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Abstract
Allograft acceptance in solid organ transplantation might not be determined by mechanisms
unique to the tolerant state but rather by the balance between the effector and regulatory
immune response. In consequence, this quantitative view of tolerance implies the existence
of marginal states, wherein regulatory responses are just insufficient to prevent rejection, or
in which regulatory responses are just sufficient to prevent rejection but are readily disturbed.
The presence of low-dose immunosuppression might be supportive in both scenarios and
thus, allograft acceptance is promoted. This work aims to formally show that marginal states
of allograft acceptance under low-dose immunosuppression exist and are dependent on
regulation. Thus, a low-dose Tacrolimus monotherapy was combined with a weak regulationinducing protocol in the fully mismatched BALB/c-to-C57BL/6 skin transplantation model.

Orally administered Tacrolimus in doses of 150 mg per kg food was therapeutic and
prevented allograft rejection when administered before or at the time of transplantation.
Tacrolimus at 75 mg/kg proved subtherapeutic when administered in monotherapy. The
combination of costimulatory blockade with anti-CD154 antibody and a donor-specific
transfusion (DST) led to moderate prolongation of allograft survival. The combination of antiCD154 + DST and Tacrolimus at 75 mg/kg was not more effective than anti-CD154 + DST
treatment alone, when Tacrolimus therapy was started 7 days prior to transplantation.
However, when Tacrolimus was introduced seven days post transplantation, a remarkable
synergism between the induction therapy and the low-dose immunosuppression could be
observed and allograft survival was significantly enhanced. This finding was supported by in
vitro T reg suppression assays, where effector T cell division is additionally suppressed in the
presence of low doses of Tacrolimus.

In line with our hypothesis, it was further demonstrated that in the model of low-dose
Tacrolimus in combination with weak-regulation induction, allograft acceptance can be
broken. This was done by 1) withdrawal of immunosuppression, 2) enhancing the effector
response and 3) disrupting the regulatory response. Thus, it was proven that stable
immunosuppression in marginal states of allograft acceptance depends upon the balance of
regulatory and effector responses.

The findings of this work have far-reaching implications for patient management,
interpretation of immunomonitoring studies and clinical tolerance-induction studies.
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Zusammenfassung

Zusammenfassung
Die

Akzeptanz

eines

Transplantats

wird

möglicherweise

nicht

durch

einzigartige

Toleranzmechanismen bestimmt, sondern vielmehr durch die Bilanz aus der Effektorantwort
und der regulatorischen Immunantwort. Diese quantitative Ansicht der Toleranz umfasst
auch die Existenz von Grenzfällen, wobei die regulatorische Immunantwort gerade nicht
ausreicht, um die Transplantasabstoßung zu verhindern; oder wobei die regulatorische
Immunantwort zwar gerade eben ausreicht, die Abstoßung zu verhindern, aber ohne
weiteres gestört werden kann. Die Gegenwart von niedrig dosierter Immunsuppression kann
in beiden Szenarien unterstützend wirken und dadurch möglicherweise die Akzeptanz des
Transplantats vorantreiben. Mit dieser Arbeit soll formell gezeigt werden, dass diese
Grenzfälle

der

Transplantatsakzeptanz

unter

Therapie

mit

niedrig

dosierten

Immunsuppressiva existieren und dass sie auf Regulation angewiesen sind. Dazu wurde
eine niedrigdosierte Tacrolimus-Monotherapie mit einen schwach-regulationsinduzierendem
Protokoll kombiniert und dies im BALB/c-auf-C57BL/6-Hauttransplantationsmodel mit
vollständiger Gewebemerksmals-Inkompatibilität angewandt.

Oral verabreichtes Tacrolimus in Dosen zu 150 mg pro kg Futter hatte therapeutische
Wirkung und verhinderte die Transplantatsabstoßung, wenn die Therapie vor, oder zum
Zeitpunkt der Transplantation gestartet wurde. Als Monotherapeutikum hatte Tacrolimus in
Dosen zu 75 mg pro kg Futter keine therapeutische Wirkung. Die Kombination aus
Kostimulationsblockade mit dem anti-CD154 Antikörper und einer donorspezifischen
Transfusion (DST) führte zu einer moderaten Verlängerung des Transplantatüberlebens. Die
Kombination aus der Behandlung anti-CD154 + DST mit 75 mg/kg Tacrolimus zeigte sich
nicht

effektiver

als

die

Behandlung

mit

anti-CD154

+

DST

alleine,

wenn

die

Tacrolimustherapie sieben Tage vor der Transplantation gestartet wurde. Wenn hingegen die
Tacrolimustherapie erst sieben Tage nach der Transplantation gestartet wurde, konnte ein
bemerkenswerter Synergismus zwischen der regulationsinduzierenden Behandlung und der
niedrig

dosierten

Immunsuppressionstherapie

beobachtet

werden,

wobei

das

Transplantatüberleben signifikant verbessert wurde. Diese Erkenntnis wurde durch in vitro T
reg Suppressionsassays bestätigt, wo eine zusätzliche Suppression der Effektor-TZellantwort in Anwesenheit von niedrig dosiertem Tacrolimus beobachtet wurde.

In Übereinstimmung mit unserer Hypothese konnten des Weiteren gezeigt werden, dass die
Transplantatsakzeptanz im Modell der Kombination von niedrig dosiertem Tacrolimus mit
einer schwachen Regulationsinduktion zerstört werden kann. Dies geschah durch: 1) Entzug
der immunusppressiven Therapie, 2) Verstärkung der Effektorantwort oder 3) Abbruch der
regulatorischen

Immunantwort.

Damit

konnte

gezeigt

werden,

dass

die

stabile

Zusammenfassung
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Immunsuppression in oben beschriebenen Grenzfällen der Transplantatsakzeptanz von der
Bilanz aus der Effektorantwort und der regulatorischen Immunantwort abhängt.

Die Erkenntnisse, die im Rahmen dieser Arbeit gewonnen wurden, haben weitreichende
Auswirkungen auf das Patientenmanagement, die Interpretation von Studien zur Definierung
von Biomarkern und klinischen Studien zur Induktion von Toleranz gegenüber dem
Transplantat.
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1 Introduction
1.1 Transplantation – an overview
Almost 60 years ago, the first successful human kidney transplantation was performed in
Boston by Joseph E. Murray and colleagues. This event was preceded by the work of half a
century. Not only did the surgical techniques have to be established in order to transfer
tissue or organs, but also unforeseen rejection of the grafts between different individuals had
to be overcome. By transplanting between identical twins, Murray could bypass the latter
problem. It was the work of several researchers that explained the rejection of grafts. Already
in 1912, it was described by Georg Schöne that a second set skin transplant fails more
rapidly than the original rejected one. James B. Murphy showed two years later that lymphoid
cells were responsible for the destruction of (tumour -) grafts. The same conclusion was
drawn by Leo Loeb 20 years later, based upon his rat skin transplant model [1]. Sir Peter B.
Medawar, the “father of transplantation” [2], showed in the mid-1940s with controlled and
precise experiments on rabbits that skin graft rejection was an immunologic reaction [3].
Snell and Gorer identified the major histocompatibility complex (MHC), the genetically
encoded information responsible for the graft rejection [4]. Strategies to reduce the
recipients’ immune response were developed in the following years in order to overcome
rejection. The combination of refined operation techniques and immunosuppressive
treatment opened the door for transplantation as a widely spread therapy for organ failure
and dysfunction.

Transplantation is the only curative therapy for end-stage organ failure. This includes endstage heart failure [5], end-stage renal disease [6], end-stage liver disease [7] and diabetes
with end-stage renal failure [8]. By end of June 2013, over 10,000 patients in Germany alone
were registered on the Eurotransplant waiting list for solid organ transplantation. During the
first half of the year 2013, a total of 1,622 solid organ transplants have been performed in
German transplant centres [9]. Despite being a widely-spread live-saving therapy, long-term
transplant outcomes are not satisfactory and transplantation remains an experimental field.

1.2 Terms in transplantation
Transplantation in general is the transfer of cells, tissue or organs from a donor to a recipient.
In autotransplantation, the donor himself is also the recipient; this for example may be the
case in skin transplantation to treat burn. If the recipient is another individual than the donor,
the term allotransplantation is used. Here we discriminate three different possibilities:
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Syngeneic transplantation describes the transfer of cells, tissue or organs (then called
syngraft or isograft) between genetically identical individuals, in humans, this only refers to
transplantation between monozygotic twins. Allogeneic transplantation (of an allograft or
homograft) is the transfer of cells, tissue or organs between genetically distinct members of
the same species. Xenotransplantation is the term used for the transfer of a xenograft
between members of two different species.

1.3 Basic concepts
1.3.1 T cell activation
1.3.1.1 TCR signalling
In the 1980’s, the structure of the antigen receptor on T cells was characterised [10,11]. The
αβ-T cell receptor (TCR) consists of an α and a β chain, that form a heterodimer. The αβ
heterodimer forms a TCR complex with the noncovalently associated CD3 and ζ proteins
upon binding MHC–peptide complexes [12] (Figure 1).

CD4/

TCR:CD3:ζ
complex

CD8

Lck
ZAP70

PLC-γγ

DAG

MAPK

PKC

CN
NFkB

NFAT

ERK

AP1

IL-2

Figure 1: Activation of T cells, adapted from Janeway’s Immunobiology [275]

The CD3 and ζ chains contain ITAMs (immunoglobulin receptor family tyrosine-based
activation motif) that are essential for the intracellular signalling. The TCR complex clusters
with a co-receptor (either CD4 or CD8), thus, the co-receptor associated protein tyrosine
kinase Lck phosphorylates the ITAMs in the CD3 and ζ chains. This leads to binding and
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activation of the intracellular protein tyrosine kinase ZAP-70, which phosphorylates several
other cytoplasmic molecules, including LAT (Linker for Activation of T-Cells) and SLP-76
[13]. Thus, several signalling pathways are activated, such as MAP – kinase pathways, a
PLCγ1-calcium - dependent pathway and a Diacylglycerol (DAG) – pathway. These
pathways lead to activation of Extracellular-signal Regulated kinases (ERK) or Janus kinase
(JAK), Calcineurin (CN) and enzyme protein kinase C (PKC), respectively. This leads to the
activation of transcription factors such as NF-AT, NFκB or AP-1. These factors are
responsible for the expression of genes required for proliferation, differentiation and effector
functions of T cells [14,15].
1.3.1.2 Costimulation
For a functional T cell response, a second activation signal, besides TCR ligation, is
necessary. This is transduced by so-called costimulatory molecules [15]. Costimulatory
molecules can be grouped into the CD28/B7 family and the tumour necrosis factor (TNF)
family. CD28 binds to the B7 molecules CD80 and CD86 on antigen – presenting cells
(APCs) [16]. CD28 signalling pathways via phosphatidylinositol 3-kinase (PI3K) amplify TCR
signalling pathways [15], and blocking the CD28 signalling whilst TCR signalling is present
leads to anergy [17]. The inducible costimulatory molecule (ICOS) is a CD28 homolog that
binds to B7h and seems to be important in effector cell differentiation [18]. The CD28/B7
family also includes negative costimulatory (i.e. coinhibitory) molecules such as CTLA and
PD-L1. Both have been described as part of the suppressive mechanism of regulatory T cells
[19,20]. Members of the TNF / TNFR – family of costimulatory molecules are, amongst
others, CD40L (CD154), OX40, 4-1BB (CD137) and GITR. Since costimulatory molecules of
the TNF – family are in general expressed upon activation, they may play a role in effector
and memory responses rather than in naïve T cell responses [18]. Blockade of different
costimulatory pathways in animal models of transplantation has been proven to be
successful in prolongation of allograft survival [21]. Further, antibodies against costimulatory
moleculed are in use or, considered to be, in the clinic.

1.3.2 T cell specification
The vast majority of T cells express the αβ-TCR. These cells comprise two lineages which
are defined by their ability to bind distinct major histocompatibility complexes (MHC). They
express either the MHC-class I – binding protein CD8 or the MHC-class II – binding protein
CD4. With regard to their functional task within the immune response, they are also referred
to as cytotoxic CD8+ cells, and helper or regulatory CD4+ cells [22]. A T cell that has not yet
encountered antigen is called “naïve”; after activation, T cells proliferate and can differentiate
into effector T cells. CD8+ cells can differentiate into cytotoxic lymphocytes (CTL) which
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mainly kill infected cells and contribute in allograft rejection. There are several distinct
subsets of effector CD4+ cells, mainly TH1, TH2 and TH17 helper T cells and regulatory T cells
(T reg). Differentiation into a distinct subset occurs in response to the present cytokine milieu
and involves both transcriptional activation and epigenetic modification of target genes [23]
(Figure 2). Each of these subsets has a special cytokine profile and expresses specific
transcription factors [24].

IFN-γ,
TNF

Th1
Tbet
STAT-1
STAT-4

TGF-β, RA

IL-10, TGF-β

IL-12,
IL-2
TGF-β, IL-6, IL-23

IL-17, IL-21, IL-22

RORγt, STAT-3

FoxP3 ,STAT-5

T reg

Th0
Naive CD4+ T cell
GATA-3
STAT-5

Th17

IL-4,
IL-2

Th2

IL-4,
IL-5,
IL-13

Figure 2 T cell polarisation

During the last years, there is increasing evidence that the differentiation into different T cell
subsets is not terminal. In in vitro and in vivo studies, a T cell plasticity within and between
the helper and regulatory cell subsets could be shown [23].

1.4 Allorecognition
The underlying genetic basis of graft rejection after allogeneic transplantation (or
allotransplantation) was studied in the 1940s by Snell and Gorer. Using congenic inbred
mouse strains, one region in the genome could be identified that was responsible for
rejection of an allograft, the major histocompatibility locus, named H-2. Later it was found
that the locus consists of multiple genes; therefore it was named major histocompatibility
complex (MHC) [4]. The MHC in human was called human leukocyte antigen (HLA). The
genes of the MHC code for the antigen-presenting MHC molecules, of which there are two
classes: MHC class I and class II; respectively. There is also a third class of MHC genes
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(MHC class III) that encode complement proteins or cytokines such as TNFα, but not all are
involved in immune funtions. The MHC class I and II molecules serve the same process,
which is antigen presentation to T cells. Without processed antigen being presented to them
in MHC context (together with costimulation), T cells cannot be activated. MHC class I
molecules present antigenic peptides of intracellular origin to CD8+ T cells, whereas CD4+ T
cells recognize exogenous antigens presented on MHC class II molecules (Figure 3).

MHC Class I

MHC Class II
Ag

ER

ER

Ag
Cytosol

Figure 3 Major histocompatibility complex: antigen presentation, adapted from Janeway’s Immunobiology [275]

Every nucleated cell type expresses MHC class I molecules, but the expression of MHC
class II molecules is generally limited to antigen-presenting cells (APC), though it can be
induced in other cells such as endothelial cells or fibroblasts [25].

The ability of individual organisms to discriminate self- from non-self-antigens is known as
allorecognition. It describes the process of recipient cells recognizing foreign antigen
presented on a MHC, as it inevitably happens in allo- and xenotransplantation. During
development in the thymus, T cells undergo positive and negative selection. T cells that bind
with too high affinity to self-MHC, or do not bind to self-MHC will be deleted. The T cell
repertoire is then tolerant towards self-antigens, but recognizes non-self antigens. So far,
three different pathways of allorecognition have been described: 1) direct, 2) indirect and 3)
semidirect allorecognition.
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1.4.1 Direct Allorecognition

The process of recipient T cells recognizing antigen presented via intact donor MHC on
donor APC (here: dDC) is termed direct allorecognition (Figure 4).

dDC
CD4
CD8
T cell help
Figure 4 Direct allorecognition

Two theories have been brought up to explain the underlying mechanisms of the interaction
between host T cell receptor (TCR) and donor MHC: the “high determinant density” model
and the model of “multiple binary complexes” [26,27]. Briefly, the former theory holds it that
the T cells can directly recognize the allogeneic MHC itself and not only peptides bound to
the MHC [26-28]. In consequence, the density of ligands for alloreactive T cells is very high
in opposition to the density of peptide-specific ligands. Therefore, T cells with low-affinity
receptors are also able to respond to foreign MHC, which leads to the high incidence of
alloreactivity observed. The second theory of “multiple binary complexes” suggests that the
complex of a variety of bound peptides together with an allogeneic MHC is recognized by
alloreactive T cells. Subsequently, a single MHC molecule can stimulate many different
alloreactive T cells [29,30]. Both theories are not mutually exclusive and may account for the
high incidence (up to 7%) of alloreactive T cells described in the literature [31]. It has been
proposed that in the case of structurally different MHC molecules between donor and
recipient, the alloreactivity is directed against the MHC itself (“high determinant density”),
whereas the alloreactivity against the peptides in an allogeneic MHC complex (“multiple
binary complexes”) may be predominant when the MHC molecules do not differ substantially
[32].

Experimental proof of the participation of direct allorecognition in rejection has been given by
depleting the graft of donor APC prior to transplantation. This leads to prolonged allograft
survival [33], yet is eventually not sufficient to prevent rejection (see below). Since the intact
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donor APC that must be present in the graft and host to elicit direct allorecognition, will be
eliminated by the host’s immune response, the contribution of this pathway is temporarily
limited.

1.4.2 Indirect Allorecognition
T cells can also recognize donor histocompatibility antigen that is processed and presented
by self-MHC (here: rDC) molecules; which is referred to as the indirect pathway of
allorecognition (Figure 5).

dDC

rDC

Antigen

CD4
Figure 5 Indirect allorecognition

The processing of peptides derived from donor MHC molecules is a common event [34,35].
This occurs when apoptotic donor cells are taken up by host antigen-presenting cells.
Additionally, the peptides can be shed from the surface of donor cells (here, a dDC is shown
as an example). The existence of an indirect way of alloantigen presentation came into focus
in a rat transplantation model. Here, after depletion of passenger donor APC in the graft,
rejection did eventually occur [36]. The importance of this second pathway of allorecognition
was demonstrated by Auchincloss et al. in a skin transplantation model. CD8+- depleted mice
without MHC class I molecules were able to reject a MHC class II deficient skin graft via a
CD4+ response. Since CD4+ cells do not interact with MHC class I molecules (the remaining
MHC class in the graft), the donor antigens must have been presented by host MHC class II
[37].

This aforementioned data proves the sufficiency of an indirect allorecognition to cause graft
rejection in the absence of direct allorecognition. Host dendritic cells are constantly trafficking
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in the body and also in the graft itself, which expresses donor MHC molecules. Therefore,
indirect allorecognition that can occur every time after transplantation may mount an immune
response leading to rejection. Thus, the indirect pathway is probably the dominant way of
allorecognition in the long term.

1.4.3 Semi-direct Allorecognition
Experimental data indicated that T cells with indirect allospecifity can amplify or suppress T
cells with direct allospecifity [38-40]. This phenomenon has been first explained by a fourcell, unlinked, model: CD4+ helper or suppressor T cells interact via the indirect pathway with
recipient DC, whereas CD8+ cells directly recognize donor cells. Work of several groups
showed the ability of DC to acquire intact MHC molecules from other cells in vitro, which was
then further investigated by Herrera in vivo [41]. A third pathway of allorecognition was
described then, the semi-direct allorecognition (Figure 6).

2
Antigen

dDC
rDC
CD8

CD4
1
T cell help
Figure 6 Semidirect allorecognition

Semi-direct allorecognition refers to direct pathway T cells recognizing intact, allogeneic
MHC:peptide complexes that have been transferred from donor cells to recipients DC and
are presented on their surface. Additionally, indirect pathway can recognize donor peptides
that were internalised and are presented via the MHC class II on the same DC.

9

Introduction

1.5 Rejection
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Figure 7 Rejection of an allograft

1.5.1 Hyperacute rejection
Hyperacute graft rejection occurs usually within minutes after transplantation, when
preformed recipient antibodies bind to donor endothelial ABO or major histocompatibility
(MHC) antigens. This can activate the complement cascade or mediate antibody-dependent
cellular toxicity (ADCC), leading to damage of endothelial cells, culminating in intra-vascular
thrombosis and tissue injury [42,43]. Hyperacute rejection inevitably leads to allograft loss,
but occurs nowadays rarely due to pre-transplant bloodtyping and T cell crossmatch testing
[44]. Hyperacute rejection also prevents interspecies transplantation (Xenotransplantation).

1.5.2 Acute rejection
Acute rejection occurs usually within days or weeks after transplantation. Even when the
recipient receives immunosuppressive treatment, acute rejection episodes can occur
repeatedly. Acute rejection can be cellularly (lymphocytes) or humorally (antibody) mediated.
Every transplantation leads inevitably to tissue damage and thus to activation of the innate
immune system. Innate immune cells such as neutrophils, macrophages and natural-killer
cells (NK cells) express pattern recognition receptors (PRR) which recognize damageassociated molecular pattern molecules (DAMP) [45,46]. This antigen-independent
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inflammatory response can promote further injury, e.g. caused by the production of tissuedamaging molecules such as reactive oxygen species (ROS) or nitric oxide (NO) [47]. The
cells of the innate immune system produce cytokines, such as IFNγ, IL-6 or IL-12, leading to
the activation of the adaptive immune system [48,49]. Work by Chalasani et al. indicated that
the innate immune response towards the graft is necessary for an effective adaptive,
antigen- dependent, immunity [50]. Dendritic cells (DCs) are considered to be the link
between innate and adaptive immunity [51]. Immature DCs traffick through non-inflamed
tissues, but exert immunogenic effects, when they receive a maturation signal. This can be
provided by DAMPs following transplantation. Activated DCs migrate to the lymphoid tissue,
presenting antigen to T cells, stimulating the adaptive antigen response [52]. There is also
data demonstrating the influence of chemoattractants from neutrophils and macrophages on
the optimal recruitment of T cells to the allograft [53].

Among the infiltrating cells in an acutely rejected allograft, T cells indeed build up the largest
population [54,55]. Based mainly on experience from animal experiments, acute rejection is
seen predominantly as a T cell mediated process. Athymic or neonatally thymectomized
mice fail to reject MHC-mismatched skin grafts unless reconstituted with T cells from
untreated syngeneic wildtype mice, after which the transplants will be rejected rapidly. T cells
contribute to graft rejection in various ways after activation [56,57]. The release of
proinflammatory cytokines (IL-1, IFNγ, TNF) triggers further graft infiltration by macrophages,
monocytes, eosinophils and others, which promotes additional antigen-independent
cytotoxicity. But also T cells, mostly MHC class I restricted CD8+ T cells, can secrete
cytotoxic molecules thus inducing apoptosis of the target cells. Cytotoxic T cells lyse target
cells via two distinct mechanisms, the perforin/granzyme pathway or the Fas/FasL pathway
[58]. It could be shown that CD4+ T cells, but not CD8+ T cells are essentially required to
initiate rejection of an allograft [59]. CD4+ T cells, mostly TH1 helper cells, mediate delayedtype hypersensitivity responses (DTH) in an antigen-specific manner [60].
Activated CD4+-T cells can also provide B cell help by cytokine production and expression of
costimulatory molecules. B cells can act as APC for T cells, secrete inflammatory cytokines /
chemokines and produce alloantibodies [61,62]. B cell infiltration was reported in acute
rejection episodes of human kidney, liver and heart [61,63-65]. Studies on B cell-deficient
µMT mice were performed, showing that B cells and antibodies are not required for acute
rejection [66-68]. However, there is data indicating a significant role of B cells in acute
rejection. Impaired indirect alloantigen presentation by B cells was followed by reduced
antibody production and CD4+-T cell division in murine cardiac transplantation [61]. Depletion
of B cells using the anti-CD19 or anti-CD20 antibodies aggravated or ameliorated rejection
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depending on the organ transplanted and the intensity of the rejection [69]. Further,
antibodies produced by B cells can induce complement and therefore lysis of graft cells. If
the Fc receptor on NK cells or macrophages recognizes antibodies, this can lead to antibody
mediated cellular cytotoxicity (ADCC) mounting in apoptosis of the graft cells. The
aforementioned effector mechanisms of cytotoxicity, DTH, Lysis and ADCC will then lead to
a rapid rejection of the transplanted tissue.

1.5.3 Chronic Rejection
Chronic rejection refers to chronic allograft injury mediated by immunologic factors in
contrast to other mechanisms such as drugs, ageing or infection. The chronically rejecting
organ displays vasculopathy with distinct histologic injury depending on the type of solid
organ [70,71], leading to diminished function and eventually loss of the organ. In general,
chronic rejection is influenced by both alloantigen-dependent and alloantigen-independent
mechanisms [70]. A rat kidney-retransplantation model established by Tullius et al. [72]
demonstrated that early immunohistological changes in the chronic rejected allograft during
the first 12 weeks are predominantly antigen-dependent and can be reversed by
retransplantation back to the donor strain. In later retransplanted isografts, fibrotic injury
continued to progress and even isografts did display immunohistological alterations similar to
chronic rejection [73], indicating that late events in chronic rejection are antigen-independent.

