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Abstract 
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Regulatory T cells (Tregs) are vital for regulating immune homeostasis and for preventing 
immunopathology. The immunosuppressive functions of Tregs have raised hope for their 
potential use in clinical applications. This thesis investigates features of Treg that may be 
relevant for their use in clinical applications and includes the first-in-man study of Treg 
infusion in clinical islet transplantation. In paper I we explored the immunological profile of 
haemodialysis patients and young healthy individuals; haemodialysis patients are a prospective 
target for adoptive Treg therapy following kidney transplantation. Flowcytometric gating 
strategies were analyzed to optimize the isolation of Tregs. We found that both groups presented 
a similar Treg profile, and sorting for CD25 in combination with CD127low was preferable 
in terms of Treg yield and purity. In paper II we compared the effects of mTOR inhibitors 
Azithromycin (AZM) and Rapamycin (RAP) on in vitro Tregs cultures, as compounds that 
improve the quality of Treg cultures are sought. While RAP can improve the purity of Treg 
expansions by suppressing the proliferation of non-Treg cells, the effects of AZM on Treg 
expansions had not been previously studied. We found that RAP induced a FoxP3+Helios 
+ phenotype and increased suppressive function, but may also inhibit Treg expansion. In 
comparison, AZM promoted a FoxP3+ phenotype, but to a lesser extent than RAP and the 
AZM treated Tregs are possibly less suppressive. In Paper III we performed the first-in-man 
study of autologous Treg infusion in clinical allogenic pancreatic islet transplantation. Patients 
underwent leaukapheresis from which polyclonal Tregs were purified by magnetic-activated 
cell sorting (MACS) and cryopreserved until transplantation. The Tregs were thawed and co-
infused with pancreatic islets in the portal vein. No negative effects were seen related to the Treg 
infusion, regardless of cell dose. This indicates the procedure is safe and feasible. Future efficacy 
studies can be performed based on these results, with aim of minimizing the need for chronic 
immunosuppressive medication in islet transplantation. In summary, the studies included in this 
thesis supports the development of clinical Treg applications. 
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“Regulators, mount up!” 

 

Warren Griffin III, 1994 
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Abbreviations 

APC  Antigen presenting cell 

ATMP  Advanced therapy medicinal product 

AZM  Azithromycin 

cAMP  Cyclic adenosine monophosphate 

CAR  Chimeric antigen receptor 

CTLA-4  Cytotoxic T-lymphocyte-associated protein 4 

DC Dendritic cell 

FoxP3 Forkhead box protein 3 

GMP Good manufacturing practice 

HSCT Hematopoietic stem cell transplantation 

IBMIR Instant blood-mediated inflammatory reaction 

IL-2 Interleukin 2 

IPEX Immunodysregulation, polyendocrinopathy, enteropathy, X-

linked syndrome 

mAb Monoclonal antibody 

MACS Magnetic-activated cell sorting 

MSC Mesenchymal stem cell 

MHC Major histocompability complex 

mTOR Mammalian Target of Rapamycin 

NK cell Natural killer cell 

PBMC Peripheral blood mononuclear cells 

TCR T cell receptor 

Teff Effector T cell 

TGF-beta Transforming growth factor beta 

Treg Regulatory T cell 

iTreg Inducible regulatory T cell 

nTreg Natural regulatory T cell 

RAP Rapamycin 

TSDR Treg-specific demethylated region 

T1DM Type 1 diabetes mellitus 
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Introduction 

A historical perspective on transplantation 

Transplantation, the procedure of transferring an organ or tissue to another 

part of the body or to another person. At first glance it may seem 

straightforward, you replace a broken part with a whole part. The idea of 

transferring strength or health from one individual to another, or from nature 

to man, might be as old as man himself. Most, if not all, human cultures exhibit 

rituals meant to help transfer desired properties: to become as strong the bear, 

as fertile as the land, as healthy as the young or as wise as the elder. As humans 

we often try to emulate what we desire. Not unlikely, ancient man would have 

transplanted himself the arms of the bear, the legs of the gazelle or the wings 

of the eagle had it worked. One can only imagine what manner of bizarre 

projects that may have taken place during the ages. Apart from desirable traits 

we also seek health. Replacing a damaged organ with a healthy organ, the 

transfer of health, may seem sound and simple, but Mother Nature has offered 

us a worthy challenge. 

In 1954 after decades of failures the first successful kidney transplantation 

was finally performed at the Peter Bent Brigham Hospital in Boston1. The 

transplantation was between two identical twins, of whom one was dying of 

renal disease. The success spurred large interest in both the medical 

community and in the media. Most previous experiments in kidney 

transplantation had been attempted with xenografts or graft from cadaveric 

donors. Trials were performed without immunosuppression and the grafts 

from cadaveric donors would sometimes function for days or weeks, but 

would eventually be rejected2. Immunosuppression was needed and different 

approaches were tried, for example total-body irradiation which had 

suppressive effects but led to fatal infections. Over time immunosuppressive 

drugs were developed. An anticancer medicine called 6-mercaptopurine 

proved to have immunosuppressive properties and was soon replaced by the 

less toxic derivate Azathioprine, which is still used today in organ 

transplantation and in autoimmune disease3. Different regimes were tested, 

and Azathioprine was combined with corticosteroids for maintenance 

immunosuppression. Later antithymocyte globulin (ATG) was applied for 

induction and in prevention of acute rejection4. The progress in the field led 

to attempts at heart, pancreas, liver and islet transplantation. The first curative 

islet transplantation was performed in 1978 when an American patient with 
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type-1 diabetes underwent combined renal and islet transplantation5. To the 

surprise of the treating to doctors they were able to continuously taper the 

insulin treatment. Eight months after transplantation all exogenous insulin had 

successfully been removed. In 1980 surgeons in Minnesota successfully 

performed autologous intraportal islet transplantation in 10 patients with 

surgically induced diabetes6. In solid organ transplantation, patients suffered 

from high mortality rates, but the rates improved as the use of low-dose 

corticosteroids became common practice and the calcineurin-inhibitor 

cyclosporine was introduced in the 1980s. As the field of transplantation 

progressed, so did the drug developments. In the 1990s mycophenolate 

mofetil, tacrolimus and sirolimus was added to the immunosuppressive 

arsenal, and several monoclonal antibodies have been tested since then, among 

which IL-2-receptor mAbs are the most commonly used7. A major 

breakthrough in islet transplantation occurred in 2000 when the Edmonton 

Protocol was published8. Instead of glucocorticoids the protocol combined 

sirolimus and tacrolimus together with the IL-2R-mAb daclizumab, which 

improved the success rate and feasibility of islet transplantation. 

Today, the progress in transplantation continues. New drugs are developed, 

current immunosuppressive regimes are fine-tuned, and the collective efforts 

of clinicians and researchers keep adding knowledge to the field. For example, 

recent studies show that long-term kidney transplant outcomes improves over 

time, including better graft and patient survival9,10. Islet transplantation has 

also progressed in the last two decades with improved long-term results11. Yet, 

several challenges remain despite the advances: the immunosuppressive drugs 

cause severe side effects, there is an overall shortage of donors and graft 

rejection is still a large issue12–14. Also, we are yet to discover the holy grail of 

transplantation: how to induce of transplantation tolerance, the state in which 

the immune system of the recipient does not attack the transplanted tissue. 

