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Abstract
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Solid organ transplantation has evolved from being an experimental procedure to a life-saving
treatment for patients with end-stage organ failure. The risk of losing a transplant due to acute
rejection is very low with the use of modern immunosuppressive protocols and the short-term
results are impressive. However, long-term outcomes are suboptimal and transplant recipients
are at increased risks for severe complications such as cancers, opportunistic infections and
cardiovascular events. The previous struggle to achieve short-term survival has turned into a
search for new strategies to improve patient and transplant longevity.

Regulatory T cells (TRegs), a subset of T cells, occur naturally in the immune system and have
the capacity to down regulate immune responses. Under normal conditions they maintain self-
tolerance and prevent excessive immune activation. Functional TReg defects lead to a massive
autoimmune response and are not compatible with life. Preclinical data support that TRegs can be
used as a cell therapy to prevent transplant rejection, with the potential to minimize the need for
traditional immunosuppression and improve the long-term outcome.

This thesis aims to enhance the translation of TReg cell therapy to clinical organ transplantation.
In particular, strategies for isolation and expansion of TRegs from uremic patients awaiting
kidney transplantation have been assessed. A non-invasive imaging technique to study T cell
products after intravenous administration was developed, for use in future clinical trials. The
performance of a novel cell purification technique was investigated to potentially improve the
clinical production of TRegs.

The thesis demonstrates that TRegs can be isolated and expanded from uremic patients to
display potent suppressive properties in vitro. The mode of isolation and expansion affect the
functional characteristics, where cells purified with cytometry based techniques and expanded
with mature dendritic cells were the most advantageous. T cells can be labeled using the
radioactive tracer [111In]oxine with preserved viability and subsequently followed in vivo with
SPECT/CT for more than 1 week after intravenous administration. The use of microfluidic
switch technology offers a novel way of purifying TRegs at high speed, purity and viability, under
conditions compatible with clinical use.
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”Det är väl begripligt om en och annan kollega inför detta 
jätteämne gripes av misströstan om sin hjärnas 
utrymmeskapacitet och det är väl förståeligt om en sådan 
kollega i ett ärligt behov av fördjupning söker begränsa sig 
till något särskilt kapitel av medicinen…” 

Erik Ask-Upmark, 1965 
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Cover – The Dark Side of Flow Cytometry 
 

”Dying cells, shortage of fluids, conflicting results, endless 
calibrations and compensations, stuck tubes, electronic 
malfunctions, crashing computers, lost files and stupid 
software. The dark side of flow cytometry can drive the most 
dedicated scientist mad. Few things in life are free and this 
is a truth beaten hard into the brain of anyone who has ever 
looked into immunology. Still, despite all the ups and downs, 
when we finally arrive at the end of our flow cytometric 
rainbow and find our pot of golden results, all is forgiven.” 

Marcus Bergström 
- Medical student supervised by David Berglund 
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Abbreviations 

6-MP 6-mercaptopurine 
A2AR Adenosine receptor 2A 
AIRE Autoimmune regulatory protein 
APC  Antigen-presenting cell 
APECED Autoimmune polyendocrinopathy-

candidiasis-ectodermal-dystrophy 
syndrome 

ATMP Advanced-therapy medicinal product 
AZA Azathioprine 
Bq Becquerel 
cAMP Cyclic adenosine monophosphate 
CD Cluster of differentiation 
CT Computed tomography 
CTLA4 Cytotoxic T lymphocyte antigen 4 
CyA Cyclosporine A 
ELISA Enzyme-linked immunosorbent assay 
FACS (BD Biosciences) Fluorescence activated cell sorting 
FOXP3 The gene encoding the transcription 

factor FoxP3 
FoxP3 The forkhead box P3 winged-helix 

protein that acts as a transcription 
factor 

GVHD Graft-versus-host disease 
HLA Human leukocyte antigen 
HSCT Hematopoietic stem cell 

transplantation 
IDO Indoleamine 2,3-dioxygenase 
IFN-γ Interferon-γ 
IgA Immunoglobulin A 
IgE Immunoglobulin E 
IgG1 Immunoglobulin G1 
IgG2 Immunoglobulin G2 
IgG2b Immunoglobulin G2b 
IgM Immunoglobulin M 
IL-2 Interleukin-2 
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IL-5 Interleukin-5 
IL-10 Interleukin-10 
IL-17 Interleukin-17 
IL-22 Interleukin-22 
IL-35 Interleukin-35 
IPEX Immune dysregulation, 

polyendocrinopathy, enteropathy, X-
linked syndrome 

LAG3 Lymphocyte-activation gene 3 (also 
known as CD223) 

Mφ Macrophage 
MACS (Miltenyi Biotec) Magnetic activated cell sorting 
mDC Mature dendritic cell 
mHA Minor histocompatibility antigen 
MHC Major histocompatibility complex 
MMF Mycophenolate mofetil 
MSC Mesenchymal stromal/stem cell 
mTOR Mammalian target of rapamycin 
NK cell Natural killer cell 
PBMC Peripheral blood mononuclear cell 
PET Positron emission tomography 
psi Pound-force per square inch 
Rapa Rapamycin 
SOT Solid organ transplantation 
SPECT Single-photon emission computed 

tomography 
T1/2 Half-life 
Tac Tacrolimus 
TCR T cell receptor 
TEff Effector T cell 
TGF-β Transforming growth factor-β 
Th1 Type 1 helper T cell 
Th2 Type 2 helper T cell 
Th17 IL-17 producing helper T cell 
TReg/Treg Regulatory T cell 
TSup Suppressor T cell 
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1. Introduction 

The immune system has evolved (or been designed) to provide protection 
against harmful pathogens and cancerous cells, while maintaining a state of 
unresponsiveness (tolerance) to harmless substances and to the body’s own 
tissues. There are several components of the immune system traditionally 
divided into innate and adaptive immunity, which constitute a complex 
network of cells and soluble mediators (Figure 1). Defects in these finely 
tuned mechanisms may cause either immune deficiencies, some of which are 
potentially lethal, or inadvertently strong reactions leading to autoimmune 
diseases (horror autotoxicus1, described more than a century ago by Paul 
Ehrlich). Interestingly, some species have managed longevity without 
possessing the same intricate defense system as humans2. 

The immune system is the major barrier to successful transplantation of 
tissues between genetically dissimilar (allogeneic) individuals. There is a 
high risk that the immune system will irreversibly damage (reject) the 
transplanta unless preventive measures are taken. Strategies to increase the 
likelihood of successful transplantation include pre-transplant screening and 
cross-matching3 to detect pre-formed donor-specific antibodies, and the 
lifelong administration of immunosuppressive medications. However, the 
latter is not without risk. The very drugs used to prevent rejection, often 
given as multidrug regimens composed of different immunosuppressive 
agents, are associated with life-threatening complications including cancer 
formation, opportunistic infections and cardiovascular events. While short-
term outcomes after solid organ transplantation (SOT) are excellent, and 
patients normally recover from the surgical procedure within weeks to enjoy 
active and productive lifestyles, the long-term results have improved only 
marginally at best. At 10 years post-transplantation approximately 50% of 
the recipients are still alive with a functioning graft. Still, the alternative of 
end-stage organ failure is worse. Solid organ transplantation is now part of 
routine health care and continues to improve and prolong the lives of 

                                                
a In basic transplant nomenclature, a transplant between genetically dissimilar individuals (or 
animals) is usually referred to as an allograft, whereas the older term homograft is rarely 
used. A transplant between different sites on the same person or between genetically identical 
people is termed an autograft or syngeneic graft, respectively. The term xenograft pertains to 
transplantation between different species, e.g. between pigs and humans. Transplant rejection 
refers to immunologically driven damage caused by antibodies and/or cells of the immune 
system, and may occur at different time points throughout the duration of the transplant. 
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hundreds of thousands globally4. Nevertheless, there remains substantial 
room for improvement. 

 This thesis focuses on the future clinical use of regulatory T cells (TRegs) 
as a novel cell therapy to improve the long-term results after SOT by 
potentially reducing the need for general immunosuppressants. 
 

Figure 1 (opposite page, cells in the figure are not to scale). A much-simplified 
overview of the human immune system, the complexity and knowledge of which 
continue to grow for every year. The basic principle of the immune system is 
immunological recognition, through a variety of receptors, which prevents the 
random activation of immunological responses. The innate immune system forms 
the first line of defense and consists of preformed soluble molecules (e.g. 
antimicrobial enzymes and the complement system) and phagocytic cells. Activation 
of innate immunity induces the release of pro-inflammatory cytokines and 
chemokines that recruit additional phagocytic cells. Macrophages (that differentiate 
from monocytes migrating out of the bloodstream into the tissues) and granulocytes 
(especially neutrophils) are phagocytic cells that ingest and neutralize pathogens that 
breech epithelial barriers. When the innate defense mechanisms are overwhelmed an 
adaptive immune response is triggered. Adaptive responses are highly specific for 
the particular pathogen(s) and are effectuated by T and B lymphocytes. The CD4+ T 
cell plays a central role in the initiation and execution of effector immune responses 
in the adaptive immune system. It recognizes antigens presented by MHC class II 
molecules on antigen-presenting cells (APCs). Several subtypes of CD4+ T cells 
exist: Th1 cells, Th2 cells, Th17 cells and regulatory T cells (Tregs). Th1 cells aid 
the control of intracellular infections, Th2 cells coordinate the response to parasites 
and stimulates antibody production and Th17 cells promote inflammation. In 
contrast, Tregs limit immune responses by suppressing T cells via multiple 
mechanisms. In transplantation, much attention has been given to the importance of 
adaptive immunity, in particular T cell mediated responses, but the clinical relevance 
of the innate immune system should not be underestimated. Indeed, novel drugs 
targeting e.g. the complement system have had a great impact in the clinical 
treatment of several patient categories including transplant recipients. B cells 
differentiate into antibody-secreting plasma cells upon activation. Antibodies that 
target alloantigens constitute a major obstacle to transplantation and must be dealt 
with through a process called desensitization. Natural killer cells (NK cells) have 
receptors recognizing molecules present on healthy cells. Malignant transformations 
or infections can alter the expression of e.g. MHC molecules, which in turn triggers 
a cytotoxic response by the NK cells. This brief introduction to the components of 
the immune system serves as a gentle reminder of the challenges associated with 
attempts to tame immune responses. In addition, immunology remains a highly 
dynamic field and to contrast the great professor Göran Möller5: the immunological 
adventure is about to begin as we acquire refined tools to translate the advances into 
novel treatments for patients in dire need of help. Figure created with inspiration 
from posters and textbooks, such as Immunological Networks (2011, BioLegend and 
Dr Vijay Kuchroo) and Janeway’s Immunobiology (2011, 8th edition, Kenneth 
Murphy, Garland Science). 
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2. Solid Organ Transplantation 

Once existing only in fiction, solid organ transplantation has transformed to 
become widely accepted as the treatment of choice for many otherwise fatal 
conditions. Half a century ago the pioneers of transplantation showed that 
the efforts to transplant allogeneic organs were not futile6. They succeeded in 
creating a new field of medicine while changing the views of society and 
policy makers. The history of transplantation has been re-created by several 
authors7-11, which serves as a reminder of the perseverance necessary to 
accomplish great undertakings. To this end I would like to start with a 
condensed but somewhat detailed history of transplantation, since I firmly 
believe that those who ignore history are doomed to repeat it. 