Grafts undergoing chronic rejection display perivascular inflammation and fibrosis [74,75].
The pathognomonic lesion in chronic rejection is obliterative arteriopathy (OA), caused by
fibrointimal hyperplasia [71]. The initial damage of endothelium and exposure of collagen
causes repair mechanism involving fibrin and other clotting proteins and platelets [70,71,76].
Various factors such as platelet activating factors (PAF), platelet-derived growth factor
(PDGF), tumour necrosis factor (TNF), leukotrienes and thromboxane are released, which
can also lead to induced proliferation and migration of smooth muscle cells (SMC) [76-78].
The endothelial activation comes together with the upregulation of MHC II and adhesion
molecules, supporting the infiltration of leukocytes [79-82]. The microscopic picture in the
initial stage in rodents shows that monocytes/macrophages and T cells are predominant, but
also eosinophils, plasma cells, DCs, B cells and mast cells were found [75,76,83-86]. T cells
and macrophages build the arterial inflammatory response, with the lymphocytes attached to
the intima and the macrophages permeating adventitia, media and intima of the vessel
[71,79,86,87]. At this stage, cytokines such as tissue growth factor beta (TGF-β), interferonγ (IFN γ), IL-1 and tumour necrosis factor (TNF) are expressed in the graft, as well as the
chemoattractants RANTES (CCL5) and monocyte chemotactic protein-1 (MCP-1) [83,84,88].
This leads to further attraction of macrophages/monocytes and T cells, that in turn produce
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more cytokines and chemoattractants. PDGF, released by endothelial cells, SMC, platelets
and activated macrophages, and TNF, released predominantly by activated macrophages,
stimulate the proliferation of SMC and their release of extracellular matrix proteins [76,89,90].
TGFβ activates extracellular matrix deposition and is expressed in grafts undergoing chronic
rejection [70,91,92]. It has been demonstrated that TGFβ contributes to fibrosis, e.g. by
upregulating connective tissue growth factor (CTGF) in fibroblasts and SMC, which has
mitogenic effects on fibroblasts [93,94]. Häyry [95] communicates following hypothesis that is
supported by many data including the above mentioned: SMC replicate in autocrine or
paracrine response to the cytokines and growth factors. Extracellular matrix expressing
metalloproteinases and proteolytic enzymes contribute to the migration of SMC to the intima,
where they start remodelling the vascular wall. This leads to arterial narrowing and occlusion
of small vessels, followed by damage of the surrounding tissue due to ischemia and fibrotic
changes.

1.6 Regulatory immune cells in Transplantation
Whenever there is an activation of the immune system, i.e. an inflammatory process, there is
also a regulatory response to control inflammation and thus prevent the host organism from
damage. This is also true in transplantation. Indeed, the immune cell populations leading to
rejection of an allograft also harbour regulatory cells that can suppress the effector response.
These specialised cells either underwent selection processes for regulatory function or were
driven into a regulatory phenotype on site (of the allograft). Other mechanisms to regulate
the immune response are: ignorance, anergy and deletion [96]. Ignorance simply refers to T
cells ignoring antigen, either because T cells cannot enter the sites where the antigens are
expressed (immuno-priviledged sites) or because the antigen signal does not overcome the
threshold to lead to a T cell response. T cells can also be rendered anergic, i.e. nonresponding to further stimulation. This happens when the TCR is stimulated without
adequate costimulation and signalling through alternative receptors occurs. Deletion of T
cells does not only take place in the thymus (central deletion), but also in the periphery.
Antigen-reactive T cells can be depleted by activation-induced cell death (AICD) upon
restimulation of the TCR with signalling through other receptors such as Fas. This might
occur in CD8+ T cells that are activated without CD4+ T cell – help [96,97].

In their ground-breaking publication in 1953, Billingham, Brent and Medawar already
suggested that leukocytes able to suppress allospecific immune responses do exist [98].
Since then, different regulatory cell populations have been reported, such as regulatory T
cells, B cells and macrophages, tolerogenic DCs and myeloid-derived suppressor cells
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(MDSCs). The presence of these cells in a transplant recipient can promote acceptance of
the allograft.

1.6.1 Regulatory T cells
Various T cell populations with regulatory function in transplantation have been discovered,
including CD4+, CD8+ and CD4-CD8- regulatory T cells (Figure 8).
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Figure 8 Regulatory T cell subsets

1.6.1.1 CD4+ regulatory T cells
Naturally occurring, thymus-derived CD4+ regulatory T cells (T regs) form a self-renewing,
actively dividing and differentiated population and maintain tolerance in the periphery, mainly
against self-antigens [97]. They are characterised as CD4+CD25+FoxP3+ cells, as well as the
population of induced T regs. In mice, FoxP3 is expressed exclusively on T cells and it is
necessarily and sufficiently responsible for suppressive function in CD4+ T regs [99-101]. In
addition, T regs constitutively express high levels of the costimulatory molecule
glucocorticoid-induced tumor necrosis factor receptor (GITR) [102]. GITR is described to
enhance proliferation of both T regs and effector T cells [103]. Altogether, induction of GITR
signalling has been shown to abrogate T reg suppression [104].
FoxP3+ T regs highly express both PD-1 (programmed death receptor) and PD-L1
(programmed death receptor – ligand 1), a major coinhibitory receptor - ligand team [105].
PD-L1 was found to have a major role in the induction and maintenance of induced T regs,
thus promoting tolerance [20]. Induced T regs are CD4+ T cells that inducibly express FoxP3
and differentiate after encountering antigen in a tolerogenic microenvironment, thus are
converted from potential effector T cells. Both naturally occurring and induced T regs can
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respond to alloantigens in a graft-protecting way. Thymus-derived T reg might be
predominantly present in the initial period after transplantation, later, induced T regs probably
play a more important role [106,107].

T regs (thymus-derived and induced) suppress proliferation and / or activation of naïve and
memory CD4+ and CD8+ effector T cells, B cells, and the function of NK cells, macrophages
and DCs [108,109]. They can exert their effects via cell-contact dependent mechanisms. Via
binding of the cytotoxic T lymphocyte antigen 4 (CTLA4), a receptor constitutively expressed
on T regs, to the costimulatory molecules CD80 and CD86 on DCs, their activity can be
inhibited [110]. Further, this can induce the production of the enzyme indoleamine 2,3dioxygenase (IDO) by DCs, which, due to tryptophan deprivation, leads to attenuated T cell
proliferation [108]. T regs themselves produce cytokines such as IL-10 and TGFβ.
Interleukin-10 is an anti-inflammatory cytokine produced by many cells of the adaptive and
innate immune system. In in vivo models of inflammatory bowel disease and transplantation,
blockade or absence of IL-10 prevents T reg – mediated regulation [111,112]. TGFβ is a
cytokine that is important for the development of induced T regs and in fact might be
produced in part in an autocrine fashion [113]. It can be also expressed on the cell surface of
activated T regs. TGFβ produced by T regs can inhibit the activation of effector T cells [114].
Another, more recently described, mechanism of suppression by T regs could be by IL-35
secretion [115]. However, the roles of these cytokines as suppressor mechanism is not
completely clear, since in vitro data is often controversial [116]. Other mechanisms that have
been described are cytotoxic activity of T regs via granzyme B and perforin [117] or
apoptosis – inducement due to IL-2 depriviation [118].
In addition to T regs (thymus-derived and induced), other CD4+ regulatory T cells have been
described, such as TR1 cells. These are distinct peripherally induced regulatory T cells that
are negative for FoxP3 - expression, develop in response to IL-10 and can secrete IL-10 and
TGFβ [119]. Further, TGFβ – producing TH3 cells have been described [116].

1.6.1.2 CD8+ regulatory T cells
CD8+CD28- have been described in human kidney transplant patients after leukocyte
depletion treatment. They use cell contact mechanisms to inhibit T cell activation via APCs
and seem to be a distinct subset from a IL-10-producing CD8+ T cell population [107]. The
latter can be generated in vitro and can inhibit T cell responses through IL-10.
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1.6.1.3 CD4-CD8- regulatory T cells
Cells that express CD3 and the αβ-TCR, but neither CD4 nor CD8 (or the NK cell marker
NK1.1) are so-called double-negative T cells. This immunosuppressive population has been
first described in a mouse skin transplantation model, where graft survival could be
enhanced. The suppressive mechanism shown was cell-contact - and Fas – dependent
killing of CD8+ cytotoxic T cells [120]. This cell population has also been described in animal
models of diabetes and graft-versus-host-disease and could be isolated from human blood.
In further experiments, double-negative regulatory T cells also had suppressive effects on
CD4+ T cells, B cells, and APCs [121].

1.6.2 Regulatory B cells
B cells in transplantation may have more than an antibody-producing role. Regulatory B cells
secreting IL-10 have been described as immunosuppressive in models of autoimmunity such
as experimental autoimmune encephalomyelitis (EAE), IBD, arthritis and diabetes [122].
Further, they were also detectable in human patients [123]. B regs have been described to
induce populations of regulatory T cells in animal models of colitis and EAE [124]. CD40 and
CD80/86 engagement is necessary for the establishment and/or function of B regs [125]. In a
mouse transplantation model, hindered IL-10 production of regulatory B cells does not
interfere with tolerance induction. It rather is suggested to be dependent on direct interaction
between B cells and target cells [126]. In human kidney transplant patients after CD52 –
(lymphocyte / monocyte) depletion, the repopulating B cells had B reg and transitional B cell
phenotypes [127]. Transitional B cells are poor costimulators and thus may lead to T cell
unresponsiveness [128]. Interestingly, the presence of naïve and transitional B cells after
transplantation is associated with a positive outcome and a B cell gene signature was
described in immunosuppressive-free patients with maintained graft function (operationally
tolerant). Such B cell related gene markers were Cd20, Ms4-a1 and Fcrl1 [129,130].

1.6.3 Regulatory macrophages
Macrophages are activated quickly upon tissue damage as it occurs in transplantation, as
already mentioned earlier. But macrophages do not only promote graft damage, they can
also contribute in wound healing. Macrophages are often classified into two groups, the
classically activated M1 – macrophages and the alternatively activated M2 – macrophages
[131]. Further, regulatory macrophages have been described. Genome microarray studies on
M regs induced in vitro from mouse and human monocytes show that these macrophages
have a gene expression profile different from M1 and M2 polarised macrophages
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[132](Hutchinson, unpublished data). Markers for these mouse M regs are typical
macrophage – markers such as CD11b, F4/80, CD68 and CD14. Further these M regs
express only intermediate levels of MHC II and low levels of costimulatory molecules CD80,
CD86 and CD40. Further, they express PD-L1 and CD11c [132]. A variety of different stimuli
has been shown to induce suppressive function of macrophages. Amongst these are M-CSF,
IL-10, vitamin D, IFNγ, immune complexes and repetitive TLR stimulation, reviewed in [133].
Thus, no unique phenotype can be described for suppressor macrophages. IL-10 secretion
may be one mode of action of regulatory macrophages [134]. Further, production of iNOS in
mouse M regs or IDO in human M regs, has been described [132](Hutchinson, unpublished
data). By these means, M regs may directly inhibit activation and proliferation of effector T
cells. In addition, this leads to a microenvironment that can promote induction of regulatory T
cells (Walter, unpublished data). M regs have already been used as cell therapy in kidney
transplant patients [135], and interestingly, these two patients are maintained on additional
immunosuppressive therapy at unexpectedly low doses.

1.6.4 Tolerogenic DCs
Mature dendritic cells can efficiently activate T cells and improve memory T cell responses.
In steady state conditions, DC found in the peripheral lymphoid tissue are not fully mature. In
order to achieve immunity, the antigen needs to be coadministered with a maturation
stimulus [136]. If the antigen is delivered without a maturation signal, the immature DCs will
engage T cells, but this lead to unresponsiveness [137]. It has also been shown that injection
of ex vivo antigen.pulsed DC under the absence of maturation signals leads to
downregulation of the immune response and induction of T regs [138]. Further, DCs might
promote tolerance in response to tolerogenic signals such as IL-10 and TGFβ or to signals
coming from T regs [109,139]. As already mentioned previously, IDO is one of the
mechanism by which tolerogenic DCs can suppress T cell responses [139]. In addition,
tolerogenic DCs inhibit T cells via IL-10 or heme oxygenase 1 (HO-1) [140,141]. Immature
myeloid tolerogenic DCs can promote allograft acceptance in solid organ transplantations
[142]. It has also been described that the population of plasmacytoid DCs (pDCs) which
express more PD-L1 correlate with increased numbers of T regs in liver transplant patients
[143].

This induction of T regs by pDCs has also been observed in animal models of

transplantation [144].

1.6.5 Myeloid - derived suppressor cells (MDSCs)
MDSCs are a heterogeneous population of myeloid progenitor cells present in tissues during
inflammation.
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immunosuppressive function has been acknowledged in other diseases and transplantation
[145]. Several subsets of MDSCs have been defined in both human and mouse. Common
phenotypical markers of mouse MDSC subsets are expression of CD11b and Gr1 [146].
Activated T cells, stromal cells and, in cancer, tumour cells produce factors such as
macrophage–colony stimulating factor (M-CSF), granulocyte-macrophage-CSF (GM-CSF),
IL-6 or prostaglandins that regulate expansion and activation of MDSCs [146]. Upon
activation, MDSCs can inhibit T and B cell responses by production of iNOS and arginase 1
[147,148]. Release of reactive oxygen species (ROS) is also part of the suppressive function
of MDSCs [145]. In a murine skin transplantation model, MDSCs producing IL-10 and HO-1
did prolong allograft survival [149]. It has been shown that MDSCs can induce T regs [150]
and in murine islet transplantation, this enhancement is mediated by expression of PD-L1
[151].

1.7 Immunosuppressive treatment in Transplantation
1.7.1 Overview
The first drugs successfully used to prevent acute rejection in transplantation between nonidentical individuals were steroids (cortisone) and Azathioprine, a chemotherapy drug found
to be effective in kidney transplantation in the early 1960s [152]. Azathioprine inhibits de
novo purine synthesis and has an anti-proliferative effect on T and B lymphocytes [153]. The
immunosuppressive therapy in transplantation could be expanded years later when the
calcineurin-inhibitor Cyclosporine was introduced in the clinic in 1978 [154]. Thus, the one
year survival time of an allograft increased dramatically [155]. In the following, more
immunosuppressive drugs have been introduced into transplantation. In 1982, the type 2
isoform inosine 5'-monophosphate dehydrogenase (IMPDH) inhibitor mycophenolate mofetil
(MMF) was developed. Studies showed that MMF is, in contrast to Azathioprine, more
lymphocyte-specific and more effective in preventing graft rejection [156,157]. Thus, and
because it is effective in combination with other immunosuppressants, MMF has largely
replaced Azathioprine in the clinic [158].

In 1986, a new calcineurin-inhibitor (CNI) called Tacrolimus, was discovered and found to be
more potent than Cyclosporine. The mechanisms of action of CNI will be discussed below. In
1989, the immunosuppressive properties of Rapamycin (Sirolimus), a microbial product with
structural similarity to Tacrolimus, were further tested in transplantation models [159].
Rapamycin binds the same protein as Tacrolimus, but does not inhibit calcineurin. It acts on
the mammalian target of Rapamycin (mTOR), thus leads to cell-cycle arrest in T cells [160].
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In general, immunosuppressive therapy includes glucocorticoids and small-molecule
immunosuppressive drugs as the drugs mentioned above. A third group are protein
immunosuppressive drugs including fusion proteins such as CTLA-4-Ig, depleting antibodies
and non-depleting antibodies [158].

Antibodies as induction therapy have been used since the early 1980’s. Anti-Thymocyte
globulin (ATG) and Campath-1H (Alemtuzumab) are widely used antibodies depleting T and
B cells (and the latter to a lesser extend NK cells, monocytes and macrophages). Basiliximab
is a non-depleting anti-IL2R antibody inhibiting lymphocyte proliferation. Further protein
immunsuppressive drugs are developed (e.g. non-depleting CD40L antibodies ASKP1240 or
4D11) or in use (e.g. CTLA4-Ig) for blockade of the costimulatory CD40/CD40L or the
CD28/CD80/CD86 pathways [21].

The common therapy protocol in transplantation includes an antibody such as Basiliximab
with higher doses of CNI in the induction phase with an additional anti-proliferative drug
(MMF) and tapered steroids. The maintenance phase then is based mostly on the CNI, with
possible addition of MMF or Rapamycin to reduce CNI doses and toxicity [161,162]. Since
CNIs as Cyclosporine and Tacrolimus are the basis of current standard immunosuppressive
therapy, they will be described in more detail [162].

1.7.2 Calcineurin Inhibitors
1.7.2.1 Cyclosporine (CsA)
Cyclosporine

is

a

fungal

metabolite

discovered

in

a

screening

program

for

immunosuppressive agents in 1972 [154]. Cyclosporine is a calcineurin-inhibitor that inhibits
T cell proliferation and was introduced in the clinic by Sir Roy Calne six years later [163].
Since then, it has been used in transplantation and is in use until now. Its mechanism of
action will be described below in context with another CNI.
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1.7.2.2 Tacrolimus (FK-506)

Tacrolimus is a macrolide lactone (C44H69NO12) that could first be isolated from Streptomyces
tsukubaensis – cultures in Japan in the mid-1980’s (Figure 9) [164].

Figure 9 Chemical structure of Tacrolimus. Source: www.medlibrary.com

Various animal studies followed to further evaluate the immunosuppressive and antilymphocytic effects and soon, Tacrolimus was given to acutely rejecting transplant patients
as “rescue” therapy. In 1990, a liver transplant study started, using Tacrolimus as first-line
therapy [165]. Subsequently, Tacrolimus has been widely used in solid organ and bone
marrow transplantation. The drug has been described as being up to 100-fold more potent in
in vitro suppression assays than the CNI Cyclosporine [166]. Further, it was shown that
Tacrolimus has suppressive effects on T cells without affecting myeloid cells at the same
concentrations [167].

Activation of a T cell via engagement of the TCR results in activation of the calcium –
calcineurin - NF-AT – pathway. Once Tacrolimus has entered the cell, it binds to the
abundant FK506-binding protein FKBP-12, which is a cytosolic immunophilin. The FKBPFK506 complex then competitively binds to calcineurin, a Ca2+ / calmodulin-dependent
proteine phosphatase enzyme [168], and thus the calcium-dependent signal transduction
pathway in T cells is interrupted (see Figure 10). Without Calcineurin, the cytosolic subunit of
the nuclear factor of activated T cells (NF-ATc) will not be dephosporylated, thus the
translocation to the nucleus is blocked. Therefore, NF-ATc cannot form a complex with the
nuclear component of the nuclear factor of activated T cells (NF-ATn), which is necessary for
promoter-binding of the IL-2 gene und subsequent production of IL-2 [169], a crucial cytokine
for T cell activation. Also, further genes regulated through NF-AT are affected by calcineurin-
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inhibitors, such as IL-4, IFNγ or Fas-ligand [170]. By inhibition of calcineurin with Tacrolimus,
the activation, differentiation and proliferation of naïve and memory effector CD4+ and CD8+
T cells is effectively suppressed [171,172]. In its mode of action, Cyclosporine is similar to
Tacrolimus. The correspondent immunophilin for Cyclosporine is Cyclophilin A, the formed
complex can also bind calcineurin with the above described consequences. In comparator
studies, evidence was found that Tacrolimus is superior to Cyclosporine treatment regarding
acute rejection episodes and graft loss [173,174].
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Figure 10 Effector mechanims of Tacrolimus

1.7.3 CNI toxicity – a trade off?
The short-term graft survival could be strikingly improved by the use of calcineurin inhibitors.
Yet, the long-term outcome did not change much [175], due to further problems arising by
numerous adverse drug-related effects. The toxic effects of both Tacrolimus and
Cyclosporine are described similar: Nephrotoxicity and chronic kidney damage, neurotoxicity,
disturbances of glucose metabolism and susceptibility to malignancy have been associated
with both treatments [176,177]. Both MMF and Rapamycin in combination alone or together
with either Tacrolimus or Cyclosporine were subject of various studies in order to spare /
minimise the CNI doses. Late conversion from CNI-MMF treatment to a combination of MMF
and Rapamycin did not improve renal function, in fact it was harmful to kidney transplant
patients with already impaired renal function. An early conversion results only in an initial

21

Introduction

better renal function. Additionally, also Rapamycin has adverse effects such as proteinuria,
bone marrow suppression and, of note after an operative procedure, impaired wound healing
[178]. In the Efficacy Limiting Toxicity Elimination (ELITE)-Symphony study [161], graft
survival and acute rejection episodes with de novo Rapamycin in combination with MMF
were worse than with the Tacrolimus-MMF treatment. Further, treatment with low-dose
Tacrolimus (3-7 ng/ml) in combination with MMF had the best outcome (renal function and
graft survival) compared to normal or low-dose Cyclosporine in combination with MMF [178].
Disregarding the low-dose use, the general toxicity profiles of Tacrolimus, Cyclosporine and
Rapamycin were found to be retained, but by minimising the doses of CNI in stable renal
transplant patients, impaired renal function can be improved [179,180].

1.7.4 Pharmacokinetics
Immunosuppressive drugs have variable pharmacokinetics in the individual patient. Thus,
drug monitoring is important to achieve optimal efficient dosages to exert therapeutic effects
with minimised side effects. A method used widely in the clinic is the measurement of trough
levels (C0), i.e. the concentration immediately before intake of a new dose of the

Concentration [ng/ml]

administered drug.
Peak (Cmax)

Dose

AUC

Dose

Trough (C0)
0 1 2 3 4 5 6 7 8 9 10 11 12

hours

Figure 11 Concepts in drug monitoring (compare [[107,181])

After the intake, there is an initial absorption phase where drug levels then reach a peak
(maximum concentration Cmax) until the concentration then falls off to Cmin. The total drug
exposure between two doses is the area under the concentration-time curve (AUC). To
determine the AUC, the drug concentration should be measured at several different time
points to create a 12 hour pharmacokinetic profile [181]. This is not feasible in the clinic for
every patient. Thus, measurement of Tacrolimus C0 - trough levels, often reported as
correlated with AUC [182-185], was recommended in 2009 by the KDIGO clinical practice
guideline [186]. Nonetheless, there are studies reporting that other time points such as C2 or
C4 correlate better with the AUC [182,183], though the relevance of this in regard to acute
rejection episodes remains unclear. Important for the clinic is the fact that the differences in
the maximum concentration Cmax do not affect graft survival time, if the AUC stays the same
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[181,187]. In fact, Tacrolimus Cmax seems to correlate with the incidence of certain adverse
effects [188,189]. So patients should receive Tacrolimus treatment that guarantees a certain
AUC to avoid acute rejection, but does not lead to strong peak concentrations in order to
reduce unnecessary adverse effects.

1.8 Tolerance - inducing strategies
1.8.1 Costimulatory blockade with anti-CD154 in animal models
1.8.1.1 Effects of anti-CD154
Treatment with anti-CD154 antibody to block the CD40/CD154 pathway of costimulation
showed graft survival prolongation effects in various models. This has been reported in
different species (mouse, rat, non-human primate) and organs (islet, skin, heart, or kidney)
[190-195]. Yet, in a full mismatch murine skin transplant model, anti-CD154 therapy alone
has been reported as non-sufficient to prolong allograft survival [195].

The mode of action of anti-CD154 blockade has been extensively examined in mouse solid
organ transplant models. In a multiple minor mismatch model of murine skin transplantation,
(B10.BR to CBA/Ca), anti-CD154 antibody induced antigen-specific tolerance in CD4+ T
cells. For this, however, the CD8+ effector response had to be controlled, which was done by
either thymectomy or depletion with an anti-CD8+ antibody prior to transplantation. When
anti-CD154 antibody was given alone, this resulted in significantly prolonged, yet not
indefinite graft survival in this minor mismatch model, despite a delay in the CD8+ cellmediated rejection could be observed. It was further demonstrated that the induced CD4+
cells were capable of linked suppression, since donor × third party F1 grafts were accepted
in mice tolerised with anti-CD154 and thymectomy [194]. The same group showed in further
experiments that the tolerance achieved in their multiple minor mismatch model of antiCD154 following CD8+ depletion is infectious, i.e. imposed on naïve CD 4+ T cells [196]. It
was concluded that the impact of anti-CD154 antibody cannot be explained only by its ability
to cause activation-induced cell death (AICD) of effector CD4+ or CD8+ T cells. Rather, antiCD154 led to generation of a regulatory CD4+ T cell population that is responsible for the
tolerance observed.

