division of the experimental groups. To 

investigate the effect of CMV on islet graft function and survival, and to study the 

mechanisms by which CMV exerts these effects, animal models are mandatory. 

Therefore, in the present study we set up a prospective animal transplantation study to 

investigate the effect of CMV-infection on islet al lograft survival. Results from this study 

show that CMV has a deleterious effect on islet al lograft survival. Therefore, in the future, 

this model wil l  be used to study the mechanism of CMV-mediated islet graft failure. 

METHODS 

Study Design 

Streptozotocin (STZ) diabetic Albino Oxford (AO, u-u-u) rats were transplanted with a 

Lewis (/-/-/) islet al lograft. Low-dose Ciclosporin A (CsA) immunosuppression was applied 

to al low islet engraftment and viral replication. 

The endocrine graft volume of 5 µI (22) was transplanted under the kidney 

capsule to allow full retrieval and histological study of the grafts after sacrificing the 

animals. Transplantation was considered successful when non-fasting blood glucose 

concentrations reached levels below 10 mmol/L within 28 days after transplantation. One 

day after transplantation (23), the islet graft recipients received a CMV-infection (n= 6). 

Mock-infected, transplanted animals (n=7) served as controls. 

Recipients of islet grafts were followed and monitored by measuring non fasting 

b lood glucose levels, until graft failure occurred. Graft failure was defined as two 

consecutive blood glucose measurements exceeding 20 mmol/L. After graft failure, the 

CMV-infected animals were sacrificed for histological examination of the pancreas and 

islet graft. In each experiment, one or two CMV-infected animals and one control animal 

were transplanted at the same time. The necessary number of standardized islet grafts 

was prepared from one pool of isolated islets. The CMV-infected animals (n=6) were 

sacrificed at the time of complete graft failure. At the same time, the respective control 

animals were sacrificed (n=4). The other control animals were fol lowed up until complete 

graft failure (n=3). 

To study the susceptibility of rat beta-cel ls for CMV we applied primary 

beta-cel ls from healthy rats. After isolation of the beta-cel ls, the cel ls were infected for 

72 hours. After harvesting the cel ls, the expression of viral immediate early (IE), early 

(E), and late (L) genes was determined by quantitative real time PCR. 
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To study immune-mediated effects, we determined the infiltration of CD4+, cos+ 

T cells, NK(T) cells, and monocots/macrophages in the CMV-infected grafts. 

Mock-infected recipients served as controls. 

Experimental Animals and diabetes induction 

Pathogen-free inbred male A lbino Oxford rats (u-u-u) weighing 280 - 300 g served as 

islet recipients. As islet donors we applied pathogen-free inbred Lewis rats (I-I-I) weighing 

300 - 320 g. Al l  experimental animals were obtained from Harlan (Horst, The 

Netherlands). The animals were fed standard rat chow and acidified water ad labitum. All 

animal experiments were performed after receiving approval of the institutional Animal 

Care Committee of the Groningen University and all animals received human care in 

compliance with the Dutch Law on Experimental Animal Care. 

Diabetes was induced in the recipient rats by injection of 75 mg/kg 

streptozotocin (Zonasar, Upjohn Co., Kalamazoo, MI) in the tail vein. Animals received a 

second injection of 90 mg/kg streptozotocin when at day 10 after the first injection blood 

glucose levels were less than 20 mmol/L. Only animals showing weight loss and two 

consecutive blood glucose measurements exceeding 20 mmol/L over a period of two 

weeks served as islet graft recipients. The absence of functional beta-cells in the native 

pancreas, defined as less than 5% of normal controls, was always histologically 

confirmed at the time of sacrifice. 

Islet transplantation 

Islets were isolated from pancreata of Lewis rats as previously described (24). Briefly, 

under halothane anesthesia, the abdomen was opened and the pancreas was excised. 

Subsequently, the pancreas was transferred to 10 ml sterile Krebs-Ringer-Hepes buffer 

supplemented with 25 mmol/L Hepes buffer (KRH) containing 10% Bovine Serum 

Albumin (BSA) at 4°C. Next, the pancreas was chopped and digested using a two-stage 

incubation of 20 min at 37°C with successively 1.0 and 0. 7 mg/ml col lagenase (Sigma 

type XI, Sigma) . Islets were separated from the exocrine tissue by centrifugation over a 

discontinuous dextran gradient (25) and further purified by handpicking. 

The tota l islet volume obtained by the isolation procedure was determined by 

measuring the diameters (22) of the islets in a 2% a liquot of the islet suspension. 

Subsequently, the total islet volume was ca lculated, assuming the islets to be perfect 

spheres. 

Transplantation of the islet grafts under the kidney capsule was performed 

immediately after the islet isolation procedure. Transplantation under the kidney capsule 
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was performed at the upper pole by carefully expelling the islets from a po lyethylene 

tube introduced at the lower pole of the kidney. 

Immunosuppression was applied for 10 days. Rats received 5 mg/kg ciclosporin 

A (CsA) (Sandimmune, Novartis) subcutaneously on a daily basis, starting at the day of 

transplantation. Plasma CsA levels were determined by Liquid Chromatography-Mass 

Spectometry-Mass Spectometry (LCMSMS). This was done at days 7, 13, and if animals 

were still in the experiment at day 28 after transplantation. Plasma CsA levels always 

exceeded 100 µg/L. 

RCMV-infection 

Rats received an RCMV-infection by intraperitoneal (i.p.) injection of 2x105 plaque 

forming units (pfu) of RCMV (Maastricht strain) at day one after transplantation. The 

RCMV-stock was obtained by homogenization of salivary glands of irradiated, acutely 

infected AO rats as described previously (26). The amount of infectious virus was 

determined by plaque assay, as described previously (26). 

Mock-infected islet allograft recipients served as controls. Mock-infection was 

established by i.p. injection of virus-free salivary gland homogenate at day one after 

transplantation. Virus-free homogenate was obtained by homogenization of salivary 

glands of irradiated, non-infected AO rats. 

To confirm successful viral infection and to determine the viral activity, we 

performed PCR analysis for viral DNA and histological staining for CMV-R44 to identify 

viral protein in the salivary glands and the grafts. All CMV-infected animals showed the 

presence of viral DNA and virally infected cel ls within the salivary glands. 

RCMV PCR 

To determine the presence of viral DNA in the salivary glands, DNA was extracted by 

lysing the tissue in SE buffer containing 75 mM NaCl, 25 mM EDTA, 1 % SDS, and 200 

µg/ml Proteinase K at 55°C until all tissue was dissolved. DNA was extracted using 

chloroform-isopropanol extraction. Subsequently, RCMV-specific (nested) PCR analysis 

was performed as described previously (27). 

The forward primer sequence was 5-AAGGGATCCGATTTCGCCAGCCTCTACC-3, 

the reverse primer sequence was 5-AAGGGATCCTGTCGGTGTCCCCGTACAC-3. The nested 

forward primer sequence was 5-AAGGGATCCCCTCTGTTACTCCACCCTGC-3, the nested 

reverse primer sequence was 5-TTCGGATCCACGCCGACCTCGGAGACCAG-3. DNA from 

RCMV-infected rat embryonic fibroblasts served as a positive control. When samples were 

negative after the first-round PCR, we performed nested PCR. PCR products were 

visualized by agarose gel electrophoresis and ethidium bromide staining. 
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Chemical determinations 

Non-fasting blood g lucose levels were determined in blood sampled from the tai l  vein  

once every two days. The g lucose concentration was determined us ing  the Accu-Chek 

Sensor system ( Roche) . Two blood g lucose measurements exceed ing 20 mmol/L in  a two 

week period was considered as reestabl ish ment of the d iabetic state and is let graft 

fai lure .  

Immunohistochemistry 

The kidney with the islet graft and the sal ivary g lands were removed after the an ima ls 

were sacrificed and snap frozen in l iqu id nitrogen .  The native pancreas was removed and 

fixed in  Bou ins fixative for paraffin processing . The pancreas was sectioned at 5 µm and 

sta ined with a ldehyde fuchsin to determine the presence or absence of functional  

beta-cel ls. 

The islet graft and the sa livary g lands were sectioned at 5 µm, 10 minutes fixed 

in ice cold aceton,  and a i r  dried for h istolog ica l examination . Endogenous peroxidase was 

blocked for 20 minutes in Methanol (Merck) conta in ing 1 % hydrogen peroxide (kidney 

and islet graft) or in phosphate buffered sa l ine conta in ing 0 , 15% hyd rogen peroxide 

(sa l ivary g lands) . Primary antibod ies were incubated for one hour, and secondary 

antibodies were i ncubated for 30 minutes. The whole procedure was performed at room 

temperature .  Primary monoclonal antibod ies used were : a nti- insu l in  ( 1 : 500) (S igma 

Aldrich) to determine the i nsu l in  content of the islet graft, anti-g lucagon ( 1 :  1000) (S igma 

Ald rich) ,  mAbB ( 1 : 8) aga inst RCMV R44 protein,  OX35 (und i luted,  hybridoma derived) 

against CD4, OXB (undi l uted, hybridoma derived) against CDS, N KRPlA ( 1 : 50) (BD 

Pharmingen) aga inst N KRPlA+ NK(T) cel ls, and EDl  (und i luted ,  hybridoma derived) 

against monocytes and macrophages. Secondary antibodies used were : horse-radish 

peroxidase conjugated Rabbit-anti-mouse IgG l or IgG2a (Dako), and biotin conjugated 

goat-anti-mouse IgGl  or IgG2a (Dako) . Peroxidase activity was demonstrated by using 

3,3'-diaminobenz id ine tetra HCL conta in ing hydrogen peroxide. Biotin label i ng was 

demonstrated using horse-rad ish peroxidase conj ugated Streptavid in ( Da ko) and 

subsequent 3,3 Diaminobenzid ine ( DAB)-sta in ing . In a l l  control sections, phosphate 

buffered sa l ine was used i nstead of the pri mary antibody . Al l control sections were 

consistently negative . 

Measurement of leukocyte infiltration 

Morphometry was used to qua ntify the infi ltration of co4+ T cel ls, cos+ T cel ls, and 

N KR-PlA+ N K(T) cel ls .  Sections were sta ined as described above and ana lyzed us ing a 
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Leica microscope with a 20x objective lens (Leica, Wetzlar, Germany) and Qwin software 

(Qwin 4.0, Leica Microsystems, Annandale, NY). The staining threshold was set manua lly, 

and subsequently, the total staining area was measured using Leica Qwin software. 

Leukocyte influx was expressed as the stained surface area as a percentage of the total 

surface area . Per section, the complete islet graft was analyzed, which generally 

comprised 8 to 10 microscopic fields. Non islet graft tissue, such as kidney tissue, within 

the ana lyzed field, was excluded from analysis. 

CMV-infection of primary beta-cells in vitro 

Primary beta-cells were isolated from rat islets as previously described (28). In short, 

isolated rat islets were dispersed to a single cell mixture in Trypsin-EDTA for 3 minutes at 

37 ° C. The reaction was stopped by adding KRH buffer containing 10% BSA. Cells were 

washed in phosphate buffered sa line twice and resuspended in MEM medium (Gibco) 

containing 1 % BSA. Undesired cel l  clumps were removed by filtering the cell mixture 

over a 35 µm pore size filter (BD Fa lcon). Cel ls were incubated at 37 ° C for 1 hour before 

cel l  sorting. Twenty minutes prior to cell sorting Propidium Iodide (PI) was added to allow 

exclusion of apoptotic cells during cel l  sorting. 

High Flavin Adenine Dinucleotide (FAD) fluorescent beta-cells were sorted on a 

fluorescence activated MoFlo high speed cell sorter (Dakocytomation BV). Side-scattered 

light was col lected at an angle of 90°, and signa ls were linearly amplified. The forward 

and side scatter patterns of the cells were analysed at a wave length of 488 nm. The FAD 

content of the cells was ana lysed at an excitation wave length of 488 nm, and collected 

at 525 nm. The PI staining was analysed at an excitation wavelength of 488 nm, and 

collected at 675 nm. The 488 nm laser was operated at 80 mW. The flow rate was 

typica l ly a few hundred cells per second. 

Isolated beta-cells were cultured in Ham's-F12K medium (Gibco) containing 2% 

Fetal Ca lf Serum and 60µg/mL gentamycin in the presence of either RCMV at a 

concentration (MOI) of 0.1 pfu/cell, or a virus-free salivary gland homogenate (Mock) in 

an equa l dilution as the RCMV homogenate. Virus infection was a l lowed for 72 hours at 

37 ° C 5% CO2 , 

Quantitative Real-Time PCR 

Infection and active viral replication in primary rat beta-cells was determined by 

quantitative real time PCR. Cells were harvested in Trizol lysing buffer (Invitrogen). Tota l 

RNA was extracted by chloroform-isopropanol extraction. cDNA was prepared from 

isolated RNA using Superscript™ II Reverse Transcriptase according to the kit protocol 

(Invitrogen). 
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Quantitative real time PCR was performed on the ABI7900 Taqman (Applied 

Biosystems) using a two step amplification protocol. PCR reactions contained 2 ng/ml of 

RNA, 1,5 µ M  forward and reverse primer and SYBR Green PCR master mix (Applied 

Biosystems) in a total reaction volume of 20 µ L. All PCR reactions were performed in 

triplicate. Relative RCMV gene expression was normalized to the GAPDH expression 

(6Ct=CtGENE oF INTEREST- CtGAPoH) of the same sample and depicted as the delta (6) Ct-value. 

6Ct > O :  gene expression levels of the gene of interest are lower than the gene 

expression levels of the household gene GAPDH. 6Ct < O :  gene expression levels of the 

gene of interest are higher than the gene expression levels of GAPDH. 

Primer sequences were : R123-forward 5'-TTCTAACCGATCCAGAACCA-3', R 123-

reverse 5'-GCGAATCTCATCACCATTTC-3', R44-forward 5'-AACACCGAGGTCGAGT-CAC-3', 

R44-reverse 5'-GCTGAGGAAGTTCTCGATGG-3', R32-forward 5'-ACCTCTCGCCCTACTTC-3', 

R32-reverse 5'-TAGGTGTGGAGGTTATC-3', GAPDH-forward 5'-TGCCAAGTATGATGACATC

AAGAAG-3', GADPH-reverse 5'-AGCCCAGGATGCCCTTTAGT-3'. 

Statistics 

Results are depicted as the mean ± SEM. Normal distribution of the data was confirmed 

using the Kolmogorov-Smirnov test. Two-tailed Student t-tests were performed to 

compare two independent groups. Two-tailed one-sample statistics was performed using 

the One-Sample t-test. For the survival curve, we performed a Logran k-test. P-values 

<0.05 were considered statistically significant. 

RESULTS 

Islet allograft survival in the presence and absence of an active CMV-infection 

After allogeneic islet transplantation, al l  recipients showed a reduction of non-fasting 

blood glucose levels (Figure 1). Complete normoglycemia was restored in 86% (6 out of 

7) of the control animals, while only 50% (3 out of 6) of the CMV-infected animals 

restored normoglycemia. The time to reach normoglycemia was not significantly different 

between the CMV-infected and control animals (2. 83 ± 0.33 days versus 3.5 ± 0.53 days 

respectively). 

We observed that in the CMV-infected recipients, the re-establishment of 

diabetes and islet graft failure was significantly accelerated as compared to non-infected 

controls (determined as hyperglycemia > 20 mmol/L) (P<0.01) (Figure 2). 
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At the time of graft failure, the islet allografts of the CMV-infected animals 

(n= 6), together with the grafts of matching control animals (n=4), were retrieved and 

examined for the presence of insulin and glucagon positive cells. In the control animals, 

which still showed graft function, we were able to demonstrate insulin (Figure 3A) and 

glucagon (Figure 3B) positive cells. In the CMV-infected animals, insulin (Figure 3C) and 

glucagon (Figure 3D) positive cells were completely absent. 

5 10 15 
Timopost Transplantatlon {days) 

Figure 1. Islet graft survival after allogenic 
transplantation of 5 µI islet tissue in STZ
diabetic CMV-infected recipients and 
controls. After islet transplantation blood 
glucose levels are reduced to 9. 58 ± 1 .  52 
mmol/L in control animals (dashed lines) (n =7) 
at day 5 after transplantation, whereas blood 
glucose levels in CMV-infected recipients (solid 
lines) (n = 6) are reduced to 1 1 . 83 ± 2.29 

mmol/L at day 4 after transplantation. Non
infected control animals gradually reestablished 
diabetes within 30 days after transplantation, 
whereas CMV-infected animals showed rapid re
establishment of diabetes within 1 0  days after 
transplantation. Results are presented as the 
mean ± standard error of the mean (SEM). 
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Figure 2. Islet al/ograft survival in STZ
diabetic CMV-infected recipients and 
controls. Graft failure was significantly 
accelerated in CMV-infected islet allograft 
recipients (solid line) (n =6) compared to non
infected controls (dashed line) (n =7) (P<0. 01, 
Kaplan Meier Logrank-test). Graft failure was 
determined as two consecutive blood glucose 
measurements above 20 mmol/L. Results are 
presented as the percentage of non-diabetic 
islet allograft recipients. 

Pathophysio/ogy of CMV-accelerated al/ograft rejection 

As demonstrated in the previous section, CMV-infection accelerates islet al lograft failure. 

To elucidate the cause of islet graft failure, we first studied the possibility of direct 

infection of the donor cells by RCMV. 

Retrieved grafts and salivary glands were stained for the presence of viral R44 

protein. At the time of graft failure, all salivary glands of CMV-infected animals 

demonstrated R44-positive cells (Figure 4A and 4B). This finding confirmed the presence 

of an active CMV-infection in the recipients. However, at the time of complete graft 
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D glucagon 

Figure 3. Insulin and glucagon content of the Islet allografts of CMV-lnfected and control 
recipients. Control recipients showed the presence of small amounts of insulin (20x magnification) 
(A) and glucagon (20x magnification) (B) staining within clearly visible islet remnants (dashed 
structures represent islet remnants). CMV-infected islet grafts were completely empty of insulin (20x 
magnification) (C) and glucagon (20x magnification) (D) staining. Histological panels show grafts 
representative for the analyzed groups. 

fai lure, CMV-infected cel ls could not be found in the grafts, nor in the adjacent kidney 

(Figure 4C to 4F) .  The absence of infected cel ls could be due to absence of functional 

islet cel ls at the time of graft fai lure (see figure 3C) .  Since, in the present model ,  it was 

not possible to study whether beta-cells could be infected by CMV, we decided to study 

the susceptibil ity of beta-cel ls for CMV-infection ex vivo. To this end, we applied primary 

beta-cells which were isolated from pancreatic islets and infected with RCMV for 72 

hours.  The expression level of vira l  immediate early R123, early R44, and late R32 genes 

was ana lyzed by quantitative real time PCR. 

Primary beta-cel ls were susceptible for RCMV-infection as a l l  three genes were 

observed to be expressed in CMV-infected beta-cells at 72 hours post infection (Figure 

5) .  Each of the analyzed genes represents a stage in the viral replication cycle, i . e .  R123 

represents the immediate early stage of infection leading to expression of vira l  early and 

late genes, R44 represents viral DNA replication (early stage), and R32 represents vira l  

structural protein expression and virion assembly ( late stage). 

Figure 4. CMV-infectlon in STZ-diabetic, CsA immunosuppressed islet allograft recipients. 
Histological staining of the salivary glands demonstrated the presence of R44 nuclear staining in the 
CMV-infected recipients (arrows, 40x magnification) (A), but not in the salivary glands of Mock
infected recipients (40x magnification) (B), histological staining of the kidney and islet allograft 
showed no R44 specific staining in neither the islet graft (20x magnification) (C) or kidney (20x 
magnification) (D) of the CMV-infected recipients, nor the islet graft tissue (20x magnification) (E) or 
kidney (20x magnification) (F) of the control animals. Histological panels show grafts representative 
for the analyzed groups. 
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The expression of all these three genes suggests that beta-cells al low all stages of viral 

infection and replication. 

A second possible mechanism by which CMV could affect the graft is an effect of 

CMV-infection on the immune response directed against the allograft. To this end, we 

quantified the influx of co4+ T cells, cos+ T cells, NK(T) cells, and macrophages in islet 

al lografts in the presence and absence of a CMV-infection. In both controls and CMV

infected grafts we found large numbers of T cells. These cells were cos+ T cells (Figure 

6A and 6B respectively) and co4+ T cells (Figure 6C and 60 respectively). T cells were 

found scattered throughout the graft, but were also organized in dense clusters. 

Morphometric analysis demonstrated that the infiltration of cos+ T cells in the islet grafts 

of CMV-infected animals was increased (P< 0.05 ; Figure 7A). The infiltration of co4+ T 

cells was not significantly different (Figure 7B). 
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Figure 5. CMV-infection of primary pancreatic 
beta-cells in vitro. Quantitative real time PCR on 72 
hours CMV-infected primary rat beta-cells showed 
transcription of CMV immediate early gene R123, viral 
early gene R44 and viral late gene R32. Results are 
depicted as Ct-values normalized for expression of 
the household gene GAPDH (delta(d)Ct-value). The 
results are presented as the mean of three 
experiments ± SEM. 

E01 positive macrophages were also found in the grafts, but there were no quantitative 

differences in the numbers of macrophages between the controls and CMV-infected grafts 

(Figure 6G and 6H respectively). 

NK cells are known to be important in the defense against viral infections, such 

as CMV, in the early stages of viral infection and in the absence of functional T cell 

responses (29;30). Therefore we also analyzed the presence of NK cells in the grafts of 

CMV-infected and control animals. NK cells were observed in the grafts of both CMV

infected, as well as control animals (Figure 6E and 6F resp.) .  In both controls and in 

CMV-infected grafts, these NK cells were found as scattered single cel ls throughout the 

graft tissue (Figure 6E and 6F respectively). Morphometric analysis demonstrated that 

more NK cel ls were found in the grafts of CMV-infected recipients as compared to non

infected control animals (P<0,05; Figure 7C). 

The presence of leukocytes in the grafts of non-infected recipients suggests that 

the majority of the infiltrating cells are alloresponsive rather than directed against viral 

antigens. This was confirmed by staining of salivary gland sections. Salivary glands of 

both non-infected controls and CMV-infected recipients demonstrated the presence of 
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Graft 

Salivary 
glands 

Figure 6. Presence of leukocytes in the islet allografts of CMV-infected and control 
recipients. Islet grafts were stained for CDB, CD4, NKRP1A and ED1 .  Both control and CMV-infected 
animals showed the presence of cos+ T cells (A&B resp.), co4+ T cells (C&D resp.), NKR-P1A+ NK(T) 
cells (E&F resp.), and ED1 + macrophages (G&H resp.). Salivary glands of both control and CMV
/nfected animals showed CDB positive cells (l&J resp.), some co4+ cells (K&L resp.), and NKRP1A+ 

cells (M&N resp.). Negative controls (lgG1 and IgG2a) were consistently negative (O&P resp.). 
Histological panels (all 20x magnification) show grafts representative for the analyzed groups. 
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cos+ T cells (Figure 61 and J), some co4+ T cells (Figure 6K and L), and NKR-PlA+ NK(T) 

cells (Figure 6M and N). In the CMV-infected recipients the number of cos+ T cells was 

somewhat increased as compared to the non-infected controls, whereas the number of 

NK-cells and co4+ T cells in the salivary glands was not different between the two 

groups, suggesting that the increased leukocyte infiltration in the grafts of the 

CMV-infected recipients is mainly the result of a CMV-accelerated alloimmune response. 
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Figure 7. Quantification of leukocyte infiltration. Analysis of the percentage of stained surface 
area within the islet allografts by morphometrics showed increased infiltration of cos+ T cells in 
CMV-infected animals (black bars) (n =5) compared to control animals (white bars) (n=4) (P<0. 05) 
(A). Infiltration of co4+ T cells was not different between CMV-infected recipients (black bars) (n =5) 
and controls (white bars) (n=4) (B). Infiltration of NKR-P1A+ NK(T} cells was significantly increased in 
the islet grafts of CMV-infected animals (black bars) (n =5) compared to control animals (white bars) 
(n=4) (P<0. 05) (C). Graphs show the mean ± standard error of the mean (SEM). Statistical 
significance was calculated using the two-tailed Student t-test. P-values < 0. 05 (*) were considered 
to be statistically significant. 

DISCUSSION 

In search of factors determining the success and failure of islet allografts, we studied the 

effect of RCMV on the functional survival of islet allografts in STZ-diabetic rats. We chose 

a prospective rat study, since the clinical data on the role of CMV in islet a llograft 

function are inconclusive due to the retrospective nature and limitations in respect to size 

and division of the experimental groups (3). Our study shows, for the first time, that rat 

islet allograft failure is accelerated by RCMV. The results from the present study suggest 

that at least two mechanisms can be involved. The first is direct infection of the graft 

with possibly a cytolytic effect on the beta-cells, and the second an acceleration and 

enhancement of the immunological response directed against the islet allograft. 

Active CMV-infection was clearly demonstrated by the presence of R44 positive 

cells in the salivary glands of the infected animals. However, CMV-infected cells were not 

observed in grafts retrieved after complete graft failure. This absence of CMV in the graft 
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after failure is also observed in solid organ transplantation (31;32) and suggests that 

cells with an active CMV-infection are promptly cleared from the graft. The absence of 

viral replication in the graft at the time of complete graft failure should therefore not be 

interpreted as complete uninfectability of islet graft cells. We found that CMV-infected 

beta-cells expressed genes from all three CMV-gene clusters, i.e R123, early R44, and 

late R32. This demonstrates that primary rat beta-cells can be infected by CMV and 

suggests that beta-cells al low the full viral replication cycle leading to the formation of 

new virions and consequently host cell death. Therefore, cytolytic infection of beta-cells 

and consequently cell death may explain graft failure after CMV-infection. However, the 

results from our study showed that also other mechanisms may induce islet graft failure 

in the infected animals. 

Many studies have demonstrated an effect of CMV-infection on the function of 

transplanted solid organs. These studies show negative effects of the virus on graft 

function, enhanced immune cell infiltration, and accelerated rejection (11;33-39). Our 

study shows that this not only holds true for solid organs, but also for cellular grafts such 

as islet grafts. In solid organ transplantation, the accelerated rejection is interpreted as a 

result of CMV-enhanced allogeneic responses, in addition to specific responses directed 

against the viral ly infected cells. Several findings of our study corroborate this 

explanation for the accelerated rejection of islet allografts. First, we found high numbers 

of infected cel ls  in the salivary glands, however this was not accompanied by an 

excessive inflammatory response as observed in the islet allografts. This suggests that 

CMV enhances the immune response directed against the allogeneic islet graft, rather 

than to directly provoke an excessive inflammatory response against the CMV-infected 

cells. This argument is substantiated by the finding that CMV-infected recipients show 

increased numbers of infiltrating cos+ T cells and NK(T) cells. 

The presence of elevated numbers of NK(T) cells in the CMV-infected grafts 

warrants some further consideration, since, as suggested above, this should not be 

interpreted as a suggestion that these cells are directly responding to CMV-infected cells 

( 40). Recently, NK cel ls with a specific al loreactivity have been described in solid organ 

transplantation (41-45). Our data suggest that also the NK cells in the islet grafts are 

mainly al loreactive, since the salivary glands of the recipients were ful l of CMV-infected 

cells but were not provoking large NKcell infiltration. Furthermore, also the grafts of the 

non-infected recipients demonstrated infiltration of NK cells, which supports the 

argumentation that CMV accelerates and enhances the allogeneic response rather than to 

induce an inflammatory response against CMV-infected cel ls itself. 

Reportedly, macrophages play a crucial role in the replication and dissemination 

of CMV virus particles (40). Therefore we expected an elevated infiltration of 
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macrophages in the CMV-infected graft. Although macrophages were abundantly present 

in the grafts, surprisingly there were no differences in numbers of macrophages in the 

control allografts and the CMV-infected al lografts. Also, we did not observe any CMV

antigen expression in the abundantly present macrophages at the time of graft failure. 

This suggests that macrophage infiltration is not the result of CMV-infection per se. Islets 

are known to release high amounts of monocyte/macrophage attracting chemokines in 

the immediate period after transplantation (46). The observed infiltration of macrophages 

in the CMV-infected and control animals is therefore most likely driven by the chemokine 

release of the islets themselves. 

Up to now, it has always been suggested that islet grafts are less likely to 

transmit a CMV-infection than solid organ grafts, since the load of transplanted, virus 

infected cell types, such as monocytes/macrophages, fibroblasts and endothelial cells is 

considered to be low. Also, it has been proposed that the immune response against islet 

grafts is less severe than against solid organs, since the number MHC II expressing cells, 

and the contamination with blood products is considered to be low in islet grafts. Our 

study, however, does not corroborate these suggestions since it provides evidence that 

CMV-infection should be considered a serious candidate for the low long-term success 

rates of islet al lografts. First, we show in the rat that not only monocytes/macrophages, 

fibroblasts, and endothelial cel ls  but also the beta-cells themselves are susceptible and 

may transmit CMV. Also it shows that islet al lografts are rejected by an immune response 

that is accelerated and enhanced by a CMV-infection. If the same phenomenon occurs in 

men, CMV might be a more important factor in the success and failure of islet grafts than 

in solid organ transplantation for the fol lowing reason. For as yet unknown reasons, the 

CMV-seroprevalence in patients suffering from Type I Diabetes appears to be lower 

compared to the general population (15;20). Since in islet transplantation patients often 

receive islets from multiple donors (1), it is likely that the majority, if not all, currently 

applied human islet grafts are CMV positive. This has serious consequences for the 

success of islet al lografts, since it is well known from solid organ transplantation that the 

highest incidence of CMV-transmission, reactivation and most important, CMV-induced 

graft failure occurs in CMV-negative recipients that receive a CMV-positive graft. It is 

therefore mandatory to careful ly monitor transmission and activation of CMV in islet graft 

recipients. 

The results from this study clearly show that CMV-infection accelerates islet 

allograft failure. The virus might exert its effects by both direct cytolytic infection of the 

graft and acceleration of the immune response directed against the islet allograft. Future 

research will focus on the exact mechanism of CMV-accelerated islet graft failure. 

42 



CHAPTER 2 

REFERENCE LIST 

Shapiro AM, Lakey JR, Ryan EA, Korbutt GS, 
a l lograft rejection .  Transplantation 1986 

(1)  October;42(4) : 364-7 . 
Toth E, Warnock GL et a l .  Islet transplantation ( 15) Rubin RH, Kemmerly SA, Conti D, Doran M, 
in seven patients with type 1 diabetes mellitus Murray BM, Neylan JF et al. Prevention of 
using a glucocorticoid-free immunosuppressive primary cytomegalovirus disease in organ 
regimen. N Engl J Med 2000 July transplant recipients with oral ganciclovir or 
27;343(4) : 230-8. oral acyclovir prophylaxis. Transpl Infect Dis 

(2) Ryan EA, Paty BW, Senior PA, Bigam D, 2000 September; 2(3 ) : 1 12-7. 
Alfadhl i E, Kneteman NM et al. Five-year (16) Warnock GL, Kneteman NM, Ryan EA, 
follow-up after cli nical islet transplantation. Rabinovitch A, Rajotte RV. Long-term follow-
Diabetes 2005 July; 54(7) : 2060-9 . up after transplantation of insulin-producing 

(3) Eckhard M, Martin I, Eich T, Weimer R, Zinn S, pancreatic islets into patients with type 1 
Bretzel RG et a l .  Incidence of cytomegalovirus (insul in-dependent) diabetes mel litus. 
infections after immunosuppression induction Diabetologia 1992 January; 35(1) : 89-95. 
in cl inical islet transplantation and impact on ( 17) Yakubovich N, Fung MA, Thompson DM. Three 
graft function. Transplant Proc 2002 cases of cytomegalovirus infection following 
August;34(5) :  1922-4. pancreatic islet transplantation. Transplant 

(4) Pass RF. Epidemiology and transmission of Proc 2007 June;39(5) : 1599-603. 
cytomegalovirus. J Infect Dis 1985 ( 18) Cure P, Pileggi A, Faradji RN, Baidal DA, Fraud 
August; 152(2) : 243-8. T, Selvaggi G et a l .  Cytomegalovirus infection 

(5) Gandhi MK, Khanna R. Human in a recipient of solitary allogeneic islets. Am J 
cytomegalovirus: clin ical aspects, immune Transplant 2006 May;6(5 Pt 1 ) : 1089-90. 
regulation, and emerging treatments. Lancet ( 19) Hafiz MM, Faradji RN, Fraud T, Pileggi A, 
Infectious Diseases 2004 Baidal DA, Cure P et al. Immunosuppression 
December;4(12) : 725-38 .  and procedure-related complications in 26 

(6) Landolfo S, Gariglio M, Gribaudo G, Lembo D. patients with type 1 diabetes mell itus 
The human cytomegalovirus. Pharmacol Ther receiving al logeneic islet cell transplantation. 
2003 June;98(3 ) : 269-97 .  Transplantation 2005 December 

(7) Evans PC, Soin A, Wreghitt TG, Taylor CJ, 27;80(12) : 1718-28. 
Wight DG, Alexander GJ . An association (20) Hafiz MM, Poggioli R, Caulfield A, Messinger S, 
between cytomegalovirus infection and chronic Geiger MC, Baidal DA et al. Cytomegalovirus 
rejection after liver transplantation. prevalence and transmission after islet 
Transplantation 2000 January 15 ;69( 1 ) : 30-5. al lograft transplant in patients with type 1 

(8) Hodson EM, Jones CA, Webster AC, Strippoli diabetes mel l itus. Am J Transplant 2004 
GF, Barclay PG, Kable K et al. Antiviral October;4(10) :  1697-702. 
medications to prevent cytomegalovirus (21) Barshes NR, Lee TC, Brunicardi FC, Mote A, 
disease and early death in recipients of solid- Schock AP, Alejandro R et a l .  Lack of 
organ transplants: a systematic review of cytomegalovirus transmission after pancreatic 
randomised controlled trials. Lancet 2005 June islet transplantation. Cell Transplant 
18;365(9477) : 2105-15.  2004; 13(7-8) : 833-8. 

(9) Lautenschlager I, Hockerstedt K, Ja lanko H, (22) van Suylichem PT, Strubbe JH, Houwing H, 
Loginov R, Salmela K, Taskinen E et a l .  Wolters GH, van SR. Rat islet isograft function. 
Persistent cytomegalovirus in liver al lografts Effect of graft volume and transplantation site. 
with chronic rejection . Hepatology 1997 Transplantation 1994 April 15 ;57(7) : 1010-7. 
January; 25( 1 ) :  190-4. (23) Hi l lebrands JL, Van Dam JG, Onuta G, Klatter 

(10) Lautenschlager I, Soots A, Krogerus L, FA, Grauls G, Bruggeman CA et al .  
Kauppinen H, Saarinen 0, Bruggeman C et a l .  Cytomegalovirus-enhanced development of 
Effect of cytomegalovirus on an experimental transplant arteriosclerosis in the rat; effect of 
model of chronic renal a l lograft rejection under timing of infection and recipient 
triple-drug treatment in the rat. responsiveness. Transpl Int 2005 
Transplantation 1997 August 15;64(3) : 391-8. June; 18(6) : 735-42. 

( 1 1 )  Lautenschlager I ,  Soots A ,  Krogerus L, (24) de Haan BJ, Faas MM, Spijker H, van Wil l igen 
Kauppinen H, Saarinen 0, Bruggeman C et a l .  JW, de HA, de VP.  Factors influencing isolation 
CMV increases inflammation and accelerates of functional pancreatic rat islets. Pancreas 
chronic rejection in rat kidney allografts. 2004 July;29(1) :e15-e22. 
Transplant Proc 1997 February;29(1-2 ) :802-3. (25) van Suylichem PT, Wolters GH, van SR. The 

(12) Shira l i  GS, N i  JY, Chinnock RE, Johnston JK, efficacy of density gradients for islet 
Rosenthal GL, Bowles NE et al. Association of purification : a comparison of seven density 
viral genome with graft loss in children after gradients. Transpl Int 1990 October;3(3) : 156-
cardiac transplantation. New England Journal 61 .  
of  Medicine 2001  May 17;344(20) : 1498-503. (26) Bruggeman CA, Meijer H, Dormans PH, Debie 

(13) Slifkin M, Doran S, Snydman DR. Viral WM, Grauls GE, van Boven CP. Isolation of a 
prophylaxis in organ transplant patients. cytomegalovirus-like agent from wild rats. 
Drugs 2004;64(24) : 2763-92. Arch Viral 1982;73(3-4) :231-41.  

( 14) von Willebrand E, Pettersson E, Ahonen J, (27) Beisser PS, Vink C, Van Dam JG, Grauls G, 
Hayry P. CMV infection, class II antigen Vanherle SJ, Bruggeman CA. The R33 G 
expression, and human kidney protein-coupled receptor gene of rat 

43 



cytomegalovirus plays an essential role in the cardiac a l lografts after cytomegalovirus 
pathogenesis of viral infection. J Viral 1998 infection. Circulation 1995 November 
March ;72(3) :  2352-63. 1 ; 92(9) : 2594-604. 