And thus, the quest goes on, hand-in-hand with the advances in immunology. 
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The discovery of Regulatory T cells 

In 1949 scientists at the Oak Ridge National Laboratory in USA identified a 

mouse strain suffering from a previously unknown syndrome caused by a 

recessive x-linked disease. The mice were called “scurfy” due to their ruffled 

scaly appearance. All the affected male offspring died within three weeks after 

birth due to massive multi-organ inflammation. The cause of this syndrome 

was unknown; however, the mouse strain was kept alive for further research15. 

The idea of suppressive T cells gained leverage in the early 1970’s when 

Gershon and Kondo showed that a population of T cells were able to hamper 

immune response16. The findings spurred intensive research but no definite 

cell marker was found for these cells. Their suppressive ability was believed 

to be associated with a molecule in a supposed I-J region of the MHC. This 

notion led to a mild crisis the mid 1980’s when molecular research in mouse 

MHC proved the I-J region to be basically non-existent. After this precarious 

finding the interest in suppressor T cells quickly waned, leaving the research 

field cold for several years17. The interest was finally revived in 1995 when 

Sakaguchi et al. showed the existence of Tregs as a subpopulation of CD4+ T 

cells with high expression of the interleukin-2 receptor alpha chain CD25+18. 

As the research and discoveries in Treg biology progressed, so did the 

studies of scurfy mice. In 2001 FoxP3 was identified by Brunkow et al. and 

recognized as the defect gene in scurfy mice19. Later the same year it was 

shown that the scurfy mice syndrome had a human equivalent in the 

Immunodysregulation, Polyendocrinopathy, Enteropathy, X-linked syndrome 

(IPEX), which cause lethal, massive, multi-organ inflammation in new-born 

males. In both species the gene defect could be traced to FoxP320. Another 

large breakthrough was made in 2003 when several papers linked FoxP3 

expression to Tregs and acknowledged the importance of the gene for Treg 

function21–23. Finally, the cause of both scurfy mice and IPEX had been 

explained: the syndromes were due to genetically defect Tregs. 
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Immunological role of Regulatory T cells 

Tregs have an essential role in maintaining immunological homeostasis. 

While the immune system is vital for the defence against pathogens and 

cancer, it also requires regulation to prevent immunopathology and 

autoimmune disease: 

Activation

Balance

Suppression

Excessive activation may cause:

- Autoimmune disease

- Pathological infla

m

ma t ion

- Allergic dysregulation

A dynamic balance between 

activation and suppression 

sustains immunological 

homeostasis.

Excessive suppression may cause:

- Susceptibility to pathogens

- Viral reactivation

- Risk for malignancies

The importance of immunological balance 

between activation and suppression:

 

As previously described, FoxP3-defective Tregs results in the IPEX 

syndrome, which displays lethal multi-organ inflammation20. Defective Tregs 

have also been reported in several autoimmune diseases such as Type 1 

diabetes, rheumatoid arthritis, multiple sclerosis and systemic lupus 

erythematosus24–27. Additionally, Tregs are needed to prevent excess allergic 

reactions and for upholding a tolerogenic state to commensal bacteria in the 

intestinal mucosa28,29. Tregs can also to improve the quality of immune 

responses by preventing uncontrolled activation of effector T cells and 
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orchestrating their homing to infected tissues30. While the regulatory functions 

of Tregs are vital, excessive suppression can be potentially harmful. Studies 

show that abundant Tregs at tumor sites is associated with poor prognosis in 

multiple types of cancer13,31. The potential dangers of immunosuppression are 

also highlighted in transplantation patients whose chronic immunosuppressive 

medications increases the risk for malignancies, new infections and 

reactivation of viral infections12,32. In conclusion, the immune system is a 

dynamic system that balances between activation and suppression for 

upholding immunological homeostasis, and Tregs are a vital part of this 

regulation. 
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Regulatory T cell biology 

Tregs originate mainly from two different sources: natural Tregs (nTregs) 

generated in the thymus during T cell development, and inducible Tregs 

(iTregs) derived from peripheral CD4+ T cells upon immune activation. 

nTregs 

The development of nTregs is believed to start in the thymic cortex during the 

early stages of thymocyte maturation. However, the exact process of selection 

and signalling that governs nTreg development is still under debate33. Several 

mechanisms have been suggested to contribute to nTreg maturation, such as 

high affinity binding with MHC-II presented self-peptide, CD28 co-

stimulation and cytokine stimulation with IL-233–35. nTregs are considered 

vital for maintaining suppression of auto-reactive T cells that escape the 

selection mechanisms of central tolerance36. A defining genetic feature of 

nTregs is their epigenetically modified CpG-rich Treg-specific demethylated 

region (TSDR) in the FoxP3-locus, which enhances the stability of FoxP3 

expression and helps preserve their regulatory phenotype37. In addition, the 

transcription factor Helios is expressed to a higher degree in nTregs than 

iTregs. In similarity with the demethylation pattern of TSDR, Helios has also 

been associated with FoxP3 expression and phenotypical stability of Tregs38.  

iTregs 

In contrast to nTregs, iTregs are induced outside the thymus in response to 

stimulatory cues such as IL-2, TGF-beta and retinoic acid39,40. Such cues are 

generated during immune activation and iTregs are essential for hampering 

unwanted or excessive immune response41. While nTregs are considered 

specific for self-peptides, the TCR repertoire of iTregs is more diverse and 

mainly includes specificity for non-self antigen. iTreg are induced from 

CD4+FoxP3- T cells and is considered a heterogeneous population, often 

categorized in two main groups of iTregs: Type 1 regulatory T cells (Tr1) and 

T-helper 3 T cells (Th3)41–43. Interestingly, the Tr1 cells are FoxP3 negative 

but still show regulatory function and produce high levels of the suppressive 

cytokine IL-10, while Th3 cells mainly produce TGF-beta, which also exerts 

suppressive effects. Furthermore, IL-10 and TGF-beta can induce additional 

Tr1 and Th3 iTregs, effectively promoting a tolerogenic milieu41–43. 

Specificity 

The effects and tolerance inducing abilities of Tregs are highly antigen-

specific. Treg activation and proliferation is triggered by TCR recognition of 

specific antigen peptides presented on the MHC-II of APCs in combination 

co-stimulation, mainly by Treg CD28 binding with CD80/86 on DCs44–47. The 
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suppressive functions and survival of Tregs is also stimulated by humoral 

factors, mainly by the cytokine IL-248. Importantly, studies show that Tregs 

activated by their cognate antigen can suppress T effector cells with different 

antigen specificities49,50. This means that while Tregs require antigen-specific 

TCR-stimulation for activation, they demonstrate non-specific suppressive 

properties once activated. This creates a tolerogenic milieu of bystander 

suppression affecting nearby effector cells. In transplantation settings there 

are two main ways in which Tregs can react to donor antigen; some Tregs 

directly recognize and react to allogeneic donor MHC, while other Tregs 

indirectly recognize alloantigen after the antigen are processed and presented 

on the MHC of host APCs. These two modes of recognition are known as 

direct and indirect antigen-recognition51. A third semi-direct pathway has also 

been recognized when host APCs captures and process and present intact 

donor MHC-complexes. Interestingly, studies show that indirect recognition 

is the most important pathway in tolerance induction, but that indirect 

recognition alone offers insufficient protection from graft rejection52.  

Different modes of TCR-recognition may therefore have different mechanistic 

roles in transplantation, both regarding rejection and suppression. 