Ferrer et al. demonstrated that CD154 blockade caused late modest conversion of donorreactive FoxP3- CD4+ T cells into induced FoxP3+ T regs in a transgenic mouse model. It
was further shown that the injection of anti-CD154 could delay the expansion of donorreactive CD8+ T cells [197].
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1.8.1.2 Combined treatment of anti-CD154 + DST
As it has been described by different groups, the administration of a donor-specific
transfusion (DST) in combination with anti-CD154 treatment enhances the graft survival
prolongation effect [198-201]. Yet, whilst in cardiac, islet, or minor mismatch skin transplant
models the administration of a DST under costimulatory blockade is sufficient to induce
permanent graft survival [200,202], in the B/c-to-B/6 full mismatch skin transplant model it is
not. The Rossini group reports skin graft survival in this stringent model for ~50 days [195].

This group could show that only the combination of anti-CD154 and DST resulted in the rapid
activation and subsequent deletion of alloreactive CD8+ T cells in a transgenic mouse model
[203]. These results were later confirmed by Ferrer et al. who additionally showed, as
mentioned above, that anti-CD154 blockade induces FoxP3+ T reg in the periphery. The
increase in the frequency of graft-specific T regs was further enhanced by the combination of
anti-CD154 + DST [197]. Further work of other groups on the effect of combined treatment of
anti-CD154 and DST demonstrated that transgenic CD4+ T cells were not depleted, but this
treatment induced hyporesponsiveness of the alloreactive CD4+ T cells [199,204]. Recent
experiments in a B/c-to-B/6 skin transplant model indicated that administration of anti-CD154
+ DST attenuates antigen-specific T cells responses by skewing CD8+ T cells towards shortlived effector cells [205].

1.8.2 Clinically applied strategies
Despite steady progress in the field of transplantation during the last decades, leading to
reduction of acute rejection; transplant recipients still have a lower quality of life and a lower
life expectancy compared to the general population. This is mainly due to maintenance
immunosuppressive therapy [206]. Additionally, even with immunosuppressive treatment,
long-term graft survival has not been improved substantially. In fact, the adverse effects of
immunosuppression, especially Calcineurin-Inhibitors, contribute to this effect [207].
Therefore, much effort has been made to achieve immunosuppression withdrawal. How can
this be done?

In the early 1990s, Thomas Starzl et al. reported five liver-transplanted patients that had
stopped taking immunosuppressive drugs for 5 up to 13 years, but had normal liver functions
[208]. This long-term drug-free acceptance of an allograft without signs of chronic rejection is
described as operational tolerance in transplantation [209]. Additionally, the patient should be
fully immunocompetent, and the tolerance should be antigen-specific. Further, the absence
of a donor-specific response measurable by donor-specific antibodies (DSA) in transplanted
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patients has been described [210]. In the clinic, the term operational tolerance is used, since
it could not been proven that it is true tolerance. This is, as defined by animal experiments, a
transferable and dominant regulation [211]. In the following, more patients, mostly due to
noncompliance, have been found to accept their graft without immunosuppression. It has
become an important goal to deliberately induce tolerance towards the allograft in transplant
patients.

Tolerance induction through haematopoietic chimerism in pre-immune rodent models has
been done for 60 years now [98]. Translation of numerous successful small animal protocols
to large animals and humans came with various difficulties. So far, allograft tolerance in
human renal transplantation could be induced only in combination with haematopoietic
chimerism [212]. But this does not come easily, the preparative treatments are harsh and the
therapy is not without side effects such as graft-versus-host-disease (GvHD). The risk of
developing GvHD, a disease that can be fatal and life-threatening, in the context of
transplantation may not be warranted.

Induction therapy, i.e. high intensity of immunosuppression at the time of transplantation; that
is tapered in the following is the conventional approach to minimise immunosuppression,
especially CNIs. These strategies, also including lymphodepletional antibodies and other
biologics, did not lead to operational tolerance in patients, where immunosuppressive drugs
could be withdrawn definitely. Yet, the doses could be reduced, albeit not to a level where
the adverse effects would not occur [213].

Operational tolerance and thus withdrawal of all immunosuppression seems extremely
difficult to achieve for all transplant patients. A more imminently achievable goal might be the
induction of a recipient regulatory response that allows minimisation of maintenance
immunosuppression. This can be described as partial (or “prope”) tolerance, a state of the
immunological regulation of the recipient that is just insufficient to prevent rejection over a
certain time. Here, by very low doses of immunosuppression, this state could be supported to
promote long-term allograft survival, without raising adverse effects and toxicity [214].
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1.9 Tolerance – a balance?
There are two general ways to explain tolerance in transplantation. One that might be called
a qualitative account of transplant tolerance holds it that tolerance is a unique state that is
entirely distinct from states of rejection or stable immunosuppression. There are several
possible mechanisms discussed that can lead to this tolerance, e.g. the presence of antigenspecific regulatory T-cell populations in tolerant patients as opposed to patients that will
undergo rejection. Another mechanism could be the total clonal deletion or complete anergy
of effector cells in tolerant patients. It is thinkable that the allograft has become an immunopriviledged site in tolerant patients; therefore effector cells do not have physical access to the
graft. Another concept in transplantation immunology proposed by Stockinger et al. [215]
holds it that in an organism there are several niches that can be populated by effector cells or
regulatory cells. In consequence, in tolerant patients these niches would be predominantly
filled by regulatory cells in contrast to the population by effector cells in rejecting patients.

In contrast to this “qualitative view”, tolerance and rejection might be seen as resulting from
the quantitative balance between effector and regulatory response. Consequently, tolerance
occurs if the regulatory response predominates whereas rejection will take place if the
regulatory response is exceeded by effector cells. We can imagine that such a balance does
not result in a black & white - picture, it rather suggests different degrees of stability. Further,
this quantitative account implies the existence of marginal conditions, wherein neither
regulation nor effector responses predominate. This could be the explanation for following
situations: 1) The effector cells marginally exceed the regulatory cells, leading to a weak
rejection that can be controlled by low doses of immunosuppression. 2) The regulatory
response marginally exceeds the effector response, leading to an unstable state that can be
supported in favour of regulation by low doses of immunosuppression.
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2 Aim
The aim of this work was to give formal proof that marginal states of allograft acceptance do
exist. As described above, the existence of marginal conditions, wherein neither regulatory
nor effector responses predominate might explain certain observations in the clinic. Further,
these states may influence immunosuppressive treatment of transplant patients and,
eventually, the tolerance-inducing therapies. Yet, so far, no experimental model of such
states exists. Therefore, a low-dose Tacrolimus monotherapy in C57BL/6 – mice and a weak
tolerance-inducing protocol in the BALB/c-to-C57BL/6 skin transplantation model was
established in this project. Both treatments were then combined to answer the question
whether low-dose Tacrolimus therapy can support the allograft survival in mice treated with a
weak tolerance-inducing protocol. Further, it was crucial to show that neither treatment alone
did lead to comparable graft survival and that the disruption of either immunosuppression or
regulation would lead to rejection of the allograft.
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3 Materials and Methods
3.1 Materials
3.1.1 Instrumentation
Item
Safety cabinet DIN 12950
Centrifuge 5417C
FACS Canto II
LED cold-light source KL1500
Light Cycler 480
Megafuge 1.0R
Microscope M651
Microscope SMZ168
Mikrotom
NanoDrop 2000c
pipetus® pipetting controller
Precision microplate reader
Steam cooker DG2438
Thermal Pad Model
Thermal cycler PTC-200
Zeiss Axio Observer Z1 microscope

Manufacturer
Clean Air/Telstar
Eppendorf
Becton, Dickinson & Company
(BD)
Schott
Roche
Heraeus Instruments
Leica
Motic
SLEE
Thermo Fischer Scientific
Hirschmann Laborgeräte
Molecular Devices
Severin Elektrogeräte GmbH
SHOR-LINE
MJ Research Inc.
Zeiss

Headquarters
Woerden Netherlands
Hamburg, Germany
Franklin Lakes, NJ,
USA
Mainz, Germany
Basel, Switzerland
Hanau, Germany
Wetzlar, Germany
Wetzlar, Germany
Mainz, Germany
Waltham, MA, USA
Eberstadt, Germany
Sunnyvale, CA, USA
Sundern, Germany
Kansas City, KS, USA
St.Bruno, QC, Canada
Jena, Germany

Manufacturer
Hirschmann Laborgeräte
Corning

Headquarters
Eberstadt, Germany
Corning, NY, USA
Franklin Lakes, NJ,
USA
Karlsruhe, Germany

3.1.2 Consumables
Item
Capilliaries with Na- Hep. 9UL
cell culture plates, different sizes

Cell Strainer 70 µm or 100 µm
BD Falcon
Cover slides
Carl Roth
EDTA Tubes/ Probengefäß 1,3 ml
K3E
Sarstedt
Embedding cassettes
Carl Roth
FACS Tubes for flow cytometry
Sarstedt
Falcon tubes

Greiner Bio One

MACS columns (MS, LD, LS)

Miltenyi Biotec

MACS Pre- Separation Filters 30 µm
Lightcycler 480 Multiwell Plate 96
Pipette tips 1ml
Pipette tips 250 µl

Miltenyi Biotec
Roche
Corning
Sarstedt

Pipette tips, with filter, different sizes Biozym

Nürnbrecht, Germany
Karlsruhe, Germany
Nürnbrecht, Germany
Frickenhausen,
Germany
Bergisch Gladbach,
Germany
Bergisch Gladbach,
Germany
Basel, Switzerland
Corning, NY, USA
Nürnbrecht, Germany
Hessisch Oldendorf,
Germany
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Pipette tips10 µl
Qia-shredder columns
Reaction tube 2 ml + 0,5 ml
Serological pipettes
Steriflip/ Stericup-Unit
Super Frost Plus Microscope Slides

Starlab
Qiagen
Eppendorf
Corning
Merck Millipore
Thermo Fischer Scientific

Hamburg, Germany
Venlo, Netherlands
Hamburg, Germany
Corning, NY, USA
Darmstadt, Germany
Waltham, MA, USA

Manufacturer
B. Braun
Becton, Dickinson&Company
(BD)
ASID BONZ
Feather Safety Razor Co.,
Ltd.
Aesculap / B. Braun
FST

Headquarters
Melsungen, Germany
Franklin Lakes, NJ,
USA
Herrenberg, Germany

3.1.3 Operation consumables
Item
Bepanthen ointment for eyes
Cannulaes, different sizes
Depilation creme asid® med
Feather disposable scalpell No.11
Forceps BD331R and BD215R
Forceps Dumont #5
Gauze swabs
Medical tape 3M™ Durapore™
Mepitel™ wound contact layers
Needle holder FD241R
Scissors BC 110R
Suture thread 4-0 Prolene
Suture thread 5-0 Sofsilk
Suture thread 7-0 Ethilon
Syringes, different sizes

Hartmann
3M
Mölnlycke Health Care
Aesculap / B. Braun
Aesculap / B. Braun
Johnson & Johnson Medical
GmbH
Johnson & Johnson Medical
GmbH
Johnson & Johnson Medical
GmbH
Becton, Dickinson&Company
(BD)

Osaka, Japan
Melsungen, Germany
Heidelberg, Germany
Heidenheim,
Germany
St. Paul, MN, USA
Gothenburg, Sweden
Melsungen, Germany
Melsungen, Germany
New Brunswick, NJ,
USA
New Brunswick, NJ,
USA
New Brunswick, NJ,
USA
Franklin Lakes, NJ,
USA

3.1.4 Reagents
Item
Manufacturer
2- Mercaptoethanol, 55 mM in DPBS GIBCO / Life technologies
2-Propanol
Merck
Becton, Dickinson&Company
7-AAD
(BD)
ACK Lysis Buffer
GIBCO / Life technologies
Albumine Bovine Fraction Sol 7,5% Sigma Aldrich
Anti- Biotin- Microbeads
Aquatex
Atropinsulfat 0,5 mg/ml
Biocoll Separating Solution
BSA Solution 7,5%

Miltenyi Biotec
Merck
B. Braun
Biochrom / Merck
Sigma Aldrich

CD45.2- Biotin, mouse

Miltenyi Biotec

Citrate buffer pH 6.0

Zytomed Systems

Headquarters
Carlsbad, CA, USA
Darmstadt, Germany
Franklin Lakes, NJ,
USA
Carlsbad, CA, USA
St. Louis, MO, USA
Bergisch
Gladbach,
Germany
Darmstadt, Germany
Melsungen, Germany
Darmstadt, Germany
St. Louis, MO, USA
Bergisch
Gladbach,
Germany
Berlin, Germany
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DAB+ Substrate Chromogen System
DEPC Treated water
Detection Reagent 1
Detection Reagent 2
Diphtheria Toxin
DMSO
DNA Zap (Solution 1 + 2)
Dulbecco's PBS
ECL Plus WB Detection System
EDTA solution 0,5 M, Ultra Pure
Eosin Y solution
Ethanol
FcR Blocking Reagent mouse
Fetal Calf Serum (FCS)
Fixable Viability Dye eF506
Flourescent Mounting Medium
Foxp3
Fixation/Permeabilization
Concentrate
Foxp3
Fixation/Permeabilization
Diluent
Foxp3 Perm Buffer 10x
Glucose 5%
Glutamax 100x
Goatserum
H2O2 solution, 30%
Heparin Na 25000 I.E.
IC Fixation Buffer
Isoflurane Baxter
Ketamin
Liquid DAB+ Substrate Chromogen
System
Mayer's Hemalum solution
MEM Non-essential Aminoacids100x
NaCl 0,9%
Paraformaldehyd
solution
(PFA)<5%
Penicillin/Streptamycin
Periodic Acid solution
Roti®-Histokit
Roti®-Histol
RPMI 1640 medium
Schiff reagent
SensiTek HRP
Sodium Pyruvat 100 mM, 100x
SuperScript®
III
First-StrandSynthesis SuperMix
Sybr® Green Dye

DAKO
VWR
GIBCO / Life technologies
GIBCO / Life technologies
Sigma Aldrich
Sigma Aldrich
Ambion / Life technologies
Sigma Aldrich
GIBCO / Life technologies
GIBCO / Life technologies
Sigma Aldrich
Merck
Miltenyi Biotec
Sigma Aldrich
eBioscience
DAKO

Hamburg, Germany
Radnor, PA, USA
Carlsbad, CA, USA
Carlsbad, CA, USA
St. Louis, MO, USA
St. Louis, MO, USA
Carlsbad, CA, USA
St. Louis, MO, USA
Carlsbad, CA, USA
Carlsbad, CA, USA
St. Louis, MO, USA
Darmstadt, Germany
Bergisch
Gladbach,
Germany
St. Louis, MO, USA
San Diego, CD, USA
Hamburg, Germany

eBioscience

San Diego, CD, USA

eBioscience
eBioscience
B.Braun
GIBCO / Life technologies

San Diego, CD, USA
San Diego, CD, USA
Melsungen, Germany
Carlsbad, CA, USA

Sigma Aldrich
University Regensburg
Rotexmedica
eBioscience
Baxter
WDT

St. Louis, MO, USA
Regensburg, Germany
Amt Trittau, Germany
San Diego, CD, USA
Deerfield, IL, USA
Garbsen, BRD

DAKO
Carl Roth
GIBCO / Life technologies
B.Braun

Hamburg, Germany
Karlsruhe, Germany
Carlsbad, CA, USA
Melsungen, Germany

Pathology Deptartment UKR
Invitrogen / Life technologies
Merck
Carl Roth
Carl Roth
GIBCO / Life technologies
Merck
ScyTek Laboratories
GIBCO / Life technologies

Regensburg, Germany
Carlsbad, CA, USA
Darmstadt, Germany
Karlsruhe, Germany
Karlsruhe, Germany
Carlsbad, CA, USA
Darmstadt, Germany
Utah, UT, USA
Carlsbad, CA, USA

Invitrogen/ Life technologies
Invitrogen/ Life technologies

Carlsbad, CA, USA
Carlsbad, CA, USA

30

Materials and Methods
Tacrolimus (FK-506), >99% purity
Tacrolimus (FK-506), >99% purity
Tacrolimus
(Prograf)
5mg/ml
solution
Tacrolimus food produced by
TMB Substrate Reagent Set
Trypan Blue Sol. 0,4%
Tween 20
Vybrant CFDA SE Cell Tracer Kit
Xylazin

LC-Laboratories
biorbyt

Woburn, MA, USA
Cambridge, UK

Astellas
SSNIFF
Sarstedt
Sigma Aldrich
Sigma Aldrich
Molecular Probes
technologies
Bernburg AG

Chuo, Japan
Soest, Germany
Nürnbrecht, Germany
St. Louis, MO, USA
St. Louis, MO, USA
/

Life
Carlsbad, CA, USA
Bernburg, Germany

3.1.5 Kits
Item
CD4+CD25+ Regulatory
Isolation Kit, mouse

Manufacturer
T

Headquarters
Bergisch
Gladbach,
Germany
Bergisch
Gladbach,
Germany

Cell
Miltenyi Biotec

Epidermis dissociation kit, mouse

Miltenyi Biotec
FlowCytomix
Mouse
Th1/Th2/Th17/Th22 13 plex kit
eBioscience
IFNγ Quantikine ELISA kit, mouse
R&D Systems
Pan T cell isolation kit II, mouse

Miltenyi Biotec

RNeasy Plus mini kit

Qiagen

T reg expansion kit, mouse

Miltenyi Biotec

San Diego, CA, USA
Minneapolis, MN, USA
Bergisch
Gladbach,
Germany
Venlo, Netherlands
Bergisch
Gladbach,
Germany

3.1.6 Antibodies
3.1.6.1 For injection
See 1.2.1.10, Application of antibodies
3.1.6.2 For Histology
Antibody

Fluorochrome Clone

Isotype

Manufacturer

anti-mouse FoxP3

purified

FJK-16s

rat IgG2a, κ

eBioscience

rat IgG2a, κ

purified

eBR2a

goat-anti Rat IgG1 Fab2-B Biotin

eBioscience
Santa Cruz
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3.1.6.3 For FACS
Antibody

Fluorochrome

Clone

Isotype

anti-mouse B220

V450

RA3-6B2

rat IgG2a, κ

Manufacturer
BD
biosciences

anti-mouse CD115

APC

AFS98

rat IgG2a, κ

eBioscience

anti-mouse CD11b

eF450

M1/70

rat IgG2b, κ

anti-mouse CD11b

V450

M1/70

rat IgG2b, κ

eBioscience
BD
biosciences

anti-mouse CD11b

APC

M1/70

rat IgG2b, κ

anti-mouse CD11c

PE

HL3

aH IgG1

anti-mouse CD11c

APC-eF780

N418

aH IgG

anti-mouse CD137

APC

17B5-1H1

hamster IgG2

anti-mouse CD138

APC

281-2

rat IgG2a, κ

anti-mouse CD19

FITC

1D3

rat IgG2a, κ

anti-mouse CD19

AF647

1D3

rat IgG2a, κ

anti-mouse CD19

APC-H7

1D3

rat IgG2a, κ

eBioscience
BD
biosciences

anti-mouse CD21/35 PE-Cy 7

8D9

rat IgG2a, λ

eBioscience

anti-mouse CD23

FITC

B3B4

rat IgG2a, κ

anti-mouse CD25

PE

PC61

rat IgG1, λ1

anti-mouse CD25

APC

3C7

rat IgG2b, κ

eBioscience
BD
biosciences
BD
biosciences

anti-mouse CD27

APC-eF780

LG.7F9

aH IgG

eBioscience

anti-mouse CD274

PE

MIH5

rat IgG2a, λ

eBioscience

anti-mouse CD279

FITC

J43

aH IgG

anti-mouse CD28

PE

37.51

sH IgG2, λ1

eBioscience
BD
biosciences

anti-mouse CD314

PE

CX5

rat IgG1, κ

eBioscience

anti-mouse CD3e

PE-Cy 7

145-2C11

aH IgG

anti-mouse CD4

PerCP-Cy 5.5

RM4-5

rat IgG2a, κ

anti-mouse CD4

PE-Cy 7

RM4-5

rat IgG2a, κ

eBioscience
BD
biosciences
BD
biosciences

anti-mouse CD4

APC

GK1.5

rat IgG2b, κ

eBioscience

anti-mouse CD4

APC-H7

GK1.5

rat IgG2b, κ

eBioscience

anti-mouse CD44

FITC

IM7

rat IgG2b, κ

anti-mouse CD45.2

PerCP-Cy 5.5

104

mouse IgG2a, κ

anti-mouse CD49b

V450

DX5

rat IgM, κ

eBioscience
BD
biosciences
BD
biosciences

anti-mouse CD62L

APC

MEL-14

rat IgG2a, κ

eBioscience

eBioscience
BD
biosciences
eBioscience
Miltenyi
Biotec
BD
biosciences
BD
biosciences
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anti-mouse CD8a

V450

53-6.7

rat IgG2a, κ

BD
biosciences

anti-mouse CD90.2

FITC

53-2.1

rat IgG2a, κ

eBioscience

anti-mouse CD93

PE

AA4.1

rat IgG2b, κ

eBioscience

anti-mouse F4/80

PE-Cy 7

BM8

rat IgG2a, κ

eBioscience

anti-mouse FoxP3

FITC

FJK-16s

rat IgG2a, κ

eBioscience

anti-mouse FoxP3

APC

FJK-16s

rat IgG2a, κ

eBioscience

anti-mouse GR-1

PerCP-Cy 5.5

RB6-8C5

rat IgG2b, κ

eBioscience

anti-mouse IgG

FITC

anti-mouse IgM

APC

II/41

rat IgG2b, κ

anti-mouse Ly6C

FITC

AL-21

rat IgM, κ

anti-mouse Ly6G
anti-mouse MHC I
(H-2Kb)
anti-mouse MHC I
(H-2Kb)
anti-mouse MHC I
(H-2Kd)
anti-mouse MHC I
(H-2Kd)

PE

1A8

rat IgG2a, κ

FITC

AF6-88.5

rat IgG2a, κ

eBioscience
BD
biosciences
BD
biosciences
BD
biosciences

PE-Cy 7

AF6-88.5

mouse IgG2a, κ

eBioscience

APC

SF1-1.1.1

mouse IgG2a, κ

eBioscience

eF450

SF1-1.1.1

mouse IgG2a, κ

eBioscience

anti-mouse MHC II

PE

M5/114.15.2 rat IgG2b, κ

anti-mouse NK1.1

PerCP-Cy 5.5

PK136

mouse IgG2a, κ

eBioscience

anti-mouse Siglec H PerCP-eF710

440c

rat IgG2b, κ

eBioscience

anti-mouse TCRγδ

GL-3

aH IgG

eBioscience

APC

eBioscience

Isotype control

Fluorochrome

Clone

Manufacturer

rat IgG2a, κ

AF647

hamster IgG2,κ

APC

rat IgG2a, κ

APC

rat IgG2a, κ

APC

eBR2a

eBioscience

rat IgG2b, κ

APC

A95-1

BD

aH IgG

FITC

eBIO299Arm

eBioscience

rat IgG2a, κ

FITC

eBR2a

eBioscience

rat IgG2b, κ

FITC

A95-1

BD

rat IgM, κ

FITC

R4-22

BD

aH IgG

PE

eBIO299Arm

eBioscience

rat IgG1, κ

PE

rat IgG1, λ1

PE

rat IgG2a, κ

PE

BD
B81-3

BD
eBioscience

eBioscience
A110-1

BD
eBioscience

eBioscience
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rat IgG2b, κ

PE

eBioscience

sH IgG2, λ1

PE

eBioscience

aH IgG1,κ

PE-Cy 7

BD

rat IgG2a, κ

PE-Cy 7

eBioscience

rat IgG2a, λ

PE-Cy 7

eBR2a

eBioscience

mouse IgG2a, κ

PerCP-Cy 5.5

G155-178

BD

rat IgG2a, κ

PerCP-Cy 5.5

BD

rat IgG2b, κ

PerCP-Cy 5.5

eBioscience

3.1.7 Buffers and solutions
MACS-Buffer:

0.5%
2 mM

BSA
EDTA
in PBS
sterile filter, store cold

supplemented
medium:

43 ml
5 ml
0.5 ml
0.5 ml
0.5 ml
0.5 ml
0.1 ml

RPMI
FCS
Penicillin/Streptamycin
Glutamax
Non-essential Amino Acids
Sodium Pyruvate
2- Mercaptoethanol
sterile filter, store cold

T-TBS (10x):