History of renal transplantation 
Successful organ transplantation requires surgical methods for connecting 
blood vessels to restore the oxygen supply, which were established in the 
beginning of the 20th century. Alexis Carrel12 is usually given credit for this 
development and received the Nobel Prize in 1912 for “his work on vascular 
suture and the transplantation of blood vessels and organs”. Carrel’s methodb 
was published in 190213, the same year as Emerich Ullmann14 reported the 
first successful experimental organ transplant15, autografting a dog kidney to 
the neck using a cumbersome method of joining vessels with tubes of 
absorbable magnesium. The suture technique refined by Carrel (Figure 2A), 
who allegedly took lessons on stitching from local women in the silk 
industry, is still being used in clinical transplantation (and vascular surgery). 
However, it would be more than half a century after Carrel’s landmark paper 
before successful reports on human transplants were published. Arguably16-

19, the first successful human solid organ transplant is dated 1954 when 
Murray and Merrill performed a renal transplant between identical twins20. 
Previous attempts to transplant allogeneic tissues had been numerous21 but 
all failed due to an inability to control rejection. At first, it was believed that 

                                                
b Carrel’s technique was not entirely novel, others (e.g. Mathieu Jabolay) had also worked on 
related methods for vascular stitching. Furthermore, concerns were raised regarding the 
reliability of some of Carrel’s data, notably by his former collaborator Charles Guthrie who 
disputed the awarding of the Nobel Prize to Carrel alone. 
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renal transplants would remain a curiosity, reserved for the few who were 
fortunate enough to have a healthy identical twin, since the vigorous immune 
reactions were deemed impossible to control, inevitably leading to transplant 
rejection. The decades that followed proved this notion to be wrong. Renal 
transplantation now constitutes approximately 70% of the global transplant 
activity4; hence, much of the ongoing development in organ transplantation 
continues to be in the area of kidney transplants. 

Transplant rejection 
The first attempts at allogeneic renal transplantation were unsuccessful, not 
because of a lack of surgical knowledge (as outlined above) but rather due to 
the inability to control the immune response induced by donor tissue 
genetically disparate from the recipient. In the 1960’s the term rejection 
crisisc was used to describe the decline in transplant function occurring 
shortly after implantation22, 23, seldom showing spontaneous reversal but 
often responsive to high doses of corticosteroids24. Today, it is widely 
recognized that non-self antigens expressed on donor but not recipient 
tissues cause transplant rejection25, with the highest incidence in the first 6 
months after transplantation26. In particular, proteins of the major 
histocompatibility complex (MHC, in humans also referred to as HLA 
[human leukocyte antigen]) are highly polymorphic, ubiquitously expressed 
and therefore capable of eliciting strong polyclonal T cell responses27. Other 
polymorphic molecules may also trigger transplant rejection, although such 
responses are usually less vigorous, and are commonly referred to as minor 
histocompatibility antigens (mHA). With the exception of identical twins, it 
is virtually impossible to match donors and recipients with regard to MHC 
and mHA to avoid immunologically mediated rejection, although MHC 
matching has modest effects on long-term outcomes28. 

Early studies showing that T cells are essential in transplant rejection 
focused subsequent efforts on developing antirejection therapies targeting 
the T cell response29-31. A central process in the recognition of non-self 
alloantigens (allorecognition) is activation of recipient T cells by antigens 
presented on mature antigen-presenting cells (APCs) originating from either 
the donor or the recipient32 (Figure 2B-D). However, the nature of 
allorecognition and transplant rejection is becoming increasingly complex25 
and also includes naïve and memory T cells (the latter of which are markedly 
long-lived and can arise, without previous alloantigen exposure, through 
cross-reactive memory T cells that target microbial antigens33, 34, a 
phenomenon known as heterologous immunity35), multiple antibody 
isotypes, complement, macrophages, NK cells and graft endothelium. It is no 
                                                
c The term rejection crisis was soon replaced by transplant rejection. 
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wonder that the clinical presentation of transplant rejection is heterogeneous 
and can be classified according to time post-transplant, pathophysiological 
changes, severity, response to treatment, presence or absence of transplant 
dysfunction, and immunologic mechanisms36. Current strategies to prevent 
transplant rejection usually consist of multi-drug immunosuppressive 
regimens targeting several pathways, most of which have some degree of 
selectivity for T cells. 
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A. B.  

C. D.  
Figure 2. The basis of organ transplantation and transplant rejection (inspired by37). 
A) The surgical technique to perform organ transplants has been applied since the 
beginning of the 20th century, adapted from Carrel and Guthrie38. In contrast, taming 
the immune response initiated by T cell recognition of foreign MHC (B, direct 
allorecognition) or foreign peptides (C, indirect allorecognition) required another 
60-70 years. The frequency of T cells recognizing non-self MHC (1-10%) is 
substantially higher than the frequency recognizing non-self peptides (<0.1%). 
Recently, semidirect allorecognition has been described where recipient APCs 
acquire intact allogeneic MHC39-41 (D). The clinical relevance of semidirect 
allorecognition is uncertain. 

Immunosuppression 
The first attempts to suppress the immune response in renal recipients were 
made in the 1950s, when total body irradiation (TBI) was administered prior 



 18 

to transplantation42, 43. Data from experimental models showed that if the 
amount of radiation was too high, exceeding the non-lethal limit, bone 
marrow infusion was necessary to regain marrow function44, 45 or the 
recipients would die within weeks. The clinical results were in general 
discouraging but the experimental observations provided some hope46, 47 and 
bone marrow transplantation (or hematopoietic stem cell transplantation 
[HSCT]) was eventually refined by Donnall Thomas48, 49,d to enter clinical 
use in hematology. However, the hope for a one-shot remedy with TBI never 
reached routine practice in organ transplantation and was abandoned in favor 
of continuous chemical immunosuppression (although TBI or thymic 
radiation are still used in protocols of mixed chimerism, see below, and in 
HSCT). 

In the 1950s and 1960s experimental studies using chemical compounds 
with immunosuppressive properties, including nitrogen mustard derivatives50 
and 6-mercaptopurine51-53 (6-MP), were mildly promising. A young surgical 
trainee in London, Roy Calne, reported prolonged graft survival using 6-MP 
in a canine renal transplant model54, subsequently showing that azathioprine 
(AZA) was even more successful55. A permanent turn in the tide occurred 
with Thomas Starzl’s introduction of AZA therapy combined with 
corticosteroids (CS)56. Regular success could now be obtained in renal 
transplantation, although the results were not overtly impressive. Then, in 
the end of the 1970s, came the immunosuppressive drug that dramatically 
changed the field of organ transplantation making it routine worldwide: 
Cyclosporine A (CyA)57, 58. The combination of CyA, AZA and CS showed 
excellent (short-term) outcomes. 

Although the armamentarium of immunosuppressive drugs has expanded 
further to include e.g. anti-thymocyte preparations59, monoclonal 
antibodies60-62, rapamycin63 (Rapa, an inhibitor of the mammalian target of 
rapamycin [mTOR]), tacrolimus64 (Tac, a calcineurin-inhibitor related to 
CyA), mycophenolate mofetil65 (MMF, with similar effects as AZA but 
more effective at preventing rejection66) and belatacept67 (a co-stimulation 
blocker), there has been no dramatic change to the standard 
immunosuppressive regimen. Many transplant centers base their 
maintenance therapy on the Symphony study coordinated by the late Henrik 
Ekberg, where a regimen of low-dose Tac combined with MMF and CS was 
shown to be the most advantageous68. Focus has now shifted from 
preventing acute transplant rejection to minimizing the use of 
immunosuppressive drugs to reduce undesired side effects and improve the 
long-term outcome after organ transplantation. 

                                                
d Donnall Thomas was co-awarded the Nobel Prize in 1990 together with Joseph Murray (the 
surgeon who performed the renowned identical twin transplant in 1954). 
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Side effects 
Transplant patients must adhere to lifelong treatment with 
immunosuppressive drugs to decrease the risk of transplant rejection, with a 
major challenge being the balancing of effective prevention of rejection and 
side effects. Non-specific side effects result from the general state of 
immunosuppression and include increased frequency of cancer formation69, 

70 and opportunistic infections71. In addition, most immunosuppressive drugs 
increase the risk of cardiovascular disease, which is the most common cause 
of death in transplant recipients72. Other drug-specific side effects, to name a 
few, include nephrotoxicity with calcineurin-inhibitors (Tac and CyA), 
gastrointestinal disturbances with MMF, diabetogenicity with Tac and CS, 
and hyperlipidemia and impaired wound healing with Rapa. Physicians 
caring for transplant patients therefore have the delicate task of prescribing 
and adjusting these potent drugs. Unfortunately, the optimal level of 
immunosuppression remains elusive and there is no satisfactory method to 
tailor treatment to individual patients73, 74. 

Drugs in the pipeline 
With regard to novel drug development, transplantation has been a victim of 
its own success. Despite several interesting drug candidates, the last decade 
has been lean in new transplant therapeutics75. Excellent short-term results 
(see below) provides little room to demonstrate improved outcomes within a 
reasonable time frame, making it a risky business to bet on drugs indicated 
for transplantation. Indications for most immunomodulatory agents are 
instead being sought other diseases. Regrettably, this has led pharmaceutical 
companies to withdraw highly promising drugs from the market76. The area 
of orphan drug pharmaceuticals offers hope by strongly incentivizing 
research and development for the treatment of rare medical conditions77, 
where SOT at present qualifies. 

Short- and long-term results 
Renal transplantation has evolved from being an experimental procedure 
with high mortality to being the treatment of choice for patients with end-
stage renal failure. Indeed, renal transplantation is now both life-saving78 and 
provides patients with increased quality of life79. Current 1-year renal 
allograft survival rates exceed 90-95% (Figure 3) and the overall risk of 
acute rejection episodes, most of which are treatable, is approximately 
15%68. The substantial improvement over the last decades is also observed in 
other solid organ transplants80. Assessing long-term transplant survival is 
notoriously difficult, however, as it requires extended follow-up. 
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Nevertheless, it is becoming increasingly clear that long-term outcomes does 
not parallel the short-term success81; on the contrary, long-term transplant 
attrition rates beyond two years have remained strikingly constant (Figure 3). 
The previous struggle to achieve short-term survival has therefore turned 
into a search for new strategies to improve patient and allograft longevity82. 