Mechanisms of action 

Tregs are versatile cells and present a diverse repertoire of suppressive 

mechanisms. These are commonly divided into four main modes of action: 

Inhibition of Dendritic cells 

Dendritic cells (DCs) are a key component of the adaptive immune system 

and are essential for activation of T effector cells (Teffs). By inhibiting DCs, 

Tregs are able to hamper Teffs in an in-direct manner. Tregs constitutively 

express cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) that binds 

with high affinity to the CD80 or CD86 membrane proteins on DCs. This 

binding captures CD80 and CD86 and prevents their binding to CD28 on 

Teffs, which hinders co-stimulation53. CTLA-4 binding also increases DC 

expression of indoleamine 2,3 dioxygenase (IDO), a tryptophan-metabolizing 

enzyme. Tryptophan is required for protein synthesis and its depletion has a 

hampering effect on T cells54. In addition to CTLA-4, Tregs can express the 

transmembrane protein lymphocyte-activation gene 3 (LAG3), which binds to 

MHC-II on DCs and inhibit their function and maturation55,56. 

Cytolysis 

Tregs are able to induce apoptosis in T cells, B cells, dendritic cells, 

monocytes and NK cells in a contact-dependent manner by expression of 

granzyme A and B and perforin57–60. In addition, a tumor necrosis factor-

related apoptosis inducing ligand (TRAIL)-dependent mechanism for 

induction of apoptosis in T cells has also been suggested61. 
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Suppressive cytokines 

Tregs can produce suppressive cytokines. Among these, IL-10, TGF-beta and 

IL-35 are the most extensively studied. The cytokines have pleiotropic effects 

of the immune system, but importantly they inhibit Teff expansion and 

function while enhancing Treg induction, stability and suppressive 

capabilities62–65. 

Metabolic disruption 

Teffs depend on stimulatory cues for maintaining homeostasis and for guiding 

activity. By disrupting the stimulatory cues, Tregs are able suppress their 

function. An important cytokine for Teff homeostasis, proliferation and 

differentiation is IL-2, which is produced by Teffs and DCs66,67. While Tregs 

also depend on IL-2 for their function and highly express the IL-2 receptor α-

chain CD25, they do not produce IL-2. The Treg consumption of IL-2 deprives 

Teffs of the cytokine, which may cause Teff apoptosis68,69.  

Tregs can express ectoenzymes CD39 and CD73, which enables generation 

of peri cellular adenosine that binds to the adenosine A2A receptor on T cells. 

This signaling not only hampers Teffs, but may also promote induction of 

iTregs70,71. nTregs express high levels of cyclic adenosine monophosphate 

(cAMP), a second messenger that can inhibit the function of both APCs and 

Teffs. cAMP is transferred through gap junctions during cell-cell-contact, 

raising the intracellular cAMP to suppressive levels72. 
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Regulatory T cell therapy 

The need for immune regulation 

Pathological or excess immune response is the cause of numerous disorders 

and clinical complications, ranging from autoimmune disease and chronic 

inflammation to graft rejection in transplantation. Today a wide array of 

immunosuppressive drugs are available and used to mitigate these 

conditions73. While the immunosuppressive drugs used today are effective, 

side effects are common. For example, in organ transplantation; the 

immunosuppressive medication may effectively hinder organ rejection, but 

the lifelong treatment includes risk of severe side effects such as increased 

susceptibility to pathogens and increased risk for malignancies12,32. Another 

example is corticosteroids, which are used in the treatment of numerous 

immune-driven conditions. While the short-term side effects of corticosteroids 

are generally mild and easy to tolerate, long term use can have multiple severe 

side effects due to a prolonged state of hypercortisolism74. In conclusion, 

possible adverse effects must always be taken into consideration when using 

the immunosuppressive drugs. Consequently, there is a need for more 

tolerable alternatives or different modalities of immune regulation. 

Therapeutic hopes 

Interest has been raised for the potential therapeutic use of Tregs for treatment 

of immunopathology and for improving the outcome in transplantation 

settings75,76. Studies of adoptive Treg therapy show promising results for 

prevention of graft-versus-host disease in allogenic stem cell transplantation, 

and prolonging beta cell survival in patients with newly onset type-1 

diabetes77–81. Also, the first studies of Treg therapy in kidney and liver 

transplantation show that the treatment is well tolerated and may permit 

reduction of standard immunosuppression, which holds promise for the use of 

Treg therapy in solid organ transplantation82–86. Numerous studies of Treg 

therapies are now being performed in clinics worldwide for treatment of a 

variety of medical conditions. Many of these studies are part of larger 

collaborations that contribute to the development of Treg therapies, such as 

AFACTT (Action to Focus and Accelerate Cell-Based Tolerance-inducing 

Therapies , www.afactt.eu), which has a broad focus on various cell-based 

therapies, or the ONE Study (www.onestudy.org), which specialises in 

cellular immunotherapy in solid organ transplantation. The ultimate goal in 

Treg therapy is the induction of immunological tolerance, which can be 

defined as “A state of indifference or non-reactivity towards a substance that 

would normally be expected to excite an immunological response” (Peter 

Medawar, Nobel Lecture 1960).  

http://www.afactt.eu/
http://www.onestudy.org/
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Tolerance induction 

Tailored induction of tolerance by Treg therapy could potentially reduce the 

need for long-term immunosuppressive medication. By tilting the 

immunological balance towards non-reactivity, Tregs promote a more 

tolerogenic state87. In a best-case scenario, Treg therapy may induce tolerance 

that spreads between lymphocytes and persists even after the initially 

transplanted Tregs are gone. This process of self-reinforcing tolerance is 

known as infectious tolerance and first proposed back in the early 1970s long 

before the discovery and characterization of Tregs88–90. There are likely 

several mechanisms involved in the promotion of infectious tolerance, such as 

secretion of suppressive cytokines IL-10, TGF-beta and IL-3591–93. In addition 

to their inhibitory effects the cytokines also promote induction of different 

Treg populations such as IL-10 producing TR1 and IL-35 producing iTr35 

cells. DCs may also contribute to infectious tolerance due to their ability to 

induce Tregs, especially in the presence of inhibitory cytokines94–96. 

Interestingly, animal studies show that transfusion of donor leukocytes may 

promote tolerance induction and allograft survival97. A study by Singh et al. 

using rhesus monkeys was able to induce tolerance to islet allografts by 

preconditioning the receiver using infusion of apoptotic donor lymphocytes in 

combination with immunosuppression that did not depend T cell depletion98. 

Thus, priming the immune system with donor leukocytes may allow for 

antigen-specific suppression and benefit transplant tolerance. Tregs are likely 

to be involved in this process. 

Mixed chimerism 

An alternative method for inducing tolerance is by establishing mixed 

chimerism between the donor and the recipient99. Mixed chimerism is a state 

of co-existence of two genetically different lymphohematopoietic systems in 

the same individual or animal. In transplantation this is usually attained by 

combining organ transplantation with hematopoietic stem cell transplantation 

(HSCT). Low levels of chimerism can also be induced by blood transfusion, 

organ transplantation and in rare cases acquired naturally during pregnancy 
100–102. Preclinical islet transplant models with HSCT show increased allograft 

tolerance and less autoimmune destruction of islets103. Also, in clinical trials 

of living kidney transplantation combined with HSCT a majority of the HLA-

matched patients developed tolerance and was able to taper the 

immunosuppressive medications104. A limiting factor in HSCT is the 

immunosuppressive conditioning that is required for the treatment and less 

toxic protocols are under development105,106. Murine studies show that Tregs 

may benefit HSCT by promoting hematopoietic engraftment and co-infusion 

may therefore be of interest107,108. As previously mentioned, Treg therapy can 

also help reduce GVHD in human clinical HSCT77,78.  
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A potential method for promoting mixed chimerism is monoclonal 

antibody blockade of the co-stimulatory molecule CD154 found on T cells. 