24.2 g
80 g

TRIS base
NaCl
add ddH2O to 1l
adjust pH to 7.58
dilute in ddH2O for 1x T-TBS

3.1.8 Primers
All primers were QuaniTect primers ordered from Qiagen.
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3.1.8.1 Housekeeping genes
gene

a.k.a.

order no

name

Gapdh

QT01658692 glyceraldehyde-3-phosphate dehydrogenase

Hprt

QT00166768 hypoxanthine guanine phosphoribosyl transferase

Ppia

QT00247709 peptidylprolyl isomerase A

Rn18s

QT02448075 18S ribosomal RNA

Tbp

QT00198443 TATA-box binding protein

3.1.8.2 Genes of interest
gene

a.k.a.

order no

name

Ccr2

QT02276813 chemokine (C-C motif) receptor 2

Cd200

QT00145817 CD200 antigen

Cd79b

QT00243663 CD79B antigen

Col1a

QT00162204 collagen, type I, alpha 1

Cxcl10

QT00093436 chemokine (C-X-C motif) ligand 10

Ebi3

QT00155596 Epstein-Barr virus induced gene 3

Fcrl1

QT02249912 Fc receptor-like 1

Fcrlb

QT01539006 Fc receptor-like B

Foxp3

QT00138369 forkhead box P3

Grem1

QT01039983 gremlin 1

Gzmb

QT00114590 granzyme B

Hmmr

QT00127505 hyaluronan mediated motility receptor (RHAMM)

Hmox1

QT00159915 heme oxygenase (decycling) 1

Hs3st1

QT02257283 heparan sulfate (glucosamine) 3-O-sulfotransferase 1

Ido1

QT00103936 indoleamine 2,3-dioxygenase 1

Ifng

QT01038821 interferon gamma

Il13ra2

QT00176162 interleukin 13 receptor, alpha 2

Inos

QT00100275 nitric oxide synthase 2, inducible

Lag3

QT00113197 lymphocyte-activation gene 3

Man1a

QT00132034 mannosidase 1, alpha

Ms4a1

CD20

Nav3

QT01058330 membrane-spanning 4-domains, subfamily A, member 1
QT01050133 neuron navigator 3

Pdcd1

PD-1

QT00111111 programmed cell death 1

Pdcdlg1

PD-L1

QT00148617 Programmed cell death 1 ligand 1

Pdgfa

QT00197610 platelet derived growth factor, alpha

Pnoc

QT00102480 prepronociceptin
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Sh2d1b1

QT01049195 SH2 domain protein 1B1

Sh2d1b2

QT00522221 SH2 domain protein 1B2

Slc8a1

QT01044862 solute carrier family 8, member 1

Tcaim

Gm1129 QT00281771 T cell activation inhibitor, mitochondrial

Tcl1

QT00103530 T cell lymphoma breakpoint 1

Tgfb1

QT00145250 transforming growth factor, beta 1

Tlr5

QT02328221 toll-like receptor 5

Tmem176b TORID

QT00198037 transmembrane protein 176B

Tnfrsf4

QT00109151 tumor necrosis factor receptor superfamily, member 4

OX40

Trem1

QT00153979 triggering receptor expressed on myeloid cells 1

Trem2

QT00157969 triggering receptor expressed on myeloid cells 2

3.1.9 Software
Apart from the conventional software (e.g. Microsoft office) following software programs were
used:
software
Axio Vision LE
BD FACSDiva 6.0
Flow Jo 7.6.5
Genecluster 3.0
Gpower 3.1
GraphPad Prism 4
Java Tree
LightCycler® 480 Software, Version 1.5
Reference Manager 11
SigmaPlot 11.0
SoftMax Pro

3.1.10

application
Zeiss microscope software
Flow cytometry data
Flow cytometry data
Cluster analysis qPCR data
Statistical planning
Various graphs and statistics
Cluster analysis qPCR data
qPCR data
Compilation of references
Kaplan-Meier survival curves
ELISA data generation

Mice

C57BL/6J, BALB/cAnNCrl, C3H and Rag1-/- (B6.129S7-Rag1tm1Mom/J) mice were
purchased from Charles River or The Jackson Laboratory. FoxP3-GFP-DTR mice were bred
in house and were provided by Prof. Dr. Stefan Fichtner-Feigl.

In general, male mice of 18-20 g (6-8 weeks of age) were used for experiments. Exceptions
(for sex) are female C57BL/6J mice in the male-to-female minor antigen mismatch model
and FoxP3-GFP-DTR mice, where male and female mice were used to increase group sizes.
Here, treatment and control groups were mixed for sex to ensure comparability.
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3.2 Methods
3.2.1 Methods involving mice
Animal experiments were approved by the local authorities (AZ: 54-2532.1-15/12 and 542532.1-06/13).

3.2.1.1 Treatment of mice
In general, mice from one cage were randomised for treatment in order to have accurately
matched control groups. If this was not done for certain treatments, data from an historical
control group was used as reference, which is indicated in the respective figure legend.

3.2.1.2 Skin-Transplantation
Donor mice were euthanized by CO2 asphyxiation. Tail skin was removed with a ventral antoposterior cut and placed in ice-cold sterile PBS for a maximum of 3 hrs. Tail skin from one
donor was sufficient for 5 - 6 skin grafts. In some cases, the spleen was then removed to
prepare a single cell suspension for the donor specific transfusion (DST).

Recipient mice were anaesthetised with a mixture of 3.6 mg Xylazine, 27.3 mg Ketamine in
1000 µl 0.9% NaCl at 40 µl per 10 gram bodyweight. Once in narcosis, the back of the
recipient was shaved and depilated using depilatory cream. Mice were placed on a warming
plate (37°C) to avoid cooling and the back skin was swabbed with medicinal Isopropanol.
Then the upper layers of the skin were removed to obtain a square of ~1 cm in diameter,
leaving the subcutis with the blood supplying vessels intact. Sterile 0.9% NaCl-solution
(prewarmed to 37°C) was used to keep the tissue wet and elastic. From the donor tail, a
size-matching full-thickness piece was trimmed and placed on the wound bed, carefully
avoiding overlapping. The graft was fixed in all four edges using a single interrupted suture
with a 7.0 suture thread and covered with sterile Mepitel® wound dressing and a piece of
sterile gauze swab. Subsequently, the mice were wrapped in medical adhesive tape and kept
warm until wake-up. The bandages were removed 7 days post-transplantation.

3.2.1.3 Graft monitoring
After transplantation, skin grafts were monitored for signs of rejection. This was initially done
daily, then twice per week. In case of signs of rejection, grafts were monitored in shorter time
intervals. Skin grafts were examined for thickening, signs of inflammation, haemorrhagic
spots or scarring. Grafts with less than 20% viable, intact tissue were considered as rejected.
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3.2.1.4 Donor specific transfusion
The donor spleen was meshed under sterile conditions (laminar flow cabinet) using a 100 µl
nylon mesh and the plunger of a 2ml syringe. The cell-suspension was washed with sterile
PBS and centrifuged (250g, 4°C, 5 min, standard). The supernatant was aspirated and for
Erythrocyte-lysis, the pellet was resuspended with 3 ml sterile ACK buffer and then
immediately centrifuged. After aspirating the supernatant, the cells were washed twice with
10 ml sterile PBS. The cell number was adjusted to 20 x 106 cells / ml, per ml 12.5 µl Heparin
(60 U) were added to avoid cell coagulation. Recipient mice (prior to transplantation) were
placed in a fixation chamber and the tail veins expanded by placing the tail in warm water
(ca. 45°C). Using a 1 ml syringe with a 273/4 gauge needle, 250 µl of the cell suspension (i.e.
5 x 106 cells) were injected i.v. in a lateral tail vein. Bleeding was stopped by compression
with a sterile gauze swab. Immediately after releasing the mice from the fixation chamber,
they received an i.p. injection of anti-CD154 antibody in 200 µl PBS. Mice were allowed to sit
for at least 1h before proceeding to skin transplantation.

3.2.1.5 Retransplantation
3.2.1.5.1 Donor
On d50 post-transplantation, some mice with an intact graft were anaesthetised with a
mixture of 3.6 mg Xylazine, 27.3 mg Ketamine in 1000 µl 0,9% NaCl at 40 µl per 10 gram
bodyweight. After careful shaving of the surrounding area, the graft was cut out and trimmed
before placing in ice-cold PBS for a maximum of 5 min. The donor was killed afterwards by
cervical dislocation and organs and blood were removed for analysis.
3.2.1.5.2 Recipient
The recipients were prepared for skin transplantation as described above. The wound bed for
the transplant was prepared regarding the exact size of the donor tissue. The intact graft was
retransplanted without attached tissue of the first recipient. The following approach was done
as described above.

3.2.1.6 Effector cells from sensitised mice
To obtain sensitised effector T cells against BALB/c – antigen, C57BL/6 – recipients received
one BALB/c – transplant on d0. Seven days later, recipient mice were set on 75 mg/kg
Tacrolimus – food. On d21, after completed rejection of the first allograft, recipients received
a second BALB/c – transplant under continuation of the food. After successful rejection of the
second allograft, mice were sacrificed on d37 and spleens were harvested. T cells were
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sorted as described elsewhere (see below, Pan T cell isolation kit II). After sorting, cells were
resuspended at 40 x 106 cells / ml with 12.5 µl Heparin (60 U), and 250 µl (i.e. 10 x 106 cells)
were injected i.v. in a lateral tail vein.

3.2.1.7 Transfer of LN cells
Graft-draining lymph nodes (axilliary, inguinal) from allografted mice treated with anti-CD154
+ DST +Tac-75 or Tac-100 were removed on d50. T cells were individually per mouse sorted
as described elsewhere (see below, Pan T cell Isolation Kit II). After sorting, cells were
resuspended at 4 x 106 cells / ml with 12.5 µl Heparin (60 U), and 250 µl (i.e. 1 x 106 cells)
were injected i.v. in a lateral tail vein of a Rag1-/- mouse.

3.2.1.8 Splenectomy
For spleen removal, mice were anaesthetised as described before. Once in narcosis, mice
were placed right-laterally on a 37°C warming plate and on the left side a small area below
the ribcage was shaved and swabbed aseptically. A small incision in this hair-free area of 1 –
1.5 cm was made to access the abdomen. The spleen was exteriorised and placed carefully
on a sterile gauze swab next to the incision. The splenic artery and veins were then ligated,
cut, and the spleen removed. The peritoneum, abdominal muscle and skin are then sutured
performing the single interrupted suture technique with a 4.0 Prolene suture thread.

3.2.1.9 Thymectomy
Thymectomised mice were ordered at Jackson Laboratory, USA. Mice were thymectomised
at 4 - 6 weeks of age, when already a certain repertoire of mature T cells has been formed.
Littermates of these mice were left untreated. After 1 week, mice were shipped to the animal
housing facilities in Regensburg and after a further recreation time of 1 week, mice were
transplanted.

3.2.1.10 Application of antibodies
Antibodies or Isotype controls were injected i.p. in sterile PBS in an end-volume of 200 µl /
injection/ mouse. Doses were given as indicated in the table below. All antibodies and
Isotype controls were ordered from BioXcell, MA, USA.
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Antibody / Fusion
protein
anti-mouse CD134L
anti-mouse CD154
anti-mouse CD25
anti-mouse GITR
anti-mouse IL10R
anti-mouse PD-L1
anti-mouse TGFβ
CTLA4-Ig (hum/hum)

Isotype control
HRPN
LTF2
MOPC21

Clone
RM134L
MR-1
PC-61.5.3
DTA-1
1B1.3A
10F.9G2
1D11.16.8

rat IgG1
rat IgG2b
mouse IgG1

Dose
0.5 mg/day
0.5 mg/day
1 mg/day
1 mg/day
0.5 mg/day
0.25-0.5 mg/day
1 mg/day
0.5 mg/day

Days (relative to STx on d0)
0, 2, 4, 8
0, 1, 3, 6
50, 53, 56, 59
50, 53, 56, 59
50, 52, 54, 56, 58, 60, 62, 64
50, 52, 54, 56, 58, 60, 62, 64
50, 52, 54, 56, 58, 60, 62, 64
1, 3

Dose
0.5-1 mg/day
0.25-1 mg/day
1 mg/day

as control for aIL10R / aCD25
as control for aGITR/ aPD-L1
as control for aTGFβ

3.2.1.11 Application of Tacrolimus therapy
Tacrolimus was given at doses of 25 mg, 50 mg, 75 mg, 100 mg and 150 mg per kg food.
For this, the required amounts of Tacrolimus (FK-506) were shipped to the food supplying
company SSNIFF, where pellets including the desired dose were produced. Thus, the
Tacrolimus-powder was incorporated into the pellets. To discriminate medicinal food from
normal mouse food, the pellets were dyed with light green color. The mice were provided
with Tacrolimus food ad libitum by members of our working group. Additionally to the food, a
bolus dose of 1 mg/kg bodyweight of Tacrolimus (Prograf®) in 5% glucose solution was
administered i.p. on the day of food change and two consecutive days. For this, the stock
solution of 5 mg/ml Tacrolimus (Prograf®) was diluted 1:25 with the glucose solution
(working solution: 200 µg/ml) and 5 µl/ g body weight were injected.

3.2.1.12 Application of Diphtheria toxin
Under sterile conditions, lyophilized Diphtheria toxin was reconstituted with 1 ml sterile PBS
to achieve a stock solution of 1 mg/ml. For further dilution, a small aliquot was withdrawn
from the vial using a syringe and transferred to a 1.5 ml test tube. The amount of substance
was determined with a 200 µl pipette and subsequently diluted 1:10 with sterile PBS (e.g. for
a 50 µl aliquot, 450 µl PBS were added). This 1:10 dilution was then transferred to a 50 ml
Falcon tube and diluted 1:40 with sterile PBS to achieve a final concentration of 2.5 ng/µl.
Mice were injected i.p. with 10 µl = 25 ng/ gram bodyweight (i.e. 25 µg/kg bodyweight) every
other day for a total of six injections.
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3.2.1.13 Toxicology
Measurements were performed by the Institute for Clinical Chemistry and Laboratory
Medicine, University Hospital of Regensburg.

3.2.1.13.1 Tacrolimus
Serum-levels of Tacrolimus in mice were measured by LC-MS/MS in EDTA-blood. For this,
mice were bled at indicated time points retro-bulbary under a brief Isoflurane-narcosis. Per
analysis, 100 – 200 µl blood was taken.

3.2.1.13.2 Creatinine
Serum-levels of Creatinine were measured in the serum of heparinised blood by photometric
analysis. Mice were bled retro-bulbary on d50 to collect 150 µl blood. Serum was obtained by
Clinical Chemistry.

3.2.2 Molecular biology
3.2.2.1 RNA isolation
Single cell suspensions were pelleted and lysed by addition of 350 µL of RLT buffer
supplemented with 1% (v/v) 99% 2-mercaptoethanol. For whole-organ qPCR analysis, whole
organs were removed, wrapped in aluminium foil, snap-frozen in liquid N2 and smashed (in
the foil) between two metal blocks. The crushed organs were then lysed with 350 µl
supplemented RA1 buffer and vortexed vigorously. Subsequently, the tissue samples were
applied on a Qia-shredder column and centrifuged for 2 min at high speed (20,000 rcf). The
cell lysates were stored at -80°C until RNA extraction. RNA was eluted in 30µL ddH2O. RNA
was isolated using the RNeasy Plus mini kit from Qiagen and the protocol “Purification of
Total RNA from animal Cells“. Throughout the handling with cells, RNA, and cDNA
contaminations with nucleases were avoided using RNaseZap® and nuclease free filter-tips.

3.2.2.2 cDNA synthesis
First-strand cDNA synthesis from total RNA samples was done using the SuperScript® III
First-Strand-Synthesis SuperMix according to the manufacturer’s protocol.
The RNA was used in the highest concentration possible in the case of very low RNA yields
due to limited numbers of cells, especially for skin samples. Thus, RNA concentration of the
samples was measured with a NanoDrop spectrophotometer. Since 6 µl is the maximum
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amount that can be used in the protocol, this volume was used for the sample with the lowest
RNA concentration. RNA of the corresponding samples was diluted accordingly with RNAse /
DNAse free H2O.
For first-strand cDNA synthesis, the components (see below) were combined in a 0.2 ml
reaction tube and incubated for 5 min in a thermal cycler at 65°C.

component

amount

up to 5 µg total RNA
50µM oligo(dT) primer
Annealing Buffer
RNAse / DNAse free water

max. 6 µl
1 µl
1 µl
fill to 8 µl

After incubation, the tubes were immediately placed on ice for 2 min and quickly spun down.
Then, the following reagents were added to the tubes:

comp onent

amo unt

2x First-S trand Reaction mix
SuperScript III / RnaseOUT E nzym e Mix

10 µ l
2 µl

This was followed by short vortexing and spinning before samples were incubated for 50 min
at 50°C in a thermal cycler. The reaction was terminated by a 5 min incubation step at 85°C.
Tubes were then chilled on ice for 10 min and then stored at -20°C until further processing.

3.2.2.3 Quantitative real-time PCR
The quantitative polymerase chain reaction (qPCR) can be used to quantify a selected
polynucleotide sequence by amplifying its concentration to a level at which an accurate
detection can be made [200,201].

This level is the so-called crossing point (CP) which is defined as the number of PCR cycles
necessary to detect the first reliable fluorescence signal from the dye Sybr Green added to
the reaction. PCR amplifies the targeted nucleic acid in the sample and this amplification is
considered to be exponentially in the most progressive phase. The fluorescent dye SYBR
Green will bind to the minor groove of double-stranded DNA. The fluorescence is greatly
enhanced upon DNA-binding [202].The resulting DNA-dye-complex absorbs blue light (λmax
= 488 nm) and emits green light (λmax = 522 nm).
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3.2.2.3.1 Quantitative real-time PCR setup

If necessary, cDNA was diluted 1 to 5 with nuclease-free water. Master mixes per primer for
the target and the housekeeper genes listed above were prepared as a multiple of the
reagent volumes shown below:
component

amount

10x Primer (Quantitect)
QuantiTect SYBR Green PCR Kit
cDNA
ddH2O

2.5 µl
12.5 µl
2 µl
8 µl

Each cDNA sample was assayed in three technical replicates. 25 µl of the mastermix were
transferred into real-time PCR 96-well plates.

The PCR was performed on a Roche Lightcycler 480 as follows: First, during a preincubation time of 15 min at 95°C, the FastStart Taq DNA polymerase is activated. Then, 40
amplification cycles follow (temperature targets see below).

Target °C
94
55
72

hold
15s
30s
30s

step
denaturation
annealing
elongation

At the end of the 40 amplification cycles amplicons were melted for 5 s at 95°C followed by
an annealing step for 1 min at 65°C. Melting curve analysis was performed by stepwise
heating-up of the sample until 97°C. The fluorescence signal decreases slowly until the
melting temperature of the amplicon is reached. Then, a strong decline of the fluorescence
signal will be detectable. The derivative function of the melting curve will display a peak at
the melting point of the amplicon. If more than one peak is present, this indicates
contaminating DNA or primer-dimers.

3.2.2.3.2 Analysis of qPCR data
Statistics, qPCR:
RT-PCR data was normalized against a set of 5 stable housekeeping genes (18S-rRNA,
GAPDH, TBP, PPIA, Actb. For RT-PCR a nonparametric Mann-Whitney test was conducted
on a per-gene basis for pairwise comparisons between the clinical groups. Gene-wise
multiple testing adjustments were performed using the Holm-Bonferroni correction [203]. A
statistical criterion for identification of differentially expressed genes adjusted P < 0.05.

Materials and Methods

43

Clustering analysis for the dLN qPCR data was done by Dr.Dr. J. Hutchinson (Department of
Experimental surgery, University Hospital of Regensburg)
3.2.2.4 IFNγ -ELISA
The principle of the enzyme-linked immunosorbent assay (ELISA) method is the antibodybased antigen detection. A commercially available ELISA kit based on the sandwich ELISA
principle was used to measure IFNγ-production. The kit was used following the
manufacturer’s instructions for cell culture supernatants. Test samples were analysed in
duplicates. For analysis, a linear regression line was plotted using the mean values of the
duplicates of the standard curve. On the basis of the equation of this regression line with the
mean OD of the sample duplicates as x-value, the amount of IFNγ was calculated. OD
values below the OD values of the highest dilution of the standard were not considered.
Appropriate conduction of the ELISA was checked with the internal control of the kit, which
was conducted every time.

3.2.3 Cell biological methods
3.2.3.1 Determination of cell numbers
Cells in single cell suspensions were counted using a Neubauer haemocytometer. For this,
cells were diluted 1 to 10 (v/v) with trypan blue and 10 µL of the mixture were placed in the
space between the haemocytometer and the cover slip. If dilution was required, cells were
diluted 1 to 10 (v/v) with PBS prior to dilution with trypan blue. Cell concentrations in the
sample were calculated according to Formula 1. The mean value of four independent areas
containing 50 to 100 cells counted was calculated in order to minimise the counting error.

Concentration of cells =

number of cells counted in one chamber
× dilution factor
volume of chamber

Formula 1 Calculation of cell numbers using Neubauer haemocytometer

3.2.3.2 Preparation of single cell suspension
3.2.3.2.1 Spleen and LN
The spleen and / or dLN (axilliary, inguinal) were removed and stored in cold PBS on ice for
a maximum of 30 min. Then, organs were mashed using a 100 µm cell strainer and a 2 ml
BD Discardit II syringe plunger, if required, under sterile conditions. Cells were then
pelletised (5 min, 270 rcf, 4°C) and the supernatant (SN) discarded. If necessary,
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Erythrocyte-lysis was performed using 3 ml ACK-Buffer, resuspended cells were immediately
spun down and the SN aspirated. If Erythrocyte-lysis was not necessary, or after the lysis,
cells were washed twice with 10 ml PBS and then used for further procedures.

3.2.3.3 MACS sorting
Sorting cells using the Miltenyi MACS-system was performed according to the
manufacturer’s manual. In detail, cell separation procedures are described below.

3.2.3.3.1 CD4+CD25+ T reg Kit (Miltenyi)
Single spleen cells were counted, pelletised and resuspended in 40 µl ice-cold MACS-Buffer
per 107 cells. Then, 10 µl Biotin-Antibody Cocktail per 107 cells were added and cells were
incubated for 10 min in the refrigerator at 4°C. Subsequently, 30 µl ice-cold MACS-Buffer, 20
µl anti-Biotin beads and 10 µl of CD25-PE antibody per 107 cells were added, followed by an
incubation time of 15 min in the refrigerator at 4°C. Afterwards, cells were washed with 1 ml
ice-cold MACS-Buffer per 107 cells, pelletised and the SN was discarded. The pellet was
resuspended in 500 µl ice-cold MACS-Buffer. A MACS LD-column was placed in the MACS
separator magnet and rinsed with 2 ml ice-cold MACS-Buffer, the flow-through was
discarded. The labeled cells were then applied through a MACS-filter on the LD column,
saving the flow-through (representing the CD4+ cells) in a 15 ml Falcon tube. The column
was washed twice with 2 ml ice-cold MACS-Buffer, saving the flow-through in the tube
containing the CD4+ cells. These were then centrifuged, the SN discarded and the cells
resuspended in 90 µl ice-cold MACS-Buffer. Further, 10 µl Anti-PE- MicroBeads were added,
then the cells were incubated for 15 min in the refrigerator at 4°C. After washing the cells
with 1 ml ice-cold MACS-Buffer per 107 cells, the cells were pelletised and the SN was
discarded. The pellet was resuspended in 500 µl ice-cold MACS-Buffer. A MACS MS-column
was placed in the MACS separator magnet and rinsed with 500 µl ice-cold MACS-Buffer, the
flow-through was discarded. The labeled cells were then applied on the MS column and
magnetically sorted. The flow-through was saved in a 15 ml- Falcon, representing the
CD4+CD25- fraction. The column was washed thrice with 500 µl ice-cold MACS-Buffer,
saving the flow-through in the CD4+CD25- -tube. The column was placed on a fresh 15 ml
Falcon tube. Then, 1 ml ice-cold MACS-Buffer was applied to flush the column with the
provided plunger into the tube, which elutes the CD4+ CD25+ cells. To further increase the
purity of the CD4+CD25+ -population, these cells were applied on a second MS-column and
magnetically separated. The cell populations were kept in buffer on ice until further handling.
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3.2.3.3.2 CD45.2 Sort
Single cell suspensions from spleen, dLN and skin were counted, pelletised and
resuspended in 100 µl ice-cold MACS-Buffer per 107 cells. Additionally, 10 µl CD45.2 Biotinantibody per 107 cells were pipetted to the cells, which were then incubated for 10 min in the
refrigerator at 4°C. Then, cells were washed with 10 ml ice-cold MACS-Buffer, pelletised and
the SN was discarded. Now, cells were resuspended in 80 µl ice-cold MACS-Buffer per 107
cells and 20 µl anti-Biotin beads per 107 cells were added, followed by an incubation time of
15 min in the refrigerator at 4°C. Afterwards, cells were washed with 10 ml ice-cold MACSBuffer, pelletised and the SN was discarded. The pellet was resuspended in 500 µl ice-cold
MACS-Buffer. Magnetic separation was performed with the autoMACS™ Pro Separator as
indicated in the manufacturer’s manual using the program “Possel-s” to collect the CD45.2+
cell fraction. This program was chosen to achieve highest possible yield especially of the skin
samples.