(28) S melt MJ, Faas MM, de Haan BJ, de VP. (38) Koskinen PK, Yi lmaz S, Kal lio E, Bruggeman 
Pancreatic Beta-Cell Purification by Altering CA, Hayry PJ, Lemstrom K. Rat 
FAD and NAD(P)H Metabolism. Exp Diabetes cytomegalovirus infection and chronic kidney 
Res 2008;2008: 165360. a l lograft rejection. Transpl Int 1996;9 Suppl 

(29) Welsh RM, Brubaker JO, Vargas-Cortes M, 1 : S3-S4. 
O'Donnell CL. Natural killer (NK) cell response (39) Kloover JS, Soots AP, Krogerus LA, Kauppinen 
to virus infections in mice with severe HO, Loginov RJ, Halma KL et al. Rat 
combined immunodeficiency. The stimulation cytomegalovirus infection in kidney al lograft 
of NK cells and the NK cel l-dependent control recipients is associated with increased 
of virus infections occur independently of T expression of intracel lu lar adhesion molecule-1 
and B cel l function. J Exp Med 1991 May vascular adhesion molecu le-1, and their 
1 ;  173(5):  1053-63. l igands leukocyte function antigen-1 and very 

(30) Orange JS, Biron CA. Characterization of early late antigen-4 in  the graft. Transplantation 
IL-12, IFN-alphabeta, and TNF effects on 2000 June 27; 69(12) :2641-7.  
antiviral state and NK ce l l  responses during (40) Van Dam JG, Damoiseaux JG, Van der Heijden 
murine cytomegalovirus infection .  J Immunol HA, Grauls G, Van B, V, Bruggeman CA. 
1996 June 15 ; 156(12) :4746-56. Infection with rat cytomega lovirus (CMV) in 

(31) Martelius TJ, Blok MJ, Inkinen KA, Loginov RJ, the immunocompromised host is associated 
Hockerstedt KA, Bruggeman CA et a l .  with the appearance of  a T cell population with 
Cytomegalovirus infection, vira l  DNA, and reduced CDS and T cel l  receptor (TCR) 
immediate early-1 gene expression in expression. Clin Exp Immunol 1997 
rejecting rat l iver al lografts. Transplantation December; 1 10(3): 349-57. 
2001 May 15 ;71(9) : 1257-61 .  (41) Krams SM, Hayashi M,  Fox CK, Vil lanueva JC, 

(32) Zhou YF, Shau M, Guetta E, Guzman R, Unger Whitmer KJ, Burns W et al. CDS+ cells are not 
EF, Yu ZX et a l .  Cytomegalovirus infection of necessary for a l lograft rejection or the 
rats increases the neointimal response to induction of apoptosis in an experimental 
vascular injury without consistent evidence of model of small intestinal transplantation. J 
d i rect infection of the vascular wal l .  Circulation Immunol 1998 April 15 ; 160(8) : 3673-80. 
1999 October 5; 100(14) : 1569-75. (42) Ogura Y, Martinez OM, Vi l lanueva JC, Tait JF, 

(33) Martelius T, Krogerus L, Hockerstedt K, Strauss HW, H iggins JP et al. Apoptosis and 
Bruggeman C, Lautenschlager I. a l lograft rejection in  the absence of CDS+ T 
Cytomegalovirus infection is associated with cells. Transplantation 2001 June 
increased inflammation and severe bile duct 27;71(12) : 1827-34. 
damage in rat liver al lografts. Hepatology (43) Kondo T, Morita K, Watarai Y, Auerbach MB, 
1998 April ;27(4) : 996-1002. Taub DD, Novick AC et a l .  Early increased 

(34) Steinhoff G, You XM, Steinmuller C, Bauer D, chemokine expression and production in 
Lohmann-Matthes ML, Bruggeman CA et a l .  murine al logeneic skin g rafts is mediated by 
Enhancement of cytomegalovirus infection and natural kil ler cel ls. Transplantation 2000 March 
acute rejection after al logeneic lung 15 ;69(5) :969-77. 
transplantation in the rat. Transplantation (44) Obara H, Nagasaki K, Hsieh CL, Ogura Y, 
1996 April 27;61(8) : 1250-60. Esquivel CO, Martinez OM et a l .  IFN-gamma, 

(35) Streblow DN, Kreklywich C, Yin Q, De LM, V, produced by NK cel ls that infiltrate l iver 
Corless CL, Smith PA et al. Cytomegalovirus- al lografts early after transplantation, l inks the 
mediated upregulation of chemokine innate and adaptive immune responses. Am J 
expression correlates with the acceleration of Transplant 2005 September; 5(9) : 2094-103.  
chronic rejection i n  rat heart transplants. J (45) McNerney ME, Lee KM, Zhou P, Mol inere L, 
Viral 2003 February;77(3) : 2182-94. Mashayekhi M,  Guzior D et al. Role of natural 

(36) Orloff SL, Streblow DN, Soderberg-Naucler C, killer cel l  subsets in cardiac allograft rejection. 
Yin Q, Kreklywich C, Corless CL et a l .  Am J Transplant 2006 March ;6(3) : 505-13 .  
E l imination of  donor-specific al loreactivity (46) Bertuzzi F, Marzorati S, Maffi P, Piemonti L, 
prevents cytomegalovirus-accelerated chronic Melzi R, de TF et al. Tissue factor and 
rejection in rat smal l bowel and heart CCL2/monocyte chemoattractant protein-1  
transplants. Transplantation 2002 March released by human islets affect islet 
1 5 ;73(5) :679-88. engraftment in  type 1 diabetic recipients. J 

(37) Lemstrom K, Koskinen P, Krogerus L, Daemen Clin Endocrinol Metab 2004 
M, Bruggeman C, Hayry P. Cytomegalovirus November; 89( 11 ) : 5724-8. 
a ntigen expression, endothelial cell 
proliferation, and intimal thicken ing in  rat 

44 



CHAPTER 3 

CYTOMEGALOVIRUS AND ISLET ISOGRAFT 

FUNCTION 

M.J .  Smelt\ B.J. de Haan1, M.M. Faas1, A. de Haan2, P. de Vos1 

1 Department of Pathology and Medical Biology, Division Medical Biology, University Medical Center Groningen 

2 Department of Medical Microbiology, Molecular Virology section, University Medical Center Groningen 



CHAPTER 3 

ABSTRACT 

Transplantation of pancreatic islets is a promising therapy for the treatment of Type I 

Diabetes. However, long term islet graft survival rates are still unsatisfactory low. In islet 

transplantation, transplantation related viral infections, such as CMV-infections, have 

gained only minor attention. This is rather surprising since the virus has a solid basis in 

the etiology of failure of solid organ grafts. In the present study, we have investigated 

the direct effects of CMV-infection on islet isograft function. 

Syngenic rat pancreatic islet grafts were transplanted to STZ-diabetic recipients. 

One day after transplantation, the animals received either a CMV- or control-infection. 

Graft function was assessed by IVGTT and MTT. At 100 days after transplantation, the 

animals were sacrificed and the islet grafts were retrieved for histological examination. 

Although basal blood glucose levels were not different between CMV-infected 

recipients and controls, the grafts of CMV-infected recipients demonstrated impaired 

insulin secretion after oral glucose challenging. Histological analysis of the grafts at day 

100 after transplantation did not reveal differences between CMV-infected and control 

recipients in respect to insulin or glucagon content, or immune cel l infiltration. 

In the present study, we demonstrate that CMV-infection of fully 

immunocompetent rats impairs islet isograft function. Our results suggest that 

CMV-infection interferes with either reinnervation or revascularization of the islet graft. 
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INTRODUCTION 

The first demonstration of the clinical application of pancreatic islet transplantation as a 

therapy for Type I Diabetes patients was provided by Shapiro et al (1). However, despite 

worldwide optimism and a tremendous growth in clinics involved in islet transplantation, 

some critical issues remain to be resolved. 

A pertinent factor hampering large scale application is the fact that a follow-up 

study demonstrated that five years after transplantation, only 10% of the patients are 

still insulin independent (2). The causes of islet graft failure still remain to be identified, 

but factors suggested to be involved are : alloimmunity leading to graft rejection, 

recurring autoimmunity, islet cell toxicity due to the immunosuppressive regimen, failure 

of islets to regenerate, and inadequacies of the transplantation site (2). Surprisingly, in 

contrast to solid organ transplantation, the role of cytomegalovirus (CMV), has gained 

only minor attention in islet graft failure. 

After solid organ transplantation, 50 to 75% of the patients show signs of 

systemic viremia due to CMV-reactivation and active viral replication, as a consequence 

of the immunosuppressive regimen. This can lead to severe CMV-disease in the first 

months after transplantation (3). Despite successful treatment of transplant patients with 

antiviral agents, CMV-infection is still strongly associated with increased alloreactivity 

towards the graft and subsequent graft rejection (4-11). In the field of hum an islet 

transplantation, only a few studies suggest a deleterious effect of the virus on the 

function and survival of human islet grafts (12; 13). Others, however, were not able to 

confirm the findings (14; 15). Due to the retrospective nature of these patient studies, 

limitations in size and division of the experimental groups, and differences in detection of 

CMV transmission, and reactivation, results from these patient studies are somewhat 

difficult to interpret. 

To elucidate the effect of CMV-infection on islet graft function, we recently 

performed a prospective animal study in which we demonstrated that rat CMV (RCMV) 

significantly accelerates the failure of islet allografts (Chapter 2). In this study, we found 

that CMV-accelerated allograft failure was associated with immunity towards the graft 

and subsequent graft failure. However, this was all done in immunosuppressed 

recipients, in which ful l  replication of the virus was allowed. The direct susceptibility of 

pancreatic beta-cells for CMV-infection (Chapter 2), also presented in this study, 

suggests that CMV-infection may also have more direct effects on the islet graft. 

Therefore, in the present study, we questioned whether low-grade CMV-infection would 

affect islet isograft function. 
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In order to study the direct effects of a CMV-infection on the functional capacity 

of the graft, it is mandatory to avoid al logeneic combinations, due to the overshadowing 

effects of the severe and accelerated allogeneic response. To this end, we used a 

syngenic transplantation model. By applying immunocompetent animals, we avoid full 

replication of the virus and thereby progressive active infection of the host. This is of 

clinical relevance, since human recipients of an islet graft are more likely to suffer from 

subcl inical CMV-infections, rather than systemic viremia and CMV-disease (14-16). 

In this study, we have investigated rat islet isograft function in the present and 

absence of a CMV-infection. Graft function was determined by measuring the glucose 

tolerance and insulin responses to an intravenous and an oral glucose challenge. 

METHODS 

Study Design 

Streptozotocin (STZ) diabetic Albino Oxford (AO) rats were transplanted with a syngenic 

islet isograft. The endocrine graft volume of 5 µL (17) was transplanted under the kidney 

capsule to allow ful l  retrieval and histological study of the grafts after sacrificing the 

animals. Transplantation was considered successful when non-fasting blood glucose 

concentrations reached levels below 10 mmol/L, within 28 days after transplantation. 

One day after transplantation, the islet graft recipients received a CMV-infection (n=7).  

Mock-infected, transplanted animals (n=6) served as controls. 

Recipients of islet grafts were fol lowed and monitored by measuring non fasting 

blood glucose levels, until graft failure occurred. Graft failure was defined as two 

consecutive blood glucose measurements exceeding 20 mmol/L. If transplantation was 

successful, graft function was tested by intravenous glucose tolerance tests (IVGTT) and 

by a meal test (MTT). Recipients with successful islet grafts were followed and monitored 

for blood glucose levels for 100 days, after which the rats were sacrificed for histological 

examination of the pancreas and islet graft. 

Experimental Animals and diabetes induction 

Pathogen-free inbred male Albino Oxford rats weighing 280 - 300 g served as islet 

recipients. As islet donors, male pathogen-free inbred Albino Oxford rats weighing 

300-320 g were used. All experimental animals were obtained from Harlan (Horst, The 

Netherlands). The animals were fed standard rat chow and acidified water ad libitum. All 

animal experiments were performed after receiving approval of the institutional Animal 
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Care Committee of the Groningen University and all animals received human care in 

compliance with the Dutch Law on Experimental Animal Care. 

Diabetes was induced in the recipient rats by injection of 75 mg/kg 

streptozotocin (Zonasar, Upjohn Co., Kalamazoo, MI) in the tail vein. Animals received a 

second injection of 90 mg/kg streptozotocin when at day 10 after the first injection blood 

glucose levels were less than 20 mmol/L. Only animals showing weight loss and two 

constitutive blood glucose measurements exceeding 20 mmol/L over a period of two 

weeks served as islet graft recipients. The absence of functional beta cells in the native 

pancreas, defined as less than 5% of normal controls, was always h istologically 

confirmed at the time of sacrifice. 

Islet transplantation 

Islets were isolated from pancreata of Albino Oxford rats as previously described (18). 

Briefly, under halothane anesthesia, the abdomen was opened. The pancreas was 

excised. Subsequently, the pancreas was placed in 10 ml sterile Krebs-Ringer-Hepes 

buffer supplemented with 25 mmol/L Hepes buffer (KRH) containing 10% Bovine Serum 

Albumin (BSA) at 4°C. Next, the pancreas was chopped, digested using a two-stage 

incubation of 20 min at 37°C with successively 1.0 and O. 7 mg/ml collagenase (Sigma 

type XI, Sigma). Islets were separated from the exocrine tissue by centrifugation over a 

discontinuous dextran gradient (19) and further purified by handpicking. 

The total islet volume obtained by the isolation procedure was determined by 

measuring the diameters (17) of the islets in a 2% aliquot of the islet suspension. 

Subsequently, the total islet volume was calculated, assuming the islets to be perfect 

spheres. 

Transplantation of the islet grafts under the kidney capsule was performed 

immediately after the islet isolation procedure. Transplantation under the kidney capsule 

was performed at the upper pole by careful ly expelling the islets from a polyethylene 

tube introduced at the lower pole of the kidney. After the transplantation was completed, 

the polyethylene tube was examined to ensure that all islets had been transplanted. 

RCMV infection 

Rats received a RCMV infection by intraperitoneal (i.p.) injection of 2x105 plaque forming 

units (pfu) of RCMV (Maastricht strain). The RCMV stock was obtained by homogenization 

of salivary glands of irradiated, acutely infected AO rats as described previously (20) . The 

amount of infectious virus was determined by plaque assay as described previously (20). 
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To confirm successful infection, the presence of viral DNA in the salivary glands 

was determined by PCR using CMV-specific primers. All animals demonstrated the 

presence of viral DNA in the salivary glands. 

RCMV PCR 

To determine the presence of viral DNA in the salivary glands, DNA was extracted by 

lysis of the tissue in SE buffer containing 75 mM NaCl, 25  mM EDTA, 1 % SDS, and 200 

µg/ml Proteinase K at 55°C until all tissue was dissolved. DNA was extracted using 

chloroform-isopropanol extraction. Subsequently, RCMV-specific (nested) PCR analysis 

was performed as described previously (2 1). 

The forward primer sequence was 5-AAGGGATCCGATTTCGCCAGCCTCTACC-3, 

the reverse primer sequence was 5-AAGGGATCCTGTCGGTGTCCCCGTACAC-3. The nested 

forward primer sequence was 5-AAGGGATCCCCTCTGTTACTCCACCCTGC-3, the nested 

reverse primer sequence was 5-TTCGGATCCACGCCGACCTCGGAGACCAG-3. DNA from 

RCMV infected rat em bryonic fibroblasts served as a positive control. Nested PCR was 

only performed on those samples negative after the first-round PCR. PCR products were 

visualized by agarose gel electrophoresis and ethidium bromide staining. 

Functional glucose tolerance tests 

Three weeks after transplantation, al l  animals received a permanent silicon catheter in 

the right vena jugularis, for blood sampling and infusion in unanesthetized, undisturbed, 

and freely moving animals. The catheter was placed in the right vena jugularis under 

halothane anesthesia as described previously (22). 

Four weeks after transplantation intravenous glucose tolerance tests (IVGTT) 

and meal tests (MTT) were performed after a two hour fasting period. IVGTTs were 

performed by bolus infusion of 200 mg of glucose. MTTs were performed by offering the 

animals 2 g of normal rat chow (53% carbohydrates, 20% protein, 5% fat, and 22% 

other constituents) mixed with 2 ml of water. The animals were trained to consume the 

meal within 5 minutes. 

During both tests, blood samples were taken at 10 minutes before and 

immediately before the start of the test. Furthermore, b lood samples were taken at time 

points 1, 3, 5, 7, 10, 1 5, 20, 25, 30, 45, 60, 75, 90, 105, and 120 minutes after the start 

of the test. Blood loss during sampling was replaced by transfusing blood from healthy 

AO donor rats after every blood sample. 

In some recipients, glucose tolerance could not, or not completely be tested as a 

consequence of technical complications such as death related to the occlusion of the 

catheter, or refusal to eat more than 50% of the test meal. 
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Chemical determinations 

Weekly, basal blood glucose levels were determined in blood sampled from the tail vein. 

The glucose concentration was determined using the Accu-Chek Sensor system ( Roche). 

Two blood glucose levels exceeding 20 mmol/L in a two week period was considered as 

re-establishment of diabetes and islet graft failure. 

Glucose concentrations during the glucose tolerance testing were determined in 

whole blood by a ferricyanide method with a Technicon autoanalyser. Plasma insulin 

levels were measured by a radioimmunoassay (Linco, Rat Insulin RIA Kit, St. Charles, 

USA) with rat insulin as a standard. 

The amount of plasma insulin and blood glucose responsible for the insulin and 

glucose elevation during the meal test was quantified by calculating the area under the 

curve from the first measurement above basal value until basal values were reached 

again. 

Histology and immunocytochemistry 

The kidney and the remaining islet graft and the salivary glands were removed after the 

animals were sacrificed and snap frozen in liquid nitrogen. The native pancreas was 

removed and fixed in Bouins fixative for paraffin processing. The pancreas was sectioned 

at 5 µm and stained with aldehyde fuchsin to determine the presence or absence of 

functional beta cells. 

The islet graft and the salivary glands were sectioned at 5 µm, 10 minutes 

aceton fixed, and air dried for histological examination. Endogenous peroxidase was 

blocked for 20 minutes in Methanol (Merck) containing 1 % hydrogen peroxide at room 

temperature. Primary antibodies were incubated for one hour at room temperature, and 

secondary antibodies were incubated for 30 minutes at room temperature. Primary 

monoclonal antibodies used were: mouse-anti-rat insulin IgGl (1 :750) (Sigma) to 

determine the insulin content of the islet graft, mouse-anti-rat glucagon IgGl (1 :2000) 

(Sigma), mAb8 against RCMV R44 protein (1: 8) (hybridoma derived), R73 against rat 

T cell receptor (hybridoma derived), and ED1 (hybridoma derived) against monocytes 

and macrophages. The secondary antibody used was a horse-radish peroxidase 

conjugated Rabbit-anti-mouse IgGl (1: SO) (Dake) containing 1 % Rabbit serum. 

Peroxidase activity was demonstrated by using 3,3'-diaminobenzidine tetra HCL 

containing hydrogen peroxide. In all control sections, phosphate buffered saline was used 

instead of the primary antibody. All control sections were consistently negative. 
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Statistics 

Values are expressed as mean ± standard error of the mean (SEM). Statistical 

comparisons between the groups were performed by the Man n-Whitney U-test. P-values 

<0.05 were considered to be statistical ly significant. 

RESULTS 

CMV infection and transplant success 

To study the effect of CMV-infection, STZ-diabetic rats received a syngenic islet isograft. 

One day after transplantation, rats received either a CMV- or Mock-infection (controls) . 

In both the control and the CMV-infected animals, normoglycemia was restored within 

two weeks after transplantation . Although not statistically significant, the time to reach 

normoglycemia tended to be somewhat longer in the CMV-infected animals (7. 8  ± 1.7 

days in the controls, versus 10.8 ± 3 . 1  days in the CMV-infected group). Normoglycemia 

was maintained in all control recipients and in 83% of the CMV-infected animals (Figure 

lA) until 100 days after transplantation . 

-+- CMV-infected recipients 
- Non-infected controls B 
- • - Single CMV-infected recipient 500 

100 

01+----+-----r---""T"""---r----, 0+-----+----r-------,----.-----, 
-25 25 50 75 100 -25 25 50 75 100 

Time post transplantation (days) Time post transplantation (days) 

Figure 1. Islet graft survival after syngenic transplantation of 5 µI islet tissue in 
STZ-diabetic CMV-infected recipients and controls. After transplantation both CMV infected and 
Mock-infected control animals became normoglycemic (A) and gained weight (BJ. No differences were 
observed between the CMV infected (n =6) (triangles) and non infected (n =6) (squares) transplanted 
animals. One CMV infected animal reestablished diabetes at day 49 after transplantation, shown by 
increasing blood glucose levels (dashed line) (A) and weight loss (dashed line) (8). Results are 
presented as the mean ± standard error of the mean (SEM). 

Successful graft function and the absence of CMV-disease was also demonstrated by 

equal weight gain between CMV-infected recipients an controls (Figure 1 B).  In one 

CMV-infected animal (dashed line), diabetes was restored before day 100, as 
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demonstrated by increasing blood glucose values (Figure lA) and weight loss (Figure 

l B). 

CMV infection and islet isograft function 

To characterize the effect of latent CMV-infection on the functional competence of the 

transplanted islets, functional glucose tolerance tests were performed at 28 days after 

transplantation. Blood glucose levels and insulin responses were measured in response to 

both a bolus infusion of D-glucose (IVGTT) and a standardized meal (MTT). 

At day 28, basal blood glucose levels tended to be somewhat higher in CMV

infected recipients as compared to the controls. This however, never reached statistical 

significance (Figure 2C and D). Basal insulin levels did not differ in control recipients and 

CMV-infected recipients (Figure 2A and B). 
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Figure. 2. Blood glucose and plasma insulin levels after glucose infusion and spontaneous 
ingestion of a meal. Control (n=4) (open circles, closed lines) and CMV-infected animals (n=4) 
(closed circles, dashed lines) showed similar insulin release patterns in response to a D-glucose 
infusion (A). Blood glucose levels were not different between the CMV-infected and control animals in 
response to a D-glucose infusion (C). In response to a meal, CMV-infected and control animals 
showed a biphasic insulin release pattern (CJ. In response to a meal, control animals reach basal 
blood glucose levels within 120 minutes, but CMV-infected animals fail to reach basal blood glucose 
levels within 120 minutes after the start of the MTT (DJ. Results are presented as the mean ± SEM. 

Stimulated glucose levels and insulin levels during infusion of glucose were similar in 

controls and in the CMV-infected recipients (Figure 2A, 2C, 3C, and 3D respectively). 

However, the glucose levels during the MTT were higher in the CMV-infected recipients as 

compared to the controls (P< 0 . 05) (Figure 2D and 3A). These higher glucose levels 
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corresponded wel l  with the concomitant lower insulin secretion (P<0. 05) by the grafts as 

calculated by the insulin secretion during the meal test (Figure 2B and Figure 3B). 

Not only the amount of secreted insulin was lower in CMV-infected recipients, 

also the time that the grafts responded to the meal was significantly shorter in CMV 

infected recipients as compared to the controls.  CMV-infected recipients showed only 

33. 75 ± 4. 33 minutes of insulin release, while the islet grafts of the control animals 

responded to the meal for 72 ± 8.75 minutes (P<0.05). These results demonstrate that 

CMV has a profound effect on islet isograft function. 
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Figure. 3. Blood glucose and plasma insulin levels after spontaneous ingestion of a meal in 
CMV-infected or control islet isograft recipients. Functional tests show significantly higher blood 
glucose levels in the CMV infected animals (n=4) (black columns) after oral glucose challenging, 
compared to the control animals (n=4) (white columns) (A). Insulin release was significantly reduced 
after oral glucose challenging in the CMV infected group (BJ. Glucose levels (C) or insulin release (DJ 
were not significantly different between CMV-infected and control animals after intravenous glucose 
challenging. Results are presented as the mean ± SEM. Statistical significance was calculated using 
the Mann- Whitney U test. P-values < 0. 05 (*) were considered to be statistically significant. 

Histology of the grafts 

To analyze if the isografts of CMV-infected animals showed impaired structure or insulin 

content, isograft were retrieved after sacrificing the animals and histologically examined. 

We observed no microscopical difference in structure and intensity of insulin and 

g lucagon staining between controls and CMV-infected islet grafts. Both CMV-infected and 

controls contain hig h num bers of insulin (Figure 4A and 4C respectively) and glucagon 

(Figure 4B and 4D resp.) positive islets under the kidney capsule at 100 days after 

transplantation . Also at the date of the functional testing, i.e .  day 28, we retrieved a 

number of grafts, but found no microscopical differences between the two groups. Both 

showed pronounced insulin (Figure 4E) and glucagon (Figure 4F) staining, and clearly 

recognizable islet structures. 

To determine if the reduced islet graft function in CMV-infected grafts could be 

attributed to immune-mediated destruction, islet isografts were stained for the presence 

of T cells and macrophages. EDl positive macrophages were observed in the capsule 

surrounding the islet isograft, but not within the islet isograft itself. No differences were 
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seen in the intensity of EDl staining between the CMV-infected (Figure SA) and the 

control (Figure 5B) animals. T cel ls were not observed in either the CMV-infected an imals 

(Figure SC), nor the controls (Figure SD). 

Figure 4. Maintenance of blood glucose levels is dependent on islet isograft function. Islet 
grafts (Tx) showed both insulin and glucagon staining in both CMV infected at day 1 00 post 
Transplantation (Tx) (A&B resp.), as well as non infected (C&D resp.) animals (day 1 00 after 
transplantation). No differences in staining Intensity were observed between the two experimental 
groups. Staining of Islet isografts at day 28 after transplantation and infection showed very 
pronounced Insulin and g/ucagon staining and recognizable islet structures (E&F). 

DISCUSSION 

In the present study, we tested the direct effect of subcl in ical CMV-infection on islet 

isograft function.  We found that, a lthough  basal graft function was not d ifferent between 

CMV-infected recipients and controls, the time to restore normoglycemia was somewhat 

longer in the CMV-infected recipients. In response to an oral  glucose challenge, CMV

infected recipients demonstrated significantly higher blood g lucose levels and reduced 

insulin secretion.  The islet graft response to a d irect infusion of g lucose was not affected 

in the CMV-infected recipients. These results demonstrate that low-grade, subclin ical 

CMV-infection directly affects the functional capacity of islet isografts. These resu lts are 

corroborated by the findings of Hayashi et al in mice, who demonstrated impaired insul in 

secretion by native pancreatic beta-cell after CMV-infection of fully immunocompetent 

mice (23) .  The presence of functional islets at day 100 after transplantation a nd the 
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absence of leukocyte infiltration in the g rafts, demonstrates that impaired g raft function 

in the CMV-infected recipients is not the result of immune-mediated destruction .  

Reduced i nsu l in  secretion after ora l  g lucose chal lenging, but  not after direct 

glucose infusion suggests that the overa l l  beta-cel l  mass was not reduced by the CMV

infection, but rather the meal- ind uced potentiation of the insul in response. The 

potentiation of the insul in response is accompl ished by the central nervous system and 

blood dissolved g ut hormones such as GIP and GLP-1 (24) . Therefore, proper 

potentiation of the insul in response by the islet g raft requires restoration of the 

innervation and vascu lature. The reinnervation and revascu larization of an islet graft 

occurs in the first three weeks (25) after transplantation  and is also referred to as the 

engraftment period of the transplant. S ince the potentiatio n  is  disturbed in  CMV-infected 

recipients, it is quite plausible that the CMV-infection  has i nterfered with the adequacy of 

the engraftment of the transplant. Also the somewhat pro longed period to restore 

normoglycemia suggests an effect of CMV on the engraftment process. Based on the 

current results, it cannot be concluded whether the CMV- induced effect was accomplished 

by interference with the rei nnervation process, the revascu larization process, or both . 

Controls CMV-infected 

Figure 5. Leukocyte infiltration 
is not observed in islet 
isografts. ED1 positive 
macrophages were present in the 
capsule around, but not in the 
islet transplant (Tx) itself. No 
differences in ED1 staining were 
observed between Mock-infected 
(A) and CMV infected (B) animals. 
T cell influx (R73 staining) was not 
observed in the islet grafts of 
neither control (C) nor CMV 
infected animals (D). 

The observation that CMV-infection has profound effects on the functional capacity of 

islet g rafts requ ires some further consideration .  Cl in ical ly,  the vira l  load within  the islet 

grafts is considered to be too low to establish viral  transmission and systemic viremia 

( 14; 15) .  However, in  the present study, we demonstrate that a lso low-grade, subclinica l 

CMV-infection may have profound effects on islet g raft function.  Although CMV 

transmission fol lowing islet transplantation is not commonly observed, the resu lts from a 
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study performed by Yakubovich et al clearly demonstrate that pancreatic islets do contain 

the virus and that the viral load is in some cases sufficiently high to establish viral 

transmission and systemic viremia (26). Our results are in line with the results from the 

study by Eckhard et al, who demonstrates that also in the absence of systemic viremia, 

islet graft function may decline as a result of CMV-infection (13). 

In the present study we demonstrate that even in immunocompetent recipients 

with not more than a low-grade, subclinical CMV-infection, a draw-back in the functional 

capacity of the graft can be measured. Our results suggest that, also in the absence of 

systemic viremia, CMV-infection should be considered as a harmful factor to proper islet 

graft function. 
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ABSTRACT 

Islet transplantation is a promising therapy for the treatment of Type I Diabetes. 

However, despite the introduction of an improved immunosuppressive protocol, the islet 

graft survival rates are stil l unsatisfactory low. Cytomega lovirus, a pathogen strongly 

associated with solid organ graft failure, may also be involved in the failure of islet grafts. 

In the present study, we questioned whether CMV-infection is associated with 

enha nced immunity towards islet allografts a nd responsible for accelerated graft failure. 

To this end, STZ-diabetic rats were tra nsplanted with an islet allograft in the presence 

and absence of a CMV-infection. Graft fu nction was assessed, as well as the frequency of 

periphera l and local T and NKT cell subpopulations. 

CMV-infection of islet allograft recipients was associated with accelerated graft 

failure and increased infiltration of the grafts by cos+ T cel ls, suggesting that the 

CMV-infection enhances immu ne-mediated allograft destruction. In addition, 

CMV-infection was associated with increased frequencies of peripheral ,  but not local, 

regulatory T cells and NKT cells. 

These results suggest that CMV-infection enhances the a ntigraft immune 

response as well as immunoregulatory mechanisms in an al logeneic islet transplantation 

setting. Our results suggest that a local imbalance between recruited immunoregulating 

cells and effector T cells in the CMV-infected recipients may resu lt in accelerated T cell 

mediated islet graft destruction. 
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INTRODUCTION 

The introduction of the Edmonton immunosuppressive protocol (1) led to a tremendous 

growth in the number of islet transplantations performed worldwide. However, 

publication of the five year graft survival rates tempered the initial enthusiasm, since it 

demonstrated that graft function declined rapidly in the years after transplantation (2). 

Many factors such as alloreactivity, recurring autoreactivity, and metabolic exhaustion 

have been suggested to contribute to graft failure (2). Also, transplantation related viral 

infections, such as cytomegalovirus (CMV)-infections, may contribute to islet allograft 

fa i I u re ( 3; 4). 

The mechanism of CMV-induced islet graft failure remains to be elucidated. CMV 

may contribute to graft failure by direct cytolytic infection of the graft, or in a more 

indirect fashion, by promoting immune-mediated destruction of the graft. This immune

mediated graft destruction has been associated with CMV-induced solid organ graft 

failure and has been attributed to enhanced alloreactivity (5; 6). We hypothesize that 

CMV-enhanced alloreactivity not on ly holds true for solid organ graft rejection, but also 

for cellular islet graft rejection. 

Graft rejection is an immunological process primarily mediated by T cel ls. 

Recognition of foreign MHC I and II molecules results in co4+ and cos+ T cell infiltration, 

activation, and subsequent graft destruction. However, before T cells can cause graft 

destruction, na"ive alloreactive T cells need to be activated in the peripheral secondary 

lymphoid organs by antigen presenting cells that bear the foreig n MHC molecules as well 

as costimulatory sig nals (7). 

In addition to rejection inducing T cells, the T cell population also contains 

co4+co2s+FoxP3+ regulatory T cells, which are involved in damping immune responses 

rather than to exacerbate them (8;9). In transplantation, tolerance towards allografts, 

including islet grafts (10), has been attributed to the anti-inflammatory actions of these 

regulatory T cells (11-13). At present, graft outcome is considered to be a balance 

between the activity of effector T cells and the activity of regulatory cells. 

Activation of regulatory T cells, via the T-cell  receptor, is associated with 

suppression of effector T cells (14-16), but also with suppression of B cells (17), 

monocytes (18), dendritic cells (DC) (14-16), and NK cel ls (19). This suppression may be 

provided in a cell-cell contact dependent manner, or via the production or 

anti-inflammatory mediators, such as TGF-13, IL-10 and IL-35 (9) . Once activated, 

immunological suppression may develop antigen independent, a process called bystander 

suppression (9). 
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Also the NKT cel l  population can regulate immune responses. These cells are associated 

with various and contrasting immune responses, including transplantation tolerance, 

anti-tumor immunity, prevention of autoimmunity and protection from various pathogens 

(20). NKT cel ls comprise a small population of the blood mononuclear cells and are 

characterized by the expression of both the T cell  receptor as wel l  as NK cell receptors, 

such as Kil ler cell Lectin l ike Receptors (KLRs) [equivalent of Killer Cell lg- like receptors 

(KIRs) in humans]. Although NKT cells have the capacity to produce both IL-4 and IFN-y, 

NKT cel l suppression of pro-inflammatory immune responses in vivo is primarily 

established by the release of IL-4 and IL-10 (21; 22). 

In the present study, we hypothesize that CMV-accelerated islet allograft failure 

is associated with increased alloreactivity towards the islet allograft and a disturbed 

balance between immune activation and immune regulation. To this end, we studied the 

frequency of peripheral and local effector T cells, regulatory T cells, and NKT cells after 

islet allotransplantation and CMV-infection. 

METHODS 

Study Design 

Streptozotocin (STZ) diabetic Albino Oxford (AO ; u-u-u haplotype) (n=13) received a 

renal subcapsular Lewis (/-/-/ haplotype) islet graft in the presence and absence of a 

CMV-infection. Ciclosporin A (CsA) immunosuppression was applied to al low islet 

engraftment. One day after transplantation, six of the islet graft recipients received a 

CMV-infection, while seven of the recipients received a Mock-infection and served as 

controls. 

Islet graft function was monitored by measuring non fasting blood glucose 

levels. In each experiment, one or two CMV-infected animals and one control animal 

were transplanted with the same batch of islets. In addition, 3 non-infected controls were 

transplanted separately. The CMV-infected animals (n= 6) were sacrificed after complete 

graft failure, which occured at day 13. At the same time, the non-infected control animals 

that were transplanted in parallel were sacrificed (n=4). The three separately 

transplanted control recipients were sacrificed at the day of complete graft failure, which 

occurred at day 27 or 28. 

To study T cell (sub)populations, heparinized blood was sampled from the tail 

vein 1 day before transplantation (Pre-Tx) and at day 7, and 13 (day of sacrifice for 

CMV-infected animals and matching controls) after transplantation. Circulating T and NKT 
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cell subpopulations were determined by four-color flow cytometric analysis. After 

sacrifice, the islet grafts were retrieved, snap frozen, sectioned, and stained to study 

infiltrating regulatory T cells and NKT cells. Infiltration of cells in the islet grafts was 

analyzed by fluorescence microscopy. 

Experimental Animals and diabetes induction 

Inbred male Albino Oxford rats (u-u-u) weighing 280 - 300 g served as islet recipients. 

As islet donors, male inbred Lewis rats (I-I-I) weighing 300 - 320 g were u sed. All 

experimental animals were obtained from Harlan (Horst, The Netherlands). The animals 

were fed standard rat chow and acidified water ad libitum and were kept in temperature

and light-controlled rooms (lights on from 6 AM to 6 PM). All animal experiments were 

performed after receiving approval of the institutional Animal Care Committee of the 

Groningen University. All animals received care in compliance with the Dutch Law on 

Experimental Animal Care. 

Diabetes was induced in the recipient rats by injection of 75 mg/kg 

streptozotocin (Zonasar, Upjohn Co., Kalamazoo, MI) in the tail vein. Animals received a 

second injection of 90 mg/kg streptozotocin when at day 10 after the first injection blood 

glucose levels were below 20 mmol/L. Only animals showing weight loss and two 

consecutive blood glucose measurements exceeding 20 mmol/L served as islet graft 

recipients. The absence of functional beta cells in the native pancreas, defined as less 

than 5% of normal controls, was always histologically confirmed at the time of sacrifice. 