CD154 is the ligand for CD40 expressed on APCs, which is essential for B 

cell, macrophage and DC activation, maturation and proliferation109. The 

activation of CD40 also induces APC release of inflammatory cytokines and 

upregulates the CD80/CD86 molecules which permit further co-stimulation 

through activation via CD28110. Promising animal studies with CD154-mAbs 

show ability to induce mixed chimerism and tolerance in HSCT without 

cytoreductive conditioning111–113. It has also been found to alter the T cell 

balance in the favor of Tregs as natural Tregs are less dependent on co-

stimulation through CD154 and CD28 than FoxP3 negative T cells114. 

However, CD154-blockade has been associated with severe thromboembolic 

events which has hindered its application in human transplantation115,116. 

Studies have been performed trying to examine the exact requirements to 

achieve CD154-blockade, which hopefully leads to a treatment that allows for 

safe application in humans117. The future will tell if Tregs and blockade of co-

stimulatory signals can be incorporated to help establish mixed chimerism for 

tolerogenic purposes in human transplantation. 

Application in islet transplantation 

The improvement of islet transplantation is a worthy task. The treatment is 

capable of transforming the confined life of a patient with hard-to-treat type 1 

diabetes to a normal life without major restrictions. It improves both mortality 

and morbidity118. Patients report increased quality of life after the procedure, 

despite the side effects related to the immunosuppressive drugs119. It is a well-

established treatment offered at multiple transplantation centers in a number of 

countries world-wide. However, there is a lack of donors and graft rejection is 

common, both short- and long-term120,121. Patients often need more than one islet 

transplantation to maintain adequate therapeutic effect over time. The islets are 

subjected to both conventional immune response to the allogenic graft and to 

the process that caused diabetes in the first place122–124. There is evidence that 

autoimmune destruction of beta cells can reoccur after both pancreatic and islet 

transplantation, despite patients being under immunosuppression125–128. It has 

also been suggested that the allogeneic reaction and the autoimmune process 

may have reciprocal effects, which seems plausible as both promotes an 

inflammatory milieu which can beget further immune activation129. Chronic 

immunosuppression is therefore required, but the immunosuppressive drugs 

available increases risk for infections, malignancies and drug toxicities12,32. 

Thus, optional treatments to help prevent graft rejection and reduce the need for 

standard immunosuppression is needed. A decrease in graft rejection would also 

reduce the need for repeated islet transplantations per patient, which would 

make more transplants available for additional patients. 
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Treg therapy may hold promise for islet transplantation. Paper III in this 

thesis presents the first-in-man study of Treg infusion in clinical islet 

transplantation and shows that the treatment is safe and feasible. Earlier 

murine studies of islet transplantation show a vital role for Tregs in tolerance 

induction and prolonged graft survival after adoptive Treg therapy130–132. Also, 

Treg therapy in human type 1 diabetes has been well tolerated and shows 

prolonged beta cell survival79–81. These findings may also have important 

implications for Treg-mediated inhibition of recurring autoimmune diabetes 

after islet transplantation. Thus, Treg therapy may have potential to inhibit not 

only allogeneic rejection but also autoimmune destruction of beta cells. 

Islet transplantation is suitable for efficacy and tolerance studies in Treg 

therapy that includes withdrawal of standard immunosuppression. If the 

immunosuppressive drugs are tapered and the effects of the Treg therapy are 

insufficient, part of the islets may be lost and the patient will likely require 

intensified diabetes treatment. Yet, the effects will neither be critical nor fatal 

if the patient is well monitored. In a worst-case scenario, the patient will lose 

the whole the graft and must return to the medication she had before the 

transplantation. Compare this scenario to the potential consequences of 

withdrawing immunosuppression in solid organ transplantation; losing a heart 

transplant can be directly fatal, and patients with rejected kidney graft may 

need to return to dialysis treatment, which has a mortality rate of 50% within 

5-years133,134. Thus, islet transplantation is a more suitable setting for studies 

including drug withdrawal. 

Challenges 

While the possibilities of Treg therapy may look promising, there are 

challenges to overcome and potential side effects to be wary of. 

Scarcity 

One challenge is the scarcity of Tregs; as Tregs only make up about 5-10% of 

the CD4+ T cells, there is a need to expand Tregs in vitro to reach therapeutic 

levels for adoptive cell transfer52.  The required number of Tregs have not 

been defined, however previous trials suggest dose ranges between 0.1- 

20 × 106 polyclonal nTregs per kilo of bodyweight76–78,135. While there are 

effective protocols for culturing Tregs, expanding Tregs includes risk of both 

contamination by non-Treg CD4+ effector cells and of Tregs converting to 

pro-inflammatory Th17 cells136–140. Thus, preserving the purity of Treg in vitro 

cultures is important. Different agents have been used to enhance Treg 

expansions, among which the macrolide Rapamycin (RAP) is the most 

commonly used compound. RAP promotes a purer Treg yield by supressing 

the proliferation of non-Treg cells136,137,141,142. While Treg proliferation is also 
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affected by the inhibitory properties of RAP, the impact is more profound on 

non-Tregs143. In paper II we compare the effects of macrolide Azithromycin 

(AZM) to RAP in in vitro Treg cultures.  

Side effects 

Another possible challenge in Treg therapy is the potential side-effects of 

immunosuppression, such as increased susceptibility for infections and 

malignancies12,32. Also, previous studies show that large number of Tregs at 

tumor sites is associated with poor prognosis in multiple forms of cancer13,31. 

As the development of clinical Treg applications is still in its early stages, only 

a small number of clinical studies have been published so far. Therefore, data 

regarding side effects is lacking since there is little short-term and no long-

term data available. However, the published studies show no severe adverse 

effects related to the infusion of Tregs, which may hold promise for the safety 

and feasibility of Treg therapy77–80,82–86,144. Though, as the data is limited, 

caution should be taken regarding potential side effects. In transplant patients 

the risk of cancer is partly moderated by the duration of immunosuppression, 

which is why long-term effects should be taken into consideration32. Also, 

potential side effects may likely be related to multiple different factors such 

as cell dosing, cells type, Treg purity, how the cells are transfused, what type 

of patient, whether other immunosuppressive agents are being administered, 

etcetera. As multiple clinical Treg studies are now being performed 

worldwide, the coming decade will hopefully bring a better understanding 

regarding the safety of Treg therapies. 

Polyclonal or antigen-specific 

A question in Treg therapy is whether to use polyclonal or antigen-specific 

cells as both types have their advantages and disadvantages. Antigen-specific 

Tregs may be ideal for targeting antigen involved in autoimmune disease or 

donor-specific antigen in transplantation settings. However, antigen-specific 

Treg therapy is methodologically more complex than polyclonal Treg therapy. 