3.2.3.3.3 Pan T cell isolation kit II (Miltenyi)
Single spleen cells were counted, pelletised and resuspended in 40 µl ice-cold MACS-Buffer
per 107 cells. Then, 10 µl Biotin-Antibody Cocktail per 107 cells were added and cells were
incubated for 10 min in the refrigerator at 4°C. Further, 30 µl ice-cold MACS-Buffer and 20 µl
anti-Biotin beads per 107 cells were added, followed by an incubation time of 15 min in the
refrigerator at 4°C. Afterwards, cells were washed with 10 ml ice-cold MACS-Buffer,
pelletised and the SN was discarded. The pellet was resuspended in 500 µl ice-cold MACSBuffer. Magnetic separation was performed with the autoMACS™ Pro Separator as indicated
in the manufacturer’s manual using the program “Deplete” to collect the unlabelled T cell
fraction containing CD4+ and CD8+ T cells .

After all sorts, purity FACS stains were performed.

3.2.3.4 Suppression Assay
After MACS-sorting, CD4+CD25- cells were put into culture in flat-bottom 96-well plates at 1 x
105 cells per well together with aCD3/aCD28 coated beads in a total of 250 µl volume of
supplemented cell media. For suppression assays, 1 x 105 CD4+CD25+ cells per well were
added, the volume of beads was increased accordingly, the final volume of cells and
reagents in media was maintained as 250 µl. Tacrolimus was added at final concentrations of
0.25, 0.5, 1, 1.5 and 2 ng/ml. Cells were incubated for exactly 48h at 37°C with 5% CO2.

Materials and Methods

46

After incubation, the supernatants were harvested into 1.5 ml reaction tubes on ice and spun
down at 300g to pellet cells. Then, the supernatant was transferred to a fresh 1.5 ml reaction
tube and frozen at -20°C until further processing.

3.2.3.5 Suppression Assay – CFSE
Briefly, the setup for the culture was as described above.
However, MACS-sorting of the cells was modified: the CD4+ cell fraction was stained with
CFDA-SE and cells were rested overnight in supplemented medium in 6-well plates (max 7 x
106 cells / well). On the next day, CD4+ cells were labelled with CD25-PE and then further
processed as described above in the respective section.

After 48h-incubation at 37°C with 5% CO2, the supernatants were harvested as described
above. Further, the wells were rinsed with PBS to obtain the cultured T cells. These were
pooled together with the pellet of the supernatant harvest and then stained for FACS
analysis.

3.2.3.6 CFSE-labelling
Cells to be labelled with CFSE were adjusted with pre-warmed PBS (i.e. 37°C) to 10 x 106
cells / ml. The CFSE stock aliquots (0.5 mM) were diluted 1:125 with pre-warmed PBS to
obtain a 4 µM CFSE-working solution. This was then mixed 1:1 with the cells, resulting in a
final concentration of CFSE of 2 µM. The suspension was incubated for 15 min at 37°C in the
water bath in the dark. The reaction was abrogated by adding FCS at 10% of the final
volume. Cells were then spun down (300 g, 10 min, RT) and SN was discarded. The pellet
was resuspended in supplemented medium, cells were plated in a 6-well-plate and
recovered over night at 37°C in the incubator.

3.2.3.7 FACS staining
All flow cytometric analysis (fluorescence-activated cell sorting, FACS) were measured using
BD Canto II. The used antibodies with the respective fluorescence conjugates are listed
above. If not stated otherwise, all steps were done on ice. When sufficient material was
available, 1 x 106 cells were dispensed into FACS tubes, otherwise as much cells as possible
were used. After a wash with 1 ml PBS and a centrifugation step (300 g, 5 min, 4°C) the
supernatants were either aspirated or discarded. This will be referred to as “wash step” in
this work and can be performed with different buffers. In the following, the pellet was
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resuspended in 1 ml PBS and 1 µl eF506 Viability Dye was added to the tubes, which were
then vortexed and incubated in the dark on ice for 30 min. After that cells were washed twice
with PBS and resuspended in 100 µl FACS buffer containing 10 µl mouse FcR blocking
reagent and incubated on ice for 30 min. Master mixes of the antibodies desired for each
staining were prepared according to the dilutions listed above. After another wash with FACS
Buffer, the master mix (max. 70 µl) was added. The tubes were vortexed briefly and
incubated on ice in the dark for 30 min. This was followed by two wash steps. If no
intracellular staining was required, then 200 µl FACS Buffer were added to each tube and
cells were stored at 4°C in the dark until analysis, but for not more than 3 h. In the case of
FoxP3 – staining, cells were resuspended instead in 1 ml Fix/Perm solution and incubated
for 30 min – max. 18 h in the refrigerator. Subsequently, cells were washed with 2 ml Perm
Buffer. 90 µl Perm Buffer and 10 µl mouse FcR blocking reagent were added to the cells.
After 15 min incubation, 10 µl of the FoxP3-antibody-working solution were pipetted per tube
and cells were incubated for 30 min on ice. Cells were washed twice with Perm Buffer, then
200 µl FACS buffer were added and cells were stored in the refrigerator until analysis for a
maximum of 24 h.

FACS-Panels used:

Laser detection

405

Fluorochrome

V450
eF450

488

633

/
V500

FITC

PE

PerCP Cy 5.5
/ PerCPeF710 PE-Cy7

APC

APC-eF780 /
APC-H7

CD8a

viability dye

CD44

CD28

CD4

CD3e

CD62L

CD27

CD8a

viability dye

FoxP3

CD25

CD4

CD3e

CD137

CD27

B220

viability dye

CD23

CD93

CD4

CD21/35

CD138

CD19

CD49b

viability dye

CD19

CD314

NK1.1

CD3e

TCRgd

CD27

CD8a

viability dye

Ly6C

MHC II

Siglec H

CD4

CD11b

CD11c

CD11b

viability dye

Ly6C

Ly6G

GR-1

F4/80

CD115

CD11c

CD8a

viability dye

CFSE

CD25

CD4

CD3e

FoxP3

-

T cell

T reg

B cell

NK/NKT

DC

Macrophage/MDSC

T reg II
(in vitro, CFSE)
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3.2.3.8 Crossmatch – FACS
To measure donor-specific antibodies (DSA) and unspecific antibodies (NDSA), serum from
treated mice was incubated with donor splenocytes (BALB/c) and splenocytes from self
(C57BL/6). First, 2.5 x 105 BALB/c splenocytes were incubated together with 2.5 x 105
C57BL/6 (B/6) splenocytes and 10% mouse FcR blocking reagent in 50 µl for 20 min on ice.
Then, 50 µl serum - dilution was added per tube. Blank controls were treated accordingly, but
no serum was added. For the standard curve, pooled sera from five sensitised mice were
used. These have had rejected 2 consecutive BALB/c – skin grafts under 75 mg/kg
Tacrolimus. The pooled sera were serially two-fold diluted in PBS, from a 1:10 dilution up to
a 1:1280 dilution. As negative control, sera from naïve B/6 mice were used (NMS). The test
sera from mice were used in a 1:40 dilution. Test-sera were done in duplicates, the standardcurve sera, NMS sera and blanks in triplicates. The serum was incubated for 90 min on ice
together with the cells. This was followed by three wash steps with FACS Buffer (see above).
Further, 10 µl mouse FcR blocking reagent was added to the cells and incubated for 10 min
on ice. Without washing, 10 µl anti-mouse IgG-FITC antibody working solution was added
and incubated for 60 min on ice. After one wash step, 10 µl each of following anti-mouse
antibody working solutions were pipetted into the tubes: IgM–APC, CD3-PE, H2Kd-eF450
and H2Kb- PeCy7. Cells were incubated for 30 min on ice and then washed twice. Then 50 µl
FACS buffer were added and samples were measured.

3.2.3.8.1 Principle and Analysis of the Crossmatch FACS
The flow cytometry crossmatch (FCXM) has been first decribed in 1983 [204] and has been
used since then in clinics to measure anti-donor antibodies. The above described
Crossmatch FACS follows the T cell FCXM in principle: Antibodies in the serum will bind to
the splenocytes, the anti-mouse IgG antibody will bind to these antibodies (Figure 12).
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+ serum

+ anti-mouse IgG,
fluorescence labeled

Figure 12 Principle of crossmatch FACS

For the analysis using the FlowJo 7.6.5 software, a lymphocyte gate was set in the forwardscatter / sideward-scatter plot. Using the signal for the CD3 and the H2Kd- antigen it was
discriminated between B/c splenocytes (donor, H2Kd) or B/6 splenocytes (self, H2Kb). The
PE-signal of the H2Kd positive and H2Kd negative population than shows the IgG response
bound on B/c or B/6 cells. The mean fluorescence intensity (MFI) of the PE-signal was used
for further analysis. A limit of detection was determined as mean MFI of the three NMS
samples plus the threefold standard deviation (SD). Samples with a MFI below the limit of
detection were considered as negative for IgG antibody. The same applies for the APCsignal of the IgM response.

3.2.4 Histology
3.2.4.1 Paraffin-embedded samples
Harvested skin grafts, kidneys or spleens were placed in embedding cassettes and put in 5%
paraformaldehyde. Fixation of the tissue samples was done by Pathology Department,
University Hospital of Regensburg. Finally, samples were stored in melted paraffin to ensure
complete infiltration. For embedding, samples were placed in an embedding mold which was
subsequently filled with melted paraffin. Skin samples were embedded standing upright. The
paraffin blocks were cooled on a cooling plate and then stored at RT until sectioning.

Sectioning was performed on a microtome. For this, the block was first trimmed to obtain an
optimal cutting surface. Then, 4 µm sections were cut and transferred to a 50°C water bath.

Materials and Methods

50

After unfolding, sections were mounted on Superfrost Plus microscope slides and dried for
24h at 37°C, before proceeding to immunohistochemistry and histology stains / reactions.

3.2.4.2 Haematoxylin & Eosin staining
To deparaffinise tissue samples, slides were placed in Roti®-Histol for 10 min, before
rehydrating them in a graded alcohol series. Briefly, slides were placed for 10 min each in
100%, 96% and 70% EtOH followed by 10 min ddH2O. Subsequently, sections were
incubated for 7 min in Mayer's hemalum solution to stain nuclei and then washed for 15 min
with lukewarm running tap water. To stain cytoplasm, slides were afterwards incubated for 3
min in Eosin Y solution. This was followed by short washes in ddH2O and 70% EtOH, 90 sec
in 96% EtOH and 150 sec in 100% EtOH. After a final incubation for at least 5 min in Roti®Histol, sections were mounted with Roti®-Histokit and coverslips and air dried before
analysis with the Zeiss Axio Observer.

3.2.4.3 PAS (Periodic-Acid-Schiff)-reaction
Deparaffinisation and initial rehydration were done as described above. Sections were then
incubated for 8 min in periodic acid solution, washed in running tap water and rinsed in
ddH2O. This was followed by 15 min incubation with Schiff reagent to stain glycogen and
polysaccharides, and a washing step for 5 min in running tap water. After rinsing in ddH2O,
sections were counterstained in Mayer's hemalum solution and washed with lukewarm
running tap water for 3 min to stain nuclei. This was followed by short washes in ddH2O and
twice in 70% EtOH, 1 min in 96% EtOH and twice for 5 min in 100% EtOH. After a final
incubation for 15 min in Roti®-Histol, sections were mounted with Roti®-Histokit and
coverslips and air dried before analysis with the Zeiss Axio Observer.

3.2.4.4 Masson-Trichrome Staining
The Masson-Trichrome-Staining was performed in the Pathology Department, University
Hospital of Regensburg.

3.2.4.5 FoxP3 – Staining
Deparaffinisation and initial rehydration of skin or spleen sections as staining control were
done as described above. Then, sections were cooked for 20 min in citrate buffer in a steam
cooker and then cooled down for 20 - 30 min at RT. This was followed by three washing
steps in ddH2O for each 5 min and a 10 min incubation step in 3% H2O2 solution. Again,
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sections were washed three times in ddH2O for each 5 min and then once in T-TBS for 5
min. Sections were then shortly drained and blocked with 5% goat serum in T-TBS for 1h at
RT in a wet chamber. Afterwards, the primary antibody (FoxP3 or corresponding Isotype
control) were added in a 1:50 dilution in blocking serum and incubated over night at 4°C in a
wet chamber. On the consecutive day, sections were washed three times in T-TBS for 5 min.
Then, the secondary antibody (Goat anti- rat IgG1 Fab2-B, Biotin Conjugated) was added in
a 1:100 dilution in blocking serum and incubated for 1h at RT in a wet chamber. This was
followed by three washing steps in T-TBS for each 5 min and an incubation step for 30 min at
RT with HRP reagent. After three more washes in T-TBS for 5 min each, sections were
stained for 90s with DAB reagent, reaction was stopped in ddH2O. Counterstaining was done
with Mayer's hemalum solution for 8 min and a washing step with lukewarm running tap
water for 10 min to stain nuclei. Then sections were mounted with Aquatex and coverslips
and air dried before analysis with the Zeiss Axio Observer.

3.2.5 Statistics:
Statistical tests were performed as indicated in the respective figure legend.
For statistical analysis of qPCR data, refer to section 1.2.2.3.2.
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4 Results
4.1 Oral administration of Tacrolimus in mice
In later experiments, the effect of Tacrolimus on skin allograft survival in marginal states of
allograft acceptance was examined. Therefore, a subtherapeutic Tacrolimus therapy had to
be established. For this, it was necessary to keep mice over many weeks on controllable
serum levels of Tacrolimus, therefore a reliable dosing protocol had to be developed. This
can be achieved by different ways, such as oral administration, repeated i.p. injections,
implanting osmotic pumps or subcutaneous drug pellets. Over the recent years, our group
has been working successfully with the oral administration of drugs. Considering this and the
minor stress of this application route, specially produced food supplemented with desired
doses of Tacrolimus was given as the daily diet ad libitum. Thus, food containing 50 mg, 75
mg, 100 mg and 150 mg Tacrolimus per kilogram of food was fed to male C57BL/6 mice over
a time span of 153 days and serum levels of Tacrolimus were measured. Since it was
anticipated that additional bolus injections were necessary to quickly achieve measurable
serum levels, mice received i.p. injections of Tacrolimus on three consecutive days starting
on the day of drug food administration. The mean serum levels increased dose-dependently,
mean Tacrolimus serum levels of 0.88 µg/l ± 0.2, 3.7 µg/l ± 1.4, 8.94 µg/l ± 5.42 and 22.04
µg/l ± 11.2, respectively, were achieved (Figure 13).
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Figure 13: Relationship between oral Tacrolimus administration and serum levels in C57BL/6 mice. B/6
mice were set on food containing (a) 50 mg,(b) 75 mg,(c) 100 mg, or (d) 150 mg Tacrolimus per kilogram food.
Mean serum levels of Tacrolimus are displayed in scatter plots.
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Over a time span of 10 weeks, clearly titratable serum levels could be distinguished. For
example, on d20 after induction, mice treated with 50 mg, 75 mg, 100 mg and 150 mg per
kilogram food had serum levels of 0.5 µg/l ± 0.4, 2.9 µg/l ± 0.59, 9.5 µg/l ± 3.4 and 15.6 µg/l ±
6.6. However, there are fluctuations in the measured values throughout the groups, which led
to an overlap in serum levels of mice fed with 75 mg/kg and 100 mg/kg Tacrolimus-food at
the last four measurements starting on d83. These fluctuations might have occurred for
several reasons, such as amount of ingested food shortly before bleeding or absorption of
Tacrolimus in individual mice. Interestingly, the mean serum levels in mice receiving higher
doses of 100 mg/kg or 150 mg/kg peaked early on d34 after induction of the drug therapy.
This might correspond to toxicity effects of these doses. Taken together, it was shown that
long-term treatment of mice with food at doses of 50 mg, 75 mg, 100 mg and 150 mg
Tacrolimus per kilogram leads to titratable, dose-dependently increasing serum levels.

4.2 Toxic effects of Tacrolimus administration
Tacrolimus as immunosuppressive therapy is very effective in preventing acute rejection, yet
it has many unwanted side effects, such as increased susceptibility to infection,
malignancies, and nephrotoxicity [158]. Specifically, it was planned to investigate toxic
effects of the established oral Tacrolimus administration. As a first read-out parameter, body
weight of the mice treated with 50 mg, 75 mg, 100 mg and 150 mg Tacrolimus per kilogram
food was determined (Figure 14). Whereas weight curves for mice fed with doses up to 100
mg/kg show a similar course, mice treated with 150 mg/kg Tacrolimus displayed reduced
weight gain after the first month of treatment (150 mg/kg vs. 50 mg/kg: p = 0.023; 150 mg/kg
vs. 75 mg/kg: p = 0.068; 150 mg/kg vs. 100 mg/kg: p = 0.038).
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30
27

50 mg/kg
75 mg/kg
100 mg/kg
150 mg/kg

24
21
18
15 0 1 2 6 13 27 41 55 69 83 97

125

153

Duration of tacrolimus treatment (days)
Figure 14: Weight curve in C57BL/6 mice during oral administration of Tacrolimus. Weight curves of mice
from Figure13. Mean body weight is displayed with SD.
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The aforementioned Tacrolimus nephrotoxicity has been reported to be dependent on the
dosing regimen and occurs in 17%- 44% of kidney transplant patients [221,222]. Increased
serum creatinine is a consequence of loss of renal function though nephrotoxicity in humans
and mice [223,224]. Serum creatinine was measured after 50 days of treatment in untreated
mice and sentinel mice treated with 75 mg/kg, 100 mg/kg or 150 mg/kg Tacrolimus food
(Figure 15). A trend towards higher levels of serum creatinine in mice receiving higher doses
of Tacrolimus indicates mild (100 mg/kg) or enhanced (150 mg/kg) nephrotoxicity compared
to no changes in mice treated with 75 mg/kg Tacrolimus.

Serum Creatinine mg/dl

0.5
0.4
0.3
0.2
0.1
0.0
untreated

Tac-75

Tac-100

Tac-150

Figure 15: Serum Creatinine levels in sentinel mice. C57BL/6 mice were treated with oral Tacrolimus at 75,
100 and 150 mg/kg or left untreated. On d50, Serum Creatinine was measured. Scatter plots display mean and
SD. The observed changes are statistically not significant (Student’s T-Test, pairwise comparison with untreated
group).

Chronic

Calcineurin-Inhibitor

(CNI)

–

induced

nephrotoxicity

is

histopathologically

characterised by hyaline arteriolopathy, interstitial fibrosis, and tubular atrophy, and occurring
glomerular changes [224,225]. In order to examine CNI-induced nephrotoxicity, kidneys of
mice treated with 50 mg, 75 mg, 100 mg and 150 mg Tacrolimus per kilogram food were
removed after ~5 months (d150 –d153), H&E stained and histopathologically analysed. The
analysis was done with the help of a pathologist, PD Dr. med. P. Rümmele (University
Hospital of Regensburg). In none of the samples, regardless of the Tacrolimus treatment,
CNI-typical damage was observed. However, in 3/4 kidneys from mice treated with 150
mg/kg Tacrolimus, tubular necrosis and inclusion bodies were observed (Figure 16).
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75 mg/kg, 20x
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c

150 mg/kg, 20x

150 mg/kg, 40x

Figure 16: Histopathological analysis of the
kidneys after long-term Tacrolimus treatment.
Kidneys from mice treated with 75 mg or 150
mg/kg Tacrolimus for 153 days were stained with
Hematoxylin & Eosin (H & E) and analysed for
CNI-induced kidney damage. Example shows a
section from (a) a 75 mg/kg treated mouse
(representative) and (b,c) a 150 mg/kg mouse with
detected inclusion bodies. Inclusion bodies are
indicated with arrows.

Treatment with Tacrolimus in high doses has been reported as a risk factor for polyoma virus
(BKV, JCV and SV-40) infection, a major complication after renal transplantation that can
also occur in native kidneys. The presence of inclusion bodies and tubular injury
morphologically defines BKV nephropathy [226]. It is possible that the mice might have been
subjected to virus-infection due to the immunosuppression with high doses of Tacrolimus.
Therefore, histological sections of the kidneys from the presumably infected mice were
tested for polyoma virus (SV-40), Adenovirus and Cytomegalovirus (tests and analysis were
performed by the Department of Pathology). None of the stainings gave positive (i.e. specific)
results. Taken together, kidney damage is observed in mice treated with therapeutic doses of
Tacrolimus (150 mg/kg), whilst mice receiving low doses of Tacrolimus (75 mg/kg) do not
show any signs for kidney damage. Thus, the dose of 75 mg Tacrolimus per kg food does
not seem to be nephrotoxic after long-term treatment.
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4.3 Introducing

Tacrolimus

monotherapy

into

a

skin

transplantation model
An experimental model of marginal states of allograft acceptance must reflect the balance
between effector and regulatory response where neither is predominant. Therefore, a model
had to be established where neither the low-dose Tacrolimus monotherapy nor the weak
regulation inducing therapy alone lead to allograft survival comparable to true tolerance. With
the following experiments it was determined what doses of Tacrolimus in the BALB/c-toC57BL/6- skin transplantation model did not prolong allograft survival, and were thus
subtherapeutic. When Tacrolimus monotherapy was started seven days prior to
transplantation, only doses of 100 and 150 mg/kg significantly prolonged allograft survival
(Fig 17a: MST 100mg/kg or 150 mg/kg vs. Untreated: 13.1 ± 1.79 or 135 ± 0 days vs. 8.3 ±
0.42 days; p = 0.003 or p < 0.001). Tacrolimus food administered in doses of 25, 50, and 75
mg per kg food did not have any effect on the allograft survival (MST: 8.7 ± 0.33, 9.1 ± 0.52
and 8.3 ± 0.42, respectively). When Tacrolimus monotherapy was started on the day of
transplantation, both 100 and 150 mg/kg doses prolonged allograft survival significantly
compared to the untreated group (Fig 17b: MST: 12.2 ± 0.74 or 64 ± 4.14 days vs. 8.3 ± 0.42
days; p = 0.003 or p = 0.001). Administration of Tacrolimus starting seven days posttransplantation did not lead to significant prolongation of allograft survival in both doses of 75
and 150 mg/kg (Fig 17c: MST: 11 ± 0.78 or 9.6 ± 0.6 days vs. 8.3 ± 0.42 days).
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Figure 17: Introducing Tacrolimus monotherapy
in the full MHC mismatch model of skin
transplantation B/c
B/6. Tacrolimus therapy
starting on d-7 (a), d0 (b) or d+7 (c) at the indicated
doses (mg/kg food).
n = number of animals per group. Kaplan-MeierSurvival plot. Statistical analysis: Log-rank test,
multiple comparisons with Holm-Sidak method

40

When given prior to or post transplantation, 75 mg/kg Tacrolimus had no observable effect,
showing no significant prolongation of allograft survival in a BALB/c-to-C57BL/6 - skin
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transplantation model. In contrast, 100 mg/kg doses led to a small, albeit significantly
prolongation when administered prior to or at the time of transplantation. Started on d-7,
Tacrolimus doses of 150 mg/kg had a pronounced significant effect on the allograft survival,
therefore, this dose given at early time points is considered as therapeutic.

4.4 Defining a weak regulation inducing therapy
For the combination of a low-dose immunosuppression therapy with a weak regulation
inducing therapy to establish a model of marginal states of allograft acceptance, it was
necessary to define a weak regulation inducing therapy that alone would not lead to indefinite
allograft survival comparable. Therefore, a model of strong regulation induction in the
BALB/c-to-C57BL/6 – skin transplant combination was (B/c

B/6) established as a

“standard”. The group of Li described the use of triple costimulatory blockade to induce
tolerance in a mouse skin transplant model [227], in which anti-CD154 and anti-OX40L
antibodies and the fusion protein CTLA4-Ig were administered for one week following
transplantation. With this treatment in the strain combination of DBA/2-to-C57BL/6 ( DBA
B/6), Li et al. observed survival of 100% grafts over 100 days [227].