 
Figure 3. Long-term graft survival at the Uppsala University Hospital (Akademiska 
sjukhuset) renal transplant program.e Short-term renal allograft survival has 
improved markedly since the late 1980s; however, there has been no additional 
short-term improvement over the last decade and the slope of the curve beyond 2 
years (i.e. the long-term attrition rate) has remained unchanged. 

Data obtained from the Collaborative Transplant Study, www.ctstransplant.org. 

                                                
e The Uppsala transplant program has a rate of <0.5% of patients lost to follow up (Ingrid 
Skarp, personal correspondence). 
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3. Tolerance 

The immune system has the capacity to generate cells possessing a vast array 
of receptors able to recognize non-self antigens upon which we rely for 
protection against pathogens. (The vital importance of these cells is obvious 
in diseases of the immune system, such as HIV/AIDS.) Remarkably, the 
formation and activation of cells recognizing self-antigens are at the same 
time prevented. The immune system is therefore normally able to 
discriminate self from non-self and remain immunologically unresponsive, 
or tolerant, to our own tissues83, 84. The development and maintenance of 
tolerance can broadly be divided into central mechanisms, occurring in the 
thymus and bone marrow for developing T and B cells, respectively, and 
peripheral mechanisms. The hallmark of central tolerance is deletion of 
autoreactive cells whereby progenitor cells with inappropriately high affinity 
for MHC molecules displaying self-peptides undergo apoptosis85. However, 
not all high-affinity progenitors indiscriminately undergo negative selection. 
Some may instead differentiate into self-protective regulatory T cells86. The 
importance of central tolerance is clearly evident in defects in the thymic 
presentation of self-antigens, notably in the AIRE (autoimmune regulator) 
protein, leading to a multi-organ autoimmune syndrome named APECED87 
(autoimmune polyendocrinopathy-candidiasis-ectodermal-dystrophy 
syndrome). In addition, the mechanisms of peripheral tolerance88, 89 exist as a 
safeguard against autoreactive cells unsuccessfully eliminated by central 
tolerance and include anergy (functional unresponsiveness), activation-
induced cell death, deviation towards regulatory T cell development, and 
suppression by regulatory T cells. 

The acquisition of tolerance to foreign tissues has been an area of 
substantial interest. Amidst the intense efforts to transplant human organs of 
the 1950s, a surprising observation was made by Peter Medawar90,f who 
                                                
f Medawar had been approached by the veterinarian Hugh Donald at a conference in Stockholm 
and was asked to help solve the problem of how to distinguish between identical and non-
identical twin cattle. He later recalled (Medawar PB, 1988:p111. Memoir of a thinking radish: 
An autobiography, Oxford Letters & Memoirs): “’My dear fellow’, I said in the rather spacious 
and expansive way that one is tempted to adopt at international congresses, ‘in principle the 
solution is extremely easy: just exchange skin grafts between the twins and see how long they 
last…’. I went on somewhat injudiciously to say that I should be happy to demonstrate the 
technique of grafting to his veterinary staff if he would get in touch with me after the congress. 
He wrote to remind me of my promise a few months later... I was morally committed.” 
Medawar received the Nobel Prize in 1960 together with Frank Macfarlane Burnet. 
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grafted skin between twin cattle, identical (monozygotic) and non-identical 
(heterozygotic), where not only the identical twins accepted the grafts (as 
expected) but also the non-identical twins91. Previous work by Ray Owen on 
the sharing of blood types between freemartin cattle92, 93 (masculanized, 
infertile female cattle with non-functioning ovaries), in turn building on the 
original observation by Frank Lillie describing how the placental anatomy 
made possible an exchange of sex hormones between non-identical twin 
cattle94, provided a plausible explanation of the unexpected graft survival 
being a result of fetal cross-circulation. Medawar subsequently demonstrated 
that inoculation of foreign cells during embryonic life prevented 
immunological reactions to tissues transplanted in adult life from the same 
foreign donor95, which he referred to as “actively acquired tolerance” (being 
the opposite of “actively acquired immunity”). Other investigators working 
on related experimental systems made similar observations that further 
strengthened the concept of acquired and specific unresponsiveness96, 97. 

Since its establishment the tolerance phenomenon has been a major field 
of investigation98, and safe tolerance induction to foreign human tissues 
remains the elusive holy grail of clinical transplantation.g The strategy of 
fetal inoculation can provide tolerance, although in Medawar’s original 
experiments (done in mice), not all of the recipients developed tolerance (in 
fact, two of the five mice promptly rejected the skin grafts, possibly due to 
technical failure of the challenging intra-embryological injection95). 
However, modified and clinically applicable approaches are needed to 
reproducibly induce tolerance in human transplantation99, 100. 

Operational transplant tolerance 
There is no safe and reproducible way to completely wean transplant patients 
from immunosuppressive drugs101. Most patients need lifelong treatment to 
avoid allograft rejection, with the possible exception of selected liver 
transplant recipients102, 103. Nevertheless, the maintenance 
immunosuppressive treatment is occasionally discontinued, either 
intentionally based on clinical decisions (e.g. due to cancer formation), or 
due to patient non-compliance. In rare cases, organ function is retained 
despite complete absence of immunosuppression, a condition commonly 
referred to as operational tolerance.h This condition has recently been studied 
in detail to potentially reveal the immunological mechanisms behind 
unresponsiveness to alloantigens104-108; but perhaps most importantly, these 
patients serve as examples that transplant tolerance is achievable. Long-term 
                                                
g Quotes such as “tolerance is the future of transplantation and always will be” and “tolerance 
is joust around the corner, but it may be a very long corner” are frequently cited. 
h Operational tolerance may be defined as “stable graft function in a transplant recipient in the 
absence of immunosuppressive drugs and in whom no clinically significant detrimental 
immune responses and immune deficits are detected”. 
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follow up of operational tolerant patients suggests that this tolerant state is 
heterogeneous and may not last indefinitely109; therefore, operational 
tolerance should perhaps be more appropriately referred to as “metastable 
tolerance” or a “(temporarily) non-deleterious immune response”110. 
Furthermore, it is important to distinguish operationally tolerant patients that 
in some sense develop tolerance spontaneously from patients that have 
undergone an intentional tolerogenic protocol (e.g. combined hematopoietic 
stem cell and organ transplantation), since the mechanisms of 
unresponsiveness may differ111. 

One major limitation in the study of tolerant patients is the source of 
material, which almost exclusively constitutes peripheral blood112. In 
contrast, nothing or very little is known about the immunological processes 
occurring in more central tissues such as lymph nodes, the thymus, bone 
marrow as well as the transplant itself. Therefore, the specific mechanisms 
responsible for the maintenance of any tolerant state have not been firmly 
establishedi and it is likely to be a dynamic condition dependant on several 
mechanisms. 

Detecting transplant tolerance 
The gold standard for assessment of allograft rejection is transplant 
biopsy113, a relatively safe invasive procedure although bleeding and 
subsequent graft loss still occur. While this diagnostic procedure is being 
performed routinely for all transplanted organs, detecting and grading 
spontaneous transplant tolerance has proven a daunting challenge and is not 
yet possible (despite the intensive efforts described above). Acquiring 
appropriate biomarkers for the detection of transplant tolerance has the 
potential to extend beyond discovering the low frequency of operationally 
tolerant patients, as it may also be used to assess the success of novel 
tolerance-inducing strategies. However, at present, the likelihood of finding 
one or more universal biomarkers seems moderate at best. One challenge is 
to clarify the impact of the mere lack of immunosuppression, i.e. whether a 
certain pattern of biomarkers is the result of tolerance or a lack of 
immunosuppression. Ongoing efforts aim to elucidate this effect, which may 
provide important insight in the mechanisms of transplant tolerance. 
Interestingly, the presence of intragraft regulatory T cells shows promise as a 
prognostic marker that correlates with favorable long-term outcome114. 

                                                
i As articulated by Benedict Cosimi during the 2013 ESOT congress in Vienna: “There are 
three fundamental principles for the induction of durable transplant tolerance. Unfortunately, 
we do not know any of them…” 
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Mixed chimerism 
Mixed chimerism pertains to the co-existence of hematopoietic lineages in a 
patient in whom allogeneic hematopoietic stem cells have engrafted, i.e. the 
immune system is a hybrid of cells originating from the patient itself and a 
third-party donor. This hematopoietic chimerism can provide tolerance to 
any tissues transplanted from the same donor115, a concept that has been 
successfully demonstrated in numerous animal models116-124 as well as in 
human SOT123, 125-131 (some protocols to date being successful only in HLA-
matched recipients115, 132) and composite tissue transplantation133. The 
chimeric state is usually obtained through transplantation of hematopoietc 
stem cells, either from bone marrow aspirations/vertebral bodies or stem 
cells mobilized into the peripheral circulation, but, under rare circumstances, 
can develop after SOT alone, e.g. liver134 or pancreas transplantation 
(Biglarnia et al., Unpublished data). In contrast to HSCT for hematologic 
malignancies, where aggressive myeloablative regimens are administered to 
eliminate malignant cells and achieve 100% chimerism, a safer non-
myeloablative regimen is preferred to induce organ transplant tolerance. 
Nevertheless, the conditioning regimens together with the risk of graft-
versus-host disease (GVHD) have limited the widespread use of combined 
hematopoietic stem cell and organ transplantation. Novel strategies to 
enhance the safety with the mixed chimerism approach include co-
administration of tolerogenic cells that reduce the need for toxic 
conditioning, minimize the risk of GVHD (particularly when crossing HLA 
barriers, which is a common occurrence in organ transplantation), and 
possibly increase the chance of engraftment135. Indeed, promising results in a 
small number of patients have recently been published131, 136, 137. 

The role of durable macrochimerism for the maintenance of tolerance is a 
matter of debate. Clearly, data from David Sachs and colleagues support that 
transient macrochimerism is sufficient to induce tolerance in both 
preclinical138 and clinical settings129. One may argue that full (100%) 
chimerism is not even desirable in SOT, not only due to the risk of GVHD 
but also because it can cause immunoincompetence (MHC-restriction in the 
context of non-myeloablative conditioning, whereas mixed chimerism is 
associated with preserved immunocompetence139). However, preclinical data 
support that MHC of non-thymic cells can select functional T cells and a 
recent study yielding a high frequency of full chimerism reported no signs of 
immunoincompetence131 (and remarkably no GVHD despite a high degree of 
HLA mismatch). However, additional studies are needed to confirm these 
extraordinary findings. The mechanisms of tolerance with mixed chimerism 
likely include both central deletion of alloreactive cells and peripheral 
regulation by TRegs

115. 
Chimerism is detectable not only when an organ transplant is augmented 

with hematopoietic stem cells. It is not uncommon that a small frequency of 
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donor cells (<1%), or genetic material, can be detected in an organ recipient 
with highly sensitive techniques140, a condition referred to as 
microchimerism.j In fact, passenger leukocytes accompany all solid organ 
transplants, the number and lineage of which vary from organ to organ,k 
giving rise to peripheral donor microchimerism in most recipients. Thomas 
Starzl has strongly advocated the association of microchimerism with long-
term graft acceptance (not necessarily transplant tolerance) through the 
induction and maintenance of bidirectional donor-recipient-specific 
unresponsiveness141-146, a view that has not been free of controversy147-149. 
The contribution of donor-derived cells to transplant outcome has been 
known for long. Donor-specific blood transfusions have previously been 
used in clinical practice150, the effects of which seem to be dependent on the 
passenger leukocytes accompanying the graft itself151. Interestingly, early 
studies supported that donor-specific transfusions could induce T cells with 
suppressive properties152. 