Islet transplantation 

Islets were isolated from pancreata of Lewis rats as previously described (23). Briefly, 

under halothane anesthesia, the abdomen was opened and the pancreas was excised. 

Subsequently, the pancreas was transferred into 10 ml sterile Krebs-Ringer-Hepes 

buffer (KRH) supplemented with 25 mmol/L Hepes and containing 10% Bovine Serum 

Albumin (BSA) at 4°C. Next, the pancreas was chopped and digested using a two-stage 

incubation of 20 min at 37°C with successively 1.0 and O. 7 mg/ml collagenase (Sigma 

type XI, Sigma). Islets were separated from the exocrine tissue by centrifugation over a 

discontinuous dextran gradient (24) and further purified by handpicking. The total islet 

volume obtained after the isolation procedure was determined by measuring the 

diameters of the islets in a 2% aliquot of the islet suspension (25). Subsequently, the 

total islet volume was calculated, assuming the islets to be perfect spheres. 

Transplantation of 5 µ L  islet grafts under the kidney capsule was performed 

immediately after the islet isolation procedure under halothane anesthesia. 

Transplantation under the kidney capsule was performed at the upper pole, by carefully 
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expelling the islets from a polyethylene tube introduced at the lower pole of the kidney. 

The transplanted endocrine graft volume of 5 µL induces normoglycemia in 100% of non

infected recipients (25). 

Immunosuppression was applied for 10 days. For this, rats received 5 mg/kg 

Ciclosporin A (CsA; Sandimmune, Novartis) subcutaneously on a daily basis, starting at 

the day of transplantation. Heparinized blood was sampled from the tail vein under 

halothane anesthesia on day 7, and 13 after transplantation and plasma CsA levels were 

determined by Liquid Chromatography-Mass Spectometry-Mass Spectometry ( LCMSMS). 

Plasma CsA levels always exceeded 100 µg/L, which is sufficient to allow engraftment of 

islet allografts in rats (26). 

CMV-infection 

Rats received a rat CMV (RCMV)-infection by intraperitoneal (i.p.) injection of 2x105 

plaque forming units (pfu) of RCMV (Maastricht strain) at day one after transplantation. 

The RCMV stock was obtained by homogenization of salivary glands of irradiated, acutely 

infected AO rats as described previously (27). The amount of infectious virus was 

determined by plaque assay, as described previously (27). Mock-infected islet al lograft 

recipients served as controls. Mock-infection was established by i.p. injection of 

virus-free salivary gland homogenate at day one after transplantation. Virus-free 

homogenate was obtained by homogenization of salivary glands of irradiated, 

non-infected AO rats. 

Graft function and sacrifice 

Graft function was determined by measuring non-fasting blood glucose levels. To this 

end, blood was sampled from the tip of the tail, once every two days. The glucose 

concentration was determined using the Accu-Chek Sensor system (Roche). 

Transplantation was considered successful when non-fasting blood glucose 

concentrations reached levels below 10 mmol/L. Blood glucose levels exceeding 

20 mmol/L was considered as re-establishment of diabetes and islet graft failure. Animals 

were sacrificed when animals demonstrated two blood glucose measurements exceeding 

20 mmol/L in a one week period. 

Following complete graft failure, animals were sacrificed under halothane 

anesthesia. Pancreas, kidneys, salivary glands, and islet grafts were removed for 

histological examination. The native pancreas was fixed in Bouins fixative for paraffin 

processing. The pancreas was sectioned at 5 µm and stained with aldehyde fuchsin to 

determine the presence of functional beta cells. Islet grafts were removed and snap 

frozen in liquid nitrogen. Grafts were sectioned at 5 µm and stored in -20°C until use. 
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Detection of viral infection 

To confirm successful viral infection in the salivary glands, we performed PCR analysis for 

viral DNA and did histological staining for RCMV early protein R44 as described below. All 

RCMV-infected animals demonstrated the presence of viral DNA and R44 positive cells 

within the salivary glands, confirming successful systemic CMV-infection. 

RCMV PCR 

To determine the presence of viral DNA in the salivary glands, DNA was extracted by 

lysing the tissue in SE buffer containing 75 mM NaCl, 25 mM EDTA, 1 % S DS, and 

200 µg/ml Proteinase K at 55°C until all tissue was dissolved. DNA was extracted using 

chloroform-isopropanol extraction. Subsequently, RCMV-specific (nested) PCR analysis 

was performed as described previously (28). 

The forward primer sequence was 5'-AAGGGATCCGATTTCGCCAGCCTCTACC-3', 

the reverse primer sequence was 5'-AAGGGATCCTGTCGGTGTCCCCGTACAC-3'. The 

nested forward primer sequence was 5'-AAGGGATCCCCTCTGTTACTCCACCCTGC-3', the 

nested reverse primer sequence was 5'-TTCGGATCCACGCCGACCTCGGAGACCAG-3'. DNA 

from RCMV-infected rat embryonic fibroblasts served as a positive control. When samples 

were negative after the first-round PCR, we performed nested PCR. PCR products were 

visualized by agarose gel electrophoresis and ethidium bromide staining. 

Detection of R44 protein 

The salivary glands were removed after the animals were sacrificed and snap frozen in 

liquid nitrogen. The salivary glands were sectioned at 5 µm, 10 minutes fixed in ice cold 

aceton, and air dried for histological examination. Endogenous peroxidase was blocked 

for 20 minutes in phosphate buffered saline containing 0,15% hydrogen peroxide. 

Sections were incubated with mAb8 (1 : 8) directed against RCMV R44 for one hour. 

Subsequently, sections were incubated with horse-radish peroxidase conjugated 

Rabbit-anti-mouse IgG l (Dako) for 30 minutes. The whole procedure was performed at 

room temperature. Peroxidase activity was demonstrated by using 3,3'-diaminobenzidine 

tetra HCl containing hydrogen peroxide. In all control sections, phosphate buffered saline 

was used instead of the primary antibody. All control sections were consistently negative. 

Flow Cytometry 

Blood T cell subpopulations were identified in heparinized blood, sampled from the tail 

vein. A sample of 40 µ l  was taken to count the total number of leukocytes per ml of 

blood, using the Coulter Counter Zl (Coulter). The remaining sample (1 ml) was 1: 1 
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diluted with phosphate buffered saline (PBS) and spun down (20 min, 2500 rpm, 4°C). 

The eryth rocytes were lysed by incubation in NH4CI for 10 minutes at 4°C. 

For four-color flow cytometric analysis, 5xl05 cells were resuspended in PBS 

containing 5% Fetal Calf Serum and 0. 1 % Sodium Azide (PBS/FCS/azide). Cells were 

incubated with a cocktail of primary antibodies for one hour at room temperature in the 

dark. Primary antibodies used were : PerCP-conjugated R73 (1 : 100) against rat T-cell 

receptor a� (BD Pharmingen), FITC-conjugated anti-CDS (1 : 100) (BD Pharmingen), and 

PE-conjugated anti-NKR-PlA (1 : 50) (BD Pharmingen), combined with either Biotin

conjugated STOK2 (1 : 100) against Ly49i2 (29), Biotin-conjugated STOK6 (1 : 50) against 

Ly49s3 (30), Biotin-conjugated DAR13 (1 : 100) against Ly49s3 (30), Biotin-conjugated 

STOK9 (1 : 300) against KLRH1 (31), or Biotin-conjugated STOK27 (1 : 100) against 

NKR-PlB (32). After washing in PBS/FCS/azide, APC-conjugated Streptavidin was added 

for 30 minutes at room temperature in the dark. Cells were washed twice and 

resuspended in PBS/FCS/azide and analyzed by flow cytometry (FACS Cal ibur, Beckton 

Dickinson). Regulatory T cel ls were determined by staining fixed and permeabilized white 

blood cells with FITC-conjugated anti-CD4 (eBioscience), PE-conjugated anti-CD25 

(eBioscience), and APC-conjugated FoxP3 (eBioscience) according to the kit protocol 

( eBioscience). 

During flow cytometry, we counted at least 5x104 lymphocytes, based on the 

forward and side scatter pattern. During analysis, the percentage of T cel ls and NKT cells 

was determined within the lymphocyte population, based on the cellular expression of 

NKR-PlA and the T-cell receptor (TCR). Absolute cell numbers were calculated by 

multiplying percentages with the number of white blood cel ls. The percentage of STOK 

positive cells was determined within the NKR-PlA+ TCR+ NKT cell population. A sample 

stained for NKR-PlA, TCR, and Streptavidin-APC was used to set the gate, so that 99% 

of the cells were negative. Then, the gate was copied to the samples stained with the 

STOKs, and the percentage of positive cells was determined. Data were analyzed using 

Winlist 5.0 software (Verity Software House). 

Fluorescence microscopy 

To determine the infiltration of regulatory T cells and NKT cells in the islet grafts, grafts 

were retrieved, snap frozen, sectioned and stained for the presence of cells expressing 

CD3, NKR-PlA, CD4, and FoxP3. 

In short, islet graft sections were air dried for 15 minutes, fixed in ice cold 

aceton for 5 minutes, and air dried for 15 minutes before starting the staining procedure. 

Endogenous Avidin and Biotin was blocked using a two-step Avidin-Biotin block kit 

(Dako). Nonspecific binding of antibodies was blocked by incubation of the tissue with 
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10% goat serum, and subsequently 10% mouse serum or 10% rabbit serum, depending 

on the secondary antibody. Primary antibodies were incubated for one hour, and 

secondary antibodies were incubated for 30 minutes. The whole procedure was 

performed at room temperature in the dark. Primary monoclonal antibodies used were : 

anti-NKR-PlA (mouse IgG l) (1: 50) (BO Pharmingen), anti-CO3 (mouse IgG3) (1: 50), 

anti-CO4 (mouse IgG2a) (1 : 50) (BO Pharmingen), and anti-FoxP3 (rat IgG2a) 

(eBioscience). Secondary antibodies used were Goat-anti-mouse IgG l-TRITC (1 : 50) 

(Oako), Goat-anti-Mouse IgG3-FITC (1: 50) (Oako), Goat-anti-Mouse IgG2a-FITC (1: 50) 

(Oako), and Rabbit-anti-Rat lg-Biotin (1 :50) (Oako). Cy3-conjugated Streptavidin 

(1 : 100) was used to determine the presence of FoxP3-positive cells. 

Finally, sections were counterstained with OAPI (Molecular Probes), mounted in 

Citifluor, and analyzed by fluorescence microscopy (Leica Microsystems). In all control 

sections, phosphate buffered saline was used instead of the primary antibodies. All 

control sections were consistently negative. 

Statistics 

Values are expressed as mean ± standard error of the mean (SEM). Normal distribution 

of the data was confirmed using the Kolmogorov-Smirnov test. When data were normally 

distributed, the statistical comparisons between the groups were performed by using the 

two-tailed Student t-test, in other cases the Mann Whitney-U test was used. Statistical 

comparisons within the groups were performed by using the two-tailed paired Student t

test, or the Wilcoxon matched pairs test when data were not normally distributed. P

values < 0.05 were considered to be statistically significant. 

RESULTS 

CMV-infection is associated with accelerated islet allograft failure 

To study the effect of CMV on islet graft survival, we applied a rat a l logeneic islet 

transplantation model, in the presence and absence of a CMV-infection. In the 

CMV-infected islet graft recipients, graft failure was significantly accelerated as compared 

to non-infected controls. In CMV-infected recipients, graft failure occurred at 10.6 ± 1.0 

days after transplantation, while non-infected control recipients demonstrated graft 

function up to 27.3 ± 0.3 days after transplantation (P<0.05). 

The islet allografts of both CMV-infected recipients as well as non-infected 

controls were infiltrated by both co4+ and cos+ T cells (Figure 1A and 1B resp.). The 
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infiltration of cos
+ T cells was increased in the CMV-infected recipients ( Figure 1B), 

which suggests that despite adequate suppressive levels of ciclosporin A (CsA) 

(> 100 µg/L) ( Figure lC), increased T cell recruitment and activation are involved in CMV

accelerated islet graft fai lure. 

A Control recipients 

B CMV-infected recipients 

i 
j 
C 

C 1111 CMV-infected 
� Control 

Figure 1. Islet graft infiltration by T cells. 
Retrieved islet al/ografts of non-infected controls 
(A) and CMV-infected recipients (B) were stained 
for the presence of COB (red) and CD4 (green) 
positive cells (20x magnification). Plasma CsA 
levels were determined in CMV-infected recipients 
(black bars) and non-infected controls (white bars) 
at day 7 and 1 3  after transplantation (C). All panels 
are representative for the complete group of islet 
graft recipients. Results are depicted as the mean 
± standard error of the mean (SEM). 

CMV-infection is associated with increased T cell frequencies 

The numbers of circulating T cel ls were determined before transplantation (Pre-Tx), and 

at day 7 and 13 after transplantation . Within the lymphocyte population of the 
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CMV-infected recipients, we observed a specific increase in the percentage of T cell 

Receptor (TCR) positive cells (P<0.05) (Figure 2A). The absolute number of lymphocytes 

decreased equally in both groups (data not shown). This suggests that despite effective 

immunosuppression, a T cell response can be observed in the CMV-infected recipients. 

When the percentage of cos+ and CD4 + T cells within the T cell population was 

determined, no differences were observed within the groups or between the 

CMV-infected recipients or controls (Figure 2B and 2C). 

A B 

0 --- --- ---
Pre-Tx 7 13 

C 

10 

11111 CMV-infected 

c=J Control 

0 --- --- ---
Pra-Tx 7 13 

Figure 2. CMV-infection promotes an increased proportion of T cells. The percentage of T cell 
Receptor (TCR) positive cells within the total blood lymphocyte population was determined in 
CMV-infected recipients (black bars) and non-infected controls (white bars) before transplantation 
(pre-Tx), 7 days (7), and 13 days (13) after transplantation (A). The percentage of cos+ (B) and 
co4+ (C) T cells was determined within the TCR+ lymphocyte population. Results are depicted as the 
mean ± standard error of the mean (SEM). Statistical significance was calculated using the two-tailed 
paired student t-test. * represents P-values < 0. 05. 

Transplantation and CMV-infection are associated with increased frequencies of 

circulating co4+ effector T cells and regulatory T cells 

We questioned whether CMV-accelerated graft failure could be attributed to an a ltered 

balance between effector T cells and regulatory T cells. To this end, we have further 

studied the peripheral co4+ T cell compartment. The co4+ T cell compartment contains 

both effector T cells, as well  as regulatory T cells, which can be distinguished by the 

expression of CD25 and FoxP3. As demonstrated in Figure 3A, the co4+ T cell population 

contains CD25- cells, CD2510w cells (defined as effector T cells), and CD25bright cells. The 

latter population is considered to contain FoxP3+ regulatory T cells. 

After islet allotransplantation, the frequency of co4+co2s 10w effector T cel ls 

significantly increased (P<0.01). This increase was even more pronounced when the 

recipients were CMV-infected [P<0.01 and P<0.05 (Figure 3C)]. This was also observed 

when the ratio between co2s 10w and co2s- co4+ T cel ls was determined (Figure 3D). The 

frequency of co4+co2s- T cells (Figure 3B) and co4+co25bright T cel ls (Figure 3E), or the 

ratio between these populations (Figure 3F) did not change after transplantation or 

CMV-infection. 
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Figure 3. Islet allotransplantation and CMV-infection promote the expansion of co2s10w T 
cells. The co4+ T cell population demonstrated co2s·, co2s10w and co25bright T cells (A). The 
percentage of co4+co25· T cells (BJ, CD4+CD2510w T cells (CJ, and co4+co25bright T cells (E) was 
determined within the blood co4+ T cell population in CMV-infected recipients (black bars) and 
non-infected controls (white bars) before transplantation (pre-Tx}, 7 days (7) and 13 days (13) a�er 
transplantation. Furthermore, the ratio between the proportion of co4+co2s10w and co4+co2s T cells 
(DJ and co4+co25brt9ht and co4+co2s· T cells was determined (F). Results are depicted as the mean 
± standard error of the mean (SEM). Statistical significance was calculated using the two-tailed paired 
student t-test. * represents P-values < 0. 05, ** represents P-values < 0. 01 . 

Both the circulating co4+co2s· and the co4+co2s 10w T cel l  populations demonstrated low 

percentages of FoxP3+ cel ls (less than 4% in the co2s· population and less than 13% in 

the CD2510w population), which did not increase after transplantation nor CMV-infection 

(Figure 4A and 4B resp.). 

Approximately 40% of the co4+co25bright population was FoxP3+ before transplantation, 

demonstrating that the majority of rat regulatory T cel ls are indeed CD25bright rather than 

CD2510w. In the CMV-infected recipients, the frequency of FoxP3+ cel ls  was significantly 

increased as compared to the non-infected controls at the day of graft failure (P<0.05) 

(Figure 4C). The frequency of FoxP3+ cel ls  increased over time in the CMV-infected 

recipients (Pre-Tx vs. 13; P<0.05), while the frequency of FoxP3+ cel ls remained 

unaltered in the non-infected controls (Figure 4C). This was also observed when the 

frequency of co4+co25brightFoxP3+ cel ls within the total co4+ T cel ls  population was 

determined (P=0.06). 
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Figure 4. CMV-infection pro-
motes an increased proportion 
of regulatory T cells. The per-
centage of FoxP3+ cells was 
determined within the blood 
co4+co25- T cell (A), CD4+CD2510w 

T cell (BJ, and co4+co2s1'nght T cell 
(C) population in CMV-infected 
recipients (black bars) and non-
infected controls (white bars) 
before transplantation (pre-Tx), 7 
days (7) and 13 days (13) after 
transplantation. Furthermore, the 
ratio between the proportion of 
co4+co25brightFoxP3+ and 
CD4+CD2s'0w T cells (D) was 
determined at day 13 after 
transplantation. Results are 
depicted as the mean ± standard 
error of the mean (SEM). 
Statistical significance within 
groups was calculated using the 
two-tailed paired student t-test, 
whereas statistical significance 
between groups was calculated 
using the two-tailed student t-
test. * represents P-values < 0. 05. 

Since in the CMV-infected recipients both the frequency of effector T cel ls as well as the 

frequency of regulatory T cel ls increased, we questioned whether this would affect the 

periphera l  regu latory capacity . To this end, we determined the ratio between 

co4+co25brightFoxP3+ positive cel ls and co4+ effector T cel ls in the CMV-infected 

recipients at day 13 after transplantation and compared this to the ratio in the 

non-infected controls.  We observed that the ratio between effector T cel ls and regu latory 

T cel ls was not different between CMV- infected recipients and  controls (F igure 4D) .  

Thus, these results demonstrate that after CMV-infection increased freq uencies 

of both effector T cel ls as well as reg u latory T-cells can be observed, in  spite of CsA 

immu nosuppression . Accelerated islet a l lograft rejection cou ld ,  however, not be 

attributed to a periphera l  imbalance between regu latory T cel ls and effector T cel ls .  This, 

however, may be d ifferent local ly .  

CMV-infection is associated with a local imbalance between cos+ T cells and regulatory 

T cells 

As demonstrated, CMV-i nfection is associated with an increased frequency of ci rcu lating  

regu latory T cel ls .  However, it remains unclear whether these cel ls  are recruited to  the 

site of transplantation to regu late loca l inflammatory responses . Therefore, we a lso 

studied the frequency of regu latory T cel ls in  the is let grafts. 
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A Control recipients 

B CMV-infected recipients 

Figure 5. Islet graft infiltration by regulatory T cells. Retrieved islet allografts of non-infected 
controls (A) and CMV-infected recipients (B) were stained for the presence of CD4 (green) and FoxP3 
(red) positive cells (20x and 1 00x magnification). Regulatory T cells are depicted by the red arrows. 
All panels are representative for the complete group of islet graft recipients. 

Regulatory T cel ls were observed in the grafts of both non-infected controls (Figure SA) 

as well as the grafts of CMV-infected recipients (Figure SB) .  The numbers of regulatory 

T cells in the infi ltrates were not different between CMV-infected recipients and the 

non-infected controls. 
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Figure 6. Peripheral and local NKT cells after allotransplantation and CMV-infection. The 
percentage of TCR+NKR-P1A+ cells was determined within the blood lymphocyte population in 
CMV-infected recipients (black bars) and non-infected controls (white bars) before transplantation 
(pre-Tx), 7 days (7) and 13 days (13) after transplantation (A). Retrieved islet allografts of 
non-infected controls (B) and CMV-infected recipients (C) were stained for the presence of NKR-P1A 
(red) and CD3 (green) positive cells (20x magnification). Double positive NKT cells are depicted by 
the yellow arrows. All panels are representative for the complete group of islet graft recipients. 
Results are depicted as the mean ± standard error of the mean (SEM). Statistical significance within 
groups was calculated using the two-tailed paired student t-test, whereas statistical significance 
between groups was calculated using the two-tailed student t-test. * represents P-values < 0. 05, 
** represents P-values < 0. 01 . 

CMV-infection is associated with an increased frequency of peripheral NKT cells 

Not only T cells, but a lso NKT cel ls may be involved in adaptive immune responses. 

Therefore we questioned whether changes in the frequency of NKT cel ls cou ld be held 

responsible for CMV-accelerated islet graft fai lure. 

After al logeneic islet transplantation a lone, no changes were observed in the 

percentage of ci rculating NKT cel ls (Figure 6A), but when CMV-infection was combined 

with islet a l lotransplantation, we observed an increased frequency of NKT cel l  at the time 
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of complete graft failure (P<0. 01) (Figure 6A). A role for NKT cells in the allogeneic 

inflammatory process was further substantiated by the presence of NKT cells in the grafts 

of both CMV-infected and control recipients (Figure 6B and 6C resp.). However, no 

differences in the number of infiltrating NKT cel ls in the grafts of CMV-infected recipients 

and controls could be detected. 
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Figure 7. CMV-infection and islet al/otransp/antation promotes increased proportions of 
specific blood NKT cell subpopulations. The percentage of Ly49i2+ (A), Ly49s3+ (B), KLRHi +, and 
NKR-P1B+ NKT cells was determined in the blood of CMV-infected recipients (filled bars) and 
non-infected controls (dashed bars) before transplantation (pre-Tx), 7 days (7), and 13 days (1 3) 
after transplantation. Results are depicted as the mean ± standard error of the mean (SEM). 
Statistical significance within groups was calculated using the two-tailed paired student t-test, 
whereas statistical significance between groups was calculated using the two-tailed student t-test. 
* represents P-values < 0. 05, ** represents P-values < 0. 01 . 

CMV-infection promotes the emergence of Ly49s3+ NKT cells 

Since NKT cells comprise a heterogeneous pool of cells, we determined not only the 

frequency of the total peripheral NKT cell population, but also the frequency of NKT cell 

subsets, based on the expression of the Killer cel l Lectin like Receptors Ly49i2 (29), 

Ly49s3 (32;33), KLRHl (31), and NKR-Pl B (32). 

Following islet transplantation alone, we observed a gradual increase in the 

proportion of Ly49i2 expressing NKT cells (P<0.05) (Figure 7A). When islet 

transplantation was combined with CMV-infection, we observed not only an increase in 

the percentage of Ly49i2 positive NKT cells (P<0.01), but also a dramatic increase in the 

proportion of Ly49s3 (P<0.01) and KLRHl positive NKT cells (P<0.01) (Figure 7B and 7C 
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resp.). NKT cells expressing NKR-P1B were numerous, but the size of this population of 

NKT cells did not change upon transplantation or infection (Figure 70). 

DISCUSSION 

In the present study, we demonstrate that CMV-infection after allogeneic islet 

transplantation is association with accelerated islet allograft failure. The failure of the 

grafts was accompanied by increased frequencies of circulating co4+co2510w T effector 

cells. Signs of a CMV-induced enhancement of T cell reactivity were not only observed in 

the peripheral circulation, but also locally, as il lustrated by the infiltration of co4+ T cells 

and the increased infiltration of cos+ T cells in the grafts of CMV-infected recipients. In 

addition to the increased cos+ T cell infiltration, the CMV-infected islet graft recipients 

demonstrated increased frequencies of circulating regulatory T cells and Ly49+ /KLRH 1 + 

NKT cells. The NKR-P1B+ NKT cell subpopulation was not affected, demonstrating that 

the response was contained to specific NKT cell subpopulations. Surprisingly, despite the 

peripheral increase in regulatory T cells and NKT cell subsets, similar numbers of 

regulatory T cells and NKT cells were observed in the grafts of CMV-infected recipients 

and non-infected controls. 

We demonstrate that following islet transplantation and CMV-infection, the 

frequency of circulating regulatory T cells is increased. This illustrates that CMV-infection 

induces immunosuppression by promoting expansion of T regulatory cells. On the other 

hand, CMV-infection also promotes T cell activation and recruitment, as demonstrated by 

increased frequencies of circulating co4+ effector T cells and increased infiltration of 

cos+ T cells into the islet grafts. In the CMV-infected recipients, the excessive 

recruitment of effector T cells into the grafts may cause a local imbalance between 

recruited effector T and regulatory T cells. This may result in a local inability to control 

the ongoing destructive immune response. Similar local imbalances between effector cells 

and regulatory T cells have been described previously (34;35). 

Increased frequencies of peripheral regulatory T cells in the CMV-infected 

recipients and the lack of infiltration into the grafts warrants some further consideration. 

Following infection with various pathogens, including CMV (36), expansion of regulatory 

T cells is commonly observed (37). This regulatory mechanism does not only permit 

persistent infection, but is also thought to be essential to control collateral damage 

induced by the activated immune system (37). In the present study, we demonstrate 

that CMV-specific expansion of regulatory T cells also holds true for immunosuppressed 
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rats. Why the expanded and activated regulatory T cells fail to be recruited to the 

inflamed transplantation site, remains to be determined. This lack of recruitment may be 

dependent on unaffected expression of regulatory T cel l  recruiting signals, such as CCR4 

ligands (38), in the CMV-infected islet al lografts as compared to the non-infected 

controls. Alternatively, and more likely, regulatory T cells may be recruited to other 

inflamed, CMV-infected tissues. The specific increase in regulatory T cells in the 

CMV-infected recipients suggests that these cells are CMV-specific rather than 

al lospecific. Although it is has been suggested that regulatory T cel ls can provide antigen 

independent bystander suppression (9), it is unlikely that this occurs in transplantation. 

Several transplantation studies have demonstrated that induction of regulatory T cells 

after transplantation provides tolerance towards a second organ from the same 

haplotype, but not to third party allografts (39-41). This demonstrates that tolerance 

induction after transplantation occurs in an antigen-dependent manner. 

Besides changes in the frequency of circulating regulatory T cel ls, NKT cell 

frequencies were also found to be increased in the CMV-infected recipients. In contrast to 

the human and mouse NKT cell compartment, the rat NKT cel l  population remains poorly 

defined. Rat NKT cel ls differ from mouse and human NKT cel ls in respect to TCR 

rearrangements (42-45), CDS expression (42) and responses to CD3 stimulation in vitro 

(46). However, their responses to the NKT-stimulator a-GalCer are similar (47), 

suggesting that rat NKT cel ls have similar properties as mouse and human NKT cel ls. 

Also in vivo, rat, mouse and human NKT cel ls appear to have many similarities. They all 

produce anti-inflammatory signals in both auto- and alloimmunity (48-52). For this 

reason the NKT cells in the al lografts of both the CMV-infected recipients and the 

non-infected controls are, at first sight, considered to be regulatory rather than effector 

cells. 

Paradoxically, in the CMV-infected recipients, NKT cells may also be involved in 

accelerating rejection, rather than damping the pro-inflammatory immune response. 

NKT cells are activated upon CMV-infection and promote viral clearance through 

activation of NK cel ls via IFN-y secretion (53-56). This antiviral NKT cell response may 

explain the expansion of NKT cells in the CMV-infected recipients. This CMV-mediated 

activation of NKT cells may not only contribute to viral clearance, but may simultaneously 

add to al logeneic immune responses. Such a paradoxical NKT cell response can be 

explained by the existence of functionally distinct NKT cell populations, based on the 

cellular expression of KLRs. In the above mentioned studies (53;57), CMV-mediated 

NKT cel l  activation was shown to be dependent on receptors such as Toll Like Receptors 

and KLRs, rather than on CDld-TCR interactions. The importance of inhibitory KLR 

engagement in anti-inflammatory mouse NKT cell responses has also been reported in 
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transplantation (58;59). The expansion of specific Ly49+/KLRH1 + NKT subpopulations 

after islet al lotransplantation and CMV-infection suggest that also in the rat, KLRs control 

specific NKT cel l  responses. 

The expansion of Ly49i2+ NKT cel ls was rather surprising, since Ly49i2 is a 

non-functional receptor in AO rats (29). On rat NK cel ls, Ly49 receptors are expressed on 

overlapping subpopulations (30;33; 60; 61), which may also hold true for rat NKT cel ls. 

NKT cel l  expansion may be induced through an unidentified inhibitory or activating Ly49 

receptor enriched within the Ly49i2+ NKT cel l population. The expansion of Ly49i2+ NKT 

cel ls may therefore be interpreted as an innocent bystander response. Similar to Ly49i2, 

the expansion of KLRHl + NKT cel ls  might be a bystander effect of Ly49i2+ NKT cel l 

expansion. An alternative explanation is that NKT cel ls  were activated through ligands for 

KLRHl. Little is known about KLRHl or its l igands, but the presence of an intracellular 

!TIM motif (31) suggests that engagement of KLRHl provides inhibitory signals. Similar 

to mouse NKT cel ls (58;59), engagement of inhibitory KLRs may activate NKT cel ls to 

provide anti-inflammatory signals and dampen ongoing immune responses. 

Expansion of NKT cel ls  expressing the activating Ly49s3+ may also be a 

bystander effect of engagement of an unidentified Ly49 receptor. However, the dramatic 

expansion of Ly49s3+ NKT cel ls in the CMV-infected animals suggests a more prominent 

role for cel ls  expressing this receptor. This activating receptor may be engaged by non

classical MHC class I molecules (33) leading to cel lular activation and pro-inflammatory 

effector functions. Ly49s3 may also have a more direct role in NK and NKT cel l responses 

to CMV-infection. The involvement of activating KLRs and KIRs in restraining viral 

infection seems evident. In renal transplant patients, the degree of CMV-infection can be 

inversely correlated to the number of activating KIRs expressed (62) . Moreover, in mice, 

the activating receptor Ly49H directly recognizes m157, a murine CMV protein, and 

engagement of Ly49H protects the mice from the early stages of infection (63; 64). 

Similar recognition of CMV molecules by activating KLRs, such as Ly49s3, may exist in 

rat. Such responses to CMV-infection may not only depend on the direct activation of 

Ly49s3 on NK cel ls, but also on the activation of Ly49s3 on NKT cel ls. At this point, it is 

tempting to speculate that NKT cel l  mediated anti-CMV responses are dependent on the 

Ly49s3+ subset. Simultaneously, activation of anti-viral Ly49s3+ NKT cel ls and 

subsequent pro-inflammatory cytokine release may add to activation of al logeneic 

effector T or NK cel ls and in this way to islet al lograft failure. 

In summary, the present study demonstrates that CMV-infection induces the 

specific recruitment and activation of cos+ T cel ls into the islet al lografts. In addition to 

expansion of T effector cel ls, we observed expansion and graft infiltration of regulatory T 

cel ls as wel l  as NKT cel ls. In the CMV-infected recipients, the number of infiltrating 
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regulatory cel ls was outnumbered by the large number of infiltrating cos+ T cells, 

suggesting that the regulatory cel ls were incapable to control the excessive pro

inflammatory immune response and subsequent accelerated graft destruction. 

Furthermore, it appears that NKT cells play a paradoxical role in CMV-accelerated 

allograft destruction . This immune paradox may be explained by the selective response 

of specific NKT cel l  subpopulations to CMV and al loantigens, rather than the NKT cel l 

population as a whole. 
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ABSTRACT 

Recently, we found high numbers of NK cells in failing rat islet allografts, which suggests 

a role for NK cells in allorecognition and graft failure. This association between failure of 

islet allografts and NK cell infiltration was even more pronounced when the recipients 

were CMV-infected. Since specific NK cell subpopulations are associated with 

allorecognition and antiviral responses, we hypothesized that specific subpopulations of 

NK cells play an important role in CMV-induced islet allograft failure. 

After islet allotransplantation we observed peripheral expansion and infiltration 

of Ly49i2+ NK cells, which was further increased after CMV-infection. Furthermore, 

CMV-infected recipients demonstrated expansion of peripheral Ly49s3+ NK cells and 

increased infiltration of these cells into the islet allografts. Also KLRHl + cells infiltrated 

the grafts. NKR-P1B+ cells were not observed in the islet allografts, suggesting that graft 

infiltration is retained to specific NK subpopulations. Perforin staining of the infiltrating 

NK cells demonstrated the cytotoxic capacity of these cells. 

The peripheral expansion and infiltration of specific Ly49/KLRH1 + NK cells 

suggests an important role for this NK subpopulation in allorecognition and islet allograft 

destruction. Suppressing these specific NK cell populations might be a novel strategy to 

improve islet allograft survival, since the currently applied immunosuppressives are not 

aiming at suppressing NK cells. 
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INTRODUCTION 

The introduction of an improved transplantation and immunosuppressive protocol  by the 

Edmonton group has brought optimism about the application of islet transplantation for 

the treatment of diabetes. One-year survival rates for clinical islet allografts increased 

from 10% to almost 100% (1). Unfortunately, this optimism was tempered after the 

publication of the long-term graft survival rates, which demonstrated only 10 insulin 

independence five years after transplantation (1). To improve long-term graft survival, it 

is important to determine the factors responsible for the decline of islet graft function. 

Recently, we have demonstrated that transplantation related viruses, i .e. 

cytomegalovirus (CMV) infections, contribute to islet allograft failure (Chapter 2). We 

demonstrated that islet graft rejection is accelerated in CMV-infected rats. Th is study 

showed for the fi rst time the important role of NK cells in islet allograft failure, since we 

observed a threefold increase in the number of NK cells infiltrating the islet grafts of 

CMV-infected recipients as compared to the grafts of non-infected recipients (Chapter 2). 

Notably, however, also in the absence of a CMV-infection, large numbers of NK cells 

infiltrated the grafts. 

NK cel ls have the potential to discriminate between 'self' and 'foreign' MHC class 

I and can, therefore, be involved in alloresponses. An important role for NK cells in 

allorecognition and graft rejection has recently been demonstrated in bone marrow 

transplantation (2-5) and solid organ transplantation (6-10). However, results are 

conflicting, since NK cells have also been associated with graft acceptance (11; 12). These 

apparently contradictory findings may be related to heterogeneity within the NK cell 

population. 

In rodents, NK cell heterogeneity is demonstrated by the differential expression 

of MHC class I recognizing Killer cell Lectin-l ike Receptors (KLRs) (equivalent of Killer Cell 

lg-like receptors (KIRs) in humans). Several KLR families are clustered together within 

the NK cell complex (NKC). There is a considerable species-to-species and a llelic 

variation in the number, expression pattern, and function of the different KLR families 

(13). Despite these differences, the main analogy between KLR families is that all 

famil ies contain both inhibitory as wel l  as activating family members. Based on the 

expression of combinations of both inhibitory as well as activating KLRs, several, 

functionally distinct NK cell subpopulations can be distinguished. These receptors allow 

NK cells to discern between cells expressing 'self' and 'foreign' MHC class I, normal or 

transformed cells, or vi rally infected cells, as for example CMV (13). Although the 

physiological function of many KLRs remains to be identified, it has been demonstrated 
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that rat NK cells expressing inhibitory Ly49i2, activating Ly49s3, and inhibitory KLRH1, 

are in vitro highly al loreactive towards al logeneic target cel ls expressing foreign MHC 

class I molecu les (14-16). A functionally distinct population of rat NK cel ls  expresses 

NKR-P1B, a receptor distinct from Ly49-receptors. NKR-P1B positive cells effectively lyse 

tumor target cells, but fail to recognize al logeneic targets (17), showing that 

alloreactivity is contained to specific NK subsets. 

In the present study we have tested the hypothesis that islet allograft fail ure is 

associated with selective expansion of al loreactive Ly49/KLRH1-expressing NK cell 

subpopulations and their infiltration into islet allografts. To this end, we studied the 

frequency, tissue distribution, and graft infiltration of Ly49i2-, Ly49s3-, KLRH1-, and 

NKR-PlB-expressing NK cell subpopulations in rat islet allograft recipients in the presence 

and absence of a CMV- infection. 

METHODS 

Study Design 

High NK-alloresponding (18) streptozotocin (STZ) diabetic Albino Oxford (AO; u-u-u 

haplotype) (n=13) received a renal subcapsular Lewis (/-/-/ haplotype) islet graft in the 

presence and absence of a CMV-infection. Ciclosporin A (CsA) immunosuppression was 

applied to allow islet engraftment. One day after transplantation, six of the islet graft 

recipients received a CMV-infection, while seven of the recipients received a 

Mock-infection and served as controls. 