Since Tacrolimus monotherapy had been established in C57BL/6 mice, Li’s protocol was
applied in the B/c

B/6 – strain combination (MST vs. Untreated: 69.7 ± 11 vs. 8.3 ± 0.42

days; p < 0.00001; Figure 18). Yet, this significant effect did not match the graft survival
described by Li et al. Allograft survival of a specific organ varies between different donorrecipient-strain combinations also in the stringent full MHC-mismatch model [228]. Hence,
the triple costimulatory blockade was also used in a C57BL/6-to-BALB/c – strain combination
(where BALB/c is the recipient, B/6
C57BL/6 (DBA

B/c) and in the strain combination of DBA/2-to-

B/6) that had been used in Li’s experiment. Briefly, triple costimulatory

blockade in these strain combinations had a similar effect than in the B/c
Mean survival times of 57.2 ± 25 vs. 8.5 ± 4.6 days; p < 0.001 (B/6
vs. 11.8 ± 1 days; p < 0.001 (DBA
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B/6) were achieved (Figure 18).
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Figure 18: Triple costimulatory blockade in three strain combinations. Recipient mice were treated with
anti-CD154, anti-OX40L and CTLA4-Ig (Triple costimulatory blockade) starting on the day of transplantation. ctrl:
mice received PBS injections. n = number of animals per group. Kaplan-Meier-Survival plot. Statistical analysis:
Log-rank test
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Triple costimulatory blockade reproducibly prolongs allograft survival in a fully MHCmismatched skin transplant model, yet, it does not lead to indefinite graft survival.
Nonetheless, the B/c

B/6 – combination led to the most significant prolongation of graft

survival. Thus, the mean survival time of skin graft in this combination will be used as the
reference to define weak regulation-inducing protocols.

In order to achieve this less prolonged graft survival, mice were treated with anti-CD154
antibody alone or with anti-CD154 antibody in combination with a donor-specific transfusion
(DST) of BALB/c-splenocytes. Treatment with only one component of the triple costimulatory
blockade was considered to lead to a minor prolongation of the graft survival and in other
transplantations models it has been shown to prolong allograft survival [194]. It is described
in the literature that the combination of a costimulatory blockade with a DST enhances the
prolongation effect [195]. As shown in Figure 19, the injections of anti-CD154 antibody on
day 0, 1, 3 and 6 relative to skin transplantation lead to a MST of 21.8 ± 3.2 days, which is a
significant prolongation of the allograft survival compared to untreated mice (p < 0.001).
Treatment with the antibody in combination with a DST on the day of transplantation
increases the graft survival time significantly (MST anti-CD154 + DST 40 ± 6; p < 0.001) and
more profoundly than treatment with anti-CD154 alone (p = 0.003).
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Figure 19: Treatment with anti-CD154 and DST is a weak regulation inducing protocol. Recipient mice
were treated with anti-CD154 alone or in combination with DST, starting on the day of transplantation. n =
number of animals per group. Kaplan-Meier-Survival plot. Statistical analysis: Log-rank test, multiple
comparisons with Holm-Sidak method

Yet, both treatment options did not result in the allograft survival prolongation achieved with
the triple costimulatory blockade (anti-CD154 vs. triple costimulatory blockade: p < 0.001 and
anti-CD154 + DST vs. triple costimulatory blockade: p = 0.018). Hence, both the treatment
with anti-CD154 antibody alone or in combination with a DST is considered as weak
regulation-inducing protocols.
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4.5 Combination of low-dose Tacrolimus therapy with a weak
regulation-inducing protocol
After both low-dose Tacrolimus therapy and weak regulation-inducing protocols were
established, these treatments were combined to build a model of marginal conditions in
allograft acceptance. First, Tacrolimus in doses of 50 mg/kg in the food was adjoined to
induction therapy with anti-CD154 antibody. By giving the Tacrolimus 7 days before
transplantation measureable drug levels at the time of the surgery could be ensured (Figure
13). When Tacrolimus therapy was introduced on d+7, interference of Tacrolimus with T reg
induction should be avoided. Treatment with anti-CD154 has been shown to induce
regulatory T cell responses [229] and it was assumed that this may play a role in this model.
T regs are dependent on IL-2 and the expression of this cytokine is inhibited by Tacrolimus
[170,230].

Mice received Tacrolimus therapy starting either 7 days before or 7 days after skin
transplantation. The antibody doses were administered as usual on d0, 1, 3 and 6 respective
to the day of transplantation (d0). As shown in Figure 20a, allograft survival was not
significantly different in mice treated with anti-CD154 and Tacrolimus at 50 mg/kg starting on
d -7 and in mice with antibody-treatment alone (MST anti-CD154 + TAC-50 on d-7 vs. antiCD154 alone: 26.7 ± 6.7 vs. 21.8 ± 3.2 days; p = 0.81). The delayed introduction of
Tacrolimus on d+7 had a significant further effect on prolongation of graft survival compared
to antibody-treatment alone (MST anti-CD154 + TAC-50 on d+7 vs. anti-CD154 alone: 40.2 ±
6.9 vs. 21.8 ± 3.2 days; p = 0.012).

Further, the weak-regulation inducing protocol using anti-CD154 and DST was combined
with Tacrolimus at 50 mg/kg on d-7 or d+7 relative to transplantation. Administration of
Tacrolimus starting one week prior to transplantation did not have an additional graft survival
prolonging effect (MST anti-CD154 + DST + TAC-50 on d-7 vs. anti-CD154 + DST: 35.7 ± 10
vs. 40 ± 6 days; p = 0.65, Figure 20b). In contrast, the late induction of Tacrolimus treatment
starting seven days post transplantation did enhance graft survival compared to treatment
with anti-CD154 and DST (MST anti-CD154 + TAC-50 on d+7 vs. anti-CD154 + DST: 64.5 ±
4.7 vs. 40 ± 6 days; p = 0.004).
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Figure 20: Low-dose Tacrolimus therapy combined with a weak regulation inducing protocol does
significantly prolong allograft survival. Recipient mice were treated with anti-CD154 alone or in combination
with DST; this was combined with Tacrolimus therapy starting on d-7 or d7. n = number of animals per group.
Kaplan-Meier-Survival plot. Statistical analysis: Log-rank test, multiple comparisons with Holm-Sidak method

Taking this difference in early and late Tacrolimus administration into account, it was
presumed that the presence of immunosuppression at the time of treatment with anti-CD154
+ DST does not have any additional beneficial effect on the induced regulation. Therefore,
mice were treated with a DST together with a single dose of anti-CD154 either 28 or 14 days
prior transplantation. Tacrolimus therapy was then induced on d -7 and mice were given the
usual anti-CD154 treatment beginning on the day of transplantation. However, no effect on
graft survival was observed when DST was advanced (MST anti-CD154 + DST (d-28) +
TAC-50 on d-7 vs. anti-CD154 + DST (d-14) + TAC-50 on d-7 vs. anti-CD154 + DST + TAC50: 39.3 ± 10.3 vs. 35.2 ± 7.6 days vs. 35.7 ± 10 days, respectively; p = 0.82 and 0.72,
Figure 20c). Thus, we conclude that the effect of Tacrolimus enhancing the prolongation of
allograft survival caused by anti-CD154 + DST only occurs when Tacrolimus is introduced
after the transplantation.

The question arose whether Tacrolimus in higher doses would, in combination with the antiCD154 + DST protocol, lead to further prolonged allograft survival. Therefore, Tacrolimus
food at 75 mg/kg was given starting on d -7 or d +7, together with anti-CD154 + DST
treatment on the day of transplantation. As expected, the early induction of Tacrolimus at 75
mg/kg did not have an effect on graft survival prolongation caused by anti-CD154 + DST
treatment (MST anti-CD154 + TAC-75 on d-7 vs. anti-CD154 + DST: 25.8 ± 14.8 vs. 40 ± 6
days; p = 0.35, Figure 20d). When Tacrolimus at 75 mg/kg was administered starting one
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week after transplantation, allograft survival was significantly prolonged (MST anti-CD154 +
TAC-75 on d+7 vs. anti-CD154 + DST: 76.4 ± 3.7 vs. 40 ± 6 days; p < 0.001).
To summarise, Tacrolimus monotherapy combined with either anti-CD154 or anti-CD154 +
DST significantly prolongs allograft survival, when the drug is administered 7 days after
tolerance induction and transplantation. Graft survival is superior when regulation is induced
by the combination of anti-CD154 treatment with a DST.

4.6 Dose-dependent effect of Tacrolimus and two modes of action
The weak regulation-inducing protocol based on anti-CD154 injections and DST was
combined with subtherapeutic doses of Tacrolimus at 50, 75 and 100 mg/kg in the food, as
shown in Figure 21. Thus, the allograft survival prolongation caused by anti-CD154 + DST
treatment (MST 40 ± 6 days) was significantly increased in a dose-dependent effect to 64.5 ±
4.7 days with the 50 mg/kg treatment (p = 0.035) and to 76.4 ± 3.7 days with 75 mg/kg
Tacrolimus food (p < 0.001). When Tacrolimus was administered at 100 mg/kg food, the
mean survival time was 134 ± 5.5 days. At d150, the experiment was stopped with over 50%
of thus treated mice still had an intact allograft with no visible signs of rejection.
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Figure 21: Dose-dependency. Recipient mice were treated with anti-CD154 alone or in combination with DST;
this was combined with Tacrolimus therapy at doses of 50, 75 or 100 mg/kg food starting on d7. n = number of
animals per group. Kaplan-Meier-Survival plot. Statistical analysis: Log-rank test, multiple comparisons with
Holm-Sidak method

The data obtained with different doses of Tacrolimus is depicted in a dose-response plot in
Figure 22. Thus, the data is separated into four groups: 1) Tacrolimus monotherapy started
one week prior to transplantation, 2) on the day of transplantation, 3) one week after
transplantation and 4) Tacrolimus therapy in combination with tolerance induction by anti-
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CD154 + DST. When started on the day of transplantation or one week prior, Tacrolimus
monotherapy at 100 mg/kg leads to marginal prolongation of allograft survival, whereas
doses of 150 mg/kg significantly prolonged graft survival (Figure 17). Interestingly, when
Tacrolimus is administered on week post transplantation, synergism with the toleranceinducing therapy can be observed. More precisely, by combining low-doses of Tacrolimus
with the tolerance inducing therapy, the achieved graft survival was comparable to that
obtained with therapeutic doses (150 mg/kg) Tacrolimus.
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Figure 22: Synergism. Dose-response curves showing data obtained from mice treated with Tacrolimus in
doses of 25, 50, 75, 100 or 150 mg/kg food at indicated time points, with or without combination with anti-CD154
+ DST.

Tacrolimus in this model shows two modes of action: The allograft survival prolongation
effect of high doses of Tacrolimus at 150 mg/kg decreases drastically between the
introduction at one week prior to transplantation to introduction one week post transplantation
(Figure 23). In contrast to this, Tacrolimus at low doses in combination with tolerance
induction leads to graft survival prolongation when it is introduced at the time of
transplantation or up to 7 days later (MST induction on d0 vs. d+3 vs. d+7: 74.3 ± 2.7 vs.
75.9 ± 1.7 days vs. 76.4 ± 3.7 days, respectively; p = 0.8 and 0.09).
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Figure 23: Tacrolimus has two modes of action. Immunosuppressive effect of Tacrolimus (treatment with
Tacrolimus at 150 mg/kg food) and regulation supportive effect (treatment with anti-CD154 + DST and
Tacrolimus at 75 mg/kg food). n = min. 4 per data point. Statistical analysis: Log-rank test
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Taken together, when given at high doses and at early time points (preferably before
transplantation), Tacrolimus is a general immunosuppressive drug. Surprisingly, Tacrolimus
can also support regulation in this model, when it is given in low doses and at later time
points (at the time of transplantation or up to one week later).

4.7 Tacrolimus in low-doses relatively enhances suppression by
T regs
One possible explanation for enhanced regulation-dependent allograft survival under lowdose Tacrolimus treatment is that T regs are less susceptible to suppression by low-dose
Tacrolimus than effector T cells. This hypothesis was tested using in vitro suppression
assays, where CD4+CD25- effector T cells (Teff) were cultured alone or 1:1 with CD4+CD25+
regulatory T cells (T reg) in the absence or presence of Tacrolimus at low doses (0.25 – 2
ng/ml). Suppression of effector T cells by regulatory T cells was detected by measuring the
expression of the proinflammatory cytokine IFNγ by ELISA.

The addition of Tacrolimus alone led to dose-dependent suppression of the IFNγ expression
(Figure 24). Addition of Tacrolimus to cocultures of Teffs and T regs led to significantly
enhanced suppression of the IFNγ response compared to cocultured Teff and T reg without
Tacrolimus (% of suppression: 0 ng/ml Tacrolimus vs. 0.25 ng/ml Tacrolimus: 50.8% ± 17.7
vs. 85.5% ± 8.7, p = 0.0124). At doses of 0.5 ng/ml Tacrolimus, the suppression effect was
further increased (% of suppression: 0 ng/ml Tacrolimus vs. 0.5 ng/ml Tacrolimus: 50.8% ±
17.7 vs. 90.4% ± 4.5, p = 0.0049). When Tacrolimus doses were additionally increased, the
IFNγ expression in the Teff-T reg-cocultures in some experiments was even suppressed
towards the limit of detection.
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Figure 24: T reg Suppression assay. CD4 CD25 effector cells (Teff) were cultured either alone or in a 1:1
+
+
ratio with CD4 CD25 regulatory cells (T reg) under anti-CD3/anti-CD28 polyclonal stimulatory conditions and
Tacrolimus addition as indicated. After 48h, supernatants were harvested and IFNγ was measured by ELISA.
Mean and SD of 4 independent experiments are shown. The black and grey curve show the IFNγ production;
the red line indicates percentage of suppression. Statistical analysis: pairwise comparison with 0 ng/ml
Tacrolimus condition with Student’s T-Test (* p < 0.05, ** p < 0.01)

These in vitro data show that Tacrolimus in low doses suppresses the IFNγ expression of
effector T cells and disproportionately increases the suppressive effect of regulatory T cells
in cocultures. If the low doses of Tacrolimus used in the in vitro assay did reflect the in vivo
levels of Tacrolimus in the lymphoid tissue, the observed effect that low doses of Tacrolimus
enhance suppression by T regs could account for the enhanced survival prolongation effect
of subtherapeutic Tacrolimus observed in our in vivo model.
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To facilitate readability, the treatment with anti-CD154 + DST + Tacrolimus at 75 mg/kg
started on d+7 will be referred to as MD-75, where M stands for the anti-CD154 clone
MR-1 and D for DST.

4.8 Allograft acceptance vs. chronic rejection
The previous experiments in mice treated with anti-CD154 + DST and Tac-75 (MD-75)
indicated that regulation- and immunosuppression-dependent marginal states of allograft
acceptance exist. However, despite a long-term acceptance of allografts in MD-75 mice,
rejection eventually sets in at about 60 days (Figure 21). This late rejection raised the
question whether the grafts were lost due to delayed acute rejection or chronic rejection. The
features of acute and chronic rejection are not equal and can be distinguished by: 1) gross
pathology, 2) histopathology and 3) molecular markers as detailed in the introduction. Thus,
stable allografts from MD-75 mice at day 50 post transplantation were monitored for signs of
acute or chronic rejection. As comparison for acute rejection, B/6 mice were transplanted
with B/c allografts and received no further treatment. For chronic rejection control, a minor
antigen (H-Y) mismatch model was used: B/6 female mice received a graft from B/6 male
donors without additional treatment.

MD-75 allografts undergoing rejection resemble acutely rejecting allografts in their
macroscopic appearance (Figure 25). The sudden onset of acute rejection in B/c-to-B/6
transplant recipients without further treatment (acute rejectors) on day 7 (± 1d) is mostly
characterised by haemorrhagic, necrotic lesions in surrounding normal graft tissue with full
hair growth. These necrotic lesions spread over the graft tissue until the peak of rejection on
day 9 (± 1d), when the lesions often cover the complete graft tissue. In contrast to this, grafts
in the chronic rejection model were rejected with much slower kinetics. Slowly progressing
hair loss and scarring of the graft tissue were observed, whilst necrotic lesions did not occur.
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Figure 25: Macroscopic pathology of rejection. Both the onset (upper panel) and peak (lower panel) of
rejection are shown. Left: Rejection in a B/c-to-B/6 skin transplant model without treatment (acute rejection).
Middle: Rejection in MD-75 mice. Right: Rejection in minor-mismatch (male-to-female) model (chronic
rejection). Photos are representative.

Further, the grafts were examined microscopically. Analysis of H&E stained samples was
done with the help of a pathologist, PD Dr. med. P. Rümmele (University Hospital of
Regensburg). Acutely rejecting grafts were harvested when necrotic changes were
macroscopically manifest, but before haemorrhagic lesions covered the whole graft tissue. In
all samples, thickening of the skin in total and the epidermis in particular due to massive
infiltration of inflammatory cells (mostly plasma cells and lymphocytes) was obvious (Figure
26a). The skin structure was massively damaged with skin adnexal structures mostly
destroyed. Polynuclear giant cells were detected; the inflammatory cell infiltrate caused
apoptosis of keratinocytes, fibrinoid necrosis and partial epidermolysis.

Skin grafts from a minor antigen mismatch model (male-to-female) were harvested upon
detection of hair loss and scarring approximately one month post transplantation. These
grafts underwent chronic rejection as microscopically characterised by manifest sclerosis and
fibrosis (Figure 26b). The skin graft was thickened and the skin adnexal structures were
dissolving. A minor cell infiltrate was present in the epidermis, which overlaid a belt of
sclerosis. Underneath the sclerotic zone, an infiltration of inflammatory cells was present.
This stratification is pathognomic for chronic rejection.

Additionally, allografts from MD-75 mice on d50, when no signs of rejection were observed,
were compared to syngeneic grafts (B/c to B/c) on d150 (Figure 26c + d). The syngeneic
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grafts did not show any abnormalities except minimal infiltration of leukocytes in some
samples, without any signs of fibrosis or destructive changes. MD-75 allografts on d50
displayed intact skin adnexal structures (hair follicles, sebaceous glands) with an intact
epidermis. Neither apoptosis nor necrosis was found. Yet, infiltration of leukocytes occurred
and was mostly perivascular with single cells in the epidermis. This infiltrate was not
connected with destruction of tissue, but rather seemed non-aggressive. Minor fibrosis or
sclerosis were occasionally detected, but not in all samples. No stratification was detected,
contradicting chronic rejection.

To further address the initial question whether MD-75 mice undergo delayed acute or chronic
rejection, a typical MD-75 skin graft was harvested during rejection for histology, when
haemorrhagic spots were visible (Figure 26e). Microscopical analysis showed no fibrosis or
sclerosis, but inflammatory destruction of rete pegs and adnexal structures. In the epidermis,
inflammatory cells were detected, together with apoptosis and necrosis and beginning
detachment of the epidermis. Thus, the features of an acute rejection process are manifest
and the findings argue against chronic rejection taking place in MD-75 mice that reject after
long-term acceptance.
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Figure 26: Microscopic pathology of rejection. (a) Rejection in a B/c-to-B/6 skin transplant model without
treatment (acute rejection, d7). (b) Rejection in minor-missmatch (male-to-female) model (chronic rejection,
d31). (c) Syngeneic (B/c to B/c) (d150). (d) MD-75 graft (d50). (e) Rejection in a MD-75 mouse (d61).

The possibility of chronic rejection was additionally examined by molecular RT-PCR analysis.
TGFβ is a fibrogenic cytokine and its elevated expression has been described in chronically
rejecting skin grafts [231]. The expression of TGFβ in allogeneic grafts of MD-75 mice on d50
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without macroscopical signs of rejection was not significantly different from the expression in
syngeneic MD-75 grafts. Moreover, the expression in both the syn- and allograft was
significantly less than in chronic rejecting grafts (Figure 27: p = 0.016).
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Figure 27: TGFβ- RT-PCR in skin grafts. Syn- and allografts from MD-75 mice were pooled on d50 post
transplantation; skins from mice undergoing chronic rejection were pooled at the peak of rejection. RNA was
+
isolated from CD45.2 leukocytes and levels of TGFβ were determined. n = 4 (chronic) or 5 pools per group, (at
least 2 grafts / pool) . Scatter plots show the mean and standard deviation. Statistical analysis: Mann-WhitneyTest, two-tailed (*: p < 0.05 ns: p > 0.05).

To summarise, macroscopical, microscopical and molecular analyses indicate that rejection
that takes place in MD-75 mice after long-term acceptance of the allograft is consistent with
delayed acute rejection rather then chronic rejection.

4.9 Absence of donor-specific antibodies in MD-75 mice
In clinical studies, operationally tolerant patients that are drug-free and have stable allograft
function [209] have been reported as having no or only low amounts of donor-specific
antibodies (DSA) [129,210]. Presence of DSA in turn might be correlated with rejection [232].
The flow cytometry crossmatch (FCXM) has been first described in 1983 [220] and has been
used since then in clinics to measure anti-donor antibodies. A modification of a T cell FCXM
was developed to measure anti-donor-antibodies in mice. Briefly, serum from sensitised mice
(pooled) or mice treated with anti-CD154 + DST + 75 mg/kg Tacrolimus food (MD-75) was
incubated with donor and recipient splenocytes. After washing away excess sera,
fluorescence-labeled antibodies were used to capture target IgG and IgM antibodies bound
to the splenocyte cell surface. Thus, both donor-specific and self-specific antibodies can be
detected.

For the analysis, first a lymphocyte gate was set in the forward-scatter / sideward-scatter plot
(Figure 28, representative example). Using the fluorescence signal for the CD3 and the H2Kd
antigen, it was discriminated between B/c splenocytes (donor, H2Kd) or B/6 splenocytes (self,
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H2Kb). As shown in the histogram plot, IgG antibody from sensitised mouse serum has
bound to H2Kd positive B/c cells, thus indicating DSA. As expected, no IgG antibodies can be
detected in serum from naïve B/6 mice (NMS), neither with specific nor self-specific binding
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Figure 28: Crossmatch gating strategy. Gating strategy in one representative example is shown.

The serial two-fold dilution of the pooled sensitised mouse serum displays a dose-response
curve for donor-specific IgG (Figure 29) and very low median fluorescence signals (MFI) for
the H2Kb specific IgG response.
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Figure 30: Titration curve. Anti-H2-K IgG and anti-H2-K IgG response from serial two-fold dilution of serum
from a sensitised mouse pool. Data points expressed as mean of triplicate MFI is displayed with the standard
deviation. Curve analysis was done as a sigmoidal dose-response fit of data with 95% confidence intervall.

A limit of detection was defined as mean MFI of the NMS sera plus the threefold standard
deviation. Samples with a MFI below the limit of detection were considered as negative for
IgG antibody.
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To further characterise our model of weak regulation in combination with low-dose
Tacrolimus therapy, levels of DSA were determined in mice bearing the allogeneic transplant
for 50 days. Both the IgG response against donor and self of these mice lies beneath the
limit of detection (Figure 30a). Further, serum from mice with a syngeneic B/6 transplant and
treatment with anti-CD154 + DST + Tacrolimus at 75 mg/kg was analysed. The donorspecific IgG-response of both mice with allograft or syngraft was below the limit of detection
(Figure 30b).
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Figure 30: Analysis of donor-specific antibodies in transplanted mice. Limit of detection was defined as
d
mean MFI of the NMS sera + 3x SD. Mean and standard deviation are shown in the scatter plots. (c) Anti-H2-K
b
IgG and anti-H2-K IgG response from allografted mice treated with anti-CD154 + DST + Tac-75 (n = 20). (d)
d
Anti-H2-K IgG response of allografted (n = 5) or syngrafted (n = 4) mice treated with anti-CD154 + DST + Tac75.

The absence of DSA is evidence that the treated mice do not have donor reactivity. This
indicates that on d50 after transplantation, the mice are not undergoing acute rejection and
probably also not undergoing chronic rejection.

4.10 Genotypic characterisation of MD-75 mice with an allograft
4.10.1

Gene expression profile in skin grafts

In transplantation research, it is a focus to define biomarkers of tolerance, allowing
identification of patients that are tolerant, or in line with the findings of this work, in marginal
states of allograft acceptance. We have set up a panel of over 20 genes associated with
states of tolerance or rejection (Section 3.1.8.2). The skin allografts of MD-75 mice were
examined for the expression of these genes. Gene expression in MD-75 mice with a
syngraft, mice treated with triple costimulatory blockade, mice undergoing acute and mice
undergoing chronic rejection was measured as control.