                                                
j Another notable form of microchimerism is fetomaternal (or maternofetal) microchimerism, 
where fetal (or maternal) cells cross the placenta and establish long-lasting cell lineages.  
k The liver contains the highest number of passenger leukocytes. This may be part of the 
explanation why liver transplant recipients can be successfully withdrawn from 
immunosuppression with greater success than e.g. kidney recipients. 
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4. Regulatory T Cells 

History 
It is not trivial to accurately summarize the history of regulatory T cells. Any 
abbreviated account is inherently flawed in the level of detail (luckily, other 
authors stand by to fill in153-155): Early work by Richard Gershon and 
Kazunari Kondo, in 1970, is commonly cited as the first evidence that T cells 
with suppressive properties exist156, 157, introducing the concept of suppressor 
T cells (TSups)158. Additional studies further strengthened this notion159-165, 
although many have been criticized as difficult to interpret due to inadequate 
refinement of the experimental techniques166. Gershon and Kondo’s 
observations were preceded by the work of Yasuaki Nishizuka and Teruyo 
Sakakura, who elegantly demonstrated in 1969 that early thymectomy leads 
to an autoimmune condition167. This was possibly the first glimpse of TSups. 
Some of the subsequent efforts focused on the search for soluble factors that 
mediate the suppressive effects of TSups and were both largely unsuccessful 
and misleading, mainly due to the incorrect conclusion that TSups must contain 
a polypeptide encoded by an I-J recombination mapped to the MHC region168, 

169. The inability to convincingly isolate suppressive factors combined with 
failure to identify unique TSup markersl led to intense debates questioning their 
existence170-173, and the notion of suppression along with its believers, the 
suppressionists, fell out of favor. Disentangling the turns regarding TSups 
during this period is worthy of a separate thesis, and may bring substantial 
insight into the process of scientific discovery. 

T cell-mediated suppression was slowly resurrected in the 1980s and early 
1990s174-178, leading to the seminal publication by Shimon Sakaguchi and 
colleagues in 1995 demonstrating CD4+CD25+ T cells in mice to be crucial 
for maintaining self-tolerance179 (although Bruce Hall was probably the first 
to suggest CD25 as a marker for regulatory T cells180). A staggering 6 years 
later, probably due to the gloomy memory of the suppressor cell debacle, 
equivalent cells were described also in humans181-187. To get off to a good 
start they were renamed regulatory T cells (TRegs). However, skepticism 
remained among several prominent immunologists, notably Nobel Laureate 
Rolf Zinkernagel: “Recently there has been an enthusiastic renaissance not 

                                                
l The original suppressor T cells were believed to be CD8+, in contrast to CD4+ regulatory T 
cells which are the focus of the present thesis. 
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only of signal theories, but also about regulatory T cells, negative 
(suppressive) T cell mechanisms, and idiotypic networks, as if they had not 
misled (or even ruined) entire generations of immunologists during the past 
40 years.”188 In the same paper, Zinkernagel also remarked on an important 
topic of experimental systems: “The difference between ‘what is possible 
under any experimental condition’ versus ‘what happens physiologically’ is a 
crucial distinction.” I eagerly agree to the latter. The association of TReg 
defects to human disease is therefore of importance (see IPEX below). 

CD4+CD25+/highFoxP3+ regulatory T cells 
A wealth of T cells with regulatory/suppressive properties has been 
described189, among which CD4+CD25+/highFoxP3+ regulatory T cells 
(hereafter abbreviated as regulatory T cells [TRegs]) are the best 
characterized190 and arguably the only ones developmentally destined to 
possess suppressive functions. TRegs occur naturally in the human immune 
system and can be classified, according to a classification system based on 
their location for differentiation191, as thymic-derived, peripherally derived 
or in vitro-induced TRegs. However, the location of differentiation is not 
always known and, in this instance, it is more appropriate to use the general 
term FoxP3+ TRegs. There is little doubt that thymic-derived TRegs constitute a 
specialized subset of T cells devoted to immune regulation192. They are 
essential for the maintenance of self-tolerance and dysfunctional TRegs lead to 
a fatal autoinflammatory condition called immune dysregulation 
polyendocrinopathy enteropathy X-linked syndrome (IPEX), caused by 
mutations in the FOXP3 genem coding for the forkhead box P3 (FoxP3) 
transcription factor193, 194 (analogous to the scurfy mouse195). 

TRegs express high levels of CD25, the α chain of the interleukin-2 (IL-2) 
receptor, and the transcription factor FoxP3. These markers are not strictly 
confined to TRegs since their expression can be induced in naïve CD4+ T cells 
upon activation196, which has led to difficulties in correctly identifying TReg. 
Recent data suggest, however, that the function of FoxP3 in activated 
conventional T cells is to limit their effector function, supporting that FoxP3 
is an important suppressive regulator in CD4+ T cell lineages distinct from 
TRegs

197. Markers shown to correlate negatively with TRegs, notably CD127198 
(the interleukin-7 receptor) and CD49d199 (the α-chain of the integrin VLA-4 
[α4β1]), can aid the purification of TRegs. Recent studies mildly favor the use 
of CD4+CD25+/highCD127low TRegs

200, and the naïve (CD45RA+) TReg 
subpopulation may be less prone to differentiate into TEffs

201. 

                                                
m There is ambiguity in the literature on the gene/protein nomenclature of FOXP3/FoxP3, and 
the basic conventions are not rarely deviated from. In this thesis, FoxP3 is the most commonly 
used abbreviation and pertains to the protein encoded by the FOXP3 gene. 
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Figure 4. Regulatory T cells (TRegs) can suppress via soluble factors such as the 
inhibitory cytokines IL-10, IL-35 and TGFβ (A) and granzyme A and B (B). TRegs

 
can also disrupt the local environment (C) and directly target dendritic cells through 
contact-dependent mechanisms such as LAG3 and CTLA4 (D). Adapted from202. 

A. Inhibitory cytokines
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FoxP3 is currently regarded as the most TReg-specific marker and is a key 
regulator of TReg-function203. Both retroviral gene transfer204 and cell-
permeable forms of FoxP3205 confer suppressive functions to TEffs. 
Epigenetic modification of FoxP3 expression through demethylation/ 
methylation can distinguish between stable and unstable TRegs

206, 207, and the 
FOXP3 gene has three known splice variants: full length, delta2 and 
delta7208. The relative importance and function of the different splice 
variants remain to be characterized in greater detail. Most antibodies used to 
detect FoxP3 target parts of the protein encoded by exon 3, and thus detect 
all known variants. 

TRegs are rare and constitute approximately 1-5% of the peripheral CD4+ T 
cell pool. Finding ways to expand TRegs in vitro has therefore been 
intensively studied, and although TRegs are more difficult to expand 
compared to TEffs they can proliferate substantially under strong stimulation 
of CD3 and CD28 in conjunction with high doses of IL-2209-211. More 
selective forms of expansion have also been investigated in an aim to 
proliferate a particular portion of the TReg repertoire, e.g. TRegs that target 
alloantigens (see below). TRegs, particularly those with alloantigen reactivity, 
have the potential to counteract transplant rejection in a highly specific 
manner (compare Figure 2 for TEffs). Regardless of the expansion protocol it 
is important to have a pure starting population of TRegs to not risk TEff 
overgrowth, because TEffs expand more readily than TRegs. On the same topic, 
TReg stability has been an area of intense debate. Although some studies 
suggest that TRegs may lose FoxP3 expression, e.g. during an autoimmune 
response when autoreactive TEffs create an inflammatory milieu212, thymic-
derived TRegs are believed to be stable and long-lived213, 214. This is likely to 
reflect an underlying heterogeneity of TRegs, which is becoming increasingly 
clear. It should be emphasized that most studies have been performed on 
TRegs from healthy blood donors, as opposed to patients with a potentially 
compromised immune system. More data in this regard are needed. 

Mechanisms of action 
Identifying the mechanisms of action for cells with suppressive properties is 
not only important to understand their basic immunobiology but also to 
harness their therapeutic potential. Like other T cells, to be fully functional 
TRegs must be activated by way of their T cell receptor (TCR). Various 
modes of action have been proposed and include both contact-dependent and 
-independent mechanisms (Figure 4), which have been extensively reviewed 
in the literature192, 202, 215. Most of this data have been generated in vitro and 
little is known about the most important mechanisms in vivo. The general 
ability of immune cells to be recruited to certain sites, a process known as 
homing, provides further specificity by selectively targeting appropriate 
antigens216-218. 
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Tr1 cells 
Tr1 cells, originally described in 1994219, are inducible regulatory T cells 
that differentiate from naïve T cells under tolerogenic conditions220, 221. In 
particular, Tr1 cells are induced by IL-10 secreting dendritic cells that 
provide a tolerogenic milieu222, although alternative ways of obtaining Tr1 
cells have been proposed223. The differentiation of Tr1 cells is reminiscent of 
the induction of FoxP3+ TRegs under tolerogenic conditions, e.g. naïve T cells 
differentiate into FoxP3+ TRegs when stimulated with APC under co-
stimulation blockade224-226.  However, Tr1 cells constitute a discrete 
population of regulatory T cells distinct from FoxP3+ TRegs, supported by the 
observation that functional Tr1 cells can be differentiated from IPEX 
patients with null mutations in the FOXP3 gene227. Until the very recent 
addition of CD49b and LAG3 coexpression228, there has been no known 
marker, with the exception of IL-10, to convincingly identify Tr1 cells. In 
addition, the frequency of Tr1 cells upon differentiation with tolerogenic 
dendritic cells is relatively low, making them difficult to characterize in 
greater detail. Even with the use of specialized IL-10 producing DCs that are 
more efficient in the induction of Tr1 cells229, their frequency is only 5-10% 
of the total starting population. Nevertheless, Tr1 cell preparations have the 
potential to induce donor-specific transplant tolerance in preclinical 
models230. 