A diverse bulk of Tregs with different specificities is classed as polyclonal 

Tregs. When regular Tregs are isolated from a patient, polyclonal Tregs are 

acquired. Antigen-specific Tregs on the other hand are attained through 

enrichment or by cell modifications, for example by expanding autologous 

Tregs with allogeneic APCs, or by viral induction of Tregs with antigen-

specific receptors such as chimeric antigen receptors (CAR) 50,145–148. Thus, 

acquiring antigen-specific Tregs is a more complicated process and most trials 

to date have used polyclonal Tregs. Interestingly, animal studies show that 

antigen-specific Tregs are more effective than polyclonal Tregs145,146. Therapy 

with antigen-specific Tregs can therefore require smaller cell doses than 

therapy with polyclonal Tregs. Antigen-specificity also enables for targeted 
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therapies, which may theoretically reduce the risk for random immune 

suppression and non-specific adverse effects. However, other potential side 

effects must also be considered. As previously mentioned Tregs can convert 

to pro-inflammatory Th 17 cells, which could possibly be detrimental if large 

amounts of pro-inflammatory cells are infused instead of suppressive cells70-

72. This risk applies to both polyclonal and antigen-specific Tregs, but the 

potential damage may increase if antigen-specific Tregs are used due to their 

increased efficacy. Also, CAR T cells must be handled with care; in trials with 

effector CAR T cells there have been incidents with massive cytokine release 

and severe neurotoxicity, which can be fatal149. While potential side effects 

may differ between effector and suppressive CAR T cells, caution is still 

important and safety studies are needed. Also, CAR T cell therapies are 

expensive treatments with costs ranging up to several hundred thousand 

dollars per patient150. 

Interestingly, studies suggest that a combination of polyclonal and antigen-

specific may be ideal52. The combination may confer a mix of direct and 

indirect antigen alloantigen-recognition, which could potentially both hinder 

early graft rejection while promoting tolerance. The combination of 

specificities also brings further questions: which is the optimal mix? Do 

different transplantation settings have different requirements? What is the best 

methodological approach for creating the perfect blend of Tregs?  

In conclusion, the use of polyclonal Tregs is the most studied and 

methodologically straightforward option for Treg therapy, but requires larger 

cell doses and the suppressive effects can be more random. Antigen-specific 

Treg therapy may require smaller cell doses and enable more targeted 

therapies, but is methodologically more complex and more studies are needed 

optimize the methods and affirm the safety of the treatments. The future will 

show if combinations of both types are preferable. 
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Aims  

The overall aim of this doctoral thesis is to support the development of clinical 

Treg therapies.  

Paper I 

To study and compare the immunological profile of haemodialysis patients 

and young healthy individuals with focus on Tregs and flowcytometric gating 

strategies for Treg isolation. The two groups are prospective targets for renal 

transplantation and haematopoietic stem cell transplantation, respectively. 

Paper II 

To investigate and compare the effects of mTOR inhibitors Azithromycin and 

Rapamycin on in vitro Treg expansions. Adoptive Treg therapy requires ex-

vivo expansion of Tregs to reach therapeutic numbers, which may benefit 

from co-culture with immunomodulatory compounds. 

Paper III 

To perform the first-in-man trial of autologous Treg infusion in clinical 
intraportal allogeneic pancreatic islet transplantation and investigate the safety 

and feasibility of the procedure. 
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Materials & methods 

Flow cytometry 

Flow cytometry is a technique in which cell characteristics are analyzed by 

exposing cells to laser beams and measuring the scattering light151. While flow 

cytometry is commonly used for cell analysis, it can also be used for sorting 

cells. There are many different flow cytometers available with different 

hardware, software and methods for analysis and cell sorting. Some flow 

cytometers are designed solely for analysis while others are engineered for cell 

sorting.  

In flow cytometry, cells are measured by their size, granularity and 

expression of specific antigen, such as proteins on the cell surface. To perform 

the latter, cells are first stained with antibodies conjugated to fluorochromes, 

which attaches to its respective antigen. After staining, the fluorochrome-

conjugated antibodies emit light when exposed to the lasers of the flow 

cytometer. The emitted light is then measured as data. This use of 

fluorochrome-conjugated antibodies enables the instrument to select and 

analyze specific cell populations, or help discern between heterogenous cell 

populations that are similar in size and granularity but express different 

antigen. The antibodies can target both structures in the cell membrane and 

intracellular antigen. However, targeting intracellular antigens requires 

permeabilization of the cells prior to antibody staining, which effectively kills 

the cells. Therefore, only surface antigen can be used for selection when viable 

cells are sought, for example when cells are sorted for culture or clinical 

applications. 

Flow cytometry can be very complex and challenging. Many labs use 

expert personnel with years of experience in flow cytometry. The machines 

are big and commonly need maintenance, which includes replacement of 

fluids and calibrations of lasers. When operating the FACS there is a risk for 

false positive results. The lasers need to be correctly set and calibrated and the 

user must carefully choose which fluorochromes that are used for analysis. 

Some fluorochromes scatter light in similar wavelengths and it is possible to 

get false positive results when the scattering light from one fluorochrome 

enters the channel of another fluorochrome. It is therefore wise to use 

unstained controls and fluorescence minus one controls (FMO controls), in 

which the latter is stained for all fluorochromes in the experiment except for 

one152. If data is detected in the channel of the unstained fluorochrome in the 
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FMO control, that is a signal of spill over from another fluorochrome and a 

possible source of error. The user must then adjust or compensate for the spill 

over if possible, or use a different fluorochrome setup if needed. In this thesis 

flow cytometry was used for cell analysis in all manuscripts and paper I 

explored flow cytometric strategies for identifying Tregs.  

Flow cytometric sorting 

There are many different types of flow cytometers and the majority are used 

only for cell analysis, in which the cells are collected in a waste bin after use.  

Some flow cytometers designed for sorting cells, in which the selected cells 

are collected for further use after analysis. Today isolated cells are mainly 

used for research, but with developments in flow cytometry the future may 

hold promise flow cytometric sorting for adoptive cell therapies. In this thesis, 

flow cytometric sorting was applied in Paper II to for isolating Tregs for cell 

culture and further analysis.  

There are factors complicating the analysis and isolation of Tregs. Standard 

Tregs are positive for the transcription factor FoxP3, which is considered their 

regulatory master-switch21. Ideally FoxP3 could be used for isolation of Tregs 

for studies and clinical applications. However, FoxP3 is an intracellular 

transcription factor and the only way to stain for it is to permeabilize the Tregs, 

which kills the cells. Only surface antigen can be used when live cells are 

sought. This complicates the sorting of Tregs as they have no lineage-specific 

surface proteins and have the same size and granularity as other T cells. Yet, 

there are ways to single out Tregs by sorting based on the degree of their 

expression of surface antigen.  

Briefly, Tregs are CD4 positive, highly CD25 positive and has a low 

expression of CD127. By gating for CD4 positivity the Tregs can be discerned 

from CD8 positive cytotoxic T cells, but not from CD4 positive effector cells. 

Gating for CD4 together with CD25 shows a population with high CD25 

expression but slightly lower CD4 positivity, which are Tregs. It is however 

more specific to first gate for CD4 positivity and then for CD25 together with 

CD127 low. This shows a sole population of CD4+CD25highCD127low cells 

that can be sorted with accuracy and has a strong Treg profile with high FoxP3 

positivity. The cell phenotype derived from this sorting strategy is examined 

in detail in Paper I. This gating method was also used for flow cytometric 

sorting in paper II and flow cytometric analysis in all papers. 

Magnetic-activated cell sorting 

Magnetic-activated cell sorting (MACS) is a technique for magnetically 

separating cell populations based on cell-surface antigens153. First the cells are 
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labeled for surface antigens using antibodies conjugated to magnetic beads. 

The cells are then passed through a magnetic column in which the magnetic 

antibody-labeled cells are captured while the unlabeled cells pass through. The 

sought cell population can either be sorted by being stained and retained in the 

magnetic column, known as positive selection, or by staining the unwanted 

cells and capturing them in the magnetic column, while the sought population 

is collected as flow-through. The latter is known as negative selection. In this 

thesis, MACS was used in paper II for sorting different T cell populations, and 

in paper III for isolation of Tregs for clinical use. Contrary to paper II which 

utilized positive selection by flow cytometry for isolating Tregs, paper III 

instead utilized both negative selection and positive selection by MACS. 