Islet graft function was monitored by measuring non fasting blood glucose 

levels. In each experiment, one or two CMV-infected animals and one control animal 

were transplanted with the same batch of islets. In addition, 3 non-infected controls were 

transplanted separately. The CMV-infected animals (n= 6) were sacrificed after complete 

graft fai lure, which occured at day 13. At the same time, the non-infected control animals 

that were transplanted in parallel were sacrificed (n=4). The three separately 

transplanted control recipients were sacrificed at the day of complete graft fail u re, which 

occurred at day 27 or 28. 

To study NK cell (sub)populations, heparinized blood was sampled from the tai l 

vein 1 day before transplantation (Pre-Tx), 7, 13 (day of sacrifice for CMV-infected 

animals and matching controls), and 27 days after transplantation (day of complete graft 

fail u re and sacrifice for the 3 additional control animals). NK cell subpopulations in the 

blood were determined using three-color flow cytometry. After sacrifice, both the spleen 
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and the islet grafts were retrieved. Splenic NK cell subpopulations were determined by 

flow cytometry. Islet grafts were sectioned and stained to study infiltrating NK cell 

subpopulations. Infiltration of cells in the islet grafts was analyzed by fluorescence 

microscopy. 

Experimental animals and diabetes induction 

High NK-alloresponding inbred male Albino Oxford rats (u-u-u) weighing 280 - 300 g 

served as islet recipients. As islet donors, inbred Lewis rats (/-I-I) weighing 300 - 320 g 

were used. All experimental animals were obtained from Harlan (Horst, The 

Netherlands). The animals were fed standard rat chow and acidified water ad libitum and 

were kept in temperature- and light-controlled rooms (lights on from 6 AM to 6 PM). All 

animal experiments were performed after receiving approval of the institutional Animal 

Care Committee of the Groningen University. All animals received care in compliance with 

the Dutch Law on Experimental Animal Care. 

Diabetes was induced in the recipient rats by injection of 75 mg/kg 

streptozotocin (Zonasar) in the tail vein. Animals received a second injection of 90 mg/kg 

streptozotocin when at day 10 after the first injection blood glucose levels were below 20 

mmol/L. Only animals showing weight loss and two consecutive blood glucose 

measurements exceeding 20 mmol/L served as islet graft recipients. The absence of 

functional beta cells in the native pancreas, defined as less than 5% of normal controls, 

was always histologically confi rmed at the time of sacrifice. 

Islet transplantation 

Islets were isolated from pancreata of Lewis rats as previously described (19). Briefly, 

under halothane anesthesia, the abdomen was opened and the pancreas was excised. 

Subsequently, the pancreas was transferred into 10 ml sterile Krebs-Ringer-Hepes 

buffer (KRH) supplemented with 25 mmol/L Hepes and containing 10% Bovine Serum 

Albumin (BSA) at 4°C. Next, the pancreas was chopped and digested using a two-stage 

incubation of 20 min at 37°C with successively 1.0 and 0. 7 mg/ml collagenase (Sigma 

type XI, Sigma). Islets were separated from the exocrine tissue by centrifugation over a 

discontinuous dextran gradient (20) and further purified by handpicking. The total islet 

volume obtained after the isolation procedure was determined by measuring the 

diameters of the islets in a 2% aliquot of the islet suspension (21). Subsequently, the 

total islet volume was calculated, assuming the islets to be perfect spheres. 

Transplantation of 5 µL islet grafts under the kidney capsule was performed 

immediately after the islet isolation procedure under halothane anesthesia. 

Transplantation under the kidney capsule was performed at the upper pole, by carefully 
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expel ling the islets from a polyethylene tube introduced at the lower pole of the kidney. 

The transplanted endocrine graft volume of 5 µ L  induces normoglycemia in 100% of 

non-infected recipients (21). 

Immunosuppression was applied for 10 days. For this, rats received 5 mg/kg 

Ciclosporin A (CsA; Sandimmune, Novartis) subcutaneously on a daily basis, starting at 

the day of transplantation . Heparinized blood was sampled from the tail vein under 

halothane anesthesia on day 7, 13, and 27 after transplantation and plasma CsA levels 

were determined by Liquid Chromatography-Mass Spectometry-Mass Spectometry 

(LCMSMS). Plasma CsA levels always exceeded 100 µg/L, which is sufficient to al low 

engraftment of islet al lografts in rats (22). Fol lowing CsA treatment, absolute numbers of 

peripheral T lymphocytes declined equally in both CMV-infected as wel l as non-infected 

control recipients, demonstrating the inhibitory effect of CsA on T cel l  numbers. 

CMV-infection 

Rats received a rat CMV (RCMV)-infection by intraperitoneal (i.p.) injection of 2x105 

plaque forming units (pfu) of RCMV (Maastricht strain) at day one after transplantation . 

The RCMV stock was obtained by homogenization of salivary glands of irradiated, acutely 

infected AO rats as described previously (23). The amount of infectious virus was 

determined by plaque assay, as described previously (23). Mock-infected islet al lograft 

recipients served as controls.  Mock-infection was established by i.p. injection of 

virus-free salivary gland homogenate at day one after transplantation. Virus-free 

homogenate was obtained by homogenization of salivary glands of irradiated, non

infected AO rats. 

Graft function and sacrifice 

Graft function was determined by measuring non-fasting blood glucose levels. To this 

end, b lood was sampled from the tip of the tail, once every two days. The glucose 

concentration was determined using the Accu-Chek Sensor system (Roche). 

Transplantation was considered successful when non-fasting blood glucose 

concentrations reached levels below 10 mmol/L. Blood glucose levels exceeding 20 

mmol/L was considered as re-establishment of diabetes and islet graft failure. Animals 

were sacrificed when animals demonstrated two blood glucose measurements exceeding 

20 mmol/L in a one week period. 

Fol lowing complete graft failure, animals were sacrificed under halothane 

anesthesia. Pancreas, kidneys, salivary glands, and islet grafts were removed for 

histological examination . The native pancreas was fixed in Bouins fixative for paraffin 

processing. The pancreas was sectioned at 5 µm and stained with aldehyde fuchsin to 
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determine the presence of functional beta cells. Islet grafts were removed and snap 

frozen in liquid nitrogen. Grafts were sectioned at 5 µm and stored in -20°C until use. 

Spleens were removed and splenocytes were isolated as follows. Spleens were 

dissected and single splenocytes were massaged out in RPM! containing 2.5% Fetal Calf 

Serum. Erythrocytes were lysed with NH4CI for 10 minutes at 4°C. Splenocytes were 

stored in liquid nitrogen until use. 

Detection of viral infection 

To confirm successful viral infection in the salivary glands, we performed PCR analysis for 

viral DNA and performed histological staining for RCMV early protein R44 as described 

below. All RCMV-infected animals demonstrated the presence of viral DNA and R44 

positive cells within the salivary glands, confirming successful systemic CMV-infection. 

RCMV PCR 

To determine the presence of viral DNA in the salivary glands, DNA was extracted by 

lysing the tissue in SE buffer containing 75 mM NaCl, 25 mM EDTA, 1 % SOS, and 200 

µg/ml Proteinase K at 55°C until all tissue was dissolved. DNA was extracted using 

chloroform-isopropanol extraction. Subsequently, RCMV-specific (nested) PCR analysis 

was performed as described previously (24). 

The forward primer sequence was 5'-AAGGGATCCGATTTCGCCAGCCTCTACC-3', 

the reverse primer sequence was 5'-AAGGGATCCTGTCGGTGTCCCCGTACAC-3'. The 

nested forward primer sequence was 5'-AAGGGATCCCCTCTGTTACTCCACCCTGC-3', the 

nested reverse primer sequence was 5'-TTCGGATCCACGCCGACCTCGGAGACCAG-3'. DNA 

from RCMV-infected rat embryonic fibroblasts served as a positive control. When samples 

were negative after the first-round PCR, we performed nested PCR. PCR products were 

visualized by ethidium bromide staining and agarose gel electrophoresis. 

Detection of R44 protein 

The salivary glands were removed after the animals were sacrificed and snap frozen in 

liquid nitrogen. The salivary glands were sectioned at 5 µm, 10 minutes fixed in ice cold 

aceton, and air dried for histological examination. Endogenous peroxidase was blocked 

for 20 minutes in phosphate buffered sal ine containing 0.15% hydrogen peroxide. 

Sections were incubated with mAb8 ( 1: 8) directed against RCMV R44 for one hour. 

Subsequently, sections were incubated with horse-radish peroxidase conjugated 

Rabbit-anti-mouse IgGl (Dako) for 30 minutes. The whole procedure was performed at 

room temperature. Peroxidase activity was demonstrated by using 3,3'-diaminobenzidine 
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tetra HCl containing hydrogen peroxide. In all control sections, phosphate buffered saline 

was used instead of the primary antibody. All control sections were consistently negative. 

Flow Cytometry 

Blood NK cell subpopulations were identified in heparinized blood, sampled from the tail 

vein at the above indicated time points. A sample of 40 µ l  was taken to count the total 

number of leukocytes per ml of blood, using the Coulter Counter Zl (Coulter). The 

remaining sample (1 ml) was 1 :  1 diluted with phosphate buffered saline (PBS) and spun 

down (20 min., 2500 rpm, 4°C). Erythrocytes were lysed by incubation in NH4CI for 

10 minutes at 4°C. For identification of NK cell subpopulations in the spleen, splenocytes, 

from previously harvested spleens, were slowly defrosted from liquid nitrogen. 

Splenocytes were resuspended in 1 ml RPM! (Gibco) containing 10% Fetal Calf Serum 

(FCS) and counted using the Coulter Counter Z l. 

For three-color flow cytometric analysis 5xl05 cells (blood or splenocytes) were 

resuspended in PBS containing 5% Fetal Calf Serum and 0, 1 % Sodium Azide 

(PBS/FCS/azide). Cel ls were incubated with a cocktail of primary antibodies for one hour 

at room temperature in the dark. Primary antibodies used were : PerCP-conjugated R73 

{ l :  100) against rat T-cell receptor aj3 (BD Pharmingen), combined with PE-conjugated 

anti-NKR-PlA { 1 : 50) (BD Pharmingen), and combined with either Biotin-conjugated 

STOK2 { l :  100) against ly49i2 (14), Biotin-conjugated STOK6 { l :  50) against ly49s3 

(16), Biotin-conjugated DAR13 (1 : 100) against ly49s3 (16), Biotin-conjugated STOK9 

{ l  : 300) against KlRHl (15), or Biotin-conjugated STOK27 { l :  100) against NKR-PlB  

(17). STOK6 and DAR13 both recognize ly49s3 on  AO NK cells (18). Blood NK cells were 

stained with STOK6 antibody, whereas tissue sections were stained with DAR13, since 

STOK6 does not recognize antigens on aceton-fixed material. Splenocytes were stained 

with both STOK6 and DAR13. Similar percentages of NK cells positive for DAR13 and 

STOK6 confirmed that both antibodies recognize the same receptor. After washing in 

PBS/FCS/azide, APC-conjugated Streptavidin was added for 30 minutes at room 

temperature in the dark. Cells were washed twice and resuspended in PBS/FCS/azide and 

analyzed by flow cytometry (FACS Calibur, Beckton Dickinson). During flow cytometry, at 

least 5x104 lymphocytes were counted, based on the forward and side scatter pattern. 

During analysis, the percentage of T cells, NK cells, and NKT cells was determined within 

the lymphocyte population, based on the cellular expression of NKR-PlA and the T-cell 

receptor {TCR). Absolute cell numbers were calculated by multiplying percentages with 

the number of white blood cells. The percentage of STOK positive cells was determined 

within the NKR-PlA+ TCR- NK cell population. A sample stained for NKR-PlA, TCR, and 

Streptavidin-APC was used to set the gate, so that 99% of the cells were negative. Then, 
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the gate was copied to the samples stained with the STOKs, and the percentage of 

positive cel ls was determined. Data were analyzed using Winlist 5.0 software (Verity 

Software House). 

Fluorescence microscopy 

To determine the infiltration of NK cel ls in the islet grafts, grafts were retrieved, snap 

frozen, sectioned and stained for the presence of cel ls expressing NKR-PlA, NKp46 

(25;26), and Ly49i2, Ly49s3, KLRHl, NKR-Pl B, and perforin. 

In short, islet graft sections were air dried for 15 minutes, fixed in ice cold 

aceton for 5 minutes, and air dried for 15 minutes before starting the staining procedure. 

Endogenous Avidin and Biotin was blocked using a two-step Avidin-Biotin block kit 

(Dako). Nonspecific binding of antibodies was blocked by incubation of the tissue with 

10% goat serum, and subsequently 10% mouse serum. Primary antibodies were 

incubated for one hour, and secondary antibodies were incubated for 30 minutes. The 

whole procedure was performed at room temperature in the dark. Primary monoclonal 

antibodies used were : anti-NKR-PlA (1 : 50) (BD Pharmingen) to determine the presence 

of NK cel ls in the graft, and WEN23 (1 : 100) (Kind gift from Erik Dissen, Institute of 

Immunology, Rikshospitalet, Oslo, Norway) directed against NKp46, polyclonal 

Goat-anti-Perforin (Santa Cruz), Biotin conjugated STOK2 (1 : 100) against Ly49i2, Biotin 

conjugated DAR13 (1 : 100) against Ly49s3, Biotin conjugated STOK9 (1 : 300) against 

KLRHl,  and Biotin conjugated STOK27 (1 : 100) against NKR-PlB. Secondary antibodies 

used were Goat-anti-mouse-TRITC (1 : 50) (Dako) and Goat-anti-Mouse-Biotin (1 : 100) 

(Dako) to determine the presence of NKR-PlA-positive and NKp46-positive cel ls 

respectively. Cy3-conjugated Streptavidin (1 : 100) was used to determine the presence 

of NKp46-positive cel ls, and FITC-conjugated Streptavidin (1 : 100) to determine the 

presence of Ly49/ KLRHl-positive cel ls .  

Final ly, sections were counterstained with DAPI (Molecular Probes), mounted in 

Citifluor, and analyzed by fluorescence microscopy (Leica Microsystems). In al l  control 

sections, phosphate buffered saline was used instead of the primary antibodies. Al l  

control sections were consistently negative. 

Quantification of infiltrating NK cel l subpopulations was assessed blindly by five 

independent evaluators. Al l sections were viewed first and subsequently graded, using a 

semiquantitative scoring system with five grades : 0, no positive cel ls to 4, large amounts 

of positive cel ls. 
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Statistics 

Values are expressed as mean ± standard error of the mean (SEM) or as the median with 

the range (Table 1 ) .  Normal d istribution of the data was confirmed using the 

Kolmogorov-Smirnov test. When data were normally distributed, the statistical 

comparisons between the groups were performed by using the two-tailed Student t-test, 

in other cases the Mann Whitney-U test was used (Table 1 ) .  Statistical comparisons 

within the groups were performed by using the two-tai led paired Student t-test. P-va lues 

< 0 .05 were considered to be statistical ly significant. 

RESULTS 

Islet allograft failure is associated with the recruitment of cytotoxic NK cells 

To study NK cell alloresponses, we appl ied a rat a l logeneic islet transplantation model 

and used high NK-alloresponding Albino Oxford rats as islet recipients. Due to 

al loreactivity, islet grafts showed complete g raft fai lure at 27. 3  ± 0 .3  days after 

transplantation . 

A 

B 

Figure l. :Cs/et graft Infiltration by cytotoxic NK cells. Retrieved islet allografts were stained for 
the presence of NKR-P1A (A) and NKp46 (B) positive cells (20x magnification). NKp46 (red) and 
perforin (green) staining demonstrates the presence of cytotoxic NK cells in the islet allografts (40x 
magnification) (C). All panels are representative for the complete group of islet graft recipients (n=4). 
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Graft rejection was accompanied by NK cell infiltration, as demonstrated by the presence 

of large numbers of both NKR-PlA+ (Figure lA) as well  as NKp46+ cells (Figure 1B) in the 

islet allografts. NKp46 is a cytotoxicity receptor solely expressed on NK cel ls (25;26) . 

This infiltration of large numbers of NK cells suggests an important role for these cells in 

allorecognition and islet graft destruction. 

To investigate the cytotoxic potential of these cells, we performed double 

stainings for NKp46 and perforin. The cytotoxic capacity of the infiltrating NK cells was 

demonstrated by the presence of perforin granules (Figure lC, yellow arrows). Notably, 

infiltration of perforin negative NK cells was also observed (Figure lC, red cel ls), 

suggesting that also non-cytotoxic NK cells infiltrated the islet grafts. 

Islet allografts are infiltrated by alloreactive NK cell subpopulations 

Since NK cel l  al loreactivity can be attributed to specific subpopulations rather than the 

NK cell population as a whole, we determined the infiltration of alloresponsive NK cells 

expressing Ly49i2, Ly49s3, and KLRHl (14-18), and non-alloresponsive NK cells 

expressing NKR-PlB (17). This was done by performing double stainings for the NK cell 

marker NKR-PlA combined with antibodies directed against inhibitory Ly49i2, activating 

Ly49s3, inhibitory KLRHl, and NKR-PlB. Unfortunately, double stainings using NKp46 

were not possible, since all antibodies required streptavidin conjugates. 

The infiltration of specific alloreactive NK cell subpopulations was demonstrated 

by the presence of Ly49i2+ (Figure 2A), Ly49s3+ (Figure 2B), KLRHl + (Figure 2C), but 

not NKR-PlB+ (data not shown) NK cells in the islet allografts. 

Allogeneic islet transplantation promotes the expansion of Ly49i2+ NK cells 

We questioned whether the response of specific NK cell subpopulations is a local or 

systemic process. To this end, we studied the composition of the circulating NK cell 

population one day before (Pre-Tx), 7, 13, and 27 days after islet allotransplantation. 

Although the size of the total NK cel l  population did not significantly change 

(Figure 3A), the composition of the circu lating NK cells was altered after allogeneic islet 

transplantation. The proportion of Ly49i2-expressing cells increased preceding graft 

fai lure (day 13: P<0.01), which returned to base line levels at the day of complete graft 

failure (day 27 : P<0.05) (Figure 3B). Significant changes in the proportion of NK cel ls 

expressing Ly49s3, KLRHl, or NKR-PlB were not observed (Figure 3C tot 3E). 
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A 

B 

C 

Figure 2. Islet graft Infiltration by NK cell subpopulations. Retrieved islet allografts were 
stained for the presence of NKR-P1A (red) and Ly49i2 (A), Ly49s3 (8), or KLRH1 (8) (all green) 
positive cells. Double positive cells are depicted by the yellow arrows. All panels are representative for 
the complete group of Islet graft recipients (n=4). 

CMV-infection promotes islet graft failure and promotes the recruitment of cytotoxic 

NK cells 

Since we previously demonstrated that CMV-infection accelerates the destruction of islet 

al lografts (Chapter 2), we questioned whether this acceleration correlates with an 

increase of NK cel ls. Therefore, we studied local and periphera l  NK cel l  numbers after 

al logeneic islet transplantation and subsequent CMV-infection .  

In  concordance with our  previous results (Chapter 2) ,  CMV-infected rats showed 

complete graft fai lure 10.6 ± 1 .0  days after transplantation, which was sign ificantly 

faster than in the non-infected control animals (P<0 .05) .  Also CMV-infected animals 
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demonstrated infiltration of NK cel ls, as i l lustrated by both the expression of N KR-PlA 

(Figure 4A), as well as NKp46 (Figure 4B) . 

A 

� 
Pre-Tx 7 13 'Z1 
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! 

� 
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Ly49i2 
- . ,-------,,-------, 

13 'Z1 

NKR-P1 B 

13 'Z1 

C 

Pre-Tx 7 13 'Z1 

Figure 3. Islet allotransplantation promotes an increased proportion of blood Ly49i2+ NK 
cells. The percentage of circulating NK cells within the total lymphocyte population was determined in 
blood of transplanted recipients before transplantation (Pre-Tx), 7 days (7), 13 days (13), and 27 
days (27) after transplantation (A). The percentage of Ly49i2 positive (B), Ly49s3 positive (C), KLRH1 
positive (D), and NKR-P1B positive (E) cells was determined within the blood NK cell population at the 
indicated time points. Results are presented as the mean :I: SEM for n=7 recipient at time points Pre
Tx to 13, and n =3 recipients at time point 27. * represents P-values < 0. 05, ** represents P-values 
< 0. 01 . 

Increased infiltration of islet allografts by NK cell subpopulations after CMV-infection 

Since NK cel l  infiltration of islet grafts is increased after CMV-infection, we questioned 

whether this was the result of an increased infiltration of specific subpopulations, or the 

NK cel l  population as a whole. To this end, we stained tissue sections of the islet 

al lografts of CMV-infected recipients for NK cel ls expressing Ly49i2, Ly49s3, KLRH 1 ,  or 

NKR-P1B. 

A 
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Figure 4. Islet grafts of CMV
infected recipients are 
infiltrated by NK cells. Retrieved 
islet allografts of CMV infected 
recipients were stained for the 
presence of NKR-P1A (A) and 
NKp46 (B) positive cells (20x 
magnification). All panels are 
representative for the complete 
group of CMV-infected islet graft 
recipients (n=6). 
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Similar to the islet grafts of non-infected recipients, N K  cel ls expressing Ly49i2 (Figure 

SA), Ly49s3 (Figure SB), and KLRH 1 (Figure SC), but not NKR-P1B (not shown) were 

detected i n  the islet grafts. 

A 

B 

C 

Figure 5. NK cell subpopulations infiltrate islet allografts of CMV-infected recipients. 
Retrieved islet allografts of CMV-infected recipients were stained for the presence of NKR-P1A (red) 
and Ly49i2 (A), Ly49s3 (8), or KLRH1 (8) (all green) positive cells. Double positive cells are depicted 
by the yellow arrows. All panels are representative for the complete group of CMV-infected islet graft 
recipients (n=6). 

Notably, the infiltration of both Ly49i2-, and Ly49s3-expressing NK cel ls was increased in 

the islet g rafts of CMV-infected recipients (Table 1 ) .  
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Table 1. Infiltration of NK cell subpopulations 

Receptor 

Ly49i2 
Ly49s3 
KLRHl 

Control 
Median (range) 

2 (1-2) 
1 (1-2) 

2 (2-2.5) 

CMV 
Median (range) 

3 (3-4) 
3.5 (2.5-4) 
3 (2.5-3) 

C HAPTER 5 

P-value 

0.0498 (*) 
0.0498 (*) 

0.07 

CMV-infection promotes the expansion of Ly49i2+ and Ly49s3+ NK cells in peripheral 

blood 

Since we observed that the infiltration of specific NK cell populations into the islet 

allografts is affected by the CMV-infection, we questioned whether islet transplantation 

combined with CMV-infection affects the systemical expansion of specific subpopulations 

as compared to non-infected controls. To this end, we studied the composition of the NK 

cell population in the blood, one day before (Pre-Tx), 7, and 13 days after islet 

allotransplantation and CMV-infection. 
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Figure 6. CMV-infection and islet allotransplantation promote an increased proportion of 
blood Ly49i2+ and Ly49s3+ NK cells. The percentage of circulating NK cells within the total 
lymphocyte population was determined in blood of CMV-infected (black bars) and non-infected 
recipients (white bars) before transplantation (Pre-Tx), 7 days (7), and 1 3  days after transplantation 
(A). The percentage of Ly49i2 positive (BJ, Ly49s3 positive (CJ, KLRH1 positive (DJ, and NKR-P1B 
positive (E) cells was determined within the blood NK cell population at the above indicated time 
points. Results are presented as the mean ± SEM for n=6 CMV-infected recipients and n =7 recipient 
non-infected controls. Statistical significance within groups was calculated using the two-tailed paired 
Student t-test, whereas statistical significance between groups was calculated using the two-tailed 
Student t-test. * represents P-values < 0. 05, ** represents P-values < 0. 01, ***  represents P-values 
< 0. 001 . 
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We observed an increased number of NK cells in the blood of CMV-infected recipients as 

compared to the non-infected controls (Figure 6A, P<0.001). Also the composition of the 

circulating NK cells was altered as a result of CMV-infection. CMV-infection induced an 

increased proportion of Ly49i2+ NK cells, which was already observed 7 days after 

transplantation (day 7: P<0.05). The proportion of Ly49i2+ NK cells was further 

increased on the day of graft failure (day 13 : P<0.05) (Figure 6B). In addition, 7 days 

after transplantation, the proportion of Ly49s3+ NK cells almost doubled in CMV-infected 

recipients (day 7: P<0.05; CMV vs. control : P<0.01) (Figure 6C).  Changes in the KLRH1 + 

or NKR-PlB+ NK cel l population were not observed (Figure 6D and 6E).  

Thus, preceding islet graft failure, CMV-infected allograft recipients demonstrate 

an altered composition of the peripheral NK cell population, which is characterized by 

skewing towards alloresponsive Ly49i2+ and Ly49s3+ NK cells. 
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Figure 7. CMV-infection induces changes in the distribution of splenic NK cell 
subpopulations. The percentage of NK cells was determined in the spleens of CMV-infected (black 
bars) and non-infected recipients (white bars) after sacrificing the rats (day 13) (A). The percentage 
of Ly49i2 (B), Ly49s3 (C), KLRH1 (D), and NKR-P1B (E) positive cells was determined within the 
splenic NK cell population. Results are presented as the mean ± SEM for n=6 CMV-infected recipients 
and n=7 recipient non-infected controls. Statistical significance between groups was calculated using 
the two-tailed Student t-test. * represents P-values < 0. 05, ** represents P-values < 0. 01, *** 
represents P-values < 0. 001 . 

CMV-infection promotes the expansion of sp/enic Ly49s3+ NK cells 

Since splenic NK cells are important in restraining systemic CMV-infection (27), and are 

rapidly recruited to sites of inflammation (28), their presence may be an important 

reflection of the peripheral alloreactive and antiviral NK cell response. Therefore, splenic 
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NK cell subpopulations were analyzed in addition to blood NK cells. Although the 

proportion of NK cells within the spleen did not differ between CMV-infected and control 

recipients (Figure 7A), the proportion of alloreactive NK cells within the total NK cell 

population was altered due to the CMV-infection. Similar to circulating NK cells, splenic 

NK cells demonstrated an increased proportion of Ly49s3+ NK cells after CMV-infection 

(Figure 7C, P<0.001), whereas the percentage of Ly49i2+ NK cells was not d ifferent 

between the CMV-infected recipients and controls (Figure 7B). In contrast to peripheral 

blood NK cells, the percentage of KLRHl + (P<0.05) and NKR-PlB+ (P<0.05) NK cells was 

decreased in CMV-infected recipients (Figure 7D and 7E) . 

Thus, also the splenic NK cell compartment demonstrates skewing towards 

alloreactive Ly49s3+ NK cell subpopulations in response to CMV-infection. 

DISCUSSION 

In the present study we demonstrate that during the process of islet allograft failure, 

changes in the composition of the peripheral NK cell population can be observed. We 

demonstrate an increased proportion of Ly49i2+ NK cells prior to complete islet graft 

failure. In addition, we observed that islet allografts are specifically infiltrated by 

Ly49/KLRH 1 + NK cells. When islet transplantation was combined with CMV-infection, we 

observed accelerated graft failure combined with an increased Ly49/KLRH1 + NK cell 

infiltration and expansion of circulating Ly49i2+ and Ly49s3+ NK cells. The latter was also 

markedly increased in the splenic NK cell population. These peripheral NK cell changes 

suggest that in addition to the local activation of specific NK cells, also systemic NK cell 

activation is induced after islet allotransplantation and CMV-infection. The absence of 

expansion or infiltration of NKR-PlB+ NK cells demonstrates that NK cell responses are 

mediated by specific alloreactive Ly49+ or KLRHl + subpopulations, rather than by the NK 

cell population as a whole. 

The infiltration of large numbers of NKR-PlA and NKp46 positive cells into the 

allografts demonstrates that the infiltrating Ly49+ and KLRHl + cells are indeed NK cells 

rather than NKT cells. Furthermore, the infiltration of perforin-containing NK cells 

demonstrates that the infiltrating Ly49/KLRH1 + NK cells are involved in 

pro-inflammatory, rejection inducing responses, rather than tolerance inducing responses 

(29-32) . However, the presence of perforin-negative NK cells in the islet allografts 

suggests that also other NK effector functions, such as pro-inflammatory cytokine 

production (9;33;34), may contribute to islet graft failure. 
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Previous studies have demonstrated that rat NK cel ls mediate potent alloresponses in 

vivo against lymphoid cel ls, al logeneic bone marrow (35-37), and solid organ grafts (38). 

Several studies suggest that not the NK cel l population as a whole, but a specific NK cel l 

subpopulation is responsible for these al loresponses. The NK cel l  al loresponder genes 

map to the Ly49 portion of the NKC gene complex (18; 35), and NK cel l  alloreactivity is 

focused to the Ly49-expressing NK cel l  subpopu lation (17). Up to now, the in vivo studies 

never focused specifical ly  on Ly49+ NK cel l  subpopulations, but many in vitro studies 

demonstrate the high al loreactive potential of these rat Ly49+ NK cel ls (14;15; 17). We 

are the first to demonstrate the potential role of rat Ly49+ NK cel ls in in vivo 

al loresponses. Our findings in the rat corroborate with the in vivo findings in mice. It has 

been demonstrated that murine Ly49-expressing NK cel l subpopu lations are 

al loresponsive and contribute to allogeneic bone marrow rejection (39 ; 40), solid organ 

rejection (9), and the successfu l  suppression of graft-versus-host-disease (GVDH) 

(41; 42). 

The expansion of the Ly49i2 subpopulation is rather surprising since Ly49i2 is a 

nonfunctional receptor in AO rats (14). Therefore the responses in the Ly49i2+ NK 

population can only be interpreted as an innocent bystander response. Since Ly49 

receptors are expressed on overlapping subpopulations (16 ; 18;43; 44), the Ly49i2 

response is most likely the resu lt of NK cel l activation through an unidentified inhibitory 

or activating Ly49 receptor, enriched within the Ly49i2+ NK cel l  population. 

Similar to Ly49i2, the infiltration KLRHl + NK cel ls might be a bystander effect of 

Ly49i2+ NK cel l infiltration. An alternative explanation is that NK cel ls are activated 

through the absence of l igands for KLRH l .  Although KLRHl is expressed on high ly 

al loreactive NK cells, the direct involvement of KLRH1 in al loreactivity seems unlikely, 

since alloreactivity in vitro is not directly mediated through KLRHl, but through 

co-expressed Ly49-receptors (15). Therefore, the infiltration of KLRHl + NK cel ls in the 

islet al lografts is most likely an innocent bystander response, similar to Ly49i2. 

The infiltration of Ly49s3+ NK cel ls needs some further consideration. The 

explanation that Ly49s3+ NK cel ls are directly involved in islet al lograft failure, rather 

than ' innocent bystanders' is corroborated by findings that demonstrate that al logeneic 

NK cel l responses in vitro (18) and bone marrow rejection in vivo (39; 40) are high ly 

dependent on activating Ly49-receptors, rather than on inhibitory Ly49-receptors. 

Moreover, islets are known to upregu late the expression of stress related non-classical 

MHC I ligands for activating NK cel l receptors after isolation and transplantation ( 45; 46). 

Taken together, infiltration of Ly49s3+ NK cel ls suggests that besides lack of RTl-A 

mediated inhibition to inhibitory NK receptors, activation of NK cel ls via non classical MHC 
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lb {RT1-CE/N/M)-Ly49s3 interactions may be of particular importance to islet a l lograft 

recogn ition and destruction .  
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Figure B. Contribution of Ly49+ NK cells to (CMV accelerated) islet allograft failure. Ischemia 
and surgical stress may lead to production of pro-inflammatory factors and the upregulation of non 
classical MHC I molecules in the islet graft. Subsequently, peripheral (via Dendritic Cells; DCs) and 
local al/ogeneic NK cell activation may occur due to production of pro-inflammatory cytokines and lack 
of inhibitory 'self' MHC I molecules and/or the expression of activating non classical MHC I molecules 
on islet allografts. Activation of NK effector functions may directly lead to cytotoxicity towards the 
allograft and/or abundant production of pro-inflammatory cytokines, further exacerbating 
inflammation (A). CMV-infection may accelerate the rejection process by increasing the stress-induced 
release of pro-inflammatory factors and non classical MHC I molecules on the islet graft, and 
stimulating the peripheral expansion of allogeneic NK cell subpopulations in the spleen. Increased 
numbers of circulating alloresponsive NK cells, combined with enhanced inflammation in the islet 
allograft may lead to increased NK cell attraction, infiltration, and accelerated islet allograft 
destruction (B). 

The expansion and infiltration of Ly49i2+ and Ly49s3+ NK cel ls was even more 

pronounced when islet transplantation was combined with a CMV-infection .  The 

CMV-infection may influence NK cel l  responses at several levels, leading to accelerated 

graft fai lure.  First, after CMV-infection, splenic antivira l  NK cel l  responses are important 

for the clearance of vira lly infected cel ls and restraining viral spread (47-49) .  Although 

we did not observe an expansion of the total splenic N K  cel l  compartment after 

CMV-infection, we observed an increased proportion of Ly49s3+ NK cel ls .  This suggests 
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a dual role for Ly49s3+ NK cells in antiviral responses as wel l as in alloresponses. 

Several lines of evidence point to the involvement of specific NK cell subpopulations in 

the restraint of CMV, rather than the NK cell population as a whole. In human renal graft 

recipients the degree of CMV-infection is inversely correlated to the number of activating 

KIRs expressed (50). In mice, the activating receptor Ly49H is known to recognize m157, 

a MCMV-protein and protects the mice from the early stages of MCMV-infection (51;52). 

If a similar recognition of CMV proteins occurs in rats, a direct recognition of RCMV 

proteins by Ly49s3, or by a receptor enriched within the Ly49s3+ NK cell popu lation, and 

subsequent NK cell  activation can explain the dramatic expansion of splenic Ly49s3+ NK 

cel ls in the CMV-infected recipients. 

Second, in addition to antiviral responses, splenic NK cells serve as a reservoir 

of mature effector NK cells, which are rapidly recruited to sites of inflammation, such as 

the site of transplantation (28). Although NK cel ls  can be activated locally, without the 

need for activation  in secondary lymphoid organs, the peripheral activation of NK cel ls 

enhances NK cell proliferation, cytolytic capacities and cytokine production (33; 53-56). 

Therefore, the CMV-induced expansion of splenic, highly alloreactive Ly49s3+ effector NK 

cells may simultaneously allow release into the circulation and rapid recruitment to the 

transplantation site. In this way, CMV-infection stimulates allogeneic interactions and 

exacerbation of allograft rejection. Third, CMV-infection may also act at the level of the 

islet allograft, in which the presentation of viral proteins or the induction of RTl -CE/N/M 

molecules further contributes to graft allogenicity, NK cell activation, and graft 

destruction .  

The present study confirms our  hypothesis that islet al lograft failure is 

associated with selective expansion of alloreactive Ly49/KLRH 1 + NK cell subpopulations 

and their infiltration into islet allografts. Peripheral and local activation of Ly49/KLRH1 + 

NK cells can efficiently induce expansion of NK cell effector functions by sensing the lack 

of 'self' MHC I ligands for the inhibitory receptors, and/or the presence of MHC I ligands 

for activating Ly49 receptors. This may lead to graft destruction (Figure 8A). 

CMV-infection is associated with an even more pronounced infiltration by Ly49/KLRH1 + 

NK cells and accelerated allograft rejection. This effect of CMV-infection may be caused 

by two processes. First, CMV-infection favors the peripheral expansion of Ly49s3+ 

NK cells in addition to Ly49i2+ NK cel ls, which may not only restrain the CMV-infections 

but also enhances NK cell effector functions  and NK cell interactions with allogeneic 

target cells. Second, since CMV-infection is able to induce Major Histocompatibility 

complex class I chain related gene A or B (MICA or MICB) expression on infected human 

cells (57), a CMV-driven enhanced expression of Ly49s3 ligands, i.e. either RTl-CE/N/M 
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proteins, or viral proteins directly (51 ), may enhance gralt allogenicity and NK-target cell 

interactions, subsequently leading to gralt destruction (Figure 8B). 

Although we can only speculate on the predominance of either NK cell 

subpopulation in islet gralt recognition and rejection, the expansion of specific 

subpopulations might serve as a measure to predict gralt failure, since peak numbers 

were observed prior to complete gralt failure. If similar kinetics are observed in humans, 

selective expansion of circulating NK cell subpopulations might serve as a biomarker for 

gralt failure. 