Regulatory T cells and transplantation tolerance 
The early studies demonstrating that T cells with suppressive properties can 
prevent transplant rejection have been confirmed using modern experimental 
techniques, for FoxP3+ TRegs in particular. This has led to optimism regarding 
the use of TRegs as a cell therapy to induce transplant tolerance in humans. 
TRegs with alloantigen specificity can be generated through stimulation with 
APCs of donor origin231 and may provide selective down-regulation of the 
alloresponse. The frequency of alloreactive TRegs is in the same magnitude as 
TEffs

232 (compare Figure 2). As noted previously TRegs are heterogeneous and 
there is some uncertainty regarding the specific origin of TRegs with 
alloantigen specificity233. A brief overview of data supporting the use of 
TRegs as a cell therapy in transplantation is outlined below. 

Preclinical models 
TRegs have been shown to prevent transplant rejection in several preclinical 
models, e.g. ranging from skin234 and heart235 transplantation in mice and 
liver transplantation in rats236, to kidney transplantation in non-human 
primates237 and humanized mouse models of chronic transplant 
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vasculopathy238. Furthermore, rejection can be prevented without obvious 
compromise to viral immunity239. TRegs are not only capable of maintaining 
transplant tolerance but can also transfer unresponsiveness to third-party 
party animals, sometimes referred to as infectious tolerance due to its self-
propagating capacity240, a concept that was convincingly shown more than 
two decades ago241. However, one should remember the relative ease with 
which transplant rejection is prevented in many animal models compared to 
humans242. Several studies have demonstrated that alloantigen-specific TRegs 
are more potent than TRegs without specificity232, 243, 244, which iterates the 
basic tenet of TCR activation to initiate a cellular response. The preclinical 
data therefore support that adoptive transfer of TRegs can prevent transplant 
rejection, in many cases indefinitely, and that alloantigen specificity 
provides greater efficacy.  

Clinical evidence 
To date, no clinical studies have been published using adoptive TReg transfer 
to prevent rejection after SOT. However, early trials for the 
prevention/treatment of GVHD after HSCT have demonstrated efficacy245-

247. The immunological basis of GVHD is the same as in transplant rejection 
and is dependent on TCR activation through foreign MHC or peptides 
(Figure 2). Indeed, the two reactions may occur simultaneously142. It 
therefore follows that TRegs are also likely to prevent rejection after SOT. 

Indirect evidence further supports that TRegs may prevent transplant 
rejection: In clinical protocols of mixed chimerism a relative increase in 
TRegs has been observed126, particularly in the lymphopenic phase111. The 
ratio of TRegs to TEffs was increased in patients with durable chimerism in a 
protocol combining hematopoietic stem cells with tolerance-inducing 
cells131. Transplant biopsies from patients completely withdrawn from 
immunosuppression displayed high levels of FOXP3 mRNA129. 
Furthermore, elevated levels of FOXP3 mRNA in peripheral blood248, 249 and 
urine250 have been correlated to a favorable clinical outcome. 

Administration of low-dose IL-2 can augment TRegs in vivo and has been 
shown to improve chronic GVHD251 and hepatitis C-induced vasculitis252. 
The adverse events in these studies were mild and few, in contrast to a well-
known (and almost fatal) previous attempt aiming at in vivo TReg 
expansion253, showing that in vivo enhancement of TRegs may indeed be 
attained successfully. 

Altogether, the last decade has accumulated data that TRegs may prevent 
transplant rejection and possibly induce stable tolerance. Substantial efforts 
are now being directed at translating TReg cell therapy to the clinic254-256. 
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In vivo imaging 
Tracking cells in vivo has the potential to provide valuable insight into the 
fate of adoptively transferred cell products257. Clever systems have been 
devised to image cells in preclinical models, such as cell-specific reporter 
genes258, but are difficult to translate to humans because they require genetic 
engineering. In contrast, the widespread clinical use of imaging modalities 
such as positron emission tomography (PET) or single-photon emission 
computed tomography (SPECT) combined with computed tomography (CT) 
can easily be used for this purpose259, 260. The basic principle of both PET 
and SPECT is the detection of radiation emitted from a radioactive nuclide, 
which, combined with CT, allows fusion of both anatomical and functional 
information. In PET, neutron-deficient nuclides emit positrons that interact 
with an electron causing the annihilation of both particles and emission of 
two high-energy photons261. In SPECT, the radioactive nuclides commonly 
have a longer half-life (T1/2) and only emit one photon (as the name implies). 
Appropriate clinical protocols to image T cells (including TRegs) long enough 
to assess their homing properties are lacking. 

Advanced-therapy medicinal products 
In the end of 2008, the legislation on advanced-therapy medicinal products 
(ATMPs) came into effect in the European Union:n  

 
Advanced-therapy medicines are medicines that are made from genes and 
cells. They may offer groundbreaking new treatment opportunities for many 
diseases and injuries262. Advanced therapies are different from conventional 
medicines, which are made from chemicals or proteins. There are four main 
groups: gene-therapy medicines, somatic-cell therapy medicines, tissue-
engineered medicines and combined advanced-therapy medicines. The 
legislation defines what products are ‘advanced-therapy medicinal products’ 
and describes how they are authorized, supervised and monitored to ensure 
that they are safe and effective. 

Somatic cell products whose biological characteristics, physiological or 
structural properties relevant to the intended clinical use have been subject to 
substantial manipulation may fulfill the definition of a somatic cell therapy 
medicinal product according to Regulation (EC) No 1394/2007. This leads to 
the conclusion that TRegs will be regarded as ATMPs and must be produced 
under circumstances compliant with the appropriate legislations. In effect, 
TRegs are regarded as a drug and not merely a cell product intended for 
transplantation. It is therefore of great importance that academic institutions 

                                                
n According to information obtained from www.ema.europa.eu on 2014-03-11. 
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actively collaborate with the appropriate regulatory authorities, 
pharmaceutical and biotech companies to allow for the cost-effective 
development of new ATMPs, completion of clinical trials, and subsequent 
commercialization263. If not, many cell products have a dim chance of 
finding their way into routine health care and their bright future will not be 
realized. 

The production of TRegs for clinical use requires other equipment and 
procedures compared to those for cell purification in research laboratories. 
At present, there are two widespread techniques by which to purify cells 
based on their expression of cell-surface markers. One technique is 
commonly referred to as MACSo (magnetic activated cell sorting) and is 
based on antibodies conjugated to magnetic beads. The other technique is 
often referred to as FACS (fluorescence activated cell sorting) and involves 
the sorting of individual cells in a flow cytometer that separate cells into 
miniscule droplets (refer to Materials and Methods section below for a more 
thorough description of MACS and FACS). However, none of these 
techniques are ideal for clinical purification of TRegs. 

                                                
o MACS and FACS are trademarks of Miltenyi Biotec and BD Bioscences, respectively, but 
are commonly used to refer to the specific procedures in general. 
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5. Aims of the Studies 

The use of autologous peripheral blood mononuclear cells (PBMCs) 
provides a convenient way to obtain TRegs for therapeutic use and avoids the 
possible risks of using third-party party cells. However, data on TRegs from 
patients awaiting organ transplantation is insufficient. In addition, clinical 
protocols to assess TReg homing after administration are lacking as is the 
optimal equipment for clinical purification of TRegs. The present thesis aims 
to address these issues, and the specific objectives of each paper are outlined 
below: 

Paper I 
To assess whether it is practically feasible to obtain and expand TRegs and 
Tr1 cells from uremic patients. To get insight in the functional properties of 
expanded TReg preparations from uremic patients by measuring their function 
using in vitro assays. 

Paper II 
To compare the impact of different cell purification techniques (i.e. MACS 
versus FACS) on the purity and functional properties of expanded TReg 
preparations from uremic patients. To assess the effect of allogeneic 
dendritic cells of varying maturity, used as feeder cells in the TReg expansion, 
on the functional properties of expanded TReg preparations from uremic 
patients. 

Paper III 
To develop an imaging protocol for tracking of human T cells in clinical cell 
therapy trials. To test the feasibility of such a protocol by tracking human T 
cells in immunodeficient mice using SPECT/CT. To optimize the labeling 
procedure and determine whether radioactive incorporation compromises 
cell viability. 
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Paper IV 
To develop a protocol for the rapid and accurate purification of TRegs using 
fluidic switch technology compliant with clinical cell purification. To ensure 
that microfluidic purification does not impair cell viability. To compare the 
performance of fluidic switch purification to traditional droplet sorter 
techniques. 
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6. Materials and Methods 

Below is an overview of the materials and methods used in the present 
thesis. Please refer to the respective papers for a detailed outline of the 
specific experimental conditions. 

PBMCs of uremic patients and healthy blood donors (I, 
II, III, IV) 
Sixteen uremic patients awaiting living donor kidney transplantation were 
enrolled in the study and underwent either phlebotomy (n = 3) or 
leukapheresis (n = 13). Heatlhy blood donors undergoing routine 
phlebotomy were used to obtain monocytes for dendritic cell differentiation 
and to isolate CD4+ T cells for the in vivo imaging studies. The crude buffy 
coats of the uremic patients and healthy blood donors were separated into 
PBMCs using density gradient centrifugation. Approval of the study was 
obtained from the Uppsala regional ethical review board (File no. 2010-069). 

Flow cytometry (I, II, III, IV) 
Flow cytometry measures cells (or other particles) in a liquid suspension. It 
allows simultaneous analyses of multiple parameters on single cells as they 
pass through beams of laser light and is commonly used in immunology, 
both in research and clinical laboratories, to analyze the characteristics and 
frequencies of immune cells. Usually, cells or particles with sizes ranging 
from less than 1 µm to 50 µm are suitable for analysis by flow cytometry 
(immune cells are in the range of approximately 10 – 20 µm). The most 
common parameters measured are size (detected by forward scattered light), 
internal complexity (detected by side scattered light), and fluorescence 
intensity. The three basic components of a flow cytometer are the fluidics 
(bring the cell suspension to the laser beams, i.e. the interrogation point), 
optics (focus the laser beams and detect emitted light), and electronics 
(convert the detected light intensity to an electronic signal). All components 
act in concert to simultaneously detect the measurable characteristics of the 
cells in the fluid suspension. Flow cytometry has been used in all papers of 
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this thesis to characterize expanded TReg preparations and to measure their 
functional characteristics. 