Briefly the leukapheresis product in paper III underwent negative selection for 

CD8 and CD19 positive cells, which is expressed by cytotoxic T cells and B 

cells respectively, effectively removing those populations of effector cells. 

After negative selection the remaining cells underwent positive selection for 

CD25. 

MACS vs FACS 

Both systems have their strengths and weaknesses. MACS is fast and can be 

used in large scale within closed GMP-compliant system, such as the 

CliniMacs which was used for sorting Tregs in paper III. The method can 

handle large sums of cells as long as there are enough antibody-conjugated 

beads for the experiment. However, the beads are not cheap, and large 

experiments in closed GMP-system can be a costly affair if repeated use is 

required. Smaller MACS-experiments for research purposes are more 

affordable. Still, MACS is relatively cheap and practical compared to buying 

and using a flow cytometer. In MACS, what you gain in effectiveness you lose 

in preciseness. MACS can target surface antigen for selection, but it cannot 

select for high or low expression of that antigen, which makes it unable to 

select for certain populations. If you have two hypothetically distinct 

populations, one CD25high and one CD25low, you can’t select one of them 

specifically using MACS. If you select for CD25 you may get a higher yield 

of CD25high cells, but you will still receive CD25low cells as well. Thus, 

MACS can be a sometimes-blunt method depending on the circumstances. 

FACS on the other hand has the potential to be a more precise. If the 

populations are distinct, you can visually select specific populations based on 

their traits and have them isolated. Problems only arise when the cell 

populations are not distinct and share similar characteristics and levels of the 

same surface antigen. Such population are equally hard for MACS to discern. 

While FACS can be more precise than MACS, it is not as effective. FACS 

requires laser analysis and sorting of every single cell, while the cells in 

MACS are all incubated with beads together and then magnetically sorted all 
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at the same time. Therefore, FACS cannot compete with MACS in 

effectiveness. This makes FACS unfit for clinical applications as adoptive cell 

therapies commonly require large cell doses for therapeutic effect. Also, it is 

more complicated to design GMP-compliant FACS systems. In addition, 

FACS machines are large, expensive and requires maintenance, which in total 

becomes a big investment. 

In conclusion, FACS can be precise but is not yet very effective and is 

therefore more suitable for research purposes than for clinical applications. 

MACS on the other hand can be blunt but usually good enough for cell sorting 

and is therefore more suitable for clinical applications and for use in research 

settings when visual selection is not required. Regarding future outlook, FACS 

is the most complex system with the largest potential for improvement. If 

future FACS systems will be able to sort precisely, with good effectiveness 

and under GMP conditions, they might outcompete MACS in the long run. 

Cell culture 

The process of culturing cells in vitro under controlled conditions. It can be 

used in the purpose of research, but also for expanding cells for clinical 

applications. Cells are commonly kept in wells with cell culture medium 

containing proper nutrients and growth factors in an environment that mimics 

in vivo conditions regarding for example pH and temperature levels154. Cell 

culture medium and stimulatory additives must be changed every other day to 

maintain good conditions for growth. As the cells expand in numbers, so does 

their requirements. The cultures must therefore be switched to larger wells 

over time, with proportional increase in stimulatory additives. It is also 

important to work under safe and sterile conditions as many pathogens tend 

thrive under the same conditions as cell cultures and can easily contaminate 

them. Cell cultures are often supplemented with antibiotics for this reason. 

As previously described, Tregs need TCR-stimulation, co-stimulation and 

stimulatory cytokines to thrive44–48,145. As in vitro conditions are artificial 

milieus lacking these factors, the stimulatory criteria are commonly be met by 

artificial means. For TCR-activation and co-stimulation the cell cultures are 

supplemented with anti-CD3/CD28 beads142. CD3 is part of the TCR complex 

and provides an activation signal for the T cell, while CD28 provides co-

stimulation. The cell culture is also supplemented with the stimulatory 

cytokine IL-2. This creates a highly proliferative environment for all T cells. 

A risk-factor when culturing Tregs is an overgrowth of Teffs136–140. While both 

cell types thrive under the same conditions, Teffs tend to expand more 

aggressively. Thus, over time Teffs can outgrow Tregs even if the they were 

a minor part of the T cells at the start of the culture. It is therefore important 

when culturing Tregs to isolate them as strictly as possible to minimize the 

contamination of Teffs. Other means to enhance the purity of Treg expansions 
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is by adding Rapamycin which hampers expansion  of non-Tregs, or possibly 

by Azithromycin as described in paper II141–143. 

Suppression assays 

Treg in vitro suppression assays are often used to test the suppressive 

capabilities of isolated, cultured Tregs or modified Tregs. A common 

approach is by exposing a fixed amount of Teffs in culture wells with different 

ratios of Tregs157. The T cells are given all the required conditions for 

activation and expansion (TCR-stimulation, co-stimulation and humoral 

factors). The cells are then analyzed by flow cytometry after 72 hours to assess 

their expansion, which indirectly reflects the suppressive capabilities of the 

co-cultured Tregs. The method was used in paper II to analyze the suppressive 

effects of Tregs previously cultured with RAP and AZM.  

Density gradient separation 

Ficoll-Paque can be used with blood to separate plasma, PBMCs, erythrocytes 

and granulocytes by density gradient centrifugation158. After the 

centrifugation the PBMCs can be visually discerned as a white layer and 

removed by hand using a pipette. The separated PBMCs are then washed with 

a suitable buffer and ready for further use. In paper I and paper II the method 

was applied to separate PBMCs from peripheral blood for further Treg 

enrichment. 
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Results and discussion  

Paper I 

We found that the relative distribution of different lymphocyte populations in 

PBMCs of young healthy individuals and uremic patients was similar for CD4, 

CD8 and CD16/CD56 positive cells. Regarding CD19+ B cells, the uremic 

patients showed a relative distribution of 30% less cells than the young healthy 

individuals. This is in concordance with previous studies showing that B cell 

lymphopenia is common in uremic patients and that B-cell numbers may 

decrease with age159,160. The uremic patients presented three times the amount 

of CD4/CD8 positive cells compared to the young healthy individuals. This 

may be explained by age related increase of CD4/CD8 double positive cells, 

while the distribution of CD4 and CD8 single-positive cells remains unaltered 

throughout life161. In absolute cell numbers, the young healthy individuals 

presented 17% higher lymphocyte count than the uremic patients. Previous 

studies report higher lymphocyte count in healthy individuals compared to 

uremic patients, which may be explained by increased leukocyte apoptosis in 

patients with chronic renal failure162,163. 

In optimizing flow cytometric gating strategies for identification of FoxP3 

positive cells, we found that low expression of CD127 in combination with 

high expression of CD25 yielded the highest percentage of FoxP3 positive 

cells. Interestingly, the optimal setting for flow cytometric identification of 

Tregs did not differ between the groups and the frequency of FoxP3 positive 

cells was similar for both cohorts. These findings imply that Treg cell markers 

are robust and not easily affected by uremia, which has important implications 

for Treg purification. Regarding CD45RA expression, we found an inverse 

correlation with CD25 expression in the uremic patients. The young healthy 

individuals presented a similar pattern, however their top 20% cells with 

highest CD25 expression displayed increased CD45RA expression. As 

CD45RA is a known cell surface marker for naive T cells this variation may 

potentially be explained by age differences between the groups; T cells tend 

to differentiate from naïve to memory phenotype over a lifetime, possibly 

resulting in fewer CD45RA-expressing cells in elderly uremic patients 

compared to young healthy individuals.  