The findings from the present study have implications for human islet 

transplantation. The currently applied immunosuppressives are aiming at suppressing T

eel! function (58), whereas prophylactic antiviral treatments aim at abolishing the late 

stages of viral replication (59; 60). However, this might not be the most adequate 

treatments, since currently applied immunosuppressives are unable to suppress NK cell 

function (6 1), or might even enhance NK cell cytotoxicity (62;62). Furthermore, antiviral 

treatment may be unable to suppress local pro-inflammatory effects of CMV on the gralt 

(63). Combined, this suggests that despite the successful suppression of CMV replication 

and T cell  activation, interactions between CMV, specific NK cells, and the islet gralt 

tissue might still be detrimental to gralt function. Therefore, also in humans, the role of 

Killer Cell lg-l ike Receptor (KIR) expressing NK cell subpopulations in (CMV-accelerated) 

islet gralt failure needs further attention. 
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ABSTRACT 

CMV-infection has been suggested to accelerate immune-mediated rat beta-cell 

destruction and thereby to contribute in the rat to new-onset type I Diabetes and the 

failure of islet allografts. Surprisingly, direct infection of beta-cells by CMV has received 

only minor attention. Therefore, in the present study we investigated the susceptibility of 

rat pancreatic beta-cel ls for RCMV-infection and the direct effects on the regulation of 

immune cell-activating ligands. 

Primary rat pancreatic beta-cells, the rat beta-cel l line Rin-mSF, and Rat 

Embryonic Fibroblasts were RCMV-infected in vitro . The viral gene and protein expression 

levels were determined as a measure for RCMV-susceptibility. Gene expression levels of 

ICAM-1, LFA-3, RTl-A, RTl-E, TLR-2, and CD14 were determined as a measure for 

cel lular immunogenicity. 

Rat beta-cells were susceptible for RCMV-infection, but allowed only low levels of 

viral R123, R44, and R32 gene expression . In contrast, infected fibroblasts demonstrated 

productive viral infection and formation of viral progeny. Following RCMV-infection, beta

cell immunogenicity was markedly increased, as demonstrated by increased cellular 

expression of ICAM-1, RTl -A, RTl-E, and TLR-2. Expression of these proteins was 

differently regulated in infected fibroblasts. 

Direct beta-cell infection by RCMV and subsequent low-grade viral gene 

expression may lead to increased immunogenicity of native or transplanted beta-cells in 

vivo. Enhanced beta-cel l  recognizability after CMV-infection may have important 

consequences for beta-cell survival and the development of autoimmune Diabetes or 

rejection of islet grafts. 
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INTRODUCTION 

Cytomegalovirus (CMV) infection has been suggested to contribute to beta-cell 

dysfunction in both human and rodent new-onset Type I Diabetes Mellitus (1-4 ), 

post-transplantation Diabetes Mellitus (5-7), and islet allograft failure (8) (Chapter 2). 

Mostly, the accelerating effect of CMV on the development of Diabetes and the rejection 

of allografts has been interpreted as a CMV-induced reinforcement of existing auto- or 

alloimmune responses (!)(Chapter 2), rather than a di rect effect of the vi rus on beta-cell 

function. However, we have recently demonstrated that both rat and human beta-cells 

can be di rectly infected by CMV (Chapter 2), and CMV can therefore no longer be ignored 

as a factor in islet-cell dysfunction in autoimmunity and allograft rejection. 

CMV is the largest and the most complex member of the human and rat herpes 

virus family (9). Due to several virally encoded immune-evasive strategies, the virus 

establishes persistent infection in 50 to 80% of the population (10). In 

immunocompetent subjects, CMV-infection develops asymptomatic, establishing 

persistent latent infection in circulating leukocytes (9). In subjects with impaired cellular 

immunity, CMV shedding and viremia are commonly observed, which may develop into 

severe infection and inflammation in one or multiple organs (CMV end-organ disease) 

(9). The cellular tropism of CMV is broad, since cellular CMV-infection depends on a 

cascade of interactions between viral glycoproteins, cellular integrin heterodimers and 

the Epidermal Growth Factor (EGF) receptor (1 1-14), which are expressed on a wide 

variety of cells. Also pancreatic beta-cells express CMV-entry receptors (15), which make 

these cells potential targets for cytolytic CMV-infection (Chapter 2). 

Notably, cytolytic  infection is not necessarily the only mechanism by which CMV 

can exert an effect on beta-cell dysfunction. Virus-cell contact and/or intracellular vi ral 

immediate early, early, or late gene expression and viral replication are associated with 

events responsible for cellular regulation of pro-inflammatory molecule expression (9). 

Increased expression of adhesion molecules and MHC class I molecules on solid organ 

grafts of CMV-infected recipients has been reported to render allografts more 

immunogenic, and in this way more prone to immune-mediated destruction (16-23). This 

mechanism of increased immunogenicity following CMV-infection, and immune-mediated 

destruction as a consequence, might also hold true for native or transplanted pancreatic 

beta-cells. 

In the present study, we have determined the susceptib i lity of rat pancreatic 

beta-cells for CMV-infection and we studied the immunogenicity of beta-cells after 

CMV-infection. 
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METHODS 

Study design 

The susceptibility of rat beta-cells for rat CMV (RCMV)-infection was studied in the 

beta-cell line Rin-mSF and in primary rat beta-cells. The immunogenicity studies required 

large amounts of cells, which cannot be obtained from rat pancreata. Therefore the 

immunogenicity studies were performed on the beta-cell line Rin-mSF. This is an 

accepted model for studying beta-cel l immunogenicity after virus infection (24-27) since 

it provides a homogeneous and well defined model system for the study of viral infection 

and its immunological consequences. The results were compared with effects of RCMV on 

Rat Embryonic Fibroblasts (REF), which are fu l ly permissive for RCMV-infection and 

replication. All cell types were infected in vitro with a multiplicity of infection (MOI) of 0.1 

and 1 plaque forming unit (pfu) per cell. Cells were harvested at different time points 

after infection (1 to 7 days after infection) and the susceptibility to viral infection was 

investigated. 

The susceptibility of rat pancreatic beta-cells for RCMV was determined by 

quantifying viral infection and replication by measuring the mRNA expression of the viral 

immediate early gene transcripts R123, the early gene transcript R44 and the late gene 

transcript R32 (MOI 0.1 :  n= S for REF and Rin-mSF, n=2 for primary beta-cells; MOI 1 :  

n=4 for REF and Rin-mSF). Furthermore, the expression of R44 protein was determined 

by western blot as a measure for viral protein expression. The formation of new virus 

particles was determined by electron microscopy (EM). 

To determine the effects on the immunogenicity of rat beta-cells, we determined 

the mRNA expression of adhesion molecules ICAM-1, and LFA-3, major histocompatibility 

complex molecules RTl-A and RTl-E, and toll like receptor TLR-2 and its chaperone 

CD14 by quantitative real time PCR (n=6). In addition, the cellular protein expression of 

ICAM-1 and RTl-A was determined by flow cytometry (n= S).  Again, the results were 

compared with that of infected REF. 

Ce/I lines 

Rin-mSF (NEDH derived) were cu ltured in Hams-F12K medium (Gibco) containing 60 

µg/ml gentamycin and 13% fetal calf serum (FCS). Rat Embryonic Fibroblasts (Lewis 

derived) were prepared as previously described (28) and cu ltu red in DMEM (Gibco) 

containing 60 µg/ml gentamycin and 10% FCS. Cell lines were always used between 

passage number 5 and 20. Primary rat beta-cells were isolated from cadaveric pancreata 
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based on FAD fluorescence as previously described (29), and cultured in Hams-F12K 

medium (Gibco), supplemented with 13% FCS and 60 µg/ml gentamycin. 

Viral homogenate 

The RCMV stock (Maastricht strain) was obtained by homogenization of salivary g lands of 

irradiated, acutely infected AO rats as described previously (28). The amount of 

infectious virus was determined by plaque assay as described previously (28). M ock 

infected cel ls  served as controls. Virus-free Mock homogenate was obtained by 

homogenization of salivary g lands of irradiated, non-infected Albino Oxford rats. 

RCMV-infection 

Three days prior to infection, primary rat beta-cel ls, Rin-mSF and REF were seeded in six 

wel l  plates at a concentration of 100.000, 300.000 and 250.000 cel ls  per wel l  

respectively. One day prior t o  infection, both cel l lines were serum starved to improve 

viral infection, by incubation in culture medium containing 2% FCS (infection medium). 

Primary rat beta-cel ls were infected at an M OI of 0.1, and the cel l lines were 

RCMV-infected at an MOI of 0.1 or 1. Virus-free salivary g land homogenate (Mock

homogenate) incubated cel ls served as controls. The cel ls were incubated with the 

appropriate amount of RCMV- and Mock-homogenate for one hour in 1 ml of infection 

medium, after which an additional volume of infection medium was added to a final 

volume of 3 ml. 

Primary rat beta-cel ls were harvested 3 days after infection. The infected cel l  

lines were harvested a t  day 1, 2 ,  3, 4 ,  and 7 after infection and the cel lular expression of 

viral and host cel l gene transcripts and proteins was determined. 

Quantitative Real-Time PCR 

Viral transcripts R123, R44, and R32, and transcription of RTl-A, RTl-E, ICAM-1, LFA-3, 

TLR-2, and CD14, were detected by quantitative real time PCR. Cel ls were harvested in 

Trizol lysing buffer (Invitrogen). Total RNA was extracted by chloroform-isopropanol 

extraction. cDNA was prepared from isolated RNA using Superscript™ II Reverse 

Transcriptase according to the kit protocol (Invitrogen). 

Quantitative real time PCR was performed on the ABI7900 Taqman (Applied 

Biosystems) using a two-step amplification protocol . PCR reactions contained 2 ng/ml of 

RNA, 1,5 µ M  forward and reverse primer and SYBR Green PCR master mix (Applied 

Biosystems) in a total reaction volume of 20 µ L. Al l PCR reactions were performed in 

triplicate. Relative gene expression was normalized to the GAPDH expression (�Ct=CtGeNe 

109 



CHAPTER 6 

oF 1NTEREsT- CtGAPoH) of the same sample and depicted as the delta (b.) Ct-value. b.Ct > 0 :  

gene expression levels of the gene of interest are lower compared to the gene expression 

levels of the household gene GAPDH. b.Ct < 0 :  gene expression levels of the gene of 

interest are higher compared to the gene expression levels of GAPDH. GAPDH gene 

expression levels were not affected by the RCMV-infection (data not shown). Primer 

sequences are described in Table 1. 

Table 1. Primer Sequences 

Target gene Forward primer Reverse Primer 

RCMV R123 5'-ttctaaccgatccagaacca-3' 5 '-gcgaatctcatcaccatttc-3' 
RCMV R44 5 '-aacaccgaggtcgagttcac-3'  5 '-gctgaggaagttctcgatgg-3' 
RCMV R32 5'-acctctcgccctacttc-3' 5'-taggtgtggaggttatc-3 '  
ICAM-1 5'-tgatcagaatacctgggtcataattgt-3' 5'taaatggacgccacgatcac-3' 
LFA-3 5' -tccccaaaggaatccaggat-3' 5'-tgacttggcaggtgtaaaatgtaga-3' 
RT1-A 5'-gagccttctccatcgaccaa-3' 5'-ctcacaacagccaccacaattc-3' 
RT1-E 5' -aggaagaggtggataaaaacagcttt-3'  5 '-ctttacaatctgggagagacacatca-3'  
TLR-2 

� 5' -ccagctcgctcactacgtct-3'  5'-gctgtt�cgttacatcttgg-3' 
CD- 14 5 '-tgtcaggaactttggctttgctc-3' 5'-ccctcagaaaccaggaagatgc-3' 
GAPDH 5'-tgccaagtatg�tgacatcaagaag-3' 5 '-agcccaggatgccctttagt-3' 

Western Blot analysis 

Protein extracts were prepared from infected rat Rin-m5F cells and REF by 

homogenization of harvested cells in lysis buffer containing 20 mM Tris (pH 7.4), 5 mM 

EDTA, 2 mM EGTA, 100 mM NaCl, 0. 05% SDS, 0.5% IGEPAL (Sigma Aldrich), and 4 

µg/ml proteinase inhibitor cocktail (Sigma Aldrich). Samples were sonified and boiled for 

5 minutes at 95°C. Proteins were separated on a 10% polyacrylamide gel and transferred 

to a nitrocellulose membrane (Sigma Aldrich). Blots were washed in phosphate buffered 

saline (PBS) containing 0.1 % Tween (Sigma Aldrich) (PBST) and aspecific protein binding 

was blocked by incubation of the blots in PBST containing 5% Elk powder milk (Nutricia) 

over night at 4°C. Blots were incubated in PBST containing primary or secondary 

antibodies for one hour at room temperature. Primary antibodies used were : mAb8 

(1 : 50, hybridoma derived) directed against R44, and anti-beta-Actin (1 : 200, Sigma 

Aldrich) against beta-Actin. Secondary antibodies used were horse-radish conjugated 

rabbit-anti-mouse (1 : 750, Dako) or horse-radish conjugated swine-anti-rabbit (1 : 750, 

Dako) respectively. Proteins were visualized using Lumilight (Roche). 

Electron microscopy 

Infected rat Rin-mSF and REF were harvested and fixed in 2% glutaraldehyde containing 

0 . 1  M cacodylate pH 7 .4. After dehydration, cells were embedded in epon (Sigma 
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Aldrich). Cells were sectioned at 80 nm, stained with uranyl acetate and lead citrate and 

analyzed using a transmission electron microscope ( EM201, Philips). 

Flow Cytometry 

Cells were harvested, counted and fixed in ice cold PBS containing 0.5% 

paraformaldehyde for 5 minutes. Cells were washed and incubated with 10% rabbit 

serum for 30 minutes to block aspecific binding of the secondary antibody. Cells were 

rinsed in PBS containing 1 % BSA (PBA) and incubated with the primary antibody for 60 

minutes. Primary antibodies used were: unlabeled OX18 directed against RTl (pan-MHC I 

antibody) (1: 25), and unlabeled 1A29 (Hybridoma derived) (undiluted) directed against 

ICAM-1. After incubation with the primary antibody cells were rinsed in PBA and 

incubated with the secondary antibody for 30 minutes. The secondary antibody used 

was: Fite-conjugated Rabbit-anti-Mouse (Dako) (1: 50). All incubations were carried out 

on ice and in the dark. PBA was used instead of the primary antibody as a control. All 

negative controls were consistently negative. 

Statistics 

Results are expressed as the mean ± standard error of the mean (SEM). Gene and 

protein expression levels of RCMV-infected cells were compared to that of Mock-infected 

cells, and relative expression levels were calculated. Between the experiments, cells 

always demonstrated similar patterns of gene regulation. However, the timing of 

increased or decreased expression could not be pinpointed to an exact time point, but 

merely to a time range. Therefore, we have depicted the mean of peak values ± standard 

error of the mean (SEM) together with the corresponding time ranges. Normality of the 

data sets was determined using the Kolmogorov-Smirnov test. When data sets were 

normally distributed, differences from a fold induction of 1 (gene or protein expression is 

not regulated in the virally infected cells as compared to Mock-infected controls) were 

calculated using the two-tailed One-sample t-test. Differences in time (between groups) 

were calculated using the two-tailed Student t-test. When data sets were not normally 

distributed, differences from a fold induction of 1 were calculated using the Wilcoxon 

signed rank test. Differences between groups were calculated using the Mann-Whitney U 

test. P-values < 0.05 were considered statistically significant. 
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RESULTS 

Beta-cells are susceptible for RCMV-infection 

To determine the susceptibility of beta-cel ls for RCMV-infection, we infected primary rat 

beta-cel ls and the beta-cell line Rin-mSF with RCMV for 72 hours and determined the 

expression of the viral immediate early (IE) gene R123, the viral early (E) gene R44, and 

the viral late (L) gene R32. The data were compared with results in infected REF. REF 

were infected in the same fashion as the rat beta-cells. The direct susceptibility of 

beta-cel ls for RCMV-infection is shown in figure 1. Both the infected primary beta-cells 

(Figure lA) as wel l  as the infected beta-cell l ine Rin-mSF (Figure 1B) showed expression 

of viral IE R123, E R44, and L R32, demonstrating that rat beta-cel ls al low full viral 

replication. However, viral replication in infected beta-cells appeared to be lower than 

that of the ful ly permissive REF, as i l lustrated by a lower b.Ct-value, implying higher 

expression levels of IE R123, E R44, and L R32 (Figure 1C). Also macroscopical ly we 

found a striking difference between the infected beta-cel ls and REF. Within the 72 hour 

study period the fibroblasts showed classical signs of RCMV-infection, i.e.  cel lular swel ling 

and cel l death, which were not observed in the primary rat beta-cel ls or in the beta cel l  

line. 

A 

R123 R44 

Primary 
Beta-cells 

R32 

B 

! 1 

u 
'O 

R123 R44 R32 

Rin-mSF 

C 

! 1 

u 
'O 

R123 R44 R32 

REF 

Figure l.  CMV gene expression in 72 hour in vitro infected beta-cells and REF. Primary rat 
beta-cells (A), Rin-mSF (BJ and REF (C) were RCMV-infected with an MOI of 0. 1 pfu/cell (n=5 
Rin-m5F and REF, n=2 primary beta-cells ). 72 hours after infection, gene expression of immediate 
early R123, early R44, and late R32 was analyzed by quantitative real time PCR. Gene expression 
levels were normalized for the expression of the household gene GADPH (dCt-value). Results are 
depicted as the mean ± standard error of the mean (SEM). 

One may argue that the lower viral gene expression levels in infected beta-cel ls as 

compared to fibroblasts are the result of suboptimal virus concentrations or inadequate 

timing, rather than the result of cel l specific differences in viral replication rates. 
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Therefore, in the next experiment we studied infected beta-cells at 24, 48, 72, 96, and 

168 hours after infection. In addition, RCMV-infection was performed in two different 

concentrations, i.e. an MOI of 0. 1 and an MOI of 1 pfu/cell. Since in the first experiment 

the infection-grade of primary beta-cells was similar to that of the beta-cell line Rin-mSF 

(Figure lA and 1 B), and since large numbers of cells were required, we decided to 

perform these experiments on the beta-cell line Rin-mSF only. 

Viral IE R123 (Figure 2A), E R44 (Figure 2B), and L R32 (Figure 2C) gene 

expression was observed in beta-cells infected with an MOI of 0. 1 pfu/cell, but the 

expression levels remained stable during the whole culture period. In contrast, infected 

REF demonstrated increasing gene expression levels over time (Figure 2A to 2C resp.). 

Infection of beta-cells with 1 pfu/cell resulted in higher viral gene expression levels as 

compared to infection with an MOI of 0. 1 pfu/cell .  
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Figure 2. CMV gene expression in in vitro infected beta-cells and REF. Rat beta-cells (Rin-mSF; 
solid lines) and REF (dashed lines) were RCMV-infected with an MDI of 0. 1 pfu/cell (n =S) or 1 pfu/cell 
(n=4). 24 to 1 68 hours after infection gene expression of immediate early R123 (A), early R44 (B), 
and late R32 (C) was analyzed by quantitative real time PCR. Gene expression levels were normalized 
for the expression of the household gene GADPH (dCt-value). Results are depicted as the 
mean ± standard error of the mean (SEM). Beta-cells infected at an MDI of 1 pfu/cell could not be 
analyzed at 168 hours after infection, due to cell death. 
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Similar to infection with an MOI of 0. 1 pfu/cell, gene expression levels in infected 

beta-cells remained constant over time. When we compared viral gene expression levels 

in infected beta-cells with REF infected with 1 pfu/cell, we observed consistently lower 

viral gene expression in the infected beta-cells (Figure 2A to C resp.) .  Unfortunately, 

viral gene expression levels at 168 hours after infection in beta-cells infected with 

1 pfu/cell could not be measured due to toxicity of the salivary gland homogenate when 

applied in high concentrations. All Mock-infected cultures were consistently negative. 

Lower viral gene expression levels in infected beta-cells as compared to REF 

were also observed when viral protein levels were analyzed. Following beta-cell RCMV

infection with 1 pfu/cell, the viral E R44 protein was detected in beta-cells (Figure 3A). 

However at all the investigated time points, viral protein levels in beta-cells were lower 

as compared to infected REF (Figure 3B). In beta-cells infected with 0. 1 pfu/cell, viral 

protein levels appeared to be below the detection threshold (Figure 3C), while it was 

clearly present in RCMV-infected REF (Figure 3D). These results indicate that, although 

rat beta-cells are susceptible for RCMV-infection and viral gene expression, beta-cell 

RCMV-infection is differently regulated as compared to infection in permissive fibroblasts. 
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Figure 3. CMV R44 protein expression in in vitro infected beta-cells and REF. Rat beta-cells 
(Rin-m5F) (A & C) and REF (8 & D) were RCMV-infected with an MOI of 1 pfu/cell (n =S) (A & BJ or 
0. 1 pfu/ce/1 (n=4) (C & D). 24 to 1 68 hours after infection, protein expression of early R44 was 
analyzed by Western Blot. Beta-actin protein was used as a loading control. Cells infected at a MOI of 
1 pfu/cel/ could not be analyzed at 96 and 1 68 hours after infection, due to cell death. 
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Virus particles 

Viral gene expression, nor protein expression can predict if beta-cells support the 

formation of full virus particles. To address this issue, we infected rat beta-cells for 168 

hours with RCMV and determined the presence of virus particles by electron microscopy 

(EM). Infected REF were analyzed for comparison. 

A B 

Rin-mSF REF 

Figure 4. Formation of 
new virus particles. Rat 
beta-cells (Rin-m5F) and REF 
were RCMV-infected with an 
MOI of 0. 1 pfu/ce/1 (n= S). 
1 68 hours a�er infection the 
presence of newly formed 
virus particles in the nucleus 
was determined by electron 
microscopy. All nuclei of 1 68 
hour infected beta-cells were 
empty of virus particles (A). 
Infected REF showed the 
presence of multiple newly 
formed particles in the 
nucleus (arrows) (8). 

Both the nuclei and the cytoplasm of infected rat beta-cells did not show characteristic 

signs of RCMV particle formation, i.e .  the presence of enveloped viral DNA structures in 

the nuclei and endosomal dense bodies in the cytoplasm [empty viral capsids (9)] (Figure 

4A). Infected REF however, demonstrated numerous enveloped virus particles in the 

nuclei (arrows, Figure 4B), and somewhat less pronounced, the presence of dense bodies 

in the cytoplasm (not shown). 

RCMV-infection promotes the expression of immune cell-activating ligands on beta-cells 

Reportedly, CMV can modulate the immunogenicity of infected cells (16-23). Therefore, 

we studied the cellular expression of several immune cell-activating ligands, i. e. the 

adhesion molecules ICAM-1, LFA-3, the major histocompatibility complexes RTl-A, 

RTl-E, and the Toll Like receptor TLR-2 and its chaperone CD14. The fold induction or 

fold decrease as compared to Mock-infected control cells was applied as a measure for 

virus-induced changes in cellular immunogenicity. 

Both beta-cells and REF were RCMV-infected at a MOI of 0.1 pfu/cell. Following 

RCMV-infection, beta-cells demonstrated an upregulation of ICAM-1 gene expression 

(48-96 hours; P<0.01) as compared to Mock-infected cells (Figure SA). Also, beta-cell 

ICAM-1 protein expression was increased at 96 to 168 hours after infection as compared 

to the expression at 72 to 96 hours after RCMV-infection (P<0.05) (Figure SC). Although 

not statistically significant, the beta-cell LFA-3 expression appeared to be upregulated as 
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compared to Mock-infected control cells at 48 to 168 hours after RCMV infection 

(P=0. 06) (Figure SE). 
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Figure 5. Expression of adhesion molecules by CMV-infected beta-cells and fibroblasts. Rat 
beta-cells (Rin-mSF) (A, C & E) and REF (B, D & F) were RCMV-infected with an MOI of 0. 1 pfu/cell 
(n=6). 24 to 1 68 hours after infection, the expression of ICAM-1 was analyzed by quantitative real 
time PCR (A & B) and flow cytometry (C & D). LFA-3 expression after infection was analyzed by 
quantitative real time PCR (E & F). Panels A, B, E, and F represent the fold induction of gene 
expression in RCMV-infected cells compared to Mock-infected control cells. All gene expression levels 
are normalized for the household gene GAPDH. All samples demonstrated similar expression patterns, 
but the timing of regulation differed between the experiments, therefore peak-values are depicted 
with the corresponding time-range. Panels C and D represent the percentage of ICAM-1 positive cells 
after RCMV-infection compared to the percentage of ICAM-1 positive cells in the control cell fraction. 
# represents significance between groups, * represents significance within groups. P-values < 0. 05 
(*/#) and P-values < 0. 01 (**/##) were considered statistically significant. 

The expression of ICAM-1 and LFA-3 was different in RCMV-infected REF. RCMV-infected 

REF demonstrated a quick upregulation of ICAM-1 gene expression, which was back to 

basal expression levels at 48 to 96 hours after infection (P< 0.0S) (Figure SB). This was 

not only observed for the ICAM-1 gene expression, but also for the cellular ICAM-1 
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protein expression. RCMV-infected REF demonstrated increased ICAM-1 protein 

expression as compared to Mock-infected control cells at 24 to 72 hours after infection 

(P< 0.05),  which was back to basal levels at 48 to 96 hours after RCMV-infection 

(P<0.01) (Figure SD). LFA-3 expression was differently regulated after RCMV-infection. 

Following RCMV-infection, REF LFA-3 expression was decreased as compared to Mock

infected control cells (P<0.01). 
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Figure 6. Expression of MHC class I molecules by CMV-infected beta-cells and fibroblasts. 
Rat beta-cells (Rin-m5F)(A, C & E) and REF (B, D & F) were RCMV-infected with an MDI of 0. 1 pfu/cell 
(n=6). 24 to 1 68 hours after infection, the expression of R T1 -A (A & B) and R T1 -E (C & D) was 
analyzed quantitative real time PCR. RT1 protein expression was determined by flow cytometry (E & 
F). Panels A, B, C, and D represent the fold induction of gene expression in RCMV-infected cells 
compared to Mock-infected control cells. All gene expression levels are normalized for the household 
gene GAPDH. All samples demonstrated similar expression patterns, but the timing of regulation 
differed between the experiments, therefore peak-values are depicted with the corresponding time
range. Panels E and F represent the mean fluorescence intensity of RT1 positive cells after RCMV
infection compared to the mean fluorescence intensity of RT1 positive cells in the control cell fraction. 
# represents significance between groups, * represents significance within groups. P-values < 0. 05 
(*/#) and P-values < 0. 01 (**/##) were considered statistically significant. 
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This decrease in LFA-3 expression was observed at 96 to 168 hours after RCMV-infection 

(P<0.05) (Figure SF). 

Since not only adhesion molecules, but also major histocompatibi l ity complex 

class I molecules (MHC I) are important in immune activation, we determined the 

expression of the MHC Ia molecule RTl-A and the MHC Ib molecule RTl -E on infected 

beta-cells and compared the levels with that in REF. MHC Ia molecules are important in 

regulating T-cell responses (30;31), whereas MHC lb molecules are potent activators of 

NK cell effector functions (32;33). 

Beta-cells demonstrated increased gene expression of both RTl-A (P<0.05) 

(Figure 6A) as well as RTl-E (P<0. 05) (Figure 6C) as compared to Mock-infected control 

cells. Initially, the expression levels were not affected by the RCMV-infection, but the 

expression of both RTl -A (P<0.01) and RTl -E (P<0.05) increased over time (Figure 6A 

and 6C resp.). Infected REF, however, demonstrated a trend towards increased RTl -A 

expression levels as compared to non-infected control cells (P=0.06), but RTl -E 

expression levels were unchanged upon RCMV- infection (Figure 6B and 6D resp.). 
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Figure 7. Expression of Toll Like Receptors by CMV-infected cells. Rat beta-cells (Rin-mSF) (A 
& C) and REF (B & D) were RCMV-infected with an MOI of 0, 1 pfu/cell (n=6). 24 to 1 68 hours after 
infection, the expression of TLR-2 (A & BJ and CD1 4 (C & D) was analyzed by quantitative real time 
PCR). All panels represent the fold induction of gene expression in RCMV-infected cells compared to 
Mock-infected control cells. All gene expression levels are normalized for the household gene GAPDH. 
Beta-cell samples demonstrated similar expression patterns, but the timing of regulation differed 
between the experiments, therefore peak-values are depicted with the corresponding time-range. # 
represents significance between groups, * represents significance within groups. P-values < 0. 05 
(*/#), P-values < 0. 01 (* */##), and P-values < 0. 001 (***/## #) were considered statistically 
significant. 
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Similar to the regulation of RT1 gene expression, infected beta-cel ls demonstrated 

increased expression of RT1 protein after infection, as compared to Mock-infected 

controls (P<0.05) (Figure 6E). The RT1 protein expression on infected REF was also 

increased as compared to non-infected controls (P<0.05) (Figure 6F). 

Since RCMV is known to interact with TLR-2 and CD14 on target cel l s  before 

cel lular infection (34-36), we questioned whether cel lular expression of TLR-2 and CD14 

on beta-cel ls would be positively or negatively regulated upon RCMV-infection. To this 

end, we determined the cel lular TLR-2 and CD14 expression after RCMV-infection in 

beta-cel ls and REF. Infected beta-cel ls  demonstrated both increased TLR-2 as wel l as 

CD14 expression rapid ly after infection (24 to 48 hours) (Figure 7A and 7C resp. ), which 

was normalized 48 to 72 hours after infection (P<0.001). Although not statistical l y  

significant, REF demonstrated somewhat upregulated TLR-2 and CD14 expression as 

compared to the non-infected control cel ls at 168 hours after infection (Figure 7B and 7D 

resp.). Regulation of TLR-2 and CD14 gene expression in REF early after infection was 

ambiguous and there was not a clear pattern of regulation as observed in infected 

beta-cel ls. 

DISCUSSION 

In the present study, we demonstrate that rat pancreatic beta cel ls  are d irectly 

susceptible for RCMV-infection. Although the susceptibility of pancreatic beta-cel ls for 

CMV-infection has been suggested (3; 37), direct evidence of beta-cel l infection was 

lacking (3; 37). We demonstrate that, although ful l  viral particle formation or cytolytic 

infection were not observed in the study period, beta-cel ls al low viral gene transcription 

and viral protein translation. Also, studies characterizing the course of beta-cell infection 

and its immunological consequences were lacking. However, understanding the course of 

CMV-infection and its consequences is important for timing and means of possible 

intervention in the infection process. 

A study by Numazaki et al (37) demonstrated the susceptibility of pancreatic 

islets for CMV-infection in vitro. The authors focused on the islets as a whole and could 

not demonstrate the direct infection of the beta-cel l as such. Here, we demonstrate that 

the CMV-infection of the islets may at least involve infection of the beta-cel ls themselves. 

Hil lebrands et al demonstrated accelerated CMV-mediated new-onset Diabetes in BB

rats. The author suggested that a virus-induced acceleration of immune-mediated beta 

cel l destruction was responsible for the CMV-induced diabetes (1). These 
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findings corroborate our study, since we demonstrate that CMV-infection can increase the 

beta-cel l  immunogenicity, which may accelerate the onset of diabetes. 

We demonstrate that the effects of RCMV-infection not only hold true for the 

beta-cel l  line Rin-m5F, but also for primary pancreatic beta-cel ls. This was demonstrated 

by similar viral gene expression levels between primary rat beta-cel ls  and Rin-mSF after 

72 hours of RCMV-infection. The infection of beta-cel ls, however, is differently regulated 

as compared to ful ly permissive fibroblasts. Beta-cel ls demonstrated an infection 

characterized by low, but stable viral gene expression levels, but no viral progeny 

formation. In contrast, fibroblast infection was characterized by a cytopathic effect (CPE), 

high and increasing viral gene expression levels, and the formation of new virus particles. 

Similar to RCMV-infected beta-cel ls, also other cel l  types have been reported to 

undergo low-grade persistent RCMV-infection. CMV-infected monocytes (38), 

polymorphonuclear leukocytes (39 ;40), bone marrow hematopoietic progenitors ( 41 -43), 

stromal cel ls  (44), hepatocytes (45), vascular smooth muscle cel ls (46) and retinal 

pigment epithelial cel ls  (47;48) have demonstrated low replication rates or abortive 

infection as compared to ful ly permissive cel l s  such as fibroblasts. Infection in these cel ls  

is characterized by the presence of viral DNA, low persistent replication, but absence of 

CPE or formation of viral progeny. RCMV-infection of beta-cel ls resembles the course of 

infection described in these cel ls, which suggests that also in beta-cel ls RCMV establishes 

low, persistent infection. This is of clinical relevance, since low persistent beta-cel l  

infection can explain reported controversial results o n  the susceptibility o f  beta-cel ls  for 

RCMV-infection (3;37;49). Although beta-cel l  infection and viral gene expression may 

have been established, a consequence of low viral gene expression levels may be low and 

undetectable levels of viral antigen in the infected beta-cel ls (3;37;49). However, 

although direct beta-cel l  infection may go unnoticed, low-grade viral gene expression and 

replication may impose direct immunologic effects on infected beta-cel ls, with 

immune-mediated beta-cel l  destruction as a result. 

Craigen et al have demonstrated that increased ICAM- 1  and LFA-3 expression is 

dependent on the immediate early or early stages of viral replication (50). Also we 

demonstrate that in response to RCMV-infection and the expression of IE and E genes, 

pancreatic beta-cel ls  increase the cel lular expression of adhesion molecules ICAM-1  and 

to a lesser extend LFA-3. These results are corroborated by studies demonstrating the 

upregulation of these adhesion molecules on several other CMV-infected cel l  types (50-

57). The dependency of IE and E gene expression suggests that lower IE and E gene 

expression levels in infected beta-cel ls account for the delayed regulation of ICAM-1  and 

LFA-3, as compared to infected fibroblasts. One might even speculate that low-grade, but 

persistent CMV-infection of pancreatic beta-cel l s  wil l  result in prolonged over-expression 
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of adhesion molecules and increased cellular immunogenicity as compared to the 

immunogenicity of fully permissive cell types. 

Not only adhesion molecules but also MHC Ia and MHC lb molecules RT1 -A and 

RTl-E were upregulated on infected beta-cells. The classical polymorphic MHC class I 

molecules (RTl -A) are expressed in high density on the cellular membrane and present 

antigens to a� T cells (30;31). To maintain persistent infection in immunocompetent 

hosts, CMV specifically targets membrane MHC I expression (58). Although RCMV highly 

resembles murine CMV (MCMV) and human CMV (HCMV) (59), RCMV does not appear to 

encode proteins that interfere with MHC class I antigen loading and protein transport, but 

only delays MHC I maturation (60). RCMV-infected fibroblasts demonstrate a 

downregulation of RTl-A, which is restored or even upregulated within 24 hours after 

infection (60). In the present study, we demonstrate that this upregulation of RT1 

protein and RT1-A mRNA not only holds true for infected fibroblasts, but also for infected 

beta-cells. 

The RT! complex not only encodes the classical antigen presenting RTl-A, but 

also a wide array of oligomorphic or monomorphic non-classical MHC class I molecules 

(RTl-C/E). These molecules are potent activators of NK cell effector functions in the 

absence of regulatory signals from RTl-A of the 'self' haplotype (32;33). The 

upregulation of these molecules after RCMV-infection is an important observation,  since it 

may explain the accumulation of NK cells in islet allografts of RCMV-infected rats under 

T cell immunosuppression (Chapter 2). An RCMV-induced upregulation of RT1 -E 

molecules on transplanted allogeneic beta-cells may activate NK cell effector functions 

and subsequently beta-cell destruction, since these allogeneic beta-cells are unable to 

provide correct inhibitory signals. Our data suggest that this effect of RCMV on RT! 

complexes is cell type specific, since we demonstrate that following RCMV-infection in 

vitro, rat beta-cells but not fibroblasts, upregulate RTl-E expression. 

Another cell type specific effect of RCMV is the upregulation of TLR-2 and CD14 

gene expression, which is found in infected beta-cells but not in fibroblasts. Binding of 

viral glycoproteins to TLR-2-CD14 activates NFkB prior to cellular entry, which is 

essential for the initiation of viral transcription (34-36). However, activation of 

TLR2-CD14 complexes also activates the production of several pro-inflammatory 

cytokines (36 ; 61)  and plays an important role in the activation of the innate immune 

system and viral clearance in vivo (6 1;62). Although cellular responses through 

CMV-mediated TLR-2-CD14 signaling are thoroughly investigated, the regulation of this 

process is not well defined. Li et al demonstrated that in response to Haemophi/us 

inf/uenzae signaling through TLR-2, the epithelial cell TLR-2 expression is upregulated, 

exacerbating the pro-inflammatory immune response (63;64). Similarly, viral binding to 
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the upregulated TLR-2 and CD14 might explain the accelerated auto-immunity in BB-rats 

(1) and the RCMV-accelerated rejection of rat islet allografts (Chapter 2). 