Cell purification with magnetic beads (I, II, III, IV) 
Purification of immune cells using magnetically conjugated antibodies 
directed at surface antigens is a well-established technique. Cells can be 
purified by either positive or negative selection. In positive selection, one or 
more monoclonal antibodies are added to a mixture of cells and bind only to 
the cells of interest.  The cell mixture is subsequently passed through a 
column surrounded by a magnetic field, allowing only labeled cells to be 
retained in the column (Figure 5A). The target population (sometimes 
referred to as target cells) can then be rinsed out from the column. In 
negative selection (also known as depletion), one or more monoclonal 
antibodies are added that instead bind to all the cells that are not of interest. 
When the mixture of cells are passed through the magnetic column these 
non-target cells are retained in the magnetic field, and the cells of interest 
pass through. One important difference between the two strategies is that 
negative selection allows purification of target cells free of surface-bound 
antibodies. In general, magnetic bead purification yields a high purity of 
target cells when the markers used to identify the cells are strongly 
expressed on the surface in relation to the non-target cells (Figure 5C). In 
this thesis, negative selection has been used to purify CD4+ T cells and 
positive selection to purify CD4+CD25+CD49d- TRegs and 
CD4+CD25+CD127- TRegs. 

Cell purification with flow cytometry droplet sorters (II, 
IV) 
Flow cytometers capable of droplet formation can be used to purify cells 
with high precision (Figure 5B). Cytometry-based purification is superior 
when the target cells cannot be identified using surface markers with 
substantially different levels of expression compared to the non-target cells, 
but rather are identified by a subtle difference in intensities (Figure 5D). This 
is the case for TRegs where the expression of CD25 and CD127 is relatively 
close to that of non-TReg cells. 
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C.     D.  
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Figure 5. A) Cell purification with magnetic beads (MACS). Target cells, or non-
target cells, are first labeled with monoclonal antibodies directed at a cell-marker(s) 
(the orange cell in the figure). The antibody is then conjugated to a magnetic bead 
and the cells are passed through a magnetic field whereby the labeled cells are 
retained in the column. B) Cell purification with flow cytometry droplet sorters 
(FACS). Fluorochrome-conjugated antibodies are used to label a mixture of cells. 
The cells are detected at the interrogation point after the fluorochromes have been 
excited by laser light and emitted light of a certain wavelength. Single cells are 
separated into discrete droplets at the breakoff point. To sort a cell with certain 
fluorescent labels the sorting criteria are defined by gating on the cell population of 
interest in a software program. When a cell to be sorted passes the interrogation 
point, an electrical charge is applied to the fluid stream just as that cell breaks off 
into a single droplet further down the stream. The delay between detection and 
applying a charge is referred to as drop delay, and must be calibrated with high 
accuracy. The charged droplets pass between two electrically charged deflection 
plates to be sorted into appropriately placed tubes. The number of cells per second 
that can be processed with this technique depends on a variety of factors but is 
commonly in the magnitude of 10,000 cells/second for lymphocytes. Cells defined 
by high-intensity markers (C) are appropriate for MACS whereas cells identified by 
continuously expressed markers (D) require flow cytometric detection for optimal 
purification. 

 

 
Figure 6. Purification with microfluidic switch technology. The switch consists of 
two opposing chambers, the actuator chamber (A) and the damper chamber (B), that 
are filled with air, trapping a fluid plug in the main channel (C). The default state 
maintains the flow of cells into the unsorted fraction (arrow in Panel 1). When a cell 
of interest (green cell) arrives in the fluid plug region an external piezo-electric pin 
(P) under the actuator chamber is activated and pushes a flexible membrane, moving 
the air pocket towards the fluid plug (Panel 2). The fluid plug is deflected towards 
the damper chamber, redirecting the path of the cell from the default channel to the 
collection channel (arrow Panel 2). When the actuator pin retracts, the actuator 
chamber membrane returns to the original position and the fluid plug quickly returns 
to its original position as a result of the spring effect caused by the damper chamber, 
returning the microsorter to the default state (Panel 3). The deflected cell (green cell) 
continues into the upper part of the Y shaped structure (collection channel, arrow 
Panel 3). 
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Cell purification with microfluidic switch technology 
(IV) 
A novel cell purification system (GigaSort Atheris Platform, Cytonome, 
Boston, MA, USA) based on microfluidic switch technology was used to 
purify TRegs at high speed while maintaining a low pressure (Figure 6). The 
system was designed for operation in a clinical environment (i.e. was fully 
enclosed) and was equipped with a single 532 nm laser. Pre-selected CD4+ T 
cells were labeled with PE (CD25), PE-Cy5 (CD127) and PE-Cy7 (CD4) 
and purified to CD4+CD25highCD127low. Post-purification viability was 
assessed by staining with the nucleic acid dye 7-AAD. 

Cell culture and expansion (I, II, III) 
All lymphocyte cultures have been performed in RPMI-1640 supplemented 
with 10% pooled human AB serum, 1% penicillin-streptomycin, 1% 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.5% L-Glutamine 
and 0.04% β-mercaptoethanol. 

TRegs were expanded using either polyclonal stimulation with mixed 
feeder cells or antigen-specific expansion with donor-derived dendritic cells 
of varying maturity. Two types of dendritic cells were used: either the well-
characterized mature dendritic cells (mDC) or the recently described DC-
10229, a form of tolerogenic dendritic cell. The expansions were 
supplemented with CD3-stimulation (OKT3, 30 ng/ml) and high doses of IL-
2 (500 – 600 U/ml), the latter being routinely replenished. 

In vitro functional assays and cytokine profiling (I, II) 
The suppressive function of TRegs can be tested in vitro by assessing their 
ability to suppress the proliferation of TEffs. Three ways to assess TEff 
proliferation have been used in this thesis: incorporation of radioactive 
thymidine264, expression of the cell-surface activation marker CD69265, and 
cell division measured by CFSE dilution264. 

The cytokine secretion profiles of TRegs and Tr1 cells have been assessed 
by a multiplex bead-assay (Luminex) and enzyme-linked immunosorbent 
assay (ELISA). The TRegs and Tr1 cells were physiologically stimulated 
using dendritic cells and the cytokine concentrations subsequently measured 
in the supernatant. 
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Radiolabeling, cell viability and in vivo imaging (III) 
CD4+ T cells were negatively purified by MACS and labeled with the 
radioactive tracer [111In]oxine in different incubation media (Ringer’s 
acetate, 0.9% NaCl, 0.2M TRIS). The radioactivity associated with the cells 
was measured by a well-counter. Cell viability was assessed after 
radiolabeling using trypan blue exclusion and the radioactive dose was 
titrated from 1/15 – 10 Bq/cell. 

Nu/nu Balb/c mice (n = 20, 18-23 g) were used to image radiolabeled 
cells in vivo. Cells, or tracer alone, were injected through the tail vein and 
the mice were scanned by SPECT/CT on days 1, 4, 6 and 8. Approval of the 
study was obtained from the local ethics committee for animal research (File 
no. C223/11). 
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7. Results and Discussion 

Paper I 
All seven uremic patients successfully underwent phlebotomy or 
leukapheresis, with a yield of 320–3925 million PBMCs, showing that 
sufficient material could be routinely obtained for further TReg purification. 
TRegs were subsequently purified with magnetic beads and showed 
substantial suppressive potential evident by inhibition of T cell proliferation 
in a mixed leukocyte reaction, measured by radioactive thymidine uptake. In 
addition, CD4+ T cells stimulated with third-party immature dendritic cells 
displayed a cytokine profile that supported the successful differentiation of 
Tr1 cells; upon re-stimulation with dendritic cells, in particular, high 
amounts of IL-10 were secreted. The study indicates that both TRegs and Tr1 
cells can be expanded from uremic patients and display satisfactory in vitro 
properties, which form the base for future autologous TReg immunotherapy in 
renal transplantation. 

Paper II 
All but one patient, where there was a difficulty obtaining vascular access, 
underwent successful leukapheresis. TRegs were then isolated using either 
magnetic beads or flow cytometry droplet-sorting. Purified TRegs were 
partitioned equally to be either expanded with mature or tolerogenic 
dendritic cells, resulting in four groups (FACS mDC, MACS mDC, FACS 
DC-10, and MACS DC-10). TReg preparations expanded with DC-10 
displayed either lower purity or inferior suppressive capacity, whereas FACS 
mDC preparations displayed either greater purity or greater suppressive 
capacity in comparison to the three other preparations. The cytokine profile 
of TReg preparations purified by MACS showed high levels of IFN-γ 
secretion, even when the TReg purities post-expansion were comparable to 
FACS-purified TRegs. TReg preparations obtained from uremic patients were 
less pure than those from healthy controls. Overall, the study supports that 
the mode of TReg purification in uremic patients affects both the purity and 
functional properties after expansion, where FACS purification seems 
superior to MACS. In addition, the state of maturity of the dendritic cells 
used as antigen-specific feeder cells affects both purity and functional 
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properties. Thus, both purification and expansion greatly affect the resulting 
TReg product. 

Paper III 
CD4+ T cells were obtained from healthy blood donors by MACS and 
incubated with [111In]oxine in different incubation media. Ringer’s acetate 
showed a greater labeling yield compared to 0.9% NaCl, and was 
comparable to 0.2M TRIS. Cell viability was severely compromised beyond 
a radioactive load of 0.4 Bq/cell. After intravenous injection in 
immunodeficient mice, labeled T cells could be detected in vivo for 8 days 
by SPECT/CT, and showed accumulation in the liver and spleen. Post-
mortem assessment of radioactive organ distribution confirmed the imaging 
results. This study shows that T cells can be labeled with clinically relevant 
doses of [111In]oxine, with preserved viability, and subsequently followed in 
vivo for more than 1 week. The protocol can be translated to clinical cell 
therapy trials with only minor modifications. 

Paper IV 
Pre-enriched CD4+ T cells from healthy blood donors were purified to 
CD4+CD25highCD127low cells at an average frequency of 85% (range 64-
96%), using the GigaSort Atheris 24-channel prototype system. The cell 
viability after purification was on average 97%. The parallel arrangement of 
24 fluidic switch sorters operating at the same time made it possible to 
process 100 million CD4+ T cells in 1 hour, which is at least 3-4 times faster 
than a traditional droplet sorter. The speed of purification can be further 
increased by adding up to a total of 72 parallel switch sorters in the same 
microfluidic chip. This study presents a novel way of purifying TRegs for 
clinical use that has the potential to provide TReg preparations at an, as of 
today, unparalleled speed, viability, and purity. 



 44 

8. General Discussion 

Human TRegs were characterized in 2001 and their potential use as a cell 
therapy to treat and prevent immunologically driven diseases was quickly 
recognized. However, initiation of clinical trials with TReg cell therapy has 
been hampered for several reasons. Firstly, the frequency of TRegs in the 
peripheral circulation is relatively low and constitutes approximately 1-5% 
of the CD4+ T cell population. Secondly, optimal purification techniques 
compatible with clinical use have not been available. Thirdly, expanding 
TRegs sufficiently in vitro (preferably alloantigen-specifically) to reach 
clinically relevant doses has proven challenging. Fourthly, the 
characterization of autologous TRegs from prospective patients has been 
inadequate (e.g. from uremic patients who are known to be immunologically 
compromised266, 267 and suffer from a state of chronic inflammation268). 