Skin grafts from either syn- or allografted MD-75 mice or mice treated with triple
costimulatory blockade and 75 mg/kg Tacrolimus food were removed on d50 post
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transplantation. In addition, skin grafts from acutely rejecting (untreated after transplantation)
and chronically rejecting (male-to-female minor mismatch model) were removed on the peak
of rejection. qPCR analysis of whole graft tissue of single grafts was performed, examining
for the expression of the genes from our panel. However, only six genes of the panel
(pdcdlg1, tmem176b, gm1129, man1a, cxcl10 and hmox) were reliably detectable (Figure
31).
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Figure 31: Gene profile of the skin graft. Groups: syn: MD-75 mice with syngraft. Allo: MD-75 mice with
allograft. TT: mice treated with triple costimulatory blockade and 75 mg/kg Tacrolimus food. AR: Transplanted
mice, untreated, acute rejection. CR: male-to-female minor mismatch transplantation, chronic rejection. qPCR
analysis of whole single grafts on d50 (syn, allo, TT) or on the day of rejection (AR, CR). n = 4-6 per group.
Scatter plots show mean with SD. Statistical analysis: pair-wise group comparison (Allo vs. Others) with MannWhitney-Test and Holm-Bonferroni correction for multiple analysis.
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gm1129, the tolerance-associated gene (TOAG-1), which encodes TCAIM (Figure 31a),
which has been described as highly expressed during graft acceptance in mice heart and rat
kidney transplant models, was not significantly different expressed in grafts of allografted
MD-75 mice [233].

Together with TOAG, also alpha-1, 2-mannosidase (man1a 1) was described in these
models by the same group as being upregulated during induction therapy and graft
acceptance and downregulated in the case of rejection. The expression of man1a 1 showed
no significant differences in MD75 mice with an allograft compared to the control groups
(Figure 31b).

In human transplant studies, high intragraft expression of chemokine CXCL10 (IP-10) has
been reported in conjunction with both acute and chronic rejection [234,235]. The cxcl10expression in MD-75 allografted mice was significantly higher than the expression in MD-75
mice with a syngraft (p = 0.0043, Figure 31c), but not significantly different to the three other
control groups.

Heme-oxygenase 1 (hmox) is an enzyme, whose expression has been discussed
controversially in the context of allograft acceptance and rejection [236]. In a mouse heart
transplantation model using CD154 + DST to induce tolerance, intragraft expression of hmox
was reported to have a protective effect, in other, rodent and human, models, hmox
espression was upregulated during rejection [236,237]. In comparison to acutely rejecting
allografts, hmox-expression was significantly reduced in MD-75 allografted mice (p =
0.0079), which in addition did not show significantly altered hmox expression compared to
syngrafted MD-75 mice, triple costimulatory blockade treated mice or mice undergoing
chronic rejection (Figure 31d).

Overexpression of tmem176b (tolerance-related and induced transcript, TORID) in the graft
was first reported in a rat cardiac transplantation model [238]. Whilst the expression of
tmem176b in MD-75 mice with an allograft was not significantly different from syngrafted MD75 mice, triple costimulatory blockade treated mice or mice undergoing chronic rejection, it
was significantly decreased in comparison to acutely rejecting allografts (p = 0.0087; Figure
31e).

The last gene that came up in the qPCR analysis of whole skin grafts was pdcdlg1 (PD-L1).
As already mentioned, PD-L1 has a role in the regulation and inhibition of the T cell
response. Interestingly, the expression of pdcdlg1 is significantly upregulated in MD-75 mice
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with an allograft compared to MD-75 mice with a syngraft (p = 0.0043). The upregulation in
comparison the mice treated with triple costimulatory blockade is not significant; the
expression in chronically rejecting grafts is comparable. Expression of pdcdlg1 is higher in
mice undergoing acute rejection, yet, this is not significantly different from MD-75 mice with
an allograft (Figure 31f).

To summarise, none of the previously reported tolerance markers TOAG/TCAIM, TORID,
alpha-1, 2-mannosidase or heme-oxygenase 1 was found to distinguish MD-75 mice with an
allograft from neither MD-75 mice with a syngraft nor mice treated with triple costimulatory
blockade. Yet, allografted MD-75 mice do express more CXCL-10, a chemoattractant for
lymphocytes, and the inhibitory receptor ligand PD-L1. In conclusion, qPCR analysis of skin
grafts of allograftes MD-75 mice shows a mixed picture. The expression of tolerance-related
markers can be detected as well as markers for rejection, which is consisted with our
hypothesis of marginal states and the balance between regulatory and effector responses.

4.10.2

Gene expression profile in draining LN

In order to obtain a more detailed gene expression profile of allograft acceptance in our
model, the dLN were analysed for the expression of genes from our panel. Indeed, 22 of
these genes associated with tolerance and rejection were reliably quantified by qPCR. In
total, dLNs from 10 mice undergoing acute rejection, 10 mice undergoing chronic rejection, 5
mice treated with triple costimulatory blockade and 75mg/kg Tacrolimus were analysed
together with dLNs from 6 syngrafted MD-75 mice and 13 allografted MD-75 mice (Figure
32). The data obtained from the qPCR is depicted as an unsupervised, hierachical cluster
analysis. The acutely rejecting mice cluster all together, showing a consistent gene
expression in the group. However, this is not the case for the other treatment groups. In
general, single syngrafted MD-75 mice cluster next to single or grouped allografted MD-75
mice. Chronically rejecting mice cluster partly together or with triple costimulatory treated
mice. The gene profile of the dLN of allografted MD-75 mice is heterogenous within the
group. Half of the mice in this group cluster directly together, while the other MD-75 mice are
spread and found together with syngrafted MD-75 mice, triple costimulatory treated mice and
some chronically rejecting mice.
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Figure 32: Gene profile of the dLN. syn: MD-75 mice with syngraft. Allo: MD-75 mice with allograft. TT: mice
treated with triple costimulatory blockade and 75 mg/kg Tacrolimus food. AR: Transplanted mice, untreated,
acute rejection. CR: male-to-female minor mismatch transplantation, chronic rejection. qPCR analysis of whole
dLN (axilliary, inguinal) of single mice on d50 (syn, allo, TT) or on the day of rejection (AR, CR). Green shading
indicates lower expression of a certain gene in comparison to the median of all samples, whereas red shading
indicates higher expression. Grey boxes indicate missing data points.

In conclusion, a genetic profile unique to allografted MD-75 mice in the dLN could not be
determined. This was also the case for syngrafted MD-75 mice, triple costimulatory treated
mice and mice undergoing chronic rejection. Thus, the expression of the selected genes
associated with states of tolerance or rejection in dLN cannot be used as a biomarker to
determine the state of allograft acceptance in MD-75 mice.

4.11 A model of marginal states of allograft acceptance
So far, it could be shown that the addition of a low-dose Tacrolimus monotherapy to a weak
regulation-inducing protocol synergistically prolongs allograft survival in allogeneic murine
skin transplantation. It remains to be tested whether this experimental model is indeed
reflecting marginal states of allograft acceptance, wherein neither the effector nor the
regulatory response predominates. In these marginal states, a disturbance of either the
regulation or the immunosuppression should tip the balance and lead to rejection of the graft.
Thus, the same must apply for the experimental model of low-dose Tacrolimus and antiCD154 + DST. The balance in marginal states should be disturbed by 1) withdrawing
immunosuppression, 2) enhancing the effector response or 3) disrupting the regulatory
response. Therefore, this was tested in the experimental model.
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4.11.1

Withdrawal of Immunosuppression leads to allograft rejection

Unless stated otherwise, the experiments described below were in general performed with
allografted mice treated with Tacrolimus food at 75 mg/kg (Tac-75) and anti-CD154 + DST,
since the allograft survival was over 90% (i.e. 91.4%) on d50 post transplantation (i.e. d50).

Withdrawal of the immunosuppressive treatment was done first to determine the effect on
allograft survival. Tacrolimus food was switched to normal diet on d50, this led to significantly
accelerated rejection of the allograft than in the control group, where Tacrolimus food was
continued (Figure 33: MST withdrawal vs. continuation: 61.4 ± 1.5 vs. 74.8 ± 4.9 days, p =
0.007).
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Figure 33: Withdrawal of immunosuppression. On d50 post transplantation, Tacrolimus diet was continued
or withdrawn in MD-75 mice. n = number of animals per group. Kaplan-Meier-Survival plot. Statistical analysis:
Log-rank test

4.11.2

Enhancing the effector response leads to allograft rejection

To enhance the effector response, MD-75 mice were treated on d50 with 10 x 106 CD4+ and
CD8+T cells from sensitised B/6 mice that had previously rejected two B/c allografts under
Tac-75. Control mice received PBS only. Importantly, no other treatment modification was
done, i.e. Tacrolimus food was continued. The injection of effector T cells precipitated earlier
rejection of the allograft in comparison to the control group (Figure 34: MST effector cell
transfer vs. no transfer: 62.4 ± 2 vs. 76.8 ± 3.8 days, p = 0.007).
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Figure 34: Effector cell transfer. On d50 post transplantation, MD-75 mice received i.v. 10 x 10 T cells from
sensitised mice or PBS only . n = number of animals per group. Kaplan-Meier-Survival plot. Statistical analysis:
Log-rank test
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The effector T cell transfer might be seen as a non-physiological challenge, so a second
method to enhance the effector response was tested: A second skin transplant was applied
to recipients on d50, which received either a skin graft from original donor (B/c) or from third
party strain (C3H) (Figure 35). Mice that were challenged with a C3H graft rejected the
original first graft (that is B/c origin) with similar kinetics than the MD-75 group that had not
received any further treatment (MST challenge C3H vs. MD-75: 79.4 ± 4.4 vs. 82 ± 2.1 days,
p = 0.81). However, mice that were challenged with a B/c graft rejected the first, original B/c
graft significantly earlier than the MD-75 control group (MST challenge B/c vs. MD-75: 70.7 ±
1.8 vs. 82 ± 2.1 days, p = 0.0014).
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Figure 35: In vivo effector cell transfer. On d50 post transplantation, MD-75 mice received a second
transplant that was either B/c (donor) or C3H (third party). Allograft survival of the first allograft (B/c) in both
groups is shown together with allograft survival of MD-75 mice that received no further treatment (historical
control group). n = number of animals per group. Kaplan-Meier-Survival plot. Statistical analysis: Log-rank test,
multiple comparisons with Holm-Sidak method

In addition, mice that were treated with anti-CD154 + DST + Tacrolimus food at 100 mg/kg
(in the following: MD-100) received i.v. injections of 10 x 106 effector T cells on d50. At this
time point, graft survival was 100%. Treatment with effector cells precipitated premature graft
rejection also in the MD-100 group compared to the untreated MD-100 group (Figure 36:
MST effector cell transfer vs. no transfer: 78.3 ± 6.5 vs. 134.1 ± 5.5 days, p < 0.001).
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Figure 36: Effector cell transfer. On d50 post transplantation, MD-100 mice received i.v. 10 x 10 T cells from
the sensitised mice. As control group, allograft survival of MD-100 mice without further treatment is shown
(historical control group). n = number of animals per group. Kaplan-Meier-Survival plot. Statistical analysis: Logrank test
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Taken together, these experiments show that enhancing the donor-specific effector response
led to disturbance of marginal states and thus rejection of the allograft.

4.11.3

Disrupting regulation leads to allograft rejection

It follows from the above stated hypothesis that rejection caused by a disrupted regulatory
response is another proof for having established an experimental model of marginal states.
Therefore, MD-75 mice were treated on d50 post transplantation with antibodies against
molecules that play a role in regulation in transplantation.

Treatment with anti-PD-L1 antibody caused early rejection of the allograft compared to
treatment with the isotype control antibody (Figure 37: MST aPD-L1 vs. Isotype: 65.9 ± 2.6
vs. 76.4 ± 4.4 days, p = 0.045).
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Figure 37: Anti-PD-L1 antibody Starting on d50 post transplantation MD-75 mice received 8 injections of antiPD-L1 antibody or isotype control. n = number of animals per group. Kaplan-Meier-Survival plot. Statistical
analysis: Log-rank test

Further, treatment with anti-GITR antibody led to significantly earlier rejection compared to
the corresponding isotype control group (Figure 38: MST aGITR vs. Isotype: 69 ± 5.6 vs.
89.3 ± 6.6 days, p = 0.019).
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Figure 38: Anti-GITR antibody. Starting on d50 post transplantation MD-75 mice received 4 injections of antiGITR antibody or isotype control. n = number of animals per group. Kaplan-Meier-Survival plot. Statistical
analysis: Log-rank test
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The importance of PD-L1 and GITR in the allograft acceptance in this model implies the
involvement of regulatory T cells. T regs are defined as CD4+CD25+FoxP3+ T cells and in
mice, CD25 is a useful cell surface marker for T regs [109,239]. Therefore, it was planned to
deplete T regs by an anti-CD25 antibody. This was done initially in wildtype C57BL/6 mice by
administration of the depleting CD25 clone PC61 [240]. Flow cytometric analyses of spleen,
LNs and peripheral blood showed significant reduction in relative numbers of FoxP3+ T cells
of 44.6%, 49.1% and 55.5%, respectively (Figure 39).
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Figure 39: Depletion with anti-CD25. C57BL/6 mice were treated with 4 injections of anti-CD25 antibody
+
(clone PC 61), isotype control or left untreated (animals per group: n = 6). Mean percentage of FoxP3 cells and
standard deviation are shown. Statistical analysis: unpaired t-test, two-tailed (***: p < 0.0005, ns: p > 0.05).

When MD-75 mice were treated with the depleting anti-CD25 antibody, no effect on the
allograft survival could be observed (Figure 40: MST anti-CD25 vs. Isotype: 92.5 ± 4.2 vs.
93.5 ± 8.5 days, p = 0.41). Thus, it was concluded that not only CD4+CD25+ T regs were
depleted, but also CD25+ activated effector T cells.
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Figure 40: Anti-CD25 antibody. Starting on d50 post transplantation MD-75 mice received 4 injections of antiCD25 antibody (clone PC61) or isotype control. n = number of animals per group. Kaplan-Meier-Survival plot.
Statistical analysis: Log-rank test

A second approach to determine whether FoxP3+ regulatory T cells are responsible for the
regulation of the anti-donor response and thus allograft acceptance, was to use a genetically
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modified mouse strain that allowed depletion of FoxP3+ cells. Briefly, these mice were
generated by Rudensky’s group on a C57BL/6 background and carry the human diphtheria
toxin receptor (DTR) fused to green fluorescent protein (GFP) sequences under the control
of the FoxP3 promoter [241]. Thus, FoxP3+ T reg (not FoxP3- T cells) express both GFP and
the DTR. By administration of diphtheria toxin (DTx) to these Foxp3-GFP-DTR mice, a
transient and very specific depletion of FoxP3+ T reg can be achieved [241].

Foxp3-GFP-DTR mice were treated with anti-CD154 + DST and Tacrolimus food at 75 mg/kg
to induce allograft acceptance. The allograft survival was significantly different in these mice
compared to wildtype C57BL/6 mice that were treated with anti-CD154 + DST and
Tacrolimus food at 75 mg/kg at the same time as control group (Figure 41: MST Foxp3-GFPDTR vs. wildtype mice: 37.1 ± 10.8 vs. 75.5 ± 8.3 days, p = 0.027). These Foxp3-GFP-DTR
mice had not received any DTx to deplete the FoxP3+ T reg.
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Figure 41: Treatment with anti-CD154 + DST + Tac-75 in FoxP3-GFP-DTR mice. Together with wildtype B/6
mice, FoxP3-GFP-DTR mice received a B/c transplant and were treated with anti-CD154 + DST + Tac-75 to
induce allograft acceptance. No further treatment was done. n = number of animals per group. Kaplan-MeierSurvival plot. Statistical analysis: Log-rank test

This difference was an unexpected result since to our knowledge, no pathophysiological
difference in these mice in any experiments has been observed. Measurement of Tacrolimus
levels in the blood of non-transplanted Foxp3-GFP-DTR mice did not show different levels as
would be expected in mice treated with 75 mg/kg Tacrolimus food (mean Tacrolimus level
over 3 weeks after introduction: Foxp3-GFP-DTR vs. C57BL/6 sentinel mice: 2.2 µg/l ± 0.5
vs. 2.6 µg/l ± 0.5, p = 0.38). Thus, it was planned to induce allograft acceptance in our model
by increasing the low-dose Tacrolimus in the Foxp3-GFP-DTR mice. Hence, they received
anti-CD154 + DST and Tacrolimus in doses of 100 mg/kg. On d50 after transplantation, mice
with an intact allograft (over 90%) were treated with i.p. injection of 25 ng/g bodyweight DTx
or PBS as control. Injection of DTx did precipitate early rejection of the allograft in Foxp3GFP-DTR mice in comparison with PBS-treated Foxp3-GFP-DTR mice (Figure 42: MST DTx
injection vs. PBS injection: 58.8 ± 0.9 vs. 111 ± 4.7 days, p < 0.001).
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Figure 42: Treatment with anti-CD154 + DST + Tac-100 in FoxP3-GFP-DTR mice. FoxP3-GFP-DTR mice
received a B/c transplant and were treated with anti-CD154 + DST + Tac-100 to induce allograft acceptance. On
d50 post transplantation, mice randomisedly received i.p. injections of Diphtheria Toxin or PBS as control. n =
number of animals per group. Kaplan-Meier-Survival plot. Statistical analysis: Log-rank test, multiple
comparisons with Holm-Sidak method

In contrast, in wildtype C57BL76 mice treated with anti-CD154 + DST + Tac-100, the
injection of 25 ng/g bodyweight DTx did not precipitate rejection (data not shown). The
allograft survival in Foxp3-GFP-DTR mice treated with PBS was not significantly different
from wildtype C57BL76 mice treated with anti-CD154 + DST + Tac-100. Therefore, it was
shown that the specific depletion of T regs led to disruption of regulation in marginal states
and thus allograft rejection.

To further examine the importance of regulatory T cells in this model of allograft acceptance,
their suppressive mechanisms were targeted. Injections with anti-IL10R antibody did not
have an effect on allograft survival with reference to the isotype control treatment (Figure 43:
MST aIL-10R vs. Isotype: 77.1 ± 2.4 vs. 78.8 ± 5.4 days, p = 0.6).
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Figure 43: Anti-IL10R antibody. Starting on d50 post transplantation MD-75 mice received 4 injections of antiIL10R antibody or isotype control. n = number of animals per group. Kaplan-Meier-Survival plot. Statistical
analysis: Log-rank test
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In contrast to this, injections of anti-TGFβ antibody, provoked rejection at significantly earlier
time points than the Isotype control (Figure 44: MST aTGFβ vs. Isotype: 69 ± 1.4 vs. 81 ± 2.2
days, p = 0.002).
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Figure 44: Anti-TGFβ antibody. Starting on d50 post transplantation MD-75 mice received 4 injections of antiTGFβ antibody or isotype control. n = number of animals per group. Kaplan-Meier-Survival plot. Statistical
analysis: Log-rank test

Therefore, regulation in marginal states of allograft acceptance in MD-75 mice is dependent
on peripheral T reg producing TGFβ rather then on IL-10 producing natural T reg.

Taken together, the disruption of regulation in the experimental model by disturbing PD-L1,
GITR and TGFβ pathways and by depleting FoxP3+ T regs leads to rejection of the allograft.
It was therefore demonstrated that in the model of low dose Tacrolimus in combination with
weak regulation induction, allograft acceptance can be broken. This was done by 1)
withdrawal of immunosuppression, 2) enhancing the effector response or 3) disrupting the
regulatory response. Thus, we are convinced that we have established an experimental
model of marginal states of allograft acceptance.

4.12 Location of regulatory and effector cell populations
4.12.1

Regulators and effectors in spleen and dLN

If our hypothesis is correct and there is a balance between regulatory and effector cells, then
it should be possible to detect both regulatory and effector cells at the same anatomical sites.
In MD-75 mice, the spleen was surgically removed 50 days post transplantation. Allograft
survival in these animals was not affected significantly when compared to allograft survival of
otherwise untreated MD-75 mice (Figure 45a: MST splenectomy d50 vs. MD-75: 77.3 ± 2.4
vs. 81.9 ± 2.1 days, p = 0.16). This raised the question whether spleen was even necessary
for the induction of allograft acceptance in mice treated with low-dose Tacrolimus and antiCD154 + DST induction. Thus, splenectomy was performed in C57BL/6 mice at d -7 pretransplant, then these mice and naïve control mice were treated with anti-CD154 + DST and
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Tacrolimus at 75 mg/kg. No significant difference was observed between the splenectomised
and untreated groups (Figure 45b: MST splenectomy d-7 vs. MD-75: 68.6 ± 15.4 vs. 53 ±
13.2 days, p = 0.44). Hence, the spleen is dispensible for marginal states of skin allograft
acceptance.
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Figure 45: Splenectomy. (a) On d50 post transplantation MD-75 mice underwent splenectomy. As control
group, allograft survival of MD-75 mice without further treatment is shown (historical control group). (b) Mice
underwent splenectomy 7 days prior to transplantation and treatment with anti-CD154 + DST + Tac-75. Allograft
acceptance was induced in non-surgically altered mice as control. n = number of animals per group. KaplanMeier-Survival plot. Statistical analysis: Log-rank test

The surprising result that the spleen was not necessary for the induction or the maintenance
of allograft acceptance in the experimental model was further explored at a cellular and
molecular level. Mice were treated with anti-CD154 + DST + Tac-75 and received either a
C57BL/6 syngraft or a BALB/c allograft. On d50 post transplantation, leukocyte populations
from spleen were analysed by flow cytometry. A panel of antibody-combinations was
developed to analyse different leukocyte populations. Analyses of B cells, NK cells, DCs,
MDSCs and macrophages did not display any significant differences between mice with a
syngraft or mice with an allograft (Figure 46, gating strategy see Appendix).
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Figure 46: Panel analysis of spleen. Spleens from MD-75 mice with a syn- or an allograft were analysed on
d50 post transplantation. Column plots show the mean and standard deviation. n = 9 per group. Statistical
analysis: Mann-Whitney-Test, two-tailed.

The frequency of the CD8+ population was decreased in allografted mice, but not significantly
(Figure 47a 35.1% ± 1.2 vs. 38.2% ± 3.6, p = 0.07). The percentage of CD4+ amongst CD3+
T cells was significantly higher in spleens of mice bearing an allograft (55% ± 1.3 vs. 51.4% ±
4.3, p = 0.014). This finding indicates a possible shift in the effector or regulatory cell
populations. Hence, subpopulations of CD4+ T cells were analysed. No significant changes
were detected in either central or effector memory T cells; nor in the percentage of naïve or
mature T cells (data not shown). Further, no significant difference in the frequency of CD25+
FoxP3+ regulatory T cells or CD25+ FoxP3- T cells was observed (Figure 47b: 1.4% ± 0.8 vs.
1.2% ± 0.8, p = 0.6 and 4% ± 2.9 vs. 3.6% ± 1.7, p = 0.73, respectively).
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Figure 47: Analysis of spleen Spleens from MD-75 mice with a syn- or an allograft were analysed on d50 post
transplantation. (a+b) n = 9 per group. (c) n = 6 (syngraft) or 8 (allograft). Scatter plots show the mean and
standard deviation. Statistical analysis: Mann-Whitney-Test, two-tailed (*: p < 0.05, ns: p > 0.05).
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In concordance with the FACS data, quantitative RT-PCR analysis of relative foxp3 mRNA
expression did not reveal any differences between mice with a syngraft and those with an
allograft (Figure 47c: p = 0.49). In summary, no striking differences in the percentage of
regulatory and effector cell populations were found in the spleens of mice with a syngraft and
mice with an allograft. It was shown that the spleen is not necessary for the induction of
allograft acceptance in our model and is even dispensable in the maintenance of allograft
acceptance.

Therefore, the graft draining LN (inguinal and axilliary) were examined by FACS, focussing
on the T cell populations. The frequencies of both CD4+ and CD8+ amongst the CD3+
population were not different in mice with an allograft in comparison to mice with a syngraft
(Figure 48a). Allografted mice seem to have slightly, yet not significantly, elevated
percentages of CD25+ FoxP3+ cells in the draining LN (allo vs. syn: 7.6% ± 0.9 vs. 6.8% ±
0.8, p = 0.12; Figure 48b). The percentages of the CD25+ FoxP3- cells were similar in both
groups (Figure 48b: p = 0.69). Further, relative expression of foxp3 mRNA in whole dLN was
comparable between mice with a syngraft and mice with an allograft (Figure 48c: p = 0.59).
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Figure 48: Analysis of dLNs Draining LNs from MD-75 mice with a syn- or an allograft were analysed on d50
post transplantation. (a+b) n = 7 (syngraft) or 8 (allograft). (c) n = 13 (syngraft) or 20 (allograft). Scatter plots
show the mean and standard deviation. Statistical analysis: Mann-Whitney-Test, two-tailed (ns: p > 0.05).