In conclusion, we demonstrate that RCMV induces a low persistent infection in 

beta-cel ls, which is associated with a profound upregulation of immune-cell activating 

ligands. Our data indicate that increased immunogenicity of beta-cel ls after RCMV

infection may be an essential step in beta-cell destruction and the development of 

autoimmune Diabetes or islet al lograft rejection in the rat. 
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CHAPTER 7 

ABSTRACT 

CMV-infection has been suggested as a causal factor in the development of new-onset 

Type I Diabetes, post-transplantation Diabetes, and the failure of islet allografts. This 

effect of CMV has been interpreted as an immune-mediated effect, rather than 

infection-induced cell death. Surpringly, direct beta-cell CMV-infection has received only 

minor attention, but may contribute to beta-cell destruction by lethal beta-cell infection 

or alteration of beta-cell immunogenicity. In the present study, we have investigated the 

susceptibility of human pancreatic beta-cells for HCMV-infection and the direct effects on 

the regulation of immune cell-activating ligands. 

The human beta-cell line CM and Fetal Lung Fibroblasts (FLF92) were 

HCMV-infected in vitro. The presence of viral genes and proteins was determined as a 

measure for susceptibility for HCMV-infection. Cellular expression levels of ICAM-1, 

LFA-3, MHC class I, MHC class II MICA/B, and TLR-2 were determined as a measure for 

cel lular immunogenicity. 

We demonstrate that human beta-cells are susceptible for low-grade abortive 

HCMV-infection as demonstrated by the presence of viral transcripts, !E l protein, but not 

pp65 protein. In contrast, infected fibroblasts demonstrated productive viral infection as 

demonstrated by high viral protein expression levels and cytopathogenic effect. Following 

HCMV-infection, beta-cel l immunogenicity was markedly increased, as illustrated by 

increased cellular expression of MHC class I, M ICA/B, and ICAM-1. Expression of these 

proteins was differently regulated in infected fibroblasts. 

Direct beta-cell infection by HCMV and subsequent low-grade viral gene 

expression leads to increased cellular immunogenicity. HCMV-enhanced immunogenicity 

of human beta-cells may lead to enhanced recognition and activation of immune cel ls, 

leading to destruction of native or transplanted beta-cells in vivo. 
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INTRODUCTION 

Human cytomegalovirus (HCMV) may contribute to beta-cell dysfunction in new-onset 

Type I Diabetes Mellitus (1-4), the development of Diabetes Mellitus after transplantation 

(5-7), and islet allograft failure (8). The mechanism by which CMV induces beta-cell 

dysfunction remains to be clarified. In the vast majority of studies addressing this issue, 

the accelerating effect of CMV on the development of Diabetes and the rejection of 

allografts has been interpreted as a CMV-induced reinforcement of existing auto- or 

alloimmune responses (1), rather than direct effects of the virus on the beta-cells (1 -4). 

Recently, we have demonstrated the susceptibility of rat beta-cells for CMV-infection 

(Chapter 6), which demonstrates that direct infection of pancreatic beta-cells should not 

be ignored as a mechanism of beta-cell dysfunction. 

In vitro studies have mainly focused on fibroblasts (9; 10) to study the cellular 

consequences of CMV-infection. However, in vivo, fibroblasts cells are not the main 

cellular targets for CMV-infection. Immunocompromised su bjects often show 

CMV-reactivation and the presence of viral DNA and/or protein in almost all organs (1 1), 

demonstrating that in vivo, many different cell types are susceptible for CMV-infection. 

This broad cellular tropism is due to the fact that CMV-infection is dependent on the 

cellular expression of integrin heterodimers, and the Epidermal Growth Factor (EGF) 

receptor (12- 1 4). Also pancreatic beta-cells express CMV-entry receptors (15), which 

makes these cells potential targets for cytolytic CMV-infection. 

Direct infection of h uman beta-cells may induce direct cytolytic effects with 

failure of a portion of the beta-cells as a consequence. Notably, cytolytic infection is not 

necessarily the only mechanism by which CMV can exert an effect on beta-cell 

dysfunction. Viral binding to Toll Like Receptor (TLR)-2 and intracellular viral gene 

expression and replication is associated with several events which may lead to 

upregulation of immune cell-activating ligands, both in an autocrine or paracrine fashion 

(16- 19). The increased expression of adhesion molecules and MHC class I and II 

molecules on solid organ grafts of CMV-infected recipients has been reported to render 

allografts more immunogenic, and in this way more prone to immune-mediated 

destruction (16 ;  17). This mechanism of accelerated immune-mediated destruction after 

CMV-infection may also hold true for the destruction of native or transplanted pancreatic 

beta-cells. 

In the present study, we have investigated the effects of HCMV-infection on 

human beta-cells in vitro. We determined the susceptibility of pancreatic beta-cells for 
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HCMV-infection and we studied the consequences of CMV-infection for beta-cel l  

immunogenicity. 

METHODS 

Study design 

The susceptibility of human pancreatic beta-cells for HCMV-infection and the effect of 

HCMV on the immunogenicity of human beta-cells was studied in the beta-cell line CM 

(n= 7  seperate experiments). The results were compared with effects of H CMV on 

cultured human fetal lung fibroblasts (FLF92) (n= 6  seperate experiments), which are 

fully permissive for CMV-infection and replication. Both cell types were infected in vitro 

with a multiplicity of infection (MOI) of 1 plaque forming unit (pfu) per cell. Cells were 

ha rvested at different time points after infection (1 to 7 days after infection) and the 

susceptibility to vira l infection was investigated. 

Since these experiments required large amounts of cel ls, which could impossibly 

be h arvested from the scarce human cadaveric pancreata, we decided to study the 

presence of viral transcripts in both primary beta-cel ls  and the beta-cel l  line CM and to 

further study the susceptibility of beta-cel ls for CMV-infection on the human beta-cell line 

CM. Although the insulin release of this beta-cell line is impaired (20), this cell line 

demonstrates many simila rities to native human beta-cells in respect to beta-cel l  surface 

marker expression (21). Furthermore, the cell line has been proven to be useful to study 

immunologic consequences of viral infection (22) and autoimmune diabetes (23). 

The susceptibility of human pancreatic beta-cells for HCMV was determined by 

quantifying viral infection and replication by measuring the cellula r expression U L11, and 

US28 transcripts, and IE1 and pp65 proteins. To determine the effects on the 

immunogenicity of human beta-cells, we determined the cellular expression of the 

adhesion molecules ICAM-1, and LFA-3, major histocompatibility complex molecules 

HLA-A/B/C and MICA/B by flow cytometry. Furthermore, we determined the expression 

toll like receptor TLR-2 by flow cytometry. 

Cell lines 

Primary human beta-cells were isolated from cadaveric pancreata based on the cellula r  

FAD fluorescence (24). CM insul inoma cel ls  and primary human beta-cel ls  were cultured 

in RPM! (Gibco) containing 60µg/ml gentamycin and 10% feta l calf serum (FCS). Human 
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fetal lung fibroblasts (FLF92) were cultured in DMEM (Gibco) containing 60µg/mL 

gentamycin and 1 0% FCS. Cells were always used between passage number 5 and 20. 

CMV-infection 

Three days prior to infection, primary beta-cells, CM, and FLF92 were seeded in six well 

plates at a concentration of 300.000 and 250.000 cells per well, respectively. One day 

prior to infection, both cell lines were serum starved to improve viral infection, by 

incubation in culture medium containing 3% FCS (infection medium). 

Cells were HCMV-infected (AD169 strain) at a multiplicity of infection (MOI) of 

1 plaque forming unit (pfu)/cel l . Non-infected cell cultures in infection medium served as 

controls. HCMV was incubated with the cel ls for one hour in 1 ml of infection medium, 

after which an additional volume of infection medium was added to a total volume of 

3 ml. Infected primary beta-cells were harvested 72 hours after infection, the infected 

cell lines were harvested at 24, 48, 72, and 96 hours after infection and the cel lular 

expression of viral and host cell gene transcripts and proteins was determined. 

Viral genes. 

Total RNA was extracted from CMV-infected and non-infected cells 72 hours after 

CMV-infection. After DNAse treatment (DNAse-free; Ambion) cDNA was synthesized 

[Superscript III and OligodT primers (Invitrogen)]. Cellular transcripts viral UL1 1 1 , US28 

were detected on a ABI7900 Taqman (Applied Biosystems) using gene specific primers. 

The U L 1 1  forward primer sequence was 5'-cattgaggagatctgcatgaaggt-3', the reverse 

primer sequence was 5'-atccacactaggagagcagact-3', the probe sequence was 

5'-fam-ctttgcccagtacattct-tamra-3'. The US28 forward primer sequence was 

5'-tgtctgctggccgagtttc-3', the reverse primer sequence was 5'-gacgcgaaaagctcatgct-3', 

the probe sequence was 5'-fam-cccgcgatgtatcctg-tamra-3'. Relative gene expression was 

normalized for the cel lular expression of GAPDH and depicted as the delta-Ct value 

(f1Ct-value). 

Cytospot staining 

Cells were harvested using 0.05% Trypsin 0.5 mM EDTA and 50.000 CMV-infected or 

non-infected cells were spotted on glass slides at the indicated time points after infection. 

Spots were air-dried, fixed and permeabilized using a CMV Brite™ Turbo Kit (IQ 

products), and stained for the cellular expression of !El  (E13; AbD Serotec) and pp65 

(C10-C1 1 , Hybridoma derived) according to standard protocols, using a horse-radish 

peroxidase conjugated secondary antibody and 3,3'-diaminobenzidine tetra HCL. 
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Flow Cytometry 

Cel ls  were harvested using 0.05% Trypsin 0. 5 mM EDTA, counted and fixed in ice cold 

PBS containing 0 .5% paraformaldehyde for 5 minutes. Cel ls  were washed and incubated 

with 10% rabbit serum for 30 minutes to block aspecific binding of the secondary 

antibody. Cel ls  were rinsed in PBS containing 1% BSA (PBA) and incubated with the 

primary antibody for 60 minutes. Primary antibodies used were: Anti-human ICAM-1 

(HuS/3-2.1, hybridoma derived), anti-LFA-3 (TS2/9.1.4. 3, hybridoma derived), anti-MHC 

I (W6/32, hybridoma derived), anti MHC II, (HLA-DR, hybridoma derived) al l undiluted, 

Biotin-conjugated anti-MICA/B (1 : 50, Biolegend), and Biotin-conjugated anti-TLR-2 

(1 : 50, Biolegend). After incubation with the primary antibody cel ls were rinsed in PBA 

and incubated with the secondary antibody for 30 minutes. Secondary antibodies used 

were: Fite-conjugated Rabbit-anti-Mouse (Dako) (1 : 50) and Fite-conjugated streptavidin 

(Dako) (1 : 100). Al l incubations were carried out on ice and in the dark. PBA was used 

instead of the primary antibody as a control. Al l negative controls were consistently 

negative. 

At least 10.000 cel ls were analyzed by flow cytometry. During analysis, the 

percentage of positive cel ls was determined based on the sample stained with the 

secondary antibody only. Data were analyzed using Winlist 5.0 software (Verity Software 

House, Topsham, ME). Protein expression levels of CMV-infected cel ls were compared to 

that of non-infected cel ls, and relative expression levels were calculated. Since 100% of 

the CM cel ls  were positive for MHC class I, MHC class II, ICAM-1, and LFA-3, the 

fluorescence intensity levels (MFI) were used to calculate the relative expression levels. 

CM cel ls demonstrated very low levels of TLR-2 and MICA/B, therefore the percentage of 

positive cel ls  was used to calculate the relative expression levels. Relative expression 

levels are expressed as the Expression level of the CMV-infected cells (MFI or %) I 

Expression level of the non-infected cells (MFI or %). Within the experiments, regulation 

of the different proteins was always observed at the same time point. Between the 

experiments, cel ls  always demonstrated similar patterns of regulation of protein 

expression. However, between the experiments the timing of regulation could not be 

pinpointed to an exact time point, but merely to a time range. Therefore, we have 

depicted the mean of peak values ± standard error of the mean (SEM), together with the 

corresponding time ranges. 

Statistics 

Results are expressed as the mean ± standard error of the mean (SEM). Normality of the 

data sets was determined using the Kolmogorov-Smirnov test. When data sets were 

normal ly distributed, differences from a fol d  induction of 1 (protein expression is not 
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regulated in the virally-infected cells as compared to non-infected controls) were 

calculated using the two-tailed One-sample t-test. Differences in time (between groups) 

were calculated using the two-tailed Student t-test. When data sets were not normally 

distributed, differences from a fold induction of 1 were calculated using the Wilcoxon 

signed rank test. Differences between groups were calculated using the Mann-Whitney U 

test. P-values < 0.05 were considered statistically significant. 

RESULTS 

Human beta-cells are susceptible to HCMV-infection 

The susceptibility of pancreatic beta-cells for HCMV was determined in both primary 

human beta-cells, as well as the beta-cell line CM. The direct susceptibility for 

HCMV-infection is demonstrated by the cellular expression of viral immediate early UL111  

and early US28 genes in both primary beta-cells (Figure 1A) and the beta-cell line CM 

(Figure 18). The HCMV-susceptibility of pancreatic beta-cells (CM) was further 

investigated by determining the cellular expression of immediate-early viral protein IEl 

and the early-late protein pp65. The data were compared with results in infected FLF92.  

A 

B 
Ul.111 US21 

Ul.111 US2I 

IE1 pp65 

Figure 1. Cellular viral gene and protein expression. Primary human beta-cells (n=3) (A) and 
human CM insulinoma cells (n=2) (BJ were HCMV-infected. Gene expression of viral UL1 1 1  and US28 
was detected 72 hours after infection using qPCR. Transcriptional levels were corrected for the 
transcription of GAPDH (JjCt-value). Human beta-cells and fibroblasts were HCMV-infected with an 
MOI of 1 pfu/ cell. 72 hours after infection, the cells were harvested and the expression of viral IE1 
and pp65 protein was determined by immunohistochemistry. 72 hours after infection, the beta-cell 
culture demonstrate the presence of IE1 expressing cells (arrows) (C). Pp65 expressing cells were not 
observed (DJ. Infected fibroblasts showed the presence of large numbers of IE1 (E) and pp65 (F) 
expressing cells. 
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Infected beta-cells demonstrate the presence of nuclear IEl staining (Figure lC, depicted 

by the arrows), and absence of pp65 staining (Figure 1 0). However, as compared to 

infected FLF92, two striking  differences were observed. The number of IEl expressing 

beta-cells was markedly lower than the number of IEl expressing F LF92 (Figure l E) and 

HCMV-infected FLF92 showed abundant pp65 expression (Figure l F). 

To demonstrate that the low number of viral protein expressing beta-cel ls is not 

the result of inadequate timing, we determined the number of IEl and pp65 protein 

expressing beta-cel ls and F LF92 from 24 to 96 hours after infection. IEl expressing beta

cells were present at al l  indicated time points, but the percentage of positive cells was 

consistently low (Table 1). Beta-cells expressing pp65 were never observed (data not 

shown). Infected FLF92 demonstrated increasing numbers of IEl positive cells from 24 

hours after infection, reaching almost 100% positivity 96 hours after infection (Table 1). 

The pp65 expression pattern of infected FLF92 was similar to the pattern of FLF92 IEl

expression, reaching almost 100% pp65 positive cells at 96 hours after infection (data 

not shown). 

Table 1. Proportion of IE1 positive cells 

Time (hr) 
CM 
FLF92 

24 
0 . 1 %  

12 .9% 

48 

0 . 52% 

25 .1% 

72 

0 .36% 

31 . 1% 

96 

0 . 17% 

98. 3% 

These results demonstrate that, although human beta-cel ls are susceptible for 

HCMV-infection and express viral proteins, the course of infection is differently regulated 

as compared to permissive fibroblasts. 

CMV-infection enhances human beta-cell immunogenicity 

To determine if HCMV-infection modulates the immunogenicity of human beta-cells, we 

studied the expression of adhesion molecules ICAM- 1  and LFA-3, classical antigen 

presenting major histocompatibility complex (MHC) I molecules, non antigen presenting 

major histocompatibility complex chain related molecules A/B (MICA/B), and antigen 

presenting MHC class II. In addition, Tol l  Like Receptor 2 (TLR-2) expression was 

determined as a measure for cellu lar activation. This was done in HCMV-infected and 

non-infected control cells. The fold induction or fold decrease as compared to 

non-infected control cel ls was applied as a measure for increased or decreased 

immunogenicity of the cel ls.  Resu lts were compared to that of HCMV-infected FLF92 . 
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- CMV-infected 
non-infected 

C:=J neg control 

Figure 2. CMV-infection alters cellular major histo-compatibility complex expression. Human 
beta-cells (A, B, C) (n=7) and fibroblasts (D, E) (n=6) were HCMV-infected at an MOI of 1 .  
Subsequently, the cellular expression of  MHC class I (A & D), MIC (B & E), and MHC class II (C) was 
determined by flow cytometry from 24 to 96 hours after infection. All panels on the right show the 
mean ± SEM of relative expression levels of CMV-infected cells compared to uninfected control cells. 
All samples demon-strated similar expression patterns, but the timing of regulation differed between 
the experiments, therefore peak-values are depicted with the corre-sponding time-range. All panels 
on the left show flow cytometry graphs. The graphs show cells stained with the secondary antibody 
only (filled grey), uninfected cells stained with both primary and secondary antibodies (thin black 
line), and CMV-infected cells stained with both primary and secondary antibodies (bold black line). 
P-values < 0. 05 and P-values < 0. 01 (**) were considered statistically significant. 
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HCMV-infection-induced an increased expression of MHC class I molecules in beta-cel ls as 

compared to non-infected controls between 24 to 72 hours after infection (P<0.01). The 

cel lular MHC I expression was back to basal levels between 48 to 96 hours after infection 

(P<0.05) (Figure 2A). Notably, a population of MICA/B expressing beta-cel ls  appeared 

rapidly after CMV-infection and was not observed in the non-infected control cel ls 

(P<0.05). MICA/B-positive beta-cel ls disappeared between 48 to 96 hours after infection 

(P<0.05) (Figure 2B). The expression of MHC class II molecules was not different 

between HCMV-infected beta-cel ls  and control cel ls between 24 to 72 hours after 

infection. Beta-cel l  MHC II expression was slightly, but significantly, upregulated between 

48 to 96 hours after infection, as compared to non-infected control cel ls  (P<0.05) (Figure 

2C). 
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CMV-infected 
non-infected 

c::J neg control 

Figure 3. CMV-infection 
alters cellular expression of 
adhesion molecules. Human 
beta-cells (A, BJ (n = 7) and 
fibroblasts (C, DJ (n =6) were 
HCMV-infected at an MOI of 1, 
and the cellular expression of 
ICAM-1 (A & CJ and LFA-3 (B & 

D) was determined by flow 
cytometry from 24 to 96 hours 
after infection. All panels on 
the right show the mean ± 
SEM of relative expression 
levels of CMV-infected cells 
compared to uninfected control 
cells. All samples demonstra
ted similar expression 
patterns, but the timing of 
regulation differed between the 
experiments, therefore peak
values are depicted with the 
corresponding time-range. All 
the panels on the left show 
flow cytometry graphs. Flow 
cytometry graphs show cells 
stained with the secondary 
antibody only (filled grey), 
uninfected cells stained with 
both primary and secondary 
antibodies (thin black line), 
and CMV-infected cells stained 
with both primary and 
secondary antibodies (bold 
black line). P-values < O. 05 
(*) and P-values < 0. 01 (**) 
were considered statistically 
significant. 



CHAPTER 7 

The regulation of MHC molecules was different in HCMV-infected FLF92. CMV-infection 

significantly decreased the MHC I membrane expression in a large portion of the 

fibroblasts between 48 to 96 hours after infection as compared to non-infected control 

cells (P<0.05) (Figure 2D). A second population of FLF92 in the infection culture 

demonstrated increased MHC class I expression (Figure 2D). Over time, the number of 

FLF92 demonstrating a downregulation of MHC class I expression increased, which 

resulted in a significant decrease in the MHC class I expression of the total FLF92 

population from 48 to 96 hours after infection (P<0.05) (Figure 2D). Similar to 

non-infected beta-cells, non-infected FLF92 demonstrated low membrane MICA/B 

expression (Figure 2E). In contrast to HCMV-infected beta-cells, FLF92 MICA/B 

expression was not affected by the HCMV-infection (Figure 2E). FLF92 did not express 

MHC class II molecules, nor was the expression of MHC class II induced after 

CMV-infection (data not shown). 

A � CM 
C: 
0 

·1 
a, 

.J 
I-
a, > � 

D: ... "" 

B a, FLF92 
C: 
0 

a, 

.J 
I-
a, > � 

1 .5 

1.0 

0.5 

0.0 

1.5 

1.0 

0.5 

0.0 

24-72 48-96 

24-72 48-96 

CMV-infected 
non-infected 

c==J neg control 

Figure 4. TLR-2 expression is not affected by CMV-infection. Human beta-cells (A) (n = 7) and 
fibroblasts (BJ (n =6) were HCMV-infected at an MOI of 1 .  Subsequently, the cellular expression of 
TLR-2 was determined by flow cytometry from 24 to 96 hours after infection. All panels on the right 
show the mean ± SEM of relative expression levels of CMV-infected cells compared to uninfected 
control cells. All samples demonstrated similar expression patterns, but the timing of regulation 
differed between the experiments, therefore peak-values are depicted with the corresponding 
time-range. All the panels on the left show flow cytometry graphs. Flow cytometry graphs show cells 
stained with the secondary antibody only (filled grey), uninfected cells stained with both primary and 
secondary antibodies (thin black line), and CMV-infected cells stained with both primary and 
secondary antibodies (bold black line). P-values < 0. 05 (*) and P-values < 0. 01 (**) were considered 
statistically significant. 
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In addition to studying the modulation of MHC molecule expression, we 

determined the modulation of adhesion molecule expression in HCMV-infected beta-cells. 

HCMV-infected beta-cells demonstrated an increased ICAM- 1 expression of almost 20% 

early after infection as compared to non-infected control cells (P<0.01) (Figure 3A). 

Beta-cell LFA-3 expression was unaffected by the HCMV-infection (Figure 3B). The 

regulation of adhesion molecules was different in HCMV-infected FLF92, which 

demonstrated a significant upregulation of ICAM- 1 expression over time (P<0.05) (Figure 

3C), which was more than doubled from 48 to 96 hours after infection as compared to 

non-infected control cells (P<0.05). FLF92 LFA-3 expression was al ready upregulated 

early after infection (P<0.05) and the expression of LFA-3 remained increased between 

48 to 96 hours after HCMV-infection (P<0.05) (Figure 3D). 

Activation of TLRs and subsequent pro-inflammatory cytokine release is an 

important mechanism to regulate adaptive immune responses (25). Since CMV is known 

to interact with TLR-2 prior to cellular infection (26-28), we questioned whether this also 

holds true for CMV-infected human beta-cells. As shown in Figure 4, TLR-2 expression 

was low on both human beta-cells (Figure 4A) and FLF92 (Figure 4B), and the expression 

was not affected by the HCMV-infection .  

Although HCMV-infection differently regulates the  expression of  immune cell

activating ligands in beta-cells as compared to fibroblasts, HCMV-infection is able to 

increase the cellular immunogenicity of both beta-cells as well as fibroblasts. 

DISCUSSION 

In the present study we demonstrate that both primary beta-cells and the pancreatic 

beta-cell line CM are susceptible for HCMV-infection. Although, pp65 protein expression 

or cytopathogenic effects were not observed in HCMV-infected human beta-cells, this 

study demonstrates cel lular expression of HCMV U ll l l, US28, and IEl protein, which 

confirms the HCMV-infection of these cells. The absence of pp65 expression in infected 

beta-cells suggests that human pancreatic beta-cells are abortively infected and do not 

support the later stages of viral infection. HCMV-infection of human pancreatic beta-cells 

was differently regulated as compared to infected fibroblasts, which demonstrated high 

levels of both HCMV IEl and early- late pp65 protein expression together with 

infection-induced cell death . 

Similar to RCMV-infected rat beta-cells (Chapter 6), human beta-cells 

demonstrated persistent low levels of viral immediate early protein expression. This 
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strengthens the hypothesis that pancreatic beta-cells support persistent, abortive 

CMV-infection, similar to infected monocytes (29), polymorphonuclear leukocytes 

(30; 31), bone marrow hematopoietic progenitors (32;33), stromal cells (34), 

hepatocytes (35), vascular smooth muscle cells (36) and retinal pigment epithelial cel ls  

(37 ;38). This observation is  of  clinical relevance, since persistent, abortive infection of 

native pancreatic beta-cells may explain the absence of clear beta-cell CMV-infection in 
vivo. Persistent, abortive beta-cell infection may be difficult to detect with conventional 

microscopy, despite clear-cut effects of the CMV-infection on beta-cell  function and 

survival (1;39)(Chapter 2 and 3). 

In the present study, we demonstrate not only that human pancreatic beta-cells 

are susceptible to HCMV-infection, but also that HCMV-infected beta-cel ls  promptly 

upregulate the expression of immune cel l-activating ligands MHC I, MICA/B, ICAM-1. An 

important consequence of increased immunogenicity is that the cells are more prone to 

immune-mediated destruction. The association between upregulation of ICAM-1, MHC-I 

and MIC and destruction of islet-cel ls has been demonstrated in several studies. E. g .  

administration of blocking antibodies directed against ICAM-1 markedly improved islet 

allograft survival ( 40). Also, it has been demonstrated that increased beta-cel l  antigen 

presentation by MHC class I molecules is associated autoimmune destruction of native 

beta-cells ( 41;42). The importance of MIC molecules in graft survival was demonstrated 

by Hankey et al, who demonstrated that increased MIC expression on pancreatic and 

renal allografts highly correlated with g raft rejection ( 43). Increased MIC expression on 

CMV-infected native or transplanted beta-cells may play an important role in T and NK 

cell activation and subsequent beta-cell destruction, as demonstrated by Groh et al, by 

using CMV-infected endothelial cells (9). 

It has been demonstrated that the increased expression of ICAM-1 on 

CMV-infected human fibroblasts is the effect of the immediate early or early stages of 

viral gene expression (10). This might also hold true for HCMV-infected beta-cel l s. In 

beta-cells, ICAM-1 is expressed at lower levels than in fibroblasts, which may be 

associated with a lower !El expression in the infected beta-cel ls .  However, increased 

ICAM-1 expression on infected beta-cells may also be the result of the infection stages 

preceding viral gene transcription, i.e. viral interactions with TLR-2 or viral entry leading 

to cellular activation, since increased ICAM-1 expression on infected beta-cells was 

observed earlier (24-72 hrs .)  as compared to the IE or E viral gene expression induced 

ICAM-1 expression on infected fibroblasts (48-96 hrs.). Also, the discrepancy between 

the number of beta-cells expressing viral ! E l  as compared to the effect of HCMV-infection 

on ICAM-1 expression suggests that cellular activation via TLR-2 might be enough to 

merit large cellular effects. 
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MHC I expression in beta-cells was differently regulated as compared to infected 

fibroblasts. Fibroblasts demonstrated a profound decrease in membrane MHC class I 

expression. This downregulation of MHC I has also been demonstrated for infected 

vascular endothelial cells (44) and neural stem cells (45), and is dependent on the 

cellular expression of viral immediate early protein US3, and early- late proteins US2, 

US6, US10, and US11 (46). Notably, however, our data are in line with the results of 

others, since also vascular smooth muscle cells (36), esthesioneuroblastoma cells ( 47), 

lung epithelial cells (48) and kidney epithelial cells (49) demonstrate upregulated MHC I 

expression following CMV-infection. This demonstrates that regulation of MHC I surface 

expression is highly cell-type specific. This cell type specific regulation of MHC I may be 

dependent on the cell-type specific course of CMV-infection, and in case of low-grade or 

abortive infections, on the absence of US3, US2, US6, USlO, and/or USl l protein 

expression. The early upregulation of MHC class I molecules on both beta-cells and 

fibroblasts may be attributed to the release of pro-inflammatory factors in response to 

HCMV-TLR-2 interactions (18; 19). A similar cellular response has been demonstrated for 

beta-cells with other viruses before (22). 

Infected beta-cells, but not fibroblasts, demonstrate an upregulation of cellular 

MICA/B expression. MIC molecules are distant relatives of classical MHC I, but lack the 

antigen presenting properties (50-53). The expression of MIC can be induced upon 

cellular stress (54;55), and expression can, upon binding to NKG2D on immune cells, 

activate NK cell, y'o T cel l ,  and even a(3 T cell cytolytic effector functions (55). Groh et al 

(9) has demonstrated that CMV-infected human fibroblasts and endothelial cells quickly 

upregulate cellular MIC expression, which makes these cells particularly vulnerable for 

immune-mediated destruction (9). We demonstrate that this CMV-mediated upregulation 

of MIC molecules also holds true for infected human beta-cel ls. The absence of 

upregulation of MIC on CMV-infected fetal lung fibroblasts, even after infection at an MO! 

of 10 pfu/cel l  (data not shown), suggests that the regulation of MIC expression after 

CMV-infection is not only cell type specific, but is also dependent on the tissue the cells 

originate from. 

In conclusion, we demonstrate that human beta-cells allows HCMV-infection. 

The absence of early-late pp65 staining suggests that beta-cells are abortively infected, 

however the binding and entry of virions and the immediate-early and early stages of 

viral infection appear to be sufficient to increase beta-cell immunogenicity. We propose 

that CMV-induced increased beta-cell immunogenicity is an important accelerating step in 

the development of autoimmune Diabetes or the rejection of islet allografts. 
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At present, Cytomegalovirus (CMV) has gained only minor attention as a factor in islet 

graft rejection . Only two studies address this issue ( 1 ; 2), but could only suggest the 

involvement of the virus in islet graft rejection, rather than  prove it. This cou ld be 

attributed to the smal l  sample size and the short fol low-up period . As outl ined in 

Chapter 1 ,  on a theoretical basis, CMV-infection should be considered as a detrimenta l  

factor in islet graft survival .  

1 .  CMV-infection accelerates graft failure 

In Chapter 2 we demonstrate that rat CMV (RCMV)-infection hampers islet graft function 

and survival in vivo. In Chapter 2 we demonstrate that RCMV-infection accelerates the 

fai lure of islet al lografts. The increased infiltration of both cos+ T cel ls and NK(T) cel ls i n  

the grafts of  the CMV-infected recipients suggests that CMV enhances a destructive 

immune response towards the islet a llografts, similar to that observed in solid organ 

transplantation (3-10) .  

Figure 1. CMV-infection of islet allografts prior to graft failure. Histological staining of  the graft 
of a CMV-infected recipient prior to complete graft failure (7 days after transplantation) demonstrated 
CMV-infected cells in the islet graft (A) as well as the adjacent liver tissue (BJ. CMV-infection was 
determined by nuclear viral R44-staining (depicted by the arrows, 20x magnification). 

Although promiscuous recognition of CMV-antigens cannot be ruled out (1 1),  it is highly 

unl ikely that the recruited cos+ T cel ls recognize viral antigens in the context of foreign 

MHC class I. Therefore, we postulate that the infiltrating cos+ T cel ls are a llo-antigen 

specific rather than directed against viral ly i nfected cel ls. However, at this point, we can 

not rule out any direct effects of the virus on the graft, since in a pi lot experiment, in 

which a CMV-infected islet a l lograft recipient was sacrificed prior to complete graft fai lure 

(day 7), we found vira l ly infected cel ls (Figure 1 ) .  However, the presence of vira l ly 

infected cel ls does not proof that vira l  infection of the graft directly contributes to graft 

fai lure .  Therefore, we determined the effect of CMV-infection in a syngenic 

transplantation model, i n  which a l loreactivity is lacking (Chapter 3). Although complete 

142 



CHAPTER 8 

failure of the islet grafts was not observed in the CMV-infected recipients, the infection 

significantly impaired the glucose-stimulated insulin release. This confirms that 

CMV-infection also has direct effects on islet graft function. Since this effect was found in 

the absence of systemic viremia, our study demonstrates that even subclinical infection 

has profound effects on graft function. This is of clinical relevance, since it rebuts the 

assumption that the absence of clinical signs of CMV-infection in islet graft recipients 

implies the absence of effects of CMV on graft survival. 

Thus, we demonstrate that subclinical CMV-infection directly impairs islet graft 

function and that the infection accelerates the graft destructive alloimmune response. 

2. Systemic immunoactivation and local immunomodulation by CMV 

2. 1 Favorable balance for local cos+ T cells and NK cells vs. regulatory T cells after CMV 

infection 

In Chapter 4 and 5, we have investigated peripheral and local frequencies of effector 

T cells, regulatory T cells, NKT cells, and NK cells after transplantation and CMV-infection. 

Peripherally, we found increased frequencies of circulating co4+ effector T cells, 

regulatory T, NKT cells (Chapter 4), and NK cells (Chapter 5) in the CMV-infected 

animals. This illustrates a systemic immune response to the infection. Although the 

frequency of effector cells increased in the CMV-infected recipients, the concurrent 

increase in regulatory T cells prevented a peripheral imbalance between regulatory cells 

and effector cells. 

Locally, we found infiltration of co4+ T cells, cos+ T cells, and some regulatory 

T cells. Further study of the infiltrating NK(T) cel ls (Chapter 2) revealed that the vast 

majority of the infiltrating cells were NK cells, rather than NKT cells (Chapter 4 and 5). 

In the CMV-infected recipients, the infiltration of cos+ T (Chapter 4) and NK cells 

(Chapter 5) was significantly increased as compared to the non-infected controls, 

whereas the infiltration of regulatory T cells was not affected (Chapter 4 ) .  This suggests 

that CMV-accelerated graft failure is the result of a local imbalance between recruited 

allogeneic effector cos+ T cells, NK cells and regulatory T cells. 

2.2 CMV promotes increased frequencies of specific NK and NKT cell subpopulations 

Increased frequencies of circulating NK cells in the CMV-infected recipients, and the 

recruitment of NK cells to the islet allografts of both CMV-infected as well as non-infected 

controls (Chapter 2), suggests a role for these cells in allorecognition and graft 

destruction, in addition to restraining viral infection (12). Both the NK cell alloreactivity 
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(13-16) and the antiviral response (17) depend on specific NK cell subpopulations, rather 

than the NK cell population as a whole. These populations can be distinguished by the 

expression of (combinations of) specific Ly49-receptors [family of Killer cell Lectin like 

Receptors in rat (KLRs; equivalent of human KIR)] (18-23). 

Peripherally, we observed increased frequencies of Ly49i2+ NK (Chapter 5) and 

NKT cells (Chapter 4) after both islet transplantation alone and transplantation 

combined with CMV-infection. The NKT cell population demonstrated an increased 

frequency of KLRHl + cells after CMV-infection (Chapter 4), which was not observed in 

the NK cell population. When the population of Ly49s3+ NK and NKT cells was analyzed, 

we observed dramatically increased frequencies of Ly49s3+ NK and NKT cells in the 

CMV-infected recipients (Chapter 4 & 5) . In both the NK and NKT cell population the 

frequency of NKR-PlB expressing cells was unaltered (Chapter 4 & 5) or even 

decreased (spleen) (Chapter 5) . Locally, we observed a significantly increased 

infiltration of both Ly49i2+ and Ly49s3+ NK cells in the grafts of the CMV-infected 

recipients. These results demonstrate that the peripheral and local NK and NKT cell 

response to the CMV-infection can be specifically attributed to the Ly49+ /KLRHl + 

subpopulation, rather than the NK or NKT cell population as a whole. Furthermore, it 

suggests the direct involvement of Ly49+/KLRH1 + subpopulations, especially Ly49s3+ 

cells, in antiviral responses, allorecognition and subsequent graft destruction. 

That alloreactive Ly49s3+ NK and NKT cells are primarily activated by the CMV

infection was demonstrated in a second pilot experiment. In this experiment, the splenic 

Ly49s3+ NK and NKT cell population was found to be increased in latently infected islet 

isograft recipients at day 100 after transplantation (Figure 2A and 2B resp.). 
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Figure 2. CMV-infection is associated with increased frequencies of splenic Ly49s3+ cells. 
The percentage of Ly49s3+ NK (A) and NKT cells (BJ was determined in the spleens of CMV-infected 
(black bars) (n=2) and non-infected islet isograft recipients (white bars) (n =3) at day 1 00 after 
transplantation. The CMV-infected recipients demonstrate increased frequencies of splenic Ly49s3+ NK 
and NKT cells. Results are presented as the mean ± SEM. 