In Paper I and II, TRegs purified and expanded from uremic patients 
displayed desirable in vitro properties. Three types of functional assays were 
used and all demonstrated the suppressive potential of TRegs. Although 
previous data have suggested that unexpanded TRegs from uremic patients are 
functionally compromised269, recent studies have supported the observation 
that TRegs expanded from uremic patients have normal function270. It is 
therefore reasonable to institute autologous TReg immunotherapy in the 
setting of renal transplantation. The superior efficacy of alloantigen-specific 
TRegs compared to polyclonal TRegs is getting increasingly clear (although it 
may be a matter of dosage). In Paper II, donor-derived dendritic cells were 
used as feeder cells in the expansion to obtain TRegs with alloantigen 
specificity. The expansion increased the number of cells up to 200-fold, 
which is likely to provide a sufficient cell dose for human TReg therapy271. 
Expanded TRegs were greatly suppressive in vitro but their level of specificity 
for alloantigens could not be directly determined and remains an important 
area of investigation. One strategy to assess the specificity for alloantigens 
after expansion is to analyze the TCR repertoire272 before and after 
expansion, and compare different expansion protocols. Antigen-specific 
expansion is likely to have occurred if the TCR repertoire is more skewed 
after- as compared to before expansion. The in vivo relevance of the TCR 
pattern is evident in renal transplant patients where operationally tolerant 
patients demonstrate a different pattern compared to patients with evidence 
of rejection273. 
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Activated B cells may also be used as feeder cells to obtain antigen-
specific expansion244, but a direct comparison between dendritic cells and B 
cells in this regard is lacking. Nervertheless, no matter which feeder cell is 
used, most TRegs will have direct alloantigen specificity (same principle as 
Figure 2). In contrast, it is challenging to obtain TRegs with indirect 
alloantigen specificity274 due to their low frequency in the starting 
population. When the antigen(s) is (are) known, this problem may be 
addressed by genetically engineering TRegs to express a TCR with 
appropriate specificity275.  However, the approach is difficult to translate to 
human transplantation, in part because it adds the risks associated with 
genetic manipulation, and in part because there are no obvious antigens 
towards which the TCRs should be directed. 

In Paper I, high levels of IL-10 secretion in response to alloantigen-
specific stimuli supported the successful differentiation of Tr1 cells. There 
was, at the same time, a prominent secretion of IFN-γ, which likely 
originates from a substantial contamination of TEffs. The inability to obtain 
highly pure preparations of Tr1 cells makes it impractical to use them in 
clinical transplantation as opposed to TRegs. In particular, any expansion 
protocol aiming to increase the frequency of tolerogenic T cells with 
alloantigen specificity runs the risk of also priming and expanding 
alloreactive TEffs that may cause accelerated transplant rejection. It remains 
to be determined whether the recently identified markers of Tr1 cells228 can 
improve the purity further. Most of the work on Tr1 cells continues to be 
performed by the group of Maria-Grazia Roncarolo and colleagues. 

In Paper II, the purity of TRegs expanded from healthy blood donors was 
greater than in uremic patients expanded with the same protocol. Although 
this observation has not been confirmed by subsequent studies in our 
laboratory, it may be explained by a possible age difference between the two 
groups. More than half of the uremic patients were over 60 years of age. The 
frequency of CD45RA+ TRegs decreases with age276 and the frequency of 
CD45RO+ TRegs increases, as TRegs (and T cells in general) switch from a 
naïve to memory phenotype. Because CD45RO+ TRegs have a greater 
propensity to turn into effector cells277, they may become less pure when 
expanded at higher ages. Supplementing expanding TRegs with rapamycin 
may stabilize their phenotype and prevent conversion into effector cells278, 

279. Indeed, rapamycin may also promote the conversion of TEffs into TRegs
280. 

In line with these observations, low-dose rapamycin may be used as an 
adjunctive treatment to improve the efficacy of TReg immunotherapy281. 

Different combinations of surface markers were used to purify TRegs in 
Paper I and II. In both papers, positive selection was performed for CD4 and 
CD25, but the markers used for negative selection differed (CD49d in Paper 
I, CD127 in Paper II). Because negative selection for CD49d leads to 
enrichment of CD45RO+ TRegs

199 (i.e. CD45RA- TRegs), there is a greater risk 
that these TReg preparations convert into TEffs. In future clinical applications it 
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is therefore preferable to use CD127 as the negative marker for TRegs. It 
would be ideal to use FoxP3 as a marker for TReg selection, but since it is an 
intracellular transcription factor it necessitates permeabilization of the cell 
membrane, which irreversibly damages the cells. The search for new 
markers to identify and purify TRegs continues to be intense, but there is still 
no known surface marker that is expressed exclusively on TRegs.  

In Paper II, the properties of TReg preparations expanded with mDC were 
superior to expansions with DC-10. This was a somewhat surprising result 
since DC-10 has been shown to differentiate CD4+ T cells into IL-10- 
secreting Tr1 cells. It would therefore seem that the state of maturation of 
the feeder cells greatly impact the cells during expansion. In addition, even 
when TReg purities were comparable between different TReg preparations, as 
determined by the phenotype CD4+CD25highFoxP3+, preparations originally 
sorted by MACS secreted high levels of inflammatory cytokines. As a 
whole, this has important implications for designing the optimal clinical 
protocol for TReg production. TRegs should ideally be purified using 
techniques based on flow cytometry and probably expanded using 
mature/activated APCs. 

In Paper III, the radioactive SPECT-tracer [111In]oxine was used to 
selectively label T cells. Cell viability decreased exponentially beyond 
approximately 0.2-0.4 Bq/cell and quickly approached 100% dead cells. 
Preliminary results from ongoing studies assessing the viability of 
radiolabeled cells using sensitive flow cytometry-based techniques support 
that the viability follows an exponential decline with increasing radioactive 
loads. No additional cell loss was observed when extending the observation 
period to 5 days. Thus, the relationship between cell viability and radioactive 
dose is far from linear. Instead, it seems to exist a threshold above which 
most cells die and below which most cells remain viable. Gamma rays (high 
energy photons) emitted from Indium-111 can cause double-strand DNA 
breaks, which may overwhelm the repair mechanisms and trigger apoptosis. 
One can therefore speculate that the crucial factor determining cell viability 
is exposure of ionizing radioactivity high enough to trigger apoptosis, which 
is an all-or-nothing response. Although cell viability was not compromised 
with appropriate doses of [111In]oxine, no functional tests have yet been 
performed with labeled cells, e.g. to test the ability to complete cell divisions 
and secrete cytokines. Even if the cells have all basic functions preserved, it 
is difficult to determine the effects of radioactivity on their longevity, in 
particular for TRegs that have a tendency to lose their phenotype and are prone 
to apoptosis in culture. One approach in future clinical trials is therefore to 
label some cells with <0.2 Bq/cell to get optimal information about homing 
properties without risking the longevity of all cells. Interestingly, labeling of 
mesenchymal stromal cells (MSCs) using [111In]tropolone have shown 
preserved function at doses of 30 Bq/cell282, and the in vivo homing of 
regulatory macrophages in a human transplant recipient has been assessed 
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with [111In]oxine at 1.1 Bq/cell283. The viability threshold thus seems to vary 
greatly between different cells. It is conceivable that e.g. stem cells such as 
MSCs possess extended repair mechanisms that confer higher resistance to 
radiation-induced damage. 

The labeling yield was substantially lower with 0.9% NaCl compared to 
Ringer’s acetate and 0.2M TRIS. Both 0.9% NaCl and Ringer’s acetate are 
phsysiological crystalloids commonly used in routine health care and are 
therefore appropriate to use in clinical labeling procedures. The higher 
labeling yield of Ringer’s acetate results in less total radioactivity needed to 
achieve a certain level of labeling. One theoretical advantage of the lower 
yield with 0.9% NaCl is a decreased risk of affecting cell viability, but this 
can easily be handled for Ringer’s acetate by adjusting the dose 
appropriately (as discussed above). A possible explanation accounting for 
the vast differences in labeling yield is that Ringer’s acetate (and 0.2M 
TRIS) is slightly hypotonic in relation to 0.9% NaCl, which results in a net 
influx of liquid to the cells. [111In]oxine is both neutral and lipid-soluble284, 
and is therefore likely to follow the net flux of fluid through the cell 
membrane. Once inside the cell, Indium-111 is displaced from the complex 
and binds firmly to cytoplasmic components285. 

The T1/2 of [111In]oxine, or more specifically the T1/2 of the radioactive 
component Indium-111, is 2.8 days. In immunodeficient mice, labeled cells 
were still detectable at 8 days, when the remaining radioactive dose was as 
low as <0.5 MBq. It is not only the remaining radioactivity that determines 
whether a signal is detectable, but also how the labeled cells are distributed. 
If many cells accumulate in the same place, less radioactivity per cell is 
needed for detection. In addition, when the radioactive signal is weak, the 
time allocated for scanning can be extended to increase the sensitivity of 
detection. It is reasonable to assume that at least 10-20 MBq may be used to 
label TRegs for in vivo imaging in humans, which means that 1.25-2.5 MBq 
remain after 3 T1/2 (i.e. 8.4 days). Based on the data obtained from the animal 
model, where accumulation in the spleen and liver were readily detectable at 
8 days with a scanning time of 22 min at an activity of <0.5 MBq, it is 
reasonable to assume an ability to detect accumulation of TRegs in human 
tissues such as local lymph nodes, the spleen, and the transplanted graft for 
more than 1 week. Previous studies support that T lymphocytes to a large 
extent accumulate in the lungs shortly after intravenous injection260. 
However, the first SPECT/CT-scan of the animals in Paper III was 
performed about 24h after intravenous injection and no radioactive signal 
could be detected from the lungs. Thus, the labeled T cells have either 
migrated out of the lungs or were never trapped in the first place. Mixed 
white blood cells labeled with [111In]oxine, where 60-70% of the 
radioactivity is bound to granulocytes, show only a short transient hold-up in 
the lungs286. 
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In Paper IV, a novel cell purification system was used to purify TRegs with 
a phenotype of CD4+CD25highCD127low. The study addressed the current 
lack of a cytometry-based system designed for clinical cell purification. In 
particular, the optimal purification of TRegs necessitates the versatile tool of 
flow cytometry to delineate the cell population of interest, since the markers 
used for purification have small differences in intensities in comparison to 
TEffs. Cell sorters based on droplet formation are commonly used in research 
laboratories but are poorly adapted to the requirements of drug 
manufacturing. Firstly, the oscillating nozzle produces minuscule droplets 
that transport the cells freely in the air (Figure 5B). Secondly, it is difficult to 
exchange all parts in contact with the cells or to adequately sterilize the 
system and avoid cross-contamination of different products. Thirdly, it is 
technically demanding and costly to operate such a system since it requires a 
specially trained technician. Fourthly, the purification is time-consuming 
(see below) and is performed under high pressure (commonly at 60-70 psi), 
both of which may affect cell viability. These shortcomings make droplet-
sorting inappropriate for large-scale production of cell products for human 
use. In contrast, a fully enclosed system that does not require extensive 
calibration addresses these issues. Paper IV showed that this can be 
accomplished with microfluidic switch technology. The purity of the TRegs 
was highly satisfying and comparable with previous reports using traditional 
droplet sorters. Importantly, TRegs were successfully identified using a single-
laser (532 nm) cytometer to detect PE (CD25), PE-Cy5 (CD127) and PE-
Cy7 (CD4), demonstrating that multi-laser systems are dispensable for high-
precision TReg purification. 