In the analysis of FoxP3 mRNA expression the young healthy individuals 

showed three times higher expression than the uremic patients. These 

differences could possibly be either age related or due to functional 
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impairment of Tregs from uremic patients described in previous studies164,165. 

Expression of FoxP3 is not strictly confined to Tregs but can also be found in 

other lymphoid lineages, which should be taken into consideration when 

measuring FoxP3 mRNA in PBMCs165,166. Analysis of FoxP3 mRNA splice 

variants presented close to identical isoform distribution for both groups, 

which implies that uremia may not have any significant effects on FoxP3 

splice mechanisms. 

In summary, the study provides insight into the immunological profiles of 

young healthy individuals and uremic patients, as well as flow cytometric 

gating strategies for Treg isolation. This may to benefit the development of 

standardized protocols for flow cytometric sorting of Tregs for clinical 

applications. 

Paper II 

Both AZM and RAP treatment promoted a Treg phenotype. AZM treatment 

induced higher frequencies of CD4+FoxP3+ cells compared to no supplement 

in Bulk Treg cultures, while RAP induced higher frequencies in all three 

populations. RAP treatment also induced higher frequencies of 

CD4+FoxP3+Helios+ cells in Memory Tregs compared to both AZM 

treatment and no supplement, as well as in Naive Tregs compared to no 

supplement. Previous studies show that FoxP3+Helios+ Tregs maintain a 

stable phenotype and feature more immune suppressive characteristics 

compared to FoxP3+Helios- Tregs38,167–169. Thus, while both compounds 

promoted higher frequencies of CD4+FoxP3+ cells, RAP induced a higher 

quality Treg phenotype. Notably, memory Tregs treated with RAP showed 

higher frequencies of cells positive for CD4+FoxP3+IL-1RI compared to no 

treatment. IL-1RI expression in Helios- Tregs has been associated with 

secretion of the suppressive cytokine IL-10, but also with the inflammatory 

cytokine IL-17170,171. As stability of the Treg lineage may be essential in 

clinical applications, this notion suggests that RAP treatment of memory 

Tregs should be used with caution. 

Regarding expansion of Tregs, no significant differences in fold expansion 

were found between RAP and AZM treatment in either Treg population. 

However, naïve Tregs treated with RAP presented lower fold expansion 

compared to no treatment. The Treg populations treated with AZM showed a 

trend of 28-58% larger mean numbers of cells compared to the populations 

treated with RAP. While this trend did not reach statistical significance in our 

study, it may be of importance as Treg therapies are dose-dependent and 

require ex vivo expansion of Tregs to accumulate therapeutic levels52.  

To investigate the Treg preserving effects of AZM and RAP in in vitro 

cultures, fold expansion and the frequencies of CD4+FoxP3 expressing cells 

were compared. AZM treatment presented larger variations than RAP in the 
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frequencies of CD4+FoxP3 positive cells, for which we found no correlation 

with fold expansion. Though no significant differences were found between 

AZM and RAP, the Treg populations treated with AZM showed a trend of 16-

25% larger mean numbers of CD4+FoxP3+ cells compared to the Treg 

populations treated with RAP.  

Tregs expanded with AZM, RAP or without supplements were tested for 

their suppressive activity in an antigen-presenting cell (APC) independent 

suppression assay. The Treg cultures suppressed Tresps in a dose-dependent 

manner. RAP treated naïve Tregs showed higher rates of suppression than 

both AZM treatment and no treatment. 

In the flowcytometric analysis we found significant differences in both 

forward scatter (FSC) and side scatter (SSC) between cultures treated with 

AZM and RAP, for both Naïve and Memory Tregs. AZM treated Tregs 

showed an increased internal complexity that may be explained by the known 

intracellular accumulation of AZM in lysosomes, which are highly efficient 

structures for scattering light172–174. 

To investigate the degradation of RAP in CD4+ T cells and in culture 

medium, both the intracellular and extracellular concentrations were measured 

over time. We found a pattern of quick degradation in 37 °C medium during 

the first 24 hours regardless of whether it was cultured with cells or not, while 

the degradation in 4 °C medium progressed more slowly. In contrast, our 

analysis of intracellular RAP concentration in CD4+ T cells cultured in 37 °C 

medium showed consistent levels and less variation. The quick degradation of 

RAP in medium may explain why adding RAP to cultures every second day 

has become standard; it is possible that the biological effect of RAP in T cells 

require intermittent addition of RAP. It is also possible that the inhibitory or 

negative effects of RAP would have been stronger if the RAP levels in cell 

medium had been constant or degraded more slowly. 

In conclusion, we found that RAP treatment induced a FoxP3+Helios+ 

phenotype and increased suppressive function, but may also inhibit Treg 

expansion. In comparison, AZM treatment promoted a FoxP3+ phenotype, but 

to a lesser extent than RAP and the AZM treated Tregs are possibly less 

suppressive. While AZM treatment showed a trend of marginally more Treg 

expansion than RAP treatment, no significant differences were found in this 

regard. These findings imply that further elucidation of the biological effects 

and functional impact of AZM is required to determine if the compound may 

benefit Treg in vitro cultures for clinical applications. 

Paper III 

Five patients underwent leukapheresis with following Treg enrichment by 

MACS, isolating 1.19 (±0.88 SD) x 106 T cells per kilo body weight. After 

storage by cryopreservation and thawing prior to transplantation 0.63 (±0.42 
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SD) x 106 T cells per kilo body weight remained, which presented a cell loss 

of 45.36% (±27.43 SD). The final cell product showed a CD4/CD25 positivity 

of 65.60% (±11.21 SD), a CD4/CD25/FoxP3 positivity of 63% (±15.82 SD) 

and a viability of 85,4% (±6.82 SD). The T cell doses used in this study were 

rather small compared to other trials of adoptive Treg therapies in 

transplantation as the cells were not expanded. Since this was mainly a safety 

study we choose not alter or expand the cells. Previous studies from other 

transplantation settings suggest doses between 0.1 x 106 and 20 x 106 

polyclonal natural Tregs per kilo of bodyweight are needed to reach 

therapeutic levels (76–78,80]. Future trials with scaling Treg doses will be of 

interest for studying the therapeutic efficacy in islet transplantation. 

The primary endpoints were met for all patients in the study, with no 

thrombotic events, elevated transaminases, graft failure or new donor specific 

antibodies. One patient showed a small intraperitoneal bleeding day 1 after the 

transplantation, but did not need any intervention or blood products. Another 

patient presented mouth ulcers that led to readmittance and switch from 

Everolimus to Mycophenolate mofetil (MMF) two months after the 

transplantation. Other adverse events were limited to mild leucopenia and a 

urinary tract infection in one patient. Most importantly, no negative effects 
were seen related to the Treg infusion, regardless of cell dose. This 

indicates that the treatment is safe. 

All secondary endpoints were measured at 75 days post transplantation, 

except PRA levels that were measured at 90 days.  All patients showed 

stimulated C peptide levels above 0.3 nmol/L. No patients were considered 

insulin independent at day 75. The mean HbA1c was reduced from 7.0 (range 

6.2-8.3) to 6.3 % (range 5.7-6.6). The mean insulin doses were reduced from 

32 (range 17-76) to 16 (range 8-30). No severe hypoglycemic events were 

reported. Three out of three patients with Clark score registered both pre and 

post-transplant presented a mean score reduction from 5.0 to 1.7.  None of the 

patients showed an increase in PRA. These results are comparable to results 

from standard islet transplantation. Future trials may attempt at increasing the 

effectiveness of the therapy, for example by increasing Treg doses through 

cell expansion as previously mentioned, or by virally inducing cell 

modifications such as antigen-specific TCRs, which would classify the 

treatments as advanced therapy medicinal products (ATMPs). 