This experiment demonstrates that, even in the absence of a lloreactivity, increased 

frequencies of Ly49s3+ NK and NKT cells can be observed in the spleens but not in the 
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grafts. Strikingly, this was observed in animals that had never demonstrated clin ica l  

signs of CMV-infection. Again, this demonstrates that even subcl in ical, or latent CMV

infection, may contribute to al lograft destruction, by promoting the emergence of specific 

antivira l  and concomitantly a l loreactive NK and NKT cel l  subsets. Simi lar to murine  

Ly49W NK cel ls, rat Ly49s3+ NK cel ls may be directly involved in control l ing 

CMV-infection . The increased frequency of Ly49s3+ cel ls in the spleens of CMV-infected 

islet a l lograft recipients further supports this argumentation (Chapter 5) . 
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Figure 3. Modulation of host cell gene expression depends on both direct viral infection as 
well as on paracrlne effects. CMV-infected beta-cells (A & B) and fibroblasts (D & E) were 
co-cultured with non-Infected cells In a trans-well system. The membrane between the two cell 
populations was permeable for soluble factors, but not for virus particles. After 72 hours of Infection 
the cellular expression of ICAM-1 and MHC I was measured by flow cytometry. Directly CMV-lnfected 
beta-cells (bold black line) demonstrated upregu/ated ICAM-1 and MHC I expression as compared to 
non-infected beta-cells (thin black line), or beta-cells co-cultured with non-Infected beta-cells (grey 
line). Beta-cells co-cultured with directly infected beta-cells (red line) demonstrated increased MHC I 
expression (B), which was similar to the directly infected beta-cells. The ICAM-1 expression of the 
co-cultured beta-cells was not Increased (A). Only directly Infected fibroblasts demonstrated 
upregulation of ICAM-1 (D) and downregulation of MHC I expression (E). Beta-cells Infected with 
inactivated virus particles for 72 hours (C) (red line), demonstrated similar upregulatlon of MHC I 
expression as compared to beta-cells infected with infectious virus particles (bold black 1/ne). The thin 
black line represents non-infected beta-cells. Fibroblasts infected with inactivated virus particles (F) 
(red line) demonstrated increased MHC I expression, as compared to non-infected cells (thin black 
line). Fibroblasts infected with infectious particles demonstrated downregulated MHC I expression 
(bold black llne). 
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We questioned how antiviral Ly49s3+ NK and NKT cel ls  could contribute to islet allograft 

destruction. Recruitment of Ly49s3+ NK and NKT cells to the graft, recog nition of Ly49s3 

l igands, e.g. RTl molecules from the CE/N/M region (investigated in Chapter 6),  and the 

lack of 'self' MHC I to inhibit these sig nals, may induce NK and NKT cell effector functions 

and promote g raft destruction. CMV-infection may enhance this process by increasing the 

intragraft expression of Ly49s3-ligands, leading to increased recognizabi l ity of the islet 

g raft. These Ly49s3 ligands may be either CMV-specific antigens, or upregulated 

RTl -CE/N/M protei ns (i nvestigated in Chapter 6). 

A rapid recruitment of Ly49s3+ NK and NKT cells to the inflamed transplantation 

site and activation of NK and NKT cell effector functions, may result in viral clearance and 

simultaneously contribute to graft destruction, either via di rect cytotoxicity or via 

bystander activation of immunosuppressed allogeneic effector T cells. 

2.3 CMV-infection enhances immunogenicity of pancreatic beta-cells 

Several studies in both humans and rodents suggest that CMV-infection of sol id organ 

g rafts increases the g raft immunogenicity and renders the grafts more prone to 

immune-mediated destruction (24;25). This might also hold true for the beta-cel ls within  

the islet g rafts. In  Chapter 6, we demonstrate that fol lowing RCMV-infection in  vitro, rat 

beta-cel ls increase the cel lular expression of the adhesion molecules ICAM-1 and LFA-3, 

both the classical antigen presenting MHC class I molecule RTl -A and the 

stress-associated MHC class I molecule RTl-E, and TLR-2 and its chaperone CD14. This 

was slightly different in human beta-cells. After HCMV-infection ,  human beta-cells 

i ncreased the expression of the adhesion molecule ICAM-1, the classical MHC class I, and 

the stress-related MHC class I mo lecules MICA/B (Chapter 7) . In contrast to 

RCMV-infected rat beta-cel ls, LFA-3 and TLR-2 were not upregulated after CMV-i nfection 

of human beta-cel ls (Chapter 7). This may be explained by differences in the detection 

method (mRNA vs. protein) or the genomic differences between rat and human CMV (26-

28). In spite of this minor difference between rat and human cel ls, our results 

demonstrate that fol lowing CMV-infection ,  both rat and human pancreatic beta-cells 

display a profound increase in cel lular immunogenicity. 

Notab ly, after CMV-infection of human beta-cells, less than 1 % of the beta-cells  

demonstrated viral !El-expression ,  whereas a much larger proportion upregulated the 

expression of immunogenic proteins.  This discrepancy suggests that subliminal beta-cell 

HCMV-infection,  or paracrine effects are enough to merit large cellular effects. A pilot 

experiment demonstrated that inactivation of HCMV particles or co-culturing  of infected 

cel ls  with non-infected cel ls  on a semi-permeable membrane abol ished beta-cell ICAM-1 

upregulation, as well as the regulatio n  of ICAM-1 and MHC-I in fibroblasts. 
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Figure 4. Proposed model of CMV-induced islet allograft failure. Systemic CMV-infection may 
promote the emergence of effector CD4+ T cells, regulatory T cells, and alloreactive Ly49+ NK and 
NKT cell populations. Locally, CMV-infection may enhance the release of pro-inflammatory cytokines 
and chemokines via TLR-2 signaling. The local expression of adhesion molecules, classical MHC I and 
non-classical MHC I molecules may be increased by direct infection of the islet graft cells, and as a 
result of the local pro-inflammatory environment. Furthermore, this pro-inflammatory environment 
may recruit alloreactive cos+ T cells, alloreactive NK cells and alloreactive NKT cells to the islet 
allograft. Also co4+ T cells and regulatory T cells may be present, but are not excessively recruited. 
Recognition of non-classical MHC I molecules on the graft by activating Ly49-receptors on NK and NKT 
cells, in the absence of regulating signals of 'self' MHC I molecules, efficiently activates NK and NKT 
cell effector functions. Furthermore, the excessive pro-inflammatory environment may facilitate the 
activation of alloreactive cos+ T cells, despite suppression provided by regulatory T cells and 
ciclosporin A (CsA). 
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Beta-cell MHC I regu lation was, however, not affected (Figu re 3A to 3F). This suggests 

that beta-cell  immunogenicity is affected by viral gene expression as wel l as by 

paracrine-acting factors released from cel ls infected by, or in contact with, CMV. 

Interesting ly, Tol l like receptor-2 (TLR-2), also expressed on pancreatic beta-cel ls 

(29;30), has been suggested to play a role in these viral-cel l  contact mediated effects 

(31).  This suggests that low-grade infection or the mere presence of CMV-particles in the 

graft may al ready have large consequences for graft immunogenicity and graft 

destruction. 

On the basis of ou r findings, we propose the fol lowing mechanism of 

CMV-induced allograft rejection. During the primary antiviral imm une response, specific, 

putative al loreactive, immune cel l populations emerge, which are effectively attracted to 

the inflamed al lograft. This recruitment of imm une cel ls  to the islet al lografts is enhanced 

by a CMV-increased local immunogenicity. The final result is immune activation and 

effective, immune-mediated islet al log raft destruction (Fig ure 4). 

3. Final considerations 

The studies presented in this thesis demonstrate that CMV-infection is detrimental to rat 

islet graft function and survival.  Furthermore, we demonstrate that, even subcl inical, 

CMV-infection may contribute to rejection, by promoting the emergence of specific 

al loreactive NK and NKT cel l  populations and by increasing the local graft 

immunogenicity. 

The cu rrent resu lts have important implications for human islet transplantation 

and demonstrate that research efforts should be directed towards determining the role of 

CMV in hu man islet graft failure. Up to now, the l ack of systemic viremia after clinical 

islet transplantation has been the main rationale to exclude CMV-infection as a factor in 

islet g raft fai lure. However, based on ou r findings, we propose that even low-grade, 

su bclinical CMV-infection is a detrimental factor in islet transplantation. 

Furthermore, we demonstrated that putatively al loreactive KLR-expressing NK 

and NKT cel l populations emerge during CMV-infection and may be detrimental to islet 

al log raft su rvival. Human studies are mandatory to determine the role of KIR-expressing 

NK and NKT cel ls in CMV-induced human islet graft fail u re. Fu rthermore, the 

identification of NK and NKT cel l subpopu lations involved in g raft destruction may serve 

as a tool to specifical ly target al loreactive cel ls and to restore a tolerance-inducing 

immune balance. 

Now that we have experimentally determined the role of CMV-infection in the 

rejection of islet al lografts, we can focus on new clinical relevant research questions. It is 

mandatory to study the role of antiviral medication. Although is has been demonstrated 
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that antiviral medication cannot delete CMV-induced rejection episodes (32;33), it is sti l l  

interesting to  study graft immunogenicity and al loreactivity under subcl inical CMV

infection. Also, transplantation of latently infected islets, alone or in combination with 

non-infected islets (mimicking pooling of donor tissue), in the presence and absence of 

antiviral medication, may predict the speed and frequency of CMV-induced rejection 

processes in man. Furthermore, transplantation of islets in CMV-infected autoimmune 

diabetic rats may provide further insight in the additional effects of the autoimmune 

response to CMV-accelerated graft destruction. 

We also feel that the involvement of specific NK and NKT cel l  subpopulations in 

CMV-accelerated islet graft rejection needs further investigation. Depletion of specific NK 

or NKT cel l populations prior to transplantation, wi l l  provide quantitative data on the 

contribution of these cel ls in the rejection process. This, combined with an analysis of the 

local chemokine and cytokine profile, may give more insight in the recruitment of specific 

immune cel ls and the local regulatory and pro-inflammatory processes. This is of cl inical 

relevance, since it may provide new targets to prevent CMV-induced graft rejection. 

Currently, islet transplant recipients receive a triple immunosuppressive 

regimen, consisting of low-dose Tacrolimus ( FKS06), Sirol imus (Rapamycin), and 

Dacluzimab, which aim at suppressing T cel l activation and prol iferation (34). This 

combination cannot be used in experimental animal models, as it induces severe insul in 

resistance (35). However, based on the avai lable studies, we can conclude that this triple 

immunosuppressive regimen is ineffective in suppressing NK cel l  activity. Clinical ly, the 

use of Tacrolimus has been associated with increased numbers and cytotoxic capacity of 

circulating NK cel ls following renal transplantation (36), rather than to suppress NK cel l  

function. Moreover, Sirol imus i s  ineffective in  inhibiting NK cel l  function in  the dosis 

applied in cl inical islet transplantation (37 ;38). Therefore, we feel that to improve and 

prolong cl inical islet graft function, future research should focus on suppressing NK cel l 

function, in addition to suppressing T cel l  function. 
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CHAPTER 9 

INLEIDING 

In Hoofdstuk 1 wordt een algemene inleiding gegeven waarin de achtergrond van het 

onderzoek besproken wordt. 

Type I Diabetes 

Glucose is de belangrijkste brandstof van het menselijk lichaam. Vanuit het maag-darm 

kanaal wordt glucose getransporteerd naar het bloed, van waaruit het vervolgens 

opgenomen wordt in de weefsels . Voor deze opname is insuline noodzakelijk. 

In de alvleesklier (pancreas) bevinden zich kleine endocriene structuren; de 

eilandjes van Langerhans. Deze eilandjes bestaan uit verschi l lende celtypen, waarvan het 

grootste deel de insuline producerende beta-cel l en zijn. Bij patienten die lijden aan Type 

I Diabetes zijn door een immuunreactie (het immuunsysteem richt zich tegen 

lichaamseigen cel len) de beta-cel len verdwenen, met als gevolg een tekort aan insuline. 

Bij deze patienten stijgt hierdoor de bloedsuikerspiegel (hyperglycemie) en kan er op den 

duur o .a .  ernstige vaatschade optreden. 

Tot op heden worden Type I Diabetes patienten behandeld met insuline. 

Ondanks succesvolle daling van de bloedsuikerspiegels kent deze therapie verschil lende 

nadelen. Gemiddeld genomen blijven de bloedsuikerspiegels van patienten systematisch 

te hoog en kan er op lange termijn neg steeds vaatschade optreden. Ook lijden veel 

Diabetes patienten vaak aan hypoglycemische episodes, een toestand waarbij de 

bloedsuikerspiegels gevaarlijk laag zijn en de patient in coma kan raken. Daarnaast is de 

toediening van insuline geen genezende therapie en beperkt de therapie de kwaliteit van 

leven. Er is om deze redenen veel interesse voor nieuwe therapieen die de 

bloedsuikerspiegel van minuut-tot-minuut nauwkeurig reguleren. Een van deze 

therapieen is de transplantatie van insuline producerende eilandjes van Langerhans. 

Transplantatie van Eilandjes van Langerhans 

Naar de mogelijkheid om eilandjes van Langerhans te transplanteren wordt al onderzoek 

gedaan sinds 1974. Tot 2000 waren de pogingen echter weinig succesvol; van al le 

getransplanteerde patienten werd slechts 10% van de patienten langdurig onafhankelijk 

van insuline. Dit veranderde in 2000, toen de groep van Dr. Shapiro een 

transplantatieprotocol ontwikkelde dat gebaseerd was op transplantatie van een groot 

aantal eilandjes van Langerhans en een nieuwe immuunsuppressieve therapie (medicatie 

die activatie van het immuunsysteem onderdrukt). De eerste 7 getransplanteerde 

patienten lieten goede transplantaatfunctie zien en waren tot 14 maanden na 
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transplantatie volledig insuline onafhankelijk. Dit succes heeft wereldwijd geleid tot een 

toename in het aantal uitgevoerde eilandjes transplantaties. Echter, teen in 2005, door 

de groep van Dr. Shapiro, de 5-jaar overleving van eilandjes transplantaten werd 

gepubliceerd, verminderde het initiele enthousiasme. Slechts bij 10% van de 

getransplanteerde patienten was 5 jaar na transplantatie nog sprake van volledige 

transplantaatfunctie, terwijl bij 90% van de patienten de transplantaatfunctie gedeeltelijk 

of volledig was verloren. 

Tot op heden is het niet geheel duidelijk welke factoren van invloed zijn op het 

succes of falen van getransplanteerd eilandjes. Uitputting van het transplantaat, een 

immuunreactie gericht tegen het lichaamsvreemde transplantaat (alloreactiviteit), of een 

terugkerende immuunreactie tegen de beta-cellen (autoreactiviteit) zouden tot 

transplantaatfalen kunnen leiden. Echter, ook virale infecties zeals Cytomegalovirus 

(CMV) infecties zouden van invloed kunnen zijn op de transplantaatfunctie. 

Cytomegalovirus infectie 

Cytomegalovirus is een virus dat behoort tot de beta-herpes virussen. Infectie met dit 

virus, door bijvoorbeeld bleed of speeksel, leidt in gezonde personen niet, of nauwelijks, 

tot symptomen. Echter, na infectie blijft het virus een leven lang in het lichaam aanwezig 

(latente infectie). Zo is ca. 60 tot 80% van de bevolking ge'infecteerd met CMV. Bij 

patienten waarbij het immuunsysteem niet, of onvoldoende werkzaam is, bijvoorbeeld 

AIDS patienten of patienten die een transplantatie hebben ondergaan en immuun

suppressieve medicatie toegediend krijgen, kan het virus reactiveren en CMV-ziekte 

veroorzaken. Omdat het virus veel verschillende celtypen kan infecteren, kan CMV-ziekte 

zich openbaren in ongeveer ieder orgaan. 

CMV-infectie van beta-cellen zou de celfunctie kunnen aantasten of kunnen 

leiden tot celdood, met Diabetes of transplantaatfalen als gevolg. Of de insuline 

producerende beta-cellen ook ge'infecteerd kunnen worden is tot op heden onduidelijk. 

Cytomega/ovirus en transplantatie 

Na 'solid organ' transplantatie (hart, long, lever, nier) laat 30 tot 75% van de patienten 

een klinisch detecteerbare systemische CMV-infectie zien. Dit als gevolg van de 

toegediende immuunsuppressie. In 8 tot 30% van deze patienten kan dit vervolgens 

leiden tot ernstige CMV-ziekte. Naast deze directe klinische effecten van CMV- infectie, 

bestaat er door de infectie een verhoogd risico op nieuwe infecties, schade aan het 

transplantaat of zelfs transplantaatafstoting . 

In deze patienten kan het virus zowel afkomstig zijn van de ontvanger (dit wordt 

reactivatie genoemd) als van het donor orgaan. In het laatste geval veroorzaakt dit een 
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primaire infectie als de ontvanger niet ge"infecteerd is, of een superinfectie als zowel 

donor als ontvanger ge"infecteerd zijn. Zowel de ernst van de CMV-infectie, als van de 

indirecte consequenties (secundaire infecties en transplantaatafstoting) lijken het hoogst 

wanneer het virus ge'introduceerd wordt vanuit het donororgaan in een niet ge'infecteerde 

ontvanger. Dit, omdat de ontvanger het virus nog niet eerder heeft gezien en geen 

immunologisch geheugen heeft opgebouwd hiervoor. 

In verschillende humane en dierstudies is aangetoond dat CMV-infectie de 

afstoting van transplantaten versnelt. Ondanks dat er nog veel onduidelijk is over het 

exacte mechanisme van CMV-ge'induceerd transplantaatfalen, lijkt met name een 

CMV-ge'induceerde versterking van de immuunrespons tegen het transplantaat (de 

alloimmuunrespons) hieraan ten grondslag te liggen. 

CMV kan op verschillende manieren ingrijpen in het proces van 

transplantaatafstoting. Het virus kan een effect hebben op het transplantaat zelf, door 

bijvoorbeeld de expressie van immuuncel activerende eiwitten te verhogen. Daarnaast 

kan CMV ook een direct effect op het immuunsysteem hebben, door de activatie van 

immuuncellen gericht tegen het transplantaat te stimuleren . Door zowel het 

transplantaat verhoogd herkenbaar te maken, als het immuunsysteem te activeren, zou 

een CMV-infectie kun nen leiden tot transplantaatafstoting. 

Behandeling van CMV-infecties na transplantatie 

Om systemische CMV-infectie te voorkomen worden transplantatie patienten behandeld 

met antivirale medicatie. Ondanks dat systemische CMV-infectie en CMV-ziekte hier 

succesvol mee wordt behandeld lijkt deze antivirale behandeling weinig effect te hebben 

op de transplantaatoverleving. Dit suggereert dat een sluimerende infectie, of slechts het 

eerste deel van de virale levenscyclus, voldoende zijn om transplantaatfalen te 

induceren. 

Deze bevinding is van belang voor eilandjes transplantatie. Hoewel het mogelijk 

is het virus over te dragen via een ge"infecteerd eilandjes transplantaat, wordt na deze 

transplantaties vaak geen systemische CMV-infectie gezien.  Dit omdat antivirale therapie 

standaard wordt toegepast. Gezien het voorgaande is dit echter geen reden om CMV uit 

te sluiten als factor in het falen van eilandjes transplantaten. 

Hypo these 

Gezien de rol van CMV in 'solid organ' transplantaatfalen, veronderstellen wij dat ook na 

eilandjes transplantatie, CMV een rol speelt in het falen van eilan djestransplantaten . CMV 

zou transplantaatfalen kun nen veroorzaken door het transplantaat verhoogd herkenbaar 
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te maken voor het immuunsysteem en daarnaast door de activatie van immuuncellen 

gericht tegen het transplantaat te stimuleren. 

DIT PROEFSCHRIFT 

CMV infectie versnelt ei/andjes transplantaatfalen 

In hoofdstuk 2 en 3 is onderzocht welke rol CMV speelt in eilandjes transplantatie. Er is 

gekozen voor een rat transplantatiemodel om de humane transplantatie situatie na te 

bootsen. In hoofdstuk 2 ontvingen diabete ratten een allogeen (lichaamsvreemd, dit is 

de humane klin ische situatie) eilandjes transplantaat in de aan- en afwezigheid van een 

CMV-infectie. Deze studie liet zien dat CMV-infectie de infiltratie van immuuncellen 

stimuleert en de afstoting van het transplantaat versnelt. Uit dit onderzoek werd 

geconcludeerd dat CMV-infectie immuungemedieerde afstoting versterkt. In hoofdstuk 3 

werd onderzocht of een latente CMV-infectie ook directe effecten heeft op eilandjes 

transplantaten .  Hiervoor ontvingen diabete ratten een syngeen (lichaamseigen, dit wordt 

derhalve niet afgestoten) eilandjes transplantaat in de aan- en afwezigheid van CMV. Dit 

onderzoek liet zien dat een latente CMV-infectie de functie van eilandjes transplantaten 

ook direct verstoort. 

Systemische immuunactivatie na CMV-infectie 

Uit hoofdstuk 2 is gebleken dat CMV-infectie de immuunrespons gericht tegen het 

transplantaat versterkt. In de daaropvolgende hoofdstukken is gekeken naar het 

mechanisme van immuungemedieerd transplantaatfalen. 

In hoofdstuk 4 en 5 is de systemische immunologische consequentie van een 

CMV-infectie na een allogene eilandjes transplantatie onderzocht. Binnen de populatie 

immuuncellen worden zowel cellen onderscheiden die i n  staat zijn afstoting te 

veroorzaken, als ook cellen die in staat zijn immuunreacties te reguleren en 

immunologische tolerantie voor het lichaamsvreemde transplantaat de induceren. De 

balans tussen deze eel populaties bepaalt dan ook of er sprake zal zijn van afstoting van 

of tolerantie. In hoofdstuk 4 en 5 laten we zien dat na transplantatie met en zonder 

CMV-infectie, de populatie van cellen die afstoting zouden kunnen veroorzaken stijgt in  

het bloed. Ook stijgt in  de CMV-geTnfecteerde dieren het aantal tolerantie-inducerende 

immuuncellen. De balans is daarom niet verstoord en kan daarom niet direct versneld 

transplantaatfalen in de CMV-geTnfecteerde dieren verklaren .  Echter, in het transplantaat 
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is dit anders. Er werden tolerantie-inducerende cel len in de ei landjes transplantaten 

aangetroffen, maar het aantal cel len dat afstoting zou kunnen veroorzaken 

was vele malen hoger. Dit waren met name specifieke celpopulaties die in eerdere 

studies al waren geassocieerd met agressieve afstotingsverschijnselen. Omdat de 

hoeveelheid van deze cellen in de transplantaten van de CMV-ge'infecteerde dieren 

verhoogd was ten opzichte van de niet-ge·infecteerde controle dieren, werd 

geconcludeerd dat CMV-infectie de activatie van immuuncel len stimuleert, grote 

hoeveelheden afstotingsveroorzakende immuuncel len aantrekt naar het transplantaat en 

zo afstoting van het transplantaat versnelt. 

Deze resultaten zijn van belang voor humane (ei landjes) transplantatie, omdat 

een groat deel van de cel len die in het transplantaat werd aangetroffen ongevoel ig zijn 

voor de toegediende immuunsuppressie en daardoor na transplantatie en CMV-infectie 

ongeremd afstoting zouden kunnen veroorzaken. 

Beta-eel immuunmodulatie na CMV-infectie 

In hoofdstuk 6 en 7 werd zowel het verloop van infectie als de immunologische 

consequenties CMV-infectie onderzocht in beta-cel len van de rat en beta-cel len van de 

mens. Dit als model voor een CMV-infectie van een eilandjes transplantaat. De cellen 

werden ge'infecteerd met CMV en op verschi l lende tijdstippen na infectie bestudeerd. De 

infectie in beta-cellen werd vergeleken met de infectie in fibroblasten. Van fibroblasten is 

bekend dat zij zeer ontvankelijk zijn voor CMV-infectie . Daarnaast is de immunologische 

consequentie van CMV-infectie van fibroblasten in eerdere studies uitvoerig beschreven 

en kan infectie van deze cellen dienen als positieve controle. 

Zowel beta-cel len uit de rat als humane beta-cel len l ieten CMV-infectie zien. In 

tegenstel l ing tot ge'infecteerde fibroblasten, leek de infectie onvol ledig te verlopen. De 

ge'infecteerde beta-cel len l ieten slechts expressie zien van de zeer vroege en vroege 

virale genen. Het aantal humane beta-cel len dat dit liet zien was in vergelijking met de 

ge'infecteerde fibroblasten erg laag. De late genen kwamen niet tot expressie en oak 

werden er geen nieuwe virusdeeltjes gevormd. Ondanks dat de beta-cel len een 

onvol ledige virale levenscyclus lieten zien, had de infectie duidelijke immunologische 

gevolgen. Zo werden verschi l lende immuuncel activerende eiwitten op het celmembraan 

van de beta-cel len na infectie verhoogd tot expressie gebracht. 

Uit de resultaten van hoofdstuk 6 en 7 werd geconcludeerd dat beta-cellen 

ge'infecteerd kunnen warden door CMV en dat infectie de immunologische herkenbaarheid 

van de cel len verhoogt. Omdat er een discrepantie bestond tussen het aantal 

ge'infecteerde cel len en de immunologische consequentie van infectie, werd verondersteld 

dat een zeer lage infectiegraad, of slechts het contact tussen virusdeeltjes en de cel len, 
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al voldoende is om cellulaire veranderingen te veroorzaken. CMV-infectie van een 

eilandjes transplantaat zou op soortgelijke wijze kunnen leiden tot een verhoogde 

expressie van immuunregulerende eiwitten op de beta-cellen in het transplantaat. Een 

verhoogde immunologische herkenbaarheid van eilandjes transplantaten na CMV-infectie 

zou kunnen leiden tot verhoogde immuunactivatie en versnelde afstoting. 

Conclusies 

In dit proefschrift laten wij zien dat in een rat transplantatiemodel CMV-infectie leidt tot 

versnelde afstoting van allogene eilandjes transplantaten en tevens tot verminderde 

functie van syngene eilandjes transplantaten. Systemisch is CMV-ge'induceerde 

transplantaatafstoting geassocieerd met activatie van het immuunsysteem. In het 

eilandjestransplantaat met een infiltratie van specifieke populaties afstotingsgerichte 

immuuncellen. Daarnaast laten wij zien dat zowel ratten als humane beta-cellen CMV

infectie toestaan en dat CMV-infectie van beta-cellen leidt tot een verhoogde 

immunologische herkenbaarheid van deze cel len. Een CMV-ge'induceerde 

immuunactivatie aan de ene kant en een verhoogde immunologische herkenbaarheid van 

het transplantaat aan de andere kant zou kunnen leiden tot versnelde eilandjes 

transplantaatafstoting. 

Het in dit proefschrift gepresenteerde werk is gebaseerd op dierstudies en 

infectiestudies in vitro, maar heeft belangrijke implicaties voor humane eilandjes 

transplantatie. Op basis van de resultaten stellen wij dat zelfs een CMV-infectie die 

klinisch onopgemerkt blijft, door de toediening van antivirale medicatie, zou kunnen 

bijdragen aan de afstoting van eilandjes transplantaten. Daarnaast lijken specifieke 

immuuncel populaties, welke ongevoelig zijn voor de huidige immuunsuppressie, 

betrokken bij CMV-ge'induceerd transplantaatfalen. Ondanks de toediening van 

immuunsuppressie zouden deze cellen na transplantatie ongestoord te werk kun nen 

gaan. Om de overleving van eilandjestransplantaten te verlengen, moet toekomstig 

onderzoek zich daarom richten op zowel de rol van CMV als de rol van deze specifieke 

immuuncellen in humane eilandjes transplantatie. 
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ABSTRACT 

Isolation of primary beta-cells from other cells within in the pancreatic islets is of 

importance for many fields of islet research. However, up to now, no satisfactory method 

has been developed that gained high numbers of viable beta-cells, without considerable 

alpha-cell contamination. In this study we investigated whether rat beta-cells can be 

isolated from non-beta endocrine cells by manipulating the Flavin Adenine Dinucleotide 

(FAD) and Nicotinamide Adenine Dinucleotide Phosphate (NAD(P)H) autofluorescence. 

Beta-cells were isolated from dispersed islets by flow cytometry, based on their 

high FAD and NAD(P)H fluorescence. To improve beta-cell yield and purity, the cellular 

FAD and NAD(P)H content was altered by pre-incubation in culture media containing 

varying amounts of D-glucose and amino acids. 

Manipulation of the cel lular FAD and NAD(P)H fluorescence improves beta-cell 

yield and purity after sorting. This method is also a fast and reliable method to measure 

beta-cell functional viability. A conceivable application is assessing beta-cell viability 

before transplantation. 
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INTRODUCTION 

Studies on primary beta-cells are required in almost all fields of islet research. 

Unfortunately it has been far from simple to obtain high numbers of pure and viable 

beta-cells. Previously published methods for purification of beta-cells from other 

endocrine islet cells are based on the sedimentation velocity (1), labelling of beta-cell 

surface antigens (2), or the endogenous (auto) fluorescence of beta-cells (3-6). Most of 

these methods have a limited applicability, as they are associated with low yields of beta

cells, or permanent deterioration of cellular function caused by mandatory label l ing of the 

cellular membrane. 

A technology that we felt might be developed into an efficacious beta-cell 

purification method, with high yield, and without significant deterioration of function, is 

the sorting of beta-cells based on their autofluorescence. Beta-cells show higher 

autofluorescence than other islet cells. This autofluorescence is caused by the high 

cellular content of Flavin Adenine Dinucleotide (FAD) (7-9), an electron acceptor in the 

metabolic oxidative phosphorylation. The principle applicability of isolation of beta-cells 

by autofluorescence was shown by Rabinovitch et al (4) and van de Winkel et al (10), but 

resulted in a preparation with considerable amounts of alpha-cells. 

In this study, we investigated whether beta-cel l  yield and purity can be 

improved by manipulating islet cell metabolism and FAD autofluorescence. In addition, 

we investigated whether selection based on Nicotinamide Adenine Dinucleotide 

(Phosphate) (NAD(P)H) fluorescence can be a valuable secondary isolation parameter. 

We show that pre-incubation of islet cells in culture media containing graded loads of D

glucose and amino acids alters cellular autofluorescence, beta-cel l  purity, and yield after 

isolation. 

METHODS 

Experimental Animals 

Pathogen-free inbred male Lewis rats weighing 300 - 320 g were used as islet donors. All 

experimental animals were obtained from Harlan (Horst, The Netherlands). The animals 

were fed standard rat chow and acidified water ad libitum. All animal experiments were 

performed after receiving approval of the institutional Animal Care Committee of the 
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Groningen University and all animals received human care in compliance with the Dutch 

Law on Experimental Animal Care. 

Preparation of islet cells 

Rat islets were isolated as previously described (11). Islet isolation was performed in 

Krebs Ringer HEPES (KRH) buffered with 25 mmol/L HEPES containing 10% (wt/vol) 

Bovine Serum Albumin (BSA). After ductal distention of the pancreas with KRH 10% BSA, 

the organ was chopped into pieces of 1-mm2 • Next the tissue fragments were subjected 

to 3 successive washing steps with KRH 10% BSA to remove proteases that might have 

leaked out of the exocrine part of the pancreas. Subsequently, the chopped pancreas was 

brought into a 25 ml Erlenmeyer flask and incubated at 37°C with 1.0 mg/ml of 

collagenase with KRH 10% BSA. The total volume of tissue and buffer was always 13 ml. 

After 10 minutes, the tissue fragments were placed in a 50 ml tube with 30 ml KRH 

10% BSA at 4°C. The digested tissue was washed and sedimented 2 times to remove 

collagenase and exocrine-derived proteases. Next, the tissue fragments were placed 

again in a 25 ml Erlenmeyer flask and incubated at 37°C with O. 7 mg/ml of collagenase 

with KRH 10% BSA in a total volume of 13 ml. After 8 minutes, the tissue fragments 

were placed in a 50 ml tube with 30 ml KRH 10% BSA at 4°C. Finally, the digest was 

allowed to sediment and was washed twice with RPM! 1640 containing 1 % (wt/vol) BSA. 

Islets were separated from exocrine tissue by centrifugation over a discontinuous dextran 

gradient (12) and further purified by handpicking. Purified islets were washed in RPM! 

1640 (Gibco) containing 1 % BSA at least 8 times and cultured overnight in CMRL (Gibco) 

supplemented with 1,375 mM D-glucose, penicillin, streptomycin, and 10% Fetal Calf 

Serum (FCS) (Gibco) at 37 °c, 5% CO2 • 

The next morning, islets were collected and washed in phosphate-buffered saline 

twice before being dispersed into single cells by mechanical shaking at 37 °c for 3 

minutes in 0.05% Trypsin, 0.5 mM EDTA (Gibco). The enzymatic reaction was stopped by 

adding KRH 10% BSA. Cells were washed, and remaining cell clumps were removed by 

filtering the cell mixture over a 35 µm pore size filter (BD Falcon). 

On average, 550 islets per pancreas, and 1500 to 2000 cells per islet were 

obtained. Exclusion of Trypane Blue positive cells indicated that more than 95% of the 

cells were viable after the procedure. 

Islet cell incubation 

In the first experiment, dispersed islet cells were incubated in our standard medium, ie. 

RPMI 1640 (Gibco) containing 1 % BSA for one hour at 37°c before beta-cell sorting. 

Subsequently, in the second experiment, to study the influence of various concentrations 
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of glucose or amino acids on beta-cel l  purity, dispersed islets were incubated in the 

following media containing different glucose and amino acids concentrations (see Table 

la and lb) MEM (Gibco), RPM! 1640 (Gibco), CMRL (Gibco), or DMEM-F12 (Gibco) al l  

supplemented with 1 % BSA for one hour at 37°C before cel l  sorting. In the third 

experiment, we evaluated the effects of glucose and amino acids on beta-cel l  purity 

separately; therefore dispersed islets were incubated in unsupplemented MEM medium 

(5,5 mmol/L D-glucose and 553 mg/L amino acids), or MEM medium supplemented to 

either 10, 15, or 20 mmol/L D-Glucose (pH 7.4), or 1000, 1500, or 2000 mg/L amino 

acids (pH 7.4) for one hour at 37°c prior to flow cytometry. 

In al l  experiments, twenty minutes prior to analysis 2 µg/ml propidium iodide 

(PI) (Sigma) was added to the cel l  mixtures to exclude apoptotic cel ls .  

Table 1.a. Composition of culture media used for beta-cell isolation. 

L-Glutamine L-A/anine L-Leucine L-Arginine-HCL 
mM m IL mM m IL mM m IL mM m IL 

MEM 0 (0)  0 (0)  0 .4 (52.0) 0 .6( 126) 
RPMI 2 .0  (300) 0 (0) 0.4 (50) 1 . 1  (240) 
CMRL 0 (0) 0 .3 (25) 0.5 (60) 0.3 (70) 

DMEM-F12 2.5 (365) 0.05 (4.45) 0.5 (59.05) o. 7 ( 147.50) 

Table 1.b. Concentration of amino acids which are known to stimulate beta-cell 
insulin secretion, in the culture media used for beta-cell isolation 

D-Glucose 
Amino Acid 

Riboflavin 
mM 

content FAD (mglL) 
(mglL) 

m IL 

MEM 5.5 553 0 0 . 1  
RPMI 1 1  1010 0 0.2 
CMRL 5 . 5  860 1 0 .01 

DMEM-F12 17 553 0 0.219 

Flow Cytometry and Cell Sorting 

In experiment 1 and 2, high and low fluorescent cel ls were sorted on a fluorescence 

activated MoFlo high speed cel l sorter (Dakocytomation BV, Heverlee, Belgium). In 

experiment 3, flow Cytometric analysis was performed on the LSR II system (BD 

Biosciences). In al l experiments, side-scattered l ight was col lected at an angle of 90° , 

and signals were l inearly amplified. The forward and side scatter patterns of the cells 

were analyzed at a wave length of 488 nm. The F lavin Adenine Dinucleotide (FAD) 

content of the cel ls  was analyzed at an excitation wave length of 488 nm, and col lected 

at 525 nm. The PI staining was analyzed at an excitation wavelength of 488 nm, and 

col lected at 675 nm. The Nicotinamide Adenine Dinucleotide (Phosphate) (NAD(P)H) 
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content was analyzed at an excitation wave length of 350 nm (UV) using  an Argon laser, 

and col lected at 450 nm. The 488 nm laser was operated at 80 mW and the Argon laser 

at 25 mW. The flow rate was typical ly a few hundred cel ls  per second. 

Flow Cytometry results were analyzed using  standardized gating on l iving  cel ls 

using Winl ist 5.0 software (Verity Software House, Topsham, ME). After gating on the cel l 

in the Forward and Side scatter plot, this gate was copied to a second plot in which we 

selected the l iving cel ls (i .e. propidium iodide negative cel ls) and both gates are then 

copied to a histogram showing FAD fluorescence (fig lA). Analysis of the sing le cel ls by 

flow cytometry at an excitation wavelength of 488 nm resulted in two dist inct 

autofluorescent cel l populations. The first cel l  population showed low autofluorescence 

[7. 24 ± 0.93 fluorescence intensity un its (F. I. U.)]. The second cel l  population showed 

high autofluorescence (29.94 ± 4.79 F. I .U.)  (fig lA). In experiment 3, we measured the 

mean fluorescent i ntensity of the high and low fluorescent cel ls and evaluated the 

i ncrease or decrease of f luorescent i ntensity (i .e. fold change) induced by g lucose or 

amino acids vs unsupplemented medium. 