The speed of purification has important implications for the production 
process of a cell product. Prolonged times of cell processing increase costs 
substantially while risking cell viability. The size of a lymphocyte is 
approximately 10 µm and nozzle sizes of 70 or 85 µm are commonly used 
for lymphocyte droplet-sorting. In effect, this sets a limit of how fast cells 
can be purified using a droplet sorter, and it is common to operate at a 
detection rate of roughly 10,000 events/sec (or slightly lower) for 
lymphocyte populations. In this regard, the technology used in Paper IV 
offers substantial advantages through the parallel arrangement of multiple 
switch sorters. A single switch sorter can operate at about 2,000 events/sec, 
and the current design has 24 parallel units, approaching a speed of 50,000 
events/sec. The design allows further expansion of the parallel sort units to a 
total of 72, making the system about 15 times faster than a droplet sorter. At 
the same time, the level of purity is comparable to that of droplet sorters. 
With a purification speed at this level, it takes only about 2 hours to purify 
approximately 30 million TRegs from 1 billion CD4+ T cells (simplifying 
assumptions regarding sorting efficiency). The same task would take 30 
hours in a droplet sorter. 
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To conclude, the present thesis shows that TRegs from uremic patients can 
be isolated and expanded to display desirable functional properties in vitro. 
TReg purification using FACS and expansion with mDC as feeder cells result 
in functional advantages compared to MACS and DC-10. Cell labeling with 
[111In]oxine provides a tool to image administered T cells in vivo for more 
than 1 week without compromising viability. Microfluidic switch technology 
can purify TRegs for clinical use with unparalleled speed and excellent 
viability. 
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9. Future Perspectives 

Several centers around the world are aiming to complete clinical trials with 
cell products to prevent transplant rejection and preferably induce stable 
transplant tolerance. This marks a new paradigm in the field of 
transplantation, where traditional pharmacological immunosuppression is put 
to the test by individualized cell products. International networks such as the 
ONE study consortium (www.onestudy.org) and the COST Action BM1305p 
have been formed to enhance progression by creating standardized formats 
for clinical trials and outcome parameters. TRegs is one of the main cell 
products to be tested; however, other cells also hold promise in the 
prevention of transplant rejection, e.g. mesenchymal stromal cells287 and 
tolerogenic dendritic cells288. Early-stage clinical trials have supported the 
safety of all these products and future studies will reveal their potential 
efficacy. It is plausible that a combination of different approaches may be 
successful at inducing durable transplant tolerance, one such example being 
the combination of tolerogenic cell therapies with the augmentation of 
donor-derived hematopoietic cells289. 

TRegs have several indications extending beyond organ transplantation; 
indeed, some authors speculate that TReg cell therapy will become as 
commonplace as taking two aspirins290 (an encouraging statement for anyone 
consumed by TRegs, but likely severely detached from reality). Notably, the 
field of HSCT offers an arena where there is room for substantial 
improvement291, 292. TRegs may be used to tailor hematopoietic stem cell grafts 
to limit GVHD without affecting the graft-versus-leukemia effect293, having 
the potential to treat several malignant disorders. The fields of SOT and 
HSCT are likely to benefit from one another’s progress since any approach 
being successful in HSCT is likely to be successful in some form also in 
SOT, and vice versa. 

Cell therapy is still a nascent field thus far largely developed by academic 
institutions. As efficacy data are obtained, interest from the pharmaceutical 
and biotechnology industry will increase, which is necessary to enhance the 
large-scale production and commercialization of cell products. It is 
conceivable that the next generation of transplant physicians will be more 

                                                
p COST is short for European Cooperation in Science and Technology. For more information 
about COST Action BM1305 – Action to Focus and Accelereate Cell-based Tolerance-
inducing Therapies (A FACTT) – visit www.afactt.eu. 
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accustomed to choosing the appropriate cell product for a particular 
indication rather than adjusting drug dosages to meet the recommended 
trough levels. 

The delivery of TRegs, and other cell products, to transplant patients need 
not be confined to traditional intravenous infusion. Recent advances in 
machine perfusion294 provides an opportunity to circulate the transplant with 
TRegs prior to transplantation. Alternatively, the cells may be administered 
intra-arterially during the transplant operation. Once the transplant is in place 
interventional radiologists can aid in the targeted delivery of TRegs through 
selective vascular catheterization. Such first passage circulation through the 
graft may provide beneficial effects by allowing passenger leukocytes of the 
transplant to be enriched by tolerogenic cells, and possibly facilitate immune 
regulationq by enhancing donor-recipient chimerism. 

As shown in this thesis, both the mode of purification and the expansion 
protocol affect the TRegs of uremic patients. Although several strategies for 
TReg expansion have been proposed, there is no consensus regarding what 
protocol is most beneficial. Indeed, the appropriate protocol may vary 
depending on the indication. Overly hasty conclusions on how to produce 
TRegs run the risk of narrowing the chance of success, especially since the 
human setting is often full of surprises (when compared to preclinical 
models). How then should clinical trials proceed? Striving for excessively 
cumbersome, but theoretically perfect, TReg therapies may jeopardize the 
introduction of good enough therapies (perfect is the enemy of good). I 
envision that optimal cell therapy will be developed as we proceed. 
Importantly, multiple centers strive for the same goal and the various 
approaches bring much-needed diversity. Furthermore, such is the nature of 
ATMPs that continued improvement is necessary, and also likely to take 
place. Pragmatic interpretations of the legislations are therefore warranted to 
allow efficient implementation of new knowledge and facilitate continuous 
improvement. Importantly, we must be prepared to make significant 
adjustments to our original strategies. This is not a reason to despair; on the 
contrary, without challenges the researcher leads a gloomy life, perhaps self-
inflicted by seeking the easy way out. The field of transplantation provides 
immense challenges and its history teaches us that most difficulties can be 
overcome. As we go forward, we will also get more insight into the basic 
TReg biology. It will be interesting to learn more about the TCR specificities 
of TRegs, especially in relation to TEffs. Under physiological circumstances 
these cells have different functions, and it would not be surprising if they 
have important differences in their receptor repertoire. Nevertheless, 
alloreactive cells are found within both cell types. 

                                                
q I am somewhat intrigued by the idea of circulating a transplant with tolerogenic cells and 
believe it is worth considering. 



 52 

I believe that solid organ transplantation stands ready to enter an era 
where ATMPs will be tailor-made to further improve the lives of transplant 
recipients. There is no doubt that the next decade will witness the completion 
of multiple clinical trials with tolerance-inducing cell therapies and, in all 
likelihood, consolidate transplantation as the forerunner of advanced medical 
development. Regardless of the outcome, the journey will be a great 
adventure5 and something I do not want to miss. 
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Summary of the Thesis in Swedish 

Populärvetenskaplig sammanfattning 
Transplantation av organ är en livräddande behandling som idag utförs 
rutinmässigt världen över. I så gott som samtliga fall erhåller mottagaren av 
ett transplantat livslång behandling med immunhämmande läkemedel. Detta 
är nödvändigt för att motverka avstötning av transplantatet, eftersom 
immunförsvaret annars känner igen det som främmande och initierar en 
avstötningsreaktion. Dock medför den immunhämmande behandlingen en 
hög risk för att utveckla allvarliga komplikationer såsom cancer, infektioner 
och hjärt-kärlsjukdomar (t ex hjärtinfarkt). Trots den starka behandlingen 
finns det en risk för att kroppens immunförsvar över tid orsakar en 
avstötningsreaktion, vilket leder till att organet slutar fungera. 

På senare år har man identifierat en ny typ av celler i immunförsvaret, så 
kallade regulatoriska T celler (TRegs). Dessa celler är naturligt förekommande 
hos både människor och djur, men har en annan funktion än de flesta övriga 
immuncellerna. TRegs primära uppgift är nämligen att skydda kroppen mot 
sig själv, eller mer specifikt att skydda kroppen mot det egna 
immunförsvaret. Utan TRegs utvecklar vi allvarliga autoimmuna sjukdomar 
där immunförsvaret missuppfattar de egna organen som främmande 
inkräktare, med följden att organen attackeras. Denna avhandling har 
studerat TRegs i syfte att utveckla en mer skonsam behandling för att 
motverka avstötning efter organtransplantation. Cellterapi med kroppsegna 
TRegs har potentialen att lära immunförsvaret uppfatta det främmande organet 
som kroppseget, vilket kallas för immunologisk tolerans. Omfattande 
djurstudier stödjer denna idé och de första TRegs-behandlingarna av 
människor som genomgår ”benmärgstransplantation” har varit lovande. 
Däremot finns det ännu inga studier med TRegs vid organtransplantation. 

Patienter som lider av njursvikt har ett defekt immunförsvar, i synnerhet i 
form av ett kroniskt inflammatoriskt påslag. Denna avhandling visar att TRegs 
trots detta kan renframställas från patienter med njursvikt i behov av en 
njurtransplantation. Cellerna kan förökas utanför kroppen och uppvisar 
önskvärda funktionella egenskaper. Resultaten stödjer även att 
tillvägagångssättet för att rena fram TRegs, och på vilket sätt de förökas, har 
stor betydelse för deras funktion. Därefter utvecklades en teknik för att 
märka cellerna med en radioaktiv substans, [111In]oxine, med målet att kunna 
följa deras färd i kroppen efter administration. Tekniken visade sig 
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framgångsrik – cellerna kan märkas utan att ta skada och därefter följas i 
drygt en vecka efter intravenös injektion i en musmodell. Slutligen har en ny 
teknik för snabbare isolering av TRegs studerats och anpassats för kliniskt 
bruk. Den har potentialen att vara upp till femton gånger effektivare jämfört 
med redan etablerade metoder. Denna effektivisering är nödvändig för att i 
framtiden kunna erbjuda behandling till samtliga behövande patienter. 

Möjligheterna är nu goda för att initiera kliniska studier med kroppsegna 
TRegs vid organtransplantation och flera studier kommer att slutföras under 
det kommande årtiondet. Om behandlingen visar sig effektiv kommer den 
dramatiskt att förändra hur vi förebygger organavstötning och leda till 
friskare transplantationspatienter som lever längre. 
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