In conclusion, this study shows that intraportal co-infusion of autologous 

polyclonal Tregs with allogenic islets in clinical islet transplantation is safe 

and feasible. These results lay the foundation for future efficacy studies and 

development of more advanced Treg therapies with the aim of minimizing the 

need for chronic immunosuppressive medication in islet transplantation. 
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Summary of conclusions 

Paper I 

• Young healthy individuals and uremic patients presented similar 

relative distribution of CD4, CD8 and CD16/CD56 positive cells 

among PBMCs. 

• Flow cytometric identification did not differ between the groups and 

gating CD4 positive cells for CD127low in combination with 

CD25high yielded the highest percentage of FoxP3+ positive cells. 

• Splice variant of FOXP3 mRNA presented close to identical isoform 

distribution for both groups.  

• In conclusion both groups presented similar Treg profiles, which may 

benefit standardized protocols for Tregs sorting. 

Paper II 

• RAP treatment induced a FoxP3+Helios+ phenotype and increased 

suppressive function, but may also inhibit Treg expansion. 

• AZM treatment promoted a FoxP3+ phenotype, but to a lesser extent 

than RAP and the AZM treated Tregs are possibly less suppressive. 

• No significant difference in fold expansion were found between RAP 

and AZM treatment. 

• In conclusion, RAP may promote Treg in vitro cultures to a higher 

extent than AZ  and more studies of AZM are needed to determine if 

it has a potential role for improving Treg expansions. 
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Paper III 

• Dose ranges of 0.14 to 1.27 x 10^6 T cells per kilo body weight were 

transplanted with a mean Treg phenotype >60% and a mean viability 

>80%. 

• No negative effects were seen related to the Treg infusion regardless 

of cell dose. 

• Only minor complications related to the immunosuppressive drugs 

were reported. 

• The treatment was safe and feasible, and future efficacy studies may 

be performed based on these results. 
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Future perspectives 

The research in Tregs and their applications has gained traction over the last 

decades and now trials with Treg therapies are being performed in several 

clinics worldwide. While still in its infancy, Treg therapies show promising 

results both for prevention of immune disease and in enabling withdrawal of 

standard immunosuppression in transplantation settings77–80,84,85. It will be 

tested in multiple ways and trials are just getting started in several settings, as 

in clinical islet transplantation described in paper III. The initial safety studies 

will be followed by efficacy studies of various types. Many trials use 

expansion of Tregs to increase cell dose and potentially improve the efficacy 

by infusing larger cell doses77,79,80,82,83,85. Different GMP-compliant methods 

for expanding Tregs have already been described in the literature and will 

likely evolve as the methods are optimized175–177. Paper II in this thesis 

supports the research in improving Tregs expansion by analyzing the 

enhancing abilities of the macrolides AZM and RAP.   

The field of genetic engineering has potential to advance rapidly in the 

foreseeable future due to methodological advances, including CRISPR-based 

techniques. Genetic modifications may help design and improve Treg 

therapies in several ways. For example, by induction of Tregs with chimeric 

antigen receptors (CAR) or by inducing suppressive characteristics in non-

Tregs. Murine studies of CAR Tregs directed towards disease-specific human 

antigen has shown promising results50,147,148. CAR T cell therapy is already 

utilized for treating specific hematologic malignancies, using effector T cells 

directed against tumor antigen178. The future will tell if clinical CAR T cell 

therapies with Tregs can be applied for suppressive purposes. As in all new 

therapies potential side effects must be closely monitored; in trials with 

effector CAR T cells there have been incidents with massive cytokine releases 

and with severe neurotoxicity, which can be potentially life threatening149. 

While the risks of CAR Tregs may take other characteristics due to their 

suppressive nature, caution and safety should be considered equally important. 

A possible way to control the risk with genetically modified cells is by 

inclusion of suicide genes, which enables cell death of the modified cells by 

intake of a specific drug or pharmaceutical179–181. Thus, if the cell therapy turns 

toxic, patient and doctor can choose to end the treatment by terminating the 

cells. Other Treg related genetic modifications include studies of induced 

FoxP3 expression in Teffs by viral induction or homology-directed repair 

mediated gene editing. The modified Teffs exhibited a Treg phenotype, 
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secreted suppressive cytokines were able to suppress normal Teffs21,22,182,183. 

Interestingly, CRISPR-based gene-editing may enable reparation of the defect 

FoxP3 gene in IPEX patients184. 

Future trials will have to evaluate the effects of different 

immunosuppressants on Treg therapy. Many of the drugs used today have 

effects that target T cells, which can potentially affect Tregs as well. For 

example, the IL-25 antibody Basiliximab commonly used for induction 

therapy in islet transplantation. By targeting IL-25 it effectively targets 

activated Teffs, but can also target Tregs that constitutively express CD25185. 

A study by Vignali et al. showed a near total depletion of Tregs after anti-

CD25 therapy in islet transplantation186. Such therapies may therefore be 

detrimental for tolerance induction187. The study by Vignali et al. also 

suggested that the combination of Rapamycin and Tacrolimus may delay the 

reconstitution of Tregs after induction immunosuppression. However, RAP is 

known to promote Tregs by reducing the expansion of Teffs and a humanized 

mouse study by Hu et al. showed that RAP in combination with low-dose IL-

2 can increase the proportion of Tregs and prolong islet allograft survival188. 

Thus, there may be large potential for improvement in Treg therapy by 

tailoring immunosuppressive regimens to avoid depletion of Tregs and to 

benefit Treg reconstitution and homeostasis. 

It is likely that cell therapies will play a larger role in the coming decades 

and efforts are being made not only in the field of T cells, but also in the 

application of different cell types such as regulatory DCs and MSCs. Studies 

show that these cells can induce Tregs and may play a role in tolerance 

induction189–192. It is not unlikely that different types of cells with 

immunosuppressive abilities can have synergistic effects and together 

contribute to a tolerogenic state. The immune system is highly dynamic with 

multiple cell types having continuous interactions. The perfect tolerogenic cell 

therapies may therefore consist of mixes of suppressive cells. Still, initial cell 

therapies will start by using one cell type at a time out of practical and safety 

reasons. When each cell type has been tested adequately it may be relevant to 

consider co-infusion of potentially synergistic cells. 

Due to the novelty and complexity of Treg therapies they are not likely to 

be applied as standardized clinical procedures in the near future. It is also hard 

to fully grasp what the impact of Treg therapies will be in clinical medicine. 

Can it be applied as a stand-alone-treatments, or only in conjunction with 

standard immunosuppression? Will it be used in transplantation settings, for 

prevention of autoimmune disease, or in both? Can Tregs lead us to the holy 

grail of transplantation medicine: tolerance induction? Or will Treg therapies 

become costly treatments in the clinical periphery? Safe to say, there is a long 

and exciting journey ahead. In the future we will likely migrate towards more 

targeted applications in medicine, and in some settings highly precise and 

individually tailored therapies193. Antigen-specific Treg therapies may suit 

this future narrative. Still, the immune system is one of the most intricate 
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systems in our body and there is much left to learn. However, thinking that 

Tregs was characterized by Sakaguchi only 25 years ago, who can tell where 

the field will be in another 25 years? Perhaps one day we will play the immune 

system like we play the piano. 
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