Immunostaining 

Both the high and low fluorescent isolated cel l fractions were spotted on g lass sl ides. Per 

sl ide, 50.000 cel ls were spotted, using a cytospin centrifuge. Cel ls were spu n  down at 

500 rpm for 5 minutes at room temperature. Spots were dried and the cel ls were fixed i n  

Bouin  fixative for 3 minutes at room temperature fol lowed by  immunostain ing for the 

fol lowing pancreatic hormones or a combination of these hormones :  insu l i n, g lucagon, 

and somatostatin-pancreatic polypeptide (PP/Somatostatin). 

Briefly, slides stained for PP/Somatostatin were blocked for endogenous 

peroxidase for 20 minutes in Methanol contain ing  0.9% (vol/vol) H2O2, Sl ides were 

washed and incubated with the primary antibody (polyclonal Rabbit-anti-Rat-PP (Abeam) 

1 : 600, and monoclonal Rabbit-anti-Rat-Somatostatin  (Sigma Aldrich) 1 : 800) for 1 hour 

at room temperature. After washing in phosphate buffered sal i ne, secondary (Goat-anti

Rabbit-IgG Horse Radish Peroxidase (HRP) conjugated (DAKO) (1 : 50) in  the presence of 

1 % Goat Serum) and tertiary antibodies (Rabbit-anti-Goat-IgG conjugated to HRP 

(DAKO) (1 : 50) in the presence of 1% Rabbit Serum) were i ncubated for 30 minutes at 

room temperature. The presence of an antibody PP/somatostatin interaction was 

visual ized after an enzymatic reaction using  3-Amino-9-Ethyl-Carbazol (Sigma). Cel l  

nuclei were stained using  Haematoxyl i n  for 1 to 3 min utes. Sl ides were embedded i n  

Kaisers Glycerol Gelatin (Merck). At random, at  least 500 cells per spot were analyzed 

under l ight microscopy. 
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Slides stained for insulin or glucagon were incubated with the primary antibody 

(monoclonal Mouse-anti-Rat-Insulin (IgG1) (Sigma Aldrich) 1 : 750; or monoclonal Mouse

anti-Rat-Glucagon (IgG1) (Sigma Aldrich) 1 :  2000) for 1 hour at room temperature. After 

washing, the secondary antibody (Goat-anti-Mouse-IgG1 FITC conjugated (DAKO) ( 1 :  50) 

in the presence of 1 % Goat Serum) was incubated for 30 minutes at room temperature 

in the dark. Cell nuclei were stained using 5 µg/ml DAPI (Roche) for 20 minutes at room 

temperature in the dark. Spots were embedded in cytifluor (Agar Scientifics). The 

presence of insulin or glucagon staining was analyzed using a Leica DMRXA fluorescent 

microscope and Leica Qwin Pro Software. At random, at least 500 cel ls were analyzed per 

spot. 

Statistics 

Results are displayed as the mean ± standard error of the mean (SEM) of at least 4 

experiments. The Mann-Whitney U test was used to determine statistically significant 

differences. P-values < 0.05 were considered to be statistically significant. 

RESULTS 

Experiment 1 :  Fluorescent patterns in islet cells cultured in standard medium (RPMI 

1 640):  

Isolated rat islets were dispersed into a single cell suspension by enzymatic digestion and 

incubated in RPMI 1 640. On average, we obtained 1872 ± 507 viable cells { > 95% of the 

total cell population) per islet {Table 2). Analysis of the single cells by flow cytometry at 

an excitation wavelength of 488 nm (4; 10) resulted in two distinct autofluorescent cell 

populations. The first cel l  population showed low autofluorescence [7.24 ± 0.93 

fluorescence intensity units (F. I. U.)], and comprised 46. 25 ± 14.37% of the total viable 

endocrine cell population. 

Table 2. Isolation characteristics 

Islets per animal 
Cel ls per islet 
Vitality (Trypane Blue) 
Low Fluorescent Cells 
H igh Fluorescent Cel ls 

Absolute numbers 
550 
1872 ± 507 
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The second cell population showed high autofluorescence (29.94 ± 4.79 F.I.U.) and 

comprised 48.36 ± 6.96% of the total viable endocrine cell population (Figure 1A). 

In order to investigate the phenotype of these two distinct cell populations, the 

high and low fluorescent cell populations were sorted after which immunohistochemistry 

was performed. The low fluorescent endocrine cell population was composed of 13 .52 ± 

2.08% insulin positive beta-cells (Figure 1B) and 38.60 ± 12.95% glucagon positive 

alpha-cells (Figure 1B). The high autofluorescent cell population proved to be mainly 

beta-cells (89.10 ± 5.45%) (Figure 1B), but also contained a large portion of alpha-cells 

(18.65 ± 2.81 %) (Figure 1B). 

These results show that beta-cell sorting based on cellular autofluorescence is 

possible, however, the purity needs to be improved. 
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Figure 1. Analysis of low and high fluorescent endocrine cells. Forward and Side Scatter 
analysis of endocrine cells showed a very diverse cell population. Gating of Propidium Iodide negative 
cells showed two distinct, but overlapping cell populations when excited at 488 nm (A). Insulin and 
glucagon staining of sorted high and low fluorescent cell populations (B). 

168 



A 

FAD(FJ.U.r 
MEM 

.FAD (FJ.U.) 
RPMI 

5,5 mM Glucose 
553 mgJL Amino Acids 

1 1  mM Glucose 
1 01 0 mg.IL Amino Acids 

8 

� 50 

, __.!.-,, 

l 

i 25 

� 0 
RPMI 1640 CMRL DMEM-F12 MEM 

RPMI 1640 CMRL DMEM-F12 MEM 

D 

High Fluor�sc�l>t 
Ce# Fraction 

lnsuln (flkd) 97,00 :t 57% 

G/ucagon (dott�d) 3,1 8 :t 0,99% 

PffSomatos�tin 
(dash� v�rlical) 0,80 :t 0,80% 

oth�r(dasMd 0% 
diagona() 

C 

Low Fluo�sc�nt 
C�/1 Fraction 

9,91 :t 2,1 1 %  

48,00 :t 2,54% 

9,41 :t 1 ,86% 

32,68% 

•· FAD1f .W.T' 
DMEM-F12 

17 mM Glucose 
553 mg� Amino Acids 

...... 

1ma ---•• •• 
... ---•• •• 

ADDENDUM 

CIIIIRl. 
5,5 mM Glucose 

860 mgJL Amino Acids 

Glucegon 

High Fluoreecert Low flu..-..cent 
ceUfractlon cell fraction 

Figure 2. FAD fluorescence Is altered by culture medium composition. Fluorescent patterns of 
dispersed islets pre-incubated in MEM, RPMI, CMRL, or DMEM-F12 medium (A). Analysis of glucagon
positive alpha cells present in the high fluorescent cell fraction fol/owing pre-Incubation In MEM, 
RPMI, CMRL, or DMEM-F12 and subsequent sorting (B). Sorting of beta-cells from the MEM Incubated 
cell mixture resulted In a more than 95% pure beta-cell population, whereas In the non-beta-cell 
fraction glucagon positive cells and a small amount of lnsulln positive cells were observed (C). 
Analysis of PP/5omatostatin-posltlve cells present In the high and low fluorescent cell fractions 
fol/owing pre-Incubation in MEM medium and subsequent sorting (D). Results are presented as the 
mean :: 5EM and statistical significance was determined using the Mann Whltney-U test. P-values < 

0,05 were considered to be statistically significant and are represented by asterlces (*). 
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Experiment 2: Effect of pre-incubation with different media on beta-cell purity 

As shown in the previous section the vast majority of the beta-cells was found in the high 

autofluorescent endocrine cell population. This population was, however, contaminated 

with a considerable number of glucagon-positive alpha-cells (18.65 ± 2.81 %). We 

questioned whether we could change the fluorescent pattern of the high fluorescent beta

cell population and the low fluorescent non-beta-cel l population by altering the metabolic 

state of the endocrine cells. 

The cellular metabolic state was altered in this second experiment by short-term 

incubation in other culture media, containing different amounts of D-glucose and amino 

acids. Both D-glucose and amino acids are wel l known stimuli of metabolic activity and 

therefore suitable candidates to alter cellular Flavin Adenine Dinucleotide (FAD) content 

and autofluorescence. To this end, endocrine single cells were incubated in RPM! 1640, 

MEM, DMEM-F12, and CMRL medium 1 hour prior to cell sorting. Table 1 shows the 

composition of the applied culture media. Pre-incubation of endocrine single cells in 

culture medium containing varying amounts of D-glucose and amino acids had a 

considerable effect on the FAD fluorescence of both the high and low autofluorescent cel l  

population (Figure 2A). When incubated in RPM! 1640, two partially overlapping 

fluorescent cell populations were observed. Pre-incubation of the cel ls in either DMEM

F12 or CMRL medium resulted in a more scattered fluorescence pattern in the low 

fluorescent cell population and a decreased difference in fluorescence intensity between 

the high fluorescent beta-cel ls and the low fluorescent non-beta-cell population (Figure 

2A). Despite the altered fluorescent pattern, sorting of the high FAD fluorescent cells, still 

resulted in a considerable alpha-cell contamination. When dispersed islets were incubated 

in CMRL, alpha-cell contamination was not significantly different from pre-incubation in 

RPM! 1640. When cel ls were incubated in DMEM-F12 m edium, alpha-cel l  contamination 

was reduced to 8.54 ± 0.36%, which was significantly lower compared to pre-incubation 

in RPM! 1640 (P<0. 05) (Figure 2B). However, pre-incubation of the endocrine single cells 

in MEM medium, containing only 5.5 mM D-glucose and 553 mg/L amino acids, showed 

two very distinct fluorescent cel l populations with an increased difference in fluorescence 

intensity between the 2 populations compared to RPM! 1640 pre-incubation (Figure 2A). 

Moreover, sorting of the high fluorescent beta-cel l  fraction resulted in only 3.18 ± 0.99% 

non-beta-cell contamination (figure 2B, C, and D), which was significantly less than the 

non-beta-cell contamination observed when the endocrine cells were pre-incubated in 

RPM! 1640 (P<0.05), and also DMEM-F12 (P< 0.05) (Figure 2B). The percentage of 

insulin positive cells in the high FAD fluorescent cell fraction slightly increased when 

incubated in either DMEM-F12 or MEM medium, but this increase was not statistically 

significant (Figure 2B) . Analysis of the presence of PP/Somatostatin positive cells in the 
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h igh and low fluorescent cel l  fractions after pre-incu bation in M EM med ium and  

subsequent sorting,  showed the  presence of  these cel ls in  the low FAD fluorescent cel l  

fraction, but not the h i g h  fluorescent beta-cel l  fraction ( Figure 2D) . 

These data demonstrated that pre- incubation of endocrine s ing le cells i n  culture 

medium composed of h igh or low concentrations of amino acids or D-g lucose a lters 

cel l u lar FAD fluorescence. This a ltered FAD metabol ism can be appl ied to i ncrease the 

beta-cell purity by flow cytometry . 

Both D-glucose levels and  amino acids appear to influence beta and  non-beta

cel l  a utofluorescence .  Pre-incubation of s ingle cel l  endocrine cells i n  M EM med ium,  

conta in ing both low concentrations of  am ino  acids and D-g lucose, resu lted in  a h igher 

beta-ce l l  purity when compared to pre- incubation in  standard RPM! 1 640. H owever, pre

i ncubation in  M EM sti l l  resu lts in an  a lpha-cel l  contamination in the isolated beta-cel l  

fraction . 
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Figure 3. Changes in cellular FAD Fluorescence. Beta-cell (black bars) and non-beta-cell (white 
bars) FAD fluorescence was measured in response to increasing concentrations of D-glucose (A) and 
amino acids (8). Fluorescence is represented as relative FAD fluorescence, compared to medium 
containing 553 mg/L amino acids and 5,5 mM D-Glucose. The graph represents four separate 
experiments, bars represent the mean ± SEM, and statistical significance was calculated using the 
Mann Whitney U test. P-values < 0,05 were considered to be statistically significant and are 
represented by asterices (* ). 

Experiment 3: Effects of glucose and amino acids on beta-cell autofluorescence 

A :  effects of g lucose and  a mino acids on FAD fluorescence : 

As d iscussed i n  the previous section, pre- incubation of endocrine cel ls  i n  M EM med i u m  

resu lted in  a beta-ce l l  popu lation o f  relatively h i g h  purity .  However, the popul ation sti l l  

contained 3 . 1 8% a lpha-cel l  contam ination .  

Both the D-g lucose and  amino acids differed in  the varying media a n d  it is  wel l  

known, and shown by the previous experiment, that both components influence the 

metabol ic state, and thus the FAD content of the endocrine cel ls .  Beta-ce l l  purity and  
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yield might be further optimized by pre-incubation in MEM medium supplemented with D

g lucose or amino acids. Dispersed islets were incubated in unsupplemented MEM 

medium, or MEM medium supplemented with D-g l ucose to a concentration of 10, 15, and 

20 mM, or amino acids to a concentration of 1000, 1500, or 2000 mg/L. 

Incubation of dispersed islets with increasing amounts of D-glucose showed an 

increased FAD fluorescence in the beta-cell population (high FAD fluorescent cel l  

population), which was significantly increased at 2 0  m M  D-glucose (FAD fluorescence fold 

induction of 1 .26 ± 0.12 times when compared to unsupplemented MEM medium 

(P<0.05) (Figu re 3A) .  The FAD f luorescence of the non-beta-cell population was not 

significantly influenced by incubation with increasing D-glucose concentrations (Figu re 

3A) .  Incubation of single cell endocrine cel ls with increasing amounts of amino acids 

showed an increased FAD fluorescence in both the beta-cell and the non-beta-cel l  

population, where only the increased fluorescence of the beta-cell population was 

statistically significant (1500 mg/L :  FAD fluorescence fold induction of 1 .44 ± 0.15 times 

when compared to unsupplemented MEM medium (P<0.05) (Figu re 3B) .  

B :  effects of glucose and amino acids on NADPH fluorescence: 

In addition to measuring FAD f luorescence, Nicotinamide Adenine Dinucleotide 

(Phosphate) (NAD(P)H) fluorescence was also assessed as a secondary parameter to 

measure beta-cel l  metabolism by Flow Cytometry. Measuring autofluorescence at 350 nm 

represents both the cel lular NADH and NADPH content. 

Flow cytometric analysis of the endocrine single cell mixture incubated in un

supplemented MEM medium showed a single NAD(P) H f luorescent population when 

excited at 350 nm (Figure 4A).  
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Figure 4. Cellular NAD(P)H fluorescence. NAD(P)H fluorescent pattern of dispersed islets 
following pre-incubation in unsupplemented MEM medium (A) and MEM medium supplemented to 20 
mM of D-Glucose (8). 
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When incubated in M EM with increasing amounts of amino acids, a more fluorescent cel l  

population appeared as a m inor shou lder ( resu lts not shown),  whereas after incubation in 

M EM conta in ing increasing a mounts of D-glucose a h igh ly fluorescent peak appeared 

(Figure 4B) . Thus both g lucose and amino acids appear to i nfluence NAD(P)H 

fluorescence .  
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Figure 5. Cellular FAD fluorescence versus NAD(P)H fluorescence. FAD and NAD(P)H 
fluorescent patterns of dispersed islets following pre-incubation in unsupplemented MEM medium (A) 
and MEM medium supplemented to 20 mM of D-Glucose (B). 

C: The role of NADPH fluorescence in increasing th e purity of th e beta-cells population 

using FAD fluorescence. 

Since both g lucose and a mino acids appeared to affect NAD(P)H fluorescence, 

the next step was to ana lyze whether it would be possible to use NAD(P)H fl uorescence 

together with FAD fluorescence i n  order to get an even more purified beta-cell popu lation 

compared with the use of only FAD fluorescence. Figure SA shows that if cel ls  a re 

incubated in u nsu pplemented M EM med ium,  the dot plot of FAD fluorescence versus 

NAD(P)H fluorescence showed three populations :  cel ls  low in  both FAD and low in 

NAD(P)H fluorescence, cel ls  h igh i n  FAD fluorescence and  low in  NAD( P)H  fluorescence, 

and a smal l  popu lation of cel ls  h igh in both FAD and NAD(P)H  fluorescence . When 

d ispersed islets were incubated in  MEM supplemented w ith D-glucose to 20 m mo l/L D

g lucose the cel l  popu lations d iffer (figure SB) : the popu lation of cel ls with high FAD ,  h igh 

NAD(P)H becomes much larger. S ince in our first experiment we have shown that  cel ls 

with h igh FAD fluorescent cel ls a re beta-cel ls and cel ls  with low FAD fluorescent cel ls a re 
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non-beta-cells, this may suggest that after stimulation with glucose, beta-cel ls  (cel ls  high 

in FAD fluorescence) also become high in  NAD(P)H fluorescence. 
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Figure 6. Changes in cellular NAD(P)H Fluorescence. Beta-cell (black bars) and non-beta-cell 
(white bars) NAD(P)H fluorescence was measured in response to increasing concentrations of D
glucose (A) and amino acids (8). Fluorescence is represented as relative NAD(P)H fluorescence, 
compared to medium containing 553 mg/L amino acids and 5,5 mM D-Glucose. The percentage of 
high NAD(P)H fluorescent cells in response to increasing concentrations of D-glucose (C) and amino 
acids (D) was measured within the FAD fluorescent beta-cell population. Black bars represent the 
percentage of high NAD(P)H fluorescent cells within the FAD fluorescent beta-cell population. The grey 
bars represent the low NAD(P)H fluorescent cells within the FAD fluorescent beta-cell population. The 
graphs represent four separate experiments, bars represent the mean ± SEM, and statistical 
significance was calculated using the Mann Whitney U test. P-values < 0, 05 were considered to be 
statistically significant and are represented by asterices (* ). 

In figure 6 the effect of glucose and amino acids on NAD(P)H fluorescence of beta and 

non-beta-cel ls was analyzed. According the to results of experiment 1, beta-cel ls were 

defined as cel ls  high in FAD fluorescence, while non-beta-cel ls were defined as low in FAD 

fluorescence. Analysis of the NAD(P)H fluorescence level of these 2 cel l  population i n  

dispersed is lets showed that incubation i n  medium contain ing i ncreasing amounts of  D

glucose increased the NAD(P)H f luorescence in the high FAD fluorescent beta-cel l  

population (1. 21 ± 0.08, 1.31 ± 0.11, 1.31 ± 0.09 fold increase vs unsupplemented 

medium, respectively for 10, 15 and 20 mmol/L D-glucose (P<0.05) (Figure 6A), 
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whereas the low FAD fluorescent non-beta-cell population was not influenced (Figure 

6A) . 

Incubation of dispersed islets in M EM supplemented with increasing amounts of 

amino acids showed a minor increase in NAD(P)H fluorescence in the high FAD 

fluorescent beta-cell population (1500 mg/L: 1.09 ± 0.02, P<0.05) (Figure 6B) .  The low 

FAD fluorescent non-beta-cell population showed a decrease in NAD(P)H fluorescence in 

response to increasing amounts of amino acids (Figure 6B). This decrease was significant 

at an amino acid concentration of 2000 mg/L (0.88 ± 0.06, P<0.05). 

Next the percentage of NAD(P)H high fluorescent cells within the beta-cell (high 

FAD fluorescence) population was measured (Figure 6C&D). This figure shows that 

approximately 71.2 ± 7.4% of beta-cells were low NAD(P)H fluorescent cells, whereas 

28.8 ± 7.4% of the beta-cells were high NAD(P)H fluorescent when cells were incubated 

in unsupplemented MEM medium. When cells were incubated with MEM with increasing 

D-glucose concentrations (Figure 6C), the percentage of high NAD(P)H fluorescent  cells 

within the beta-cell population increased, while the number of low fluorescent NAD(P)H 

cells within the beta-cell population decreased (Figure 6C). When supplemented to 20 

mM D-glucose the percentage of low NAD(P)H fluorescent beta-cel ls decreased to 28.82 

± 7 .41  % (P=0.06), whereas the percentage of high NAD(P)H fluorescent beta-cells 

increased to 61. 1 2  ± 7. 19% (P=0.06). After incubation with increasing amounts of amino 

acids, the percentage of high NAD(P)H fluorescent cells with the beta-cell population was 

unchanged (Figure 6D). 

Altogether, the results from experiment 3 show that D-glucose increased both 

beta-cell FAD fluorescence and beta-cell NAD(P)H fluorescence. This resulted in an 

increased percentage of highly NAD(P)H fluorescent cells within the beta-cell population 

after incubation with increasing D-glucose concentrations. Non-beta-cell FAD 

fluorescence is only slightly increased after incubations with increasing D-glucose 

concentrations, while NAD(P)H fluorescence of the non-beta-cells are unaffected by 

glucose. 

Amino acids slightly affect beta-cel ls FAD and NAD(P)H fluorescence, but the 

percentage high/low NAD(P)H fluorescent cells within the beta-cell population remained 

unchanged. Non-beta-cells responded to incubations with increasing amino acid 

concentration by increasing FAD fluorescence and decreasing NAD(P)H fluorescence. 
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DISCUSSION 

In this study we show that both beta-cell and non-beta-cell Flavin Adenine Dinucleotide 

(FAD) and Nicotinamide Adenine Dinucleotide (Phosphate) (NAD(P)H) fluorescence can 

be manipulated by pre-incubation of dispersed islet cells in culture medium containing 

graded loads of D-glucose and amino acids. The purity and yield of the sorted beta-cell 

fraction was optimized by incubation of dispersed islets in culture medium containing 5.5 

mM of D-glucose and 553 mg/L amino acids. Under these conditions the fluorescent 

pattern of the beta-cell and the non-beta-cell fraction showed minimal overlap, resulting 

in a h ighly pure beta-cell fraction after sorting. Both beta-cell FAD and NAD(P)H 

fluorescence could be significantly increased by incubating dispersed islets in culture 

medium supplemented with 20 mM D-glucose. Non-beta-cell FAD and NAD(P)H 

fluorescence were not affected by these conditions. Sorting of beta-cells based on both 

the FAD and NAD(P)H fluorescence, after pre-incubation in culture medium supplemented 

with D-glucose, could provide a method to isolate a pure beta-cell fraction from rat islets. 

The isolation method presented in this study clearly shows an improvement on 

the beta-cell isolation procedure described by Rabinovitch et al (4) and Pipeleers et al 

(1). When only FAD fluorescent sorting was applied we could yield a beta-cell fraction 

with not more than approximately 3% alpha-cell contamination which is fivefold lower 

than the 16% contamination measured using the method described by Rabinovitch et al 

(4) and Pipeleers et al (1). The purity degree may be brought to 100% by applying an 

additional selection for NADP(H) fluorescence. 

Our study shows a clear effect of the D-glucose content of the applied media on 

the FAD fluorescence and the ability to separate beta-cells from non-beta-cells by Flow 

Cytometry. When the FAD fluorescence of beta-cells cultured in MEM containing 5.5 mM 

is compared to MEM supplemented with 15 or 20 mM of D-glucose (with equal amino acid 

concentrations) (Figure 3) we see a clear cut difference in the FAD fluorescence of beta 

and non-beta-cells. Although to a lesser extend, also amino acids influence FAD 

fluorescence of beta and non-beta-cells. However, the D-glucose and amino acid content 

of the culture medium are not the only factor influencing the cellular FAD fluorescence. 

Th is was shown in our second experiment in which we compared MEM medium to DMEM

F12 (with equal amino acid concentrations) and CMRL (with equal D-glucose 

concentrations) (Figure 2). In th is experiment we found an effect of the medium on the 

FAD fluorescence of both cell populations, but it never reached the strong and 

distinguisable FAD fluorescence of beta and non-beta-cells as observed with 

supplemented MEM medium. These results may be explained by the differences in amino 
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acid composition between the culture media. Different concentrations of amino acids 

(Table lb) that are known to stimulate beta cel l insulin secretion, requiring oxidative 

metabolism, i.e. L-Alanine, L-G lutamine, L-Arginine together with L-Leucine (13-18), may 

explain differences in FAD fluorescence as compared to supplemented M EM medium. But, 

as separate amino acids concentrations are relatively low compared to earlier described 

stimulatory concentrations, the amino acids may work in synergy, or DM EM-F12 and 

CMRL may contain other factors than D-glucose and amino acids that work in concert on 

the FAD fluorescence and cel lular metabolism. 

Our method of isolating beta-cel ls  on the basis of FAD and NADPH metabolism is 

not only applicable as a technique to purify beta-cel ls  but also as a fast and direct 

measure for the beta-cell functional viabil ity. Cel lular autofluorescence, measured at an 

excitation wave length of 488 nm, is dependent on the cel lular FAD content. FAD is 

produced from FADH2 during ATP synthesis in the mitochondrial oxidative 

phosphorylation . Autofluorescence measured at an excitation wave length of 350 nm 

represents both the cel lular NADH and NADPH content. NADH is the major electron 

acceptor during ATP synthesis. During active metabolism, FAD and NAD(P)H fluorescence 

are considered to be in redox equilibrium which implies that increases in FAD 

fluorescence and decreases in NADH fluorescence represent increases in cel lular oxidative 

phosphorylation rates (19;20). Analysis of the beta-cel l fraction showed no response in 

NAD(P)H fluorescence to increasing concentrations of amino acids, but a marked increase 

in NAD(P)H fluorescence when incubated with graded loads of D-glucose. These results 

suggest that besides a stimulation of ATP production and consequently the reduction of 

FADH2 to FAD and NADH to NAO+, other metabolic pathways are active leading to an 

increased cel lular NAD(P)H content and fluorescence. It is wel l known that beta-cel ls  use 

alternative metabolic pathways, such as the pyruvate malate shuttle (21-27), to increase 

cel lular NADPH levels in addition to the production of ATP. These pathways are 

considered to contribute to both the synthesis and exocytosis of insulin. When beta-cel ls 

are stimulated with h igh concentrations of glucose, the pyruvate carboxylase activity is 

favored over pyruvate dehydrogenase, favoring both NADPH synthesis and ATP 

production . Therefore, measuring beta-cel l  FAD and NADPH responses to D-glucose can 

specifical ly be applied as a fast measure for the functional viability of the beta-cel l  

preparation. 

The NAD(P)H fluorescent patterns in the non-beta-cel l  fraction suggest that 

NAD(P)H and FAD levels might not be ful ly  in redox equilibrium in these cel ls. It might 

also represent a contamination of the non-beta-cel l fraction with beta-cel ls. Fluorescent 

staining of the non-beta-cel l fraction showed the presence of approximately 10% insulin 

positive beta-cel ls. The presence of these beta-cel ls might skew the FAD/NAD(P)H 
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equilibrium towards a more beta-cell  like FAD/NAD(P)H balance. Measuring decreasing 

NAD(P)H levels in response to increasing concentrations of amino acids in the non-beta

cel l fraction confirmed the increase in FAD fl uorescence, i.e. the FAD/NAD(P)H 

equilibrium. The incubation of endocrine cells with increasing amounts of amino acids or 

D-glucose confirmed the finding that non-beta-cell  autofluorescence decreased in MEM 

which contains low concentrations of essential ingredients. The non-beta-cells appeared 

to h ave a stronger FAD response to increasing amounts of amino acids compared to the 

response to D-glucose, with an optimum at 1500 mg/L. In contrast to the FAD 

fluorescence, which showed an optimum at 1500 mg/L amino acids, the NAD(P)H 

decreased further when incubated with 2000 mg/L amino acids. 

The described technology also allows for a clear identification and isolation of 

beta-cells with different metabo lic activity. Van Schravendijk et al (28) have shown that 

different beta-cell subpopulations respond to either high or intermediate glucose 

concentrations, and these cel ls are well known as 'high-'  and ' low'-responding beta-cells  

respectively. With the combined application of FAD autofluorescence and NAD(P)H 

fluorescence we shows two distinct beta-cell populations. These two separate beta-cell 

popu lations might represent these ' low'-responding beta-cells and 'high '-responding 

beta-cells. 

The isolation approach described in this paper has advantages over earlier 

described beta-cell isolation methods. Isolation of beta-cells based on the detection of 

the high beta-cell FAD and NAD(P)H fluorescence provides a tool to separate beta-cells 

with minimal interference in cellular physiology. We showed that the yield and purity of 

the iso lated beta-cell fraction could be optimized by pre-incubation of the dispersed islets 

in MEM medium supplemented with D-gl ucose. Under these pre-incubation conditions, 

both beta-cell FAD and NAD(P)H fluorescence were increased, whereas the non-beta-cell 

fluorescence was virtually the same. 
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LIST OF ABBREVIATIONS 



AO 

BSA 

CMV 

CsA 

DC 

DMEM 

E 

EGFR 

FAD 

FLF 

HCMV 

i.p. 

i .v .  
ICAM 

IE 

IFN 

IL  

L 

LCMSMS 

LFA 

MCMV 

MHC 

MIC 

MIEP 

MOI 

NADP 

NFBG 

NK 

PBA 

PBS 

PBST 

Pfu 

RCMV 

REF 

SEM 

STZ 

TGF 

TLR 

TNF 

Albino Oxford 

Bovine Serum Albumin 

Cytomegalovirus 

Ciclosporin A 

Dendritic Cell 

Dulbecco's Modified Eagles Medium 

Early (viral genes) 

Epidermal Growth Factor Receptor 

Flavin Adenine Dinucleotide 

Fetal Lung Fibroblast 

Human CMV 

I ntra peritoneal 

Intravenous 

Intracellular Adhesion Molecule 

Immediate Early (viral genes) 

Interferon 

Interleukin 

Late (viral genes) 

Liquid Chromatography-Mass Spectometry-Mass Spectometry 

Lymphocyte Function associated Antigen 

Murine CMV 

Major Histocompatibility Complex 

Major H istocompatibility Complex Class I Chain related Gene 

Major Immediate Early Promoter 

Multiplicity of I nfection 

Nicotinamide Adenine Dinucleotide Phosphate 

Non-Fasting Blood Glucose 

Natural Killer 

Phosphate Buffered Saline containing BSA 

Phosphate Buffered Saline 

Phosphate Buffered Saline containing Tween 

Plaque Forming U nits 

Rat CMV 

Rat Embryonic Fibroblast 

Standard Error of the Mean 

Streptozotocin 

Transforming Growth Factor 

Tol l Like Receptor 

Tumor Necrosis Factor 
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DANKWOORD 

DANKWOORD 

Onderzoek doe je niet al leen en er zijn dan ook veel mensen geweest die een bijdrage 

hebben geleverd aan de totstandkoming van dit proefschrift. 

Al lereerst mijn copromotores Dr. de Vos, Dr. Faas en Dr. de Haan. Beste Paul, ik wi l je 

bedanken voor al je enthousiasme en optimisme, alle discussies die we in de afgelopen 4 

jaar hebben gevoerd, de transplantatie experimenten waarbij we beide ademloos zaten 

te opereren en al le input in de hoofdstukken die ik de afgelopen maanden aan de lopende 

band bij je heb neergelegd. Marijke, ik wil ook jou bedanken voor al je inzet bij de 

experimenten, de interpretatie van de resultaten en je enthousiasme daarover. Ook j ij 

hebt een grote bijdrage gehad aan dit proefschrift. Aalzen, tegenwoordig zit je iets 

verder weg dan toen ik began, maar je betrokkenheid is er niet minder om. Ik heb altijd 

veel gehad aan je kritische blik op de experimenten, de resultaten en de hoofdstukken. 

Ik kijk met veel plezier terug op de afgelopen 4 jaar, mede door jullie inzet, hulp, 

grappen, vele etentjes en biertjes ! Ontzettend bedankt daarvoor. 

Ik wil graag mijn promoter Prof. L. F.M.H. de Leij bedanken voor de mogelijkheid om 

binnen de Medische Biologie een promotieonderzoek te doen en daarnaast voor al le 

inbreng in het project. Ook wil ik graag de leescommissie Prof. B.H. R. Wolffenbuttel, Prof. 

C.G.M. Kallenberg en Prof. J.T. Vaage bedanken voor het beoordelen van het manuscript. 

Natuurlijk zou ik niet kunnen promoveren zonder twee paranimfen! Bart, aanvankelijk 

zou ik een disturbance sectie voor je schrijven, maar dat doet je bijdr.age aan het 

onderzoek geen recht. Je hebt een grote hoeveelheid coupes voor me zitten snijden en 

kleuren en hebt daarnaast een berg ei landjes ge·isoleerd. Ik heb even zitten rekenen en 

dat waren er in totaal al gauw 81.000! Je hebt een hele hoop werk verzet en daar wil ik 

je enorm voor bedanken ! Ook wil ik je bedanken voor al je enthousiasme, grappen, 

opbeurende woorden, heerlijke koppen koffie, glaasjes nobel, sappige appels en bovenal 

vriendschap ! 

El len, we hebben onszelf samen niet alleen door practica gepipetteerd en col lege 

aantekeningen en appelbol len gedeeld, maar ook l ief en leed en een hele hoop mooie 

herinneringen. We zijn samen aan een studie begonnen, samen afgestudeerd en gaan nu 
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samen promoveren! Dank je wel voor je vriendschap en dat je op deze dag naast me 

staat als paranimf! 

Ik wil natuurlijk iedereen van de Medische Biologie bedanken voor alle gezelligheid en 

hulp. In het bijzonder Anita en Henk Moorlag voor alle hybridomasup's, Jelleke voor de 

ondersteuning bij het kweken, Theo bij het western blotten, Peter voor de hulp op het 

DNA-lab en de laser dissectie microscopie, Geert en Henk Moes voor de hulp bij het 

sorteren van beta-cellen en het facsen, Arjen, Henk v.d. Molen en Gerda voor alle hulp 

bij de dierexperimenten en Annet en Henriette voor alle secretariele ondersteuning! Mijn 

kamergenoten Shanti, Anita, Noelle, Marloes, Susan, Li, Hong-You, Quan and Milica wil ik 

graag bedanken voor alle gezelligheid! \ti\ti! 

Ook buiten de medische Biologie heb ik veel hulp gehad. Ik wil graag Jan Luuk 

Hillebrands en Nienke v.d .  Werf bedanken voor de hulp bij het maken van de 

CMV-homogenaten. Daarnaast Bert Blaauw voor de EM experimenten. Tevens wil ik alle 

medewerkers van het dierenlab bedanken voor de ondersteuning bij de dierexperimenten. 

Ik wil graag Dr. Eelco de Koning bedanken voor het verstrekken van de kostbare humane 

eilandjes van Langerhans en daarnaast voor de input in de hoofdstukken. Also, I would 

like to thank Prof. Vaage for the nice collaboration. I would like to thank you, Lise 

Kveberg, Marit Inngjerdingen, Christian Naper, and Erik Dissen for the warm welcome in 

Oslo, all the materials you have provided, and the discussions we had about the 

transplantation and NK cell results. 

Ook wil ik Johan Bijzet bedanken voor de hulp bij het lay-out van het proefschrift en het 

uitvoeren van enkele pilot ELISA's en Wayel Abdulahad voor de input in het hoofdstuk 

over regulatoire T cellen. 

Oak hebben een aantal studenten een belangrijke bijdrage gehad. Jeroen, Chi-Wai, 

Hanna en Greg, ontzetten bedankt voor de inzet en eindeloze hoeveelheid qPCR, western 

blot en FACS experimenten die jullie hebben uitgevoerd. 

Niet alleen in het lab, maar ook daarbuiten heb ik veel steun gehad aan familie en 

vrienden. Jullie lieten mij op de juiste momenten zien dat er meer is dan alleen 

onderzoek. Elsbeth, Marion, Joke, Rh iannon, Elisa, Ellen en Fleur; ook al wonen jullie een 
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eindje weg en zie ik jull ie lang niet zo vaak als dat ik graag zou willen, is jullie 

vriendschap me erg dierbaar en wil ik jullie bedanken voor al le leuke momenten en steun! 

Ook wil ik Marijke Boersma, Noelle, Zwanine en de zangdames Berdien, Baukje, Claartje 

en Jeannette bedanken voor de gezel l igheid en de betrokkenheid bij alle ups en downs 

van het onderzoek. 

Lieve Jaap, Doet, Pieter en Debora, ik wil ook jullie bedanken voor al le betrokkenheid en 

steun de afgelopen jaren. 

Lieve Pap, Mam, M i riam, Rosalie en Sanne, ontzetten bedankt voor al jul l ie l iefde, steun 

en betrokkenheid! Jull ie stonden altijd klaar met een advies of gewoon een luisterend oor. 

Ik vond, en vind dit nog steeds, altijd erg fijn ! 

Lieve Bert, ondanks dat je zelf ontzettend druk was je eigen onderzoek in goede banen 

te leiden stand, en sta, je altijd voor me klaar! Dank je wel voor alles! 

Maaike 
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