Animal experiments, as first done in Waldmann’s group [211], demonstrated that tolerance in
transplantation is “infectious” and can be transferred by cell transfer. Thus, a cell transfer
experiment was performed. Since cells from the spleen were not necessary for the
maintenance of allograft acceptance in MD-75 mice, 1x106 total CD4+ and CD8+ T cells from
the draining LNs of MD-75 mice were transferred on d50 into Rag 1-/- mice, which in general
lack mature T and B lymphocytes [242]. Fourteen days after the cell transfer, mice
underwent transplantation of both a B/c and a C3H skin allograft. The T cells originating from
MD-75 mice will recognise B/c antigen as donor antigen and C3H antigen as third party
antigen. As shown in Figure 49a, reconstituted Rag 1-/- mice rejected C3H grafts significantly
earlier than the B/c grafts (MST C3H vs. B/c: 13 ± 0.4 vs. 19.5 ± 1.1 days, p < 0.001). This
experiment was also done with T cells from dLN of MD-100 mice and again, the C3H grafts
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were rejected significantly earlier than the B/c grafts (Figure 49b: MST C3H vs. B/c: 15.5 ±
1.9 vs. 47.8 ± 10 days, p < 0.001).
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Figure 49: T cell transfer from dLNs. (a) On d50 post transplantation, 10 Rag1 mice received i.v. 1 x 10 T
-/cells from MD-75 mice with an intact allograft on d50. (b) On d50 post transplantation, 8 Rag1 mice received
6
-/i.v. 1 x 10 T cells from MD-100 mice with an intact allograft on d50. 14 days later, Rag1 mice received both a
B/c (donor) or C3H (third party) transplant. n = number of grafts per group. Kaplan-Meier-Survival plot.
Statistical analysis: Log-rank test

Thus, it seems that the allograft acceptance generated in our model can be transferred and
the donor-specific regulatory cells are at least in part located in the dLN. As control, Rag 1-/mice were reconstituted with T cells from the dLN from mice treated with either 75 mg/kg or
100 mg/kg Tacrolimus for 50 days and received B/c and C3H transplants 14 days later.
These experiments were still ongoing by the time of submission of this thesis. Therefore, the
results obtained and described above have to be interpreted carefully and it must be
conceded that they can give only indices, not proof.

4.12.2

Regulators and effectors are also located in the graft

After examination of spleen and dLN, another possible location of regulatory and effector cell
populations was analysed, namely the skin graft itself. Indeed, an experiment previously
done to generate an in vivo effector response (Figure 35) offered more read-out information.
As already described, MD-75 mice received a second transplant (“challenge”) on d50 that
was either a B/c or a C3H allograft. Figure 50 depicts allograft survival of both the first
allograft, which is B/c in both groups, and of the second allograft, which is either B/c or C3H.
The second allografts were rejected with similar kinetics, regardless whether they were donor
(B/c) or third party (C3H) origin (MST second graft: B/c vs. C3H: 10.9 ± 1.6 vs. 13.3 ± 1.7
days, p = 0.45). As shown before, application of a second graft from donor precipitates
rejection of the first graft (Figure 35). Interestingly, despite rejection of a second B/c graft
located next to the first B/c graft (Figure 50), the latter was rejected significantly later (MST
days post-transplantation: first B/c graft vs. B/c challenge graft: 10.9 ± 1.6 vs. 20.7 ± 1.8
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days, p = 0.003, Figure 51). This hints at the presence of regulatory cells in the first allograft
that suppressed the donor-specific effector cell enough to delay rejection.
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Figure 50: Challenge. On d50 post transplantation, MD-75 mice received a second transplant that was either
B/c (donor) or C3H (third party). Allograft survival of first allograft (B/c) in both groups is compared with allograft
survival of the second graft (B/c or C3H).
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Figure 51: Challenge graph. On d50 post transplantation, MD-75 mice received a second transplant that was
either B/c (donor) or C3H (third party). Allograft survival of first allograft (B/c) in both groups is compared with
allograft survival of the second graft (B/c or C3H). n = number of animals per group. Kaplan-Meier-Survival plot.
Statistical analysis: Log-rank test, multiple comparisons with Holm-Sidak method

To further examine regulatory and effector cells in the B/c grafts of B/6 mice treated with antiCD154 + DST + Tac-75, grafts were explanted on d50 and retransplanted onto Rag1-/- mice.
After 14d, leukocytes from dLNs of these Rag1-/- mice were analysed by flow cytometry
(Figure 52). Both CD25+ FoxP3+ and CD25+ FoxP3- CD4+ T cells were detected. Since Rag
1-/- mice lack T cells, these cells must have come out of the graft and originate from the B/6
recipient.
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Figure 52: Effector and regulatory T cells transferred with graft. On d50 post transplantation, allografts
-/-/from MD-75 mice were retransplanted onto Rag1 mice. 14 days later, dLNs from the Rag1 mice were
analysed by flow cytometry. n = 5. Flow cytometry-plots from one representative sample is shown. Gates and
arrows indicate the gating strategy; numbers in the plots indicate percentages of the parent population. The
+
+
+
scatter plot shows percentages of FoxP3 CD25 FoxP3 CD25 of all five mice and the mean and SD.

In a transfer experiment depicted in Figure 53, grafts from MD-75 mice were retransplanted
onto Rag1-/- mice. In addition, the recipients also received a second transplant from a naïve
B/c donor on the same day.

1st STx: B/c graft
anti-CD154 +
DST + TAC-75

d0

Rag mice
retransplant

d50
Re-STx

B/c to B/6
B/c from B/6

Rag1-/- STx

Naive B/c

Figure 53: Experimental design retransplantation. On d50 post transplantation, allografts from MD-75 mice
-/-/were retransplanted onto Rag1 mice. Additionally, these Rag1 mice received a skin graft from a naïve B/c
donor.

It was planned to reconstitute the Rag1-/- mice 14 days later with T cells from a B/6 wildtype
animal and to assess graft survival in order to test the hypothesis that the regulatory cells in
the graft from a MD-75 mouse will prevent rejection from occurring as early as in naïve B/c
graft. Surprisingly, before the reconstitution could be done, the Rag 1-/- mice rejected the
graft from a MD-75 mouse, and also the graft from a naïve B/c donor. Three “naïve” grafts
showing signs of rejection (haemorrhagic spots, hardening) were analysed by flow cytometry
(Figure 54). In these B/c grafts, the majority of leukocytes (CD45.2) detected was negative
for H2-Kd (BALB/c MHC I) and positive for H2-Kb (C57BL/6 MHC I). This population
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contained CD4+ T cells. The existence of H2-Kb positive cells in the “naïve” grafts of B/c
origin can be only explained by migration.
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Figure 54: FACS analysis Rag1 with double transplants. One representative Flow cytometry plot shows
the presence of T cells in the “naïve” graft undergoing rejection after the retransplanted graft had already been
rejected. T cell were found in all 3 analysed grafts.

Taken together, these data indicate that effector cells from the C57BL/6 mouse receiving a
B/c graft under anti-CD154 + DST + Tac-75 must have migrated into the graft (the “MD-75
graft”). Once the “MD-75 graft” was retransplanted onto a Rag1-/- mice together with a “naïve”
B/c graft, these cells must have migrated to the “naïve” graft and then, they re-entered the
“MD-75 graft” to cause allograft rejection.

To avoid the rejection of the allografts as observed above, another transfer experiment was
designed as follows: One group of Rag1-/- mice received a retransplanted 50d - graft from a
MD-75 mouse, whereas a second group of Rag1-/- mice received a “naïve” B/c graft from
untreated donors (Figure 55).
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Figure 55: Experimental design retransplantation and reconstitution. On d50 post transplantation,
-/-/allografts from MD-75 mice were retransplanted onto Rag1 mice. A second group of Rag1 mice received a
6
skin graft from a naïve B/c donor. After 14 days, recipients were reconstituted with 1x10 T cells from untreated
B/6 wildtype mice.

After 14 days, the recipients were reconstituted with 1x106 T cells from untreated B/6
wildtype mice. This precipitated allograft rejection in recipients with a “MD-75 graft” and in
recipients with a “naïve” graft with similar kinetics (MST graft “MD-75” vs. “naïve”: 14.4 ± 1.5
vs. 11.7 ± 1 days, p = 0.23; Figure 56). These results show that the regulation in the “MD-75
graft” alone is not strong enough to keep the balance and prevent rejection in the new
setting, the Rag1-/- mouse.
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Figure 56: Transfer of regulation by retransplantation of the skin graft. On d50 post transplantation,
-/-/allografts from MD-75 mice were retransplanted onto Rag1 mice. A second group of Rag1 mice received a
6
skin graft from a naïve B/c donor. After 14 days, recipients were reconstituted with 1x10 T cells from untreated
B/6 wildtype mice. n = number of animals per group. Kaplan-Meier-Survival plot. Statistical analysis: Log-rank
test

Further, the presence of regulatory T cells was examined on the molecular level by qPCR
analysis of foxp3 mRNA in the skin graft. For this, skin grafts of MD-75 mice were pooled (at
least 3 grafts / group) and CD45.2+ leukocytes were sorted. The control groups were mice
that received a syngraft and the same treatment with anti-CD154 + DST + Tac-75. The foxp3
expression in all samples from mice with a syngraft is given as the fold expression of the
maximum dilution of the reference allograft pool that could be detected using the
manufacturer’s instructions for the foxp3 primer. This was necessary, since the signal for
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foxp3 came up only at 35 cycles or not at all, with no congruent results in the triplicate
measurements. In contrast to this, expression of foxp3 mRNA could be detected reliably in all
pooled samples from mice with an allograft (mean relative expression in syngrafted mice vs.

Relative foxp3 mRNA
expression in the graft

allografted mice: 0.12 ± 0 vs. 1.6 ± 0.5, p = 0.002, Figure 57).
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Figure 57: FoxP3- RT-PCR in skin grafts. Syn- and allografts from MD-75 mice were pooled on d50 post
+
transplantation. RNA was isolated from CD45.2 leukocytes and levels of FoxP3 were determined. n = 5 pools
per group, (at least 3 grafts / pool) . Scatter plots show the mean and standard deviation, FoxP3 expression in
syngraft-pools was set according to the detection limit. Statistical analysis: One-sample T-Test, two-tailed (***: p
< 0.005).

In addition, it was possible to detect FoxP3+ cells in allografts of MD-75 on d50 or at the time
point of rejection by immunohistochemical staining with anti-FoxP3 antibody (Figure 58).
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Figure 58: Immunohistochemical FoxP3 staining. FoxP3 cells were detected in skin sections of mice with a
MD-75 allograft on d50 or a MD-75 allograft undergoing rejection od d61.

In summary, graft transfer experiments indicated the presence of both regulatory and effector
T cell populations in the grafts of MD-75 mice. This was further confirmed by cellular and
molecular analyses of FoxP3, indicating the presence of regulatory T cells. In addition, the
presence of effector cell populations was indicated by transfer experiments fortified by flow
cytometry data. These results fit the expectation that a balanced mixture of effector and
regulatory cells in our model should be detectable at the same sites.
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4.12.3

Analysis of myeloid cells in the graft

The skin grafts of MD-75 mice after d50 after syn- or allotransplantation were further
analysed for cell populations with effector or regulatory function. No significant difference
was observed in the MDSC compartment of allogeneic or syngeneic skin grafts (Figure 59:
MST CD11b+Gr1+: syngraft vs. allograft: 2.5% ± 1% vs. 3.2% ± 1.2%, p = 0.19).
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Figure 59: Myeloid cell analysis in skin grafts I. Syn- and allografts from MD-75 mice were analysed by Flow
cytometry on d50 post transplantation. FACS plots showing gating information are representative examples.
+
+
+
Column plots show the mean and standard deviation of CD11b Gr1 MDSCs and CD11b macrophages.
Statistical analysis: Mann-Whitney-Test, two-tailed (*: p < 0.05, ns: p > 0.05).

Yet, the percentage of CD11b+ cells in allografts was significantly increased compared to the
CD11b+ population in syngeneic grafts (Figure 59: MST CD11b+: syngraft vs. allograft: 34.5%
± 4.2% vs. 51.5% ± 3.1%, p = 0.02). Therefore, this population was examined further. Using
the cell surface markers CD11b and CD11c, five distinct populations were gated in the skin
grafts (Figure 60): 1) CD11c+ CD11b++, 2) CD11c- CD11b++, 3) CD11c+ CD11b+, 4) CD11c-

CD11b
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CD11b+ and 5) CD11c+ CD11b-.
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1

4

3

5
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Figure 60: Myeloid cell analysis in skin grafts II. Syn- and allografts from MD-75 mice were analysed by Flow
cytometry on d50 post transplantation. One representative plot is shown to demonstrate the gating strategy. .
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The percentages of populations 1, 3 and 4 were significantly increased in allografts
compared to syngrafts (Figure 61: p = 0.005, p < 0.001 and p = 0.0004, respectively). In

% of live

contrast, the percentage of population 5 was significantly decreased in allografts (p < 0.001).
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Figure 61: Myeloid cell analysis in skin grafts III. Skin grafts from MD-75 mice with a syn- or an allograft were
analysed on d50 post transplantation. n = 12 per group. Column plots show the mean and standard deviation in
population 1 – 5, gating strategy as described above. Statistical analysis: Mann-Whitney-Test, two-tailed (**: p <
0.01, ***: p < 0.001).

The populations in allografts were further characterised by flow cytometry. Population 1
expressed high levels of Dectin-1 and F4/80, a marker of mature macrophages, whilst the
expression of both markers in population 3 was low or absent (Figure 62). Expression of
MHC class II and the costimulatory molecules CD80 and CD86 was absent in population 3,
indicating a non-immunogenic phenotype. In contrast, population 1 showed a heterogenic
expression of MHC class II and intermediate levels of CD80 with absent CD86 expression,
thus indicating partially matured antigen-presenting cells. The macrophage-restricted
receptor Sialoadhesin (CD169) was expressed in both populations 1 and 3. Mononuclear
phagocytes in the mouse dermis have been described as Dectin-1 positive cells also
expressing

the

mannose

receptor

(CD206)

and

the

macrophage

galactose-/N-

acetylgalactosamine-specificlectin (mMGL / CD301) [243]. Population 1 was negative for
CD301 expression, as was population 3. Yet, in contrast to population 3, cells of population 1
did express the mannose receptor.
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Figure 62: Expression profile of Population 1 and 3. Histogram plots, black lines represent specific signals;
red traces represent isotype controls. Data are representative profiles of allografted mice.

The above described expression profiles are indicative of population 3 harbouring immature
macrophages whilst population 1 is consistent with partially or completely matured
macrophages. In allografts, the ratio of population 3 to population 1 is significantly enhanced
compared to syngrafts (Figure 63, p < 0.001), skewing towards more immature macrophages
in the graft.
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Figure 63: Ratio of Population 1 and 3. Mean and SD are displayed for . Data are representative profiles of
allografted mice.

In addition, PD-L1 expression was detected in population 3 in contrast to population 1
(Figure 62).

Thus, non-immunogenic macrophages expressing PD-L1 might be a possible target for the
anti-PD-L1 antibody treatment that precipitated rejection in MD-75 mice.
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4.13 The balance tips
As indicated by previous data, allograft acceptance in MD-75 mice fails and grafts eventually
undergo delayed acute rejection. In order to detect changes in the cellular compartment in
MD-75 mice, effector and regulatory T cells were analysed further. As already mentioned and
shown in Figure 21, on day 50 post transplantation, over 90% of MD-75 allografts are intact,
but the grafts are rejected in the following weeks. Thus, effector and regulatory T cells in dLN
from MD-75 mice on d50 were compared to dLN from MD-75 mice at a time point, where
50% of the grafts in this experimental group were rejected or rejecting (day 94). A significant
increase in the percentage of CD8+ T cells was observed comparing d50 mice with the “50%
rejection” group (Figure 64a: d50 vs. “50% rejection”: 51.3% ± 3.3% vs. 55.1% ± 3.2%, p =
0.015). The percentage of CD4+ T cells in dLN of “50% rejection” mice with both intact and
rejecting/rejected grafts was significantly decreased compared to d50 mice (d50 vs. “50%
rejection”: 43.3% ± 3.6% vs. 35.7% ± 2.1%, p = 0.002). The ratio of cytotoxic CD8+ T cells
over CD4+ T cells was significantly increased in the “50% rejection” group compared to the
d50 group (p = 0.002, Figure 64b).
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Figure 64: Analysis of CD4 and CD8 T cells in dLNs in MD-75 group with 50% rejection. Draining LNs
from a experimental group of MD-75 mice with a syn- or an allograft were analysed when 50% of the mice had
+
+
rejected the graft. Percentages of CD4 and CD8 of these mice were compared with data obtained from MD-75
on d50 with intact allografts. Scatter plots show the mean and standard deviation. Statistical analysis: MannWhitney-Test, two-tailed (*: p < 0.05, **: p < 0.01, ***: p < 0.001).

In addition, the CD4+ T cell compartment was analysed for the percentages of CD25+FoxP3+
T regs and CD25+FoxP3- effector T cells. No significant changes were detected in the
percentage of CD25+FoxP3+ amongst the CD4+ population (Figure 65a: d50 vs. 50% graft
survival group: 8% ± 1% vs. 7.3% ± 1.2%, p = 0.26). In contrast to this, the percentage of
CD25+FoxP3- amongst the CD4+ population was significantly increased in the 50% graft
survival group (d50 vs. 50% graft survival group: 3% ± 0.8% vs. 6.5% ± 1.4%, p < 0.001).
The ratio of CD4+ effector cells over CD4+ regulatory was significantly increased in the “50%
rejection” group compared to the d50 group (p < 0.001, Figure 65b).
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Figure 65: Analysis of dLNs in MD-75 group with 50% rejection. Draining LNs from a experimental group of
MD-75 mice with a syn- or an allograft were analysed when 50% of the mice had rejected the graft. Percentages
+
+
+
of CD25 FoxP3 and CD25 FoxP3 of these mice were compared with data obtained from MD-75 on d50 with
intact allografts. Scatter plots show the mean and standard deviation. Statistical analysis: Mann-Whitney-Test,
two-tailed (***: p < 0.001).

Thus, the population of CD4+ effector T cells in the dLN increases over time and this increase
is detectable in both mice undergoing rejection and mice with an intact allograft on d94.
Nonetheless, it has to be mentioned that with these measurements, the whole polyclonal T
cell pool is analysed and that therefore no conclusions can be made concerning the donorantigen-specific populations of effector and regulatory T cells.

We then hypothesised that the late rejection that occurs in MD-75 mice is caused by donorreactive T cells that emigrate from the thymus after the treatment with anti-CD154 + DST.
Therefore, allograft acceptance was induced in C57BL/6 mice after they had been
thymectomised at 5-6 weeks of age, together with their littermates that did not undergo
thymectomy. Both groups were treated in conformity with the standard protocol of antiCD154 + DST + Tac-75 and graft survival was monitored (Figure 66).
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Figure 66: Thymectomy before induction therapy. Early thymectomised or untreated littermates were
transplantated with a B/c graft and treated with anti-CD154 + DST + Tac-75 and graft survival was monitored.
n = number of animals per group. Kaplan-Meier-Survival plot. Statistical analysis: Log-rank test
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The “conventional” MD-75 mice rejected with similar kinetics as previously observed with
MD-75 treatment (MST: 78.8 ± 2.1 days, 50% of the mice had rejected, p = 0.007). In
contrast to this, none of thymectomised mice rejected the graft up to date (d84). Thus, we
conclude that late rejection in MD-75 mice is caused, in part, by recent thymic emigrants.

4.14 Marginal states of allograft acceptance might be converted
into operational tolerance
A logical consequence that follows from our hypothesis and the previous data is the desire to
tip the balance of effector and regulatory cells in favour of regulation. By enhancing the
regulatory response, it might be possible to withdraw immunosuppression completely and to
achieve stable long-term allograft survival, i.e. operational tolerance. Therefore, MD-75 on
d50 post transplantation received a second weak regulation induction (anti-CD154 + DST)
and Tacrolimus food was withdrawn. In comparison to the allograft survival time of previous
Tacrolimus withdrawal groups (Figure 33), mice receiving this boost therapy did reject the
allograft significantly later (Figure 67: MST withdrawal vs. boost: 61.4 ± 1.5 vs. 87.5 ± 6.4
days, p < 0.001).
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Figure 67: Boost of marginal states. Starting on d50 post transplantation MD-75 mice received a DST
together with 4 injections of anti-CD154. At the same time, Tacrolimus food was switched to normal diet
(withdrawal of immunosuppression) Allograft survival was compared to a historical control group, where
Tacrolimus food was withdrawn from MD-75 mice on d50. n = number of animals per group. Kaplan-MeierSurvival plot. Statistical analysis: Log-rank test

These data indicate that it is feasible to achieve operational tolerance by boosting the
regulatory response in marginal states, which is consistent with our hypothesis.
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5 Discussion
Tolerance in transplantation can be seen as the qualitative result of the balance of the
effector and regulatory response. This further implies the existence of marginal states of
allograft acceptance. In such marginal states, neither the effector nor the regulatory response
is predominating, which leads to an unstable condition of non-rejection. In these cases, lowdose immunosuppression might control a weak effector response or support a marginally
exceeding regulatory response. A mouse skin transplant model of marginal states of allograft
acceptance under low dose immunosuppression was established with this work. The
existence of marginal states of allograft acceptance resulting from a balance between
effector and regulatory response might have an influence on the development of new
treatment strategies.

Allogeneic skin transplantation in mice is a widely used method to conduct research on graft
survival and tolerance inducing strategies [3,195]. This is due to various reasons: skin
transplantation is a very stringent model, involving a primary non-vascular graft that is highly
immunogenic. We established a low-dose Tacrolimus monotherapy that is subtherapeutic
and a weak-regulation inducing protocol, that does not lead to permanent graft acceptance in
a murine skin transplant model. By combining both subtherapeutic treatments, an
experimental model of marginal states of allograft acceptance under immunosuppression
was built. The weak-regulation inducing protocol was established as treatment with a donorspecific transfusion (DST) of whole donor splenocytes in combination with a short course of
anti-CD154 injections for costimulatory blockade or treatment with anti-CD154 alone.

Using this experimental model, we formally show that marginal states of allograft acceptance
under low-dose immunosuppression are dependent upon immunological regulation. This
regulation is supported by low doses of the CNI Tacrolimus, as shown in vivo and in vitro;
and mediated by regulatory T cells. Our data demonstrate that the late rejection that occurs
in marginal states of allograft acceptance is of an acute type and mediated by thymic
emigrants. Importantly, we could show that the boost of regulation in marginal states and
thus further prolongation of allograft survival is achievable.

5.1 Synergistic effect of Tacrolimus and regulation
Depletion of alloreactive CD8+ T cells on the one side and the induction of regulatory T cells
and hyporesponsiveness on the other side are not sufficient to induce tolerance with
indefinite allograft survival in the full mismatch B/c-to-B/6 skin transplant model with anti-
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CD154 + DST. Therefore, and because the induced allograft survival was significantly
reduced in comparison to the tolerance inducing protocol of triple costimulatory blockade, we
consider treatment with anti-CD154 + DST as a weak tolerance inducing strategy in the
stringent model of B/c-to-B/6 skin transplantation.

The use of Tacrolimus monotherapy in the allogeneic skin transplant model showed that
doses of 50, 75 and 100 mg per kg food had no or a small prolongation effect on allograft
survival at the introduction time points tested. In contrast, doses of 150 mg/kg were found to
be therapeutic when given before or at the time point of transplantation. Reflecting the
clinical situation, therapeutic doses of Tacrolimus led to kidney damage, possibly due to viral
infection. Yet, the inclusion bodies detected in mice treated with 150 mg/kg must still be
identified, since histological staining for BK-virus, CMV and Adenovirus did not give positive
results. Molecular analysis by virus-specific qPCR would be an approach to clarify the
histopathological findings. Importantly, no or only mild kidney damage was observed after
long-term treatment in mice under low-dose Tacrolimus (75 and 100 mg/kg, respectively),
illustrating the benefit of CNI minimisation.

Regarding the compatibility of CNIs and tolerance induction with costimulatory blockade,
conflicting data have been published. Some groups reported antagonistic effects of CNI
treatment; when combined with costimulatory blockade, this resulted in the abrogation of
tolerance [244-246]. In contrast, there is also data showing neither beneficial or adverse
effects of combined treatment with CNI and costimulatory blockade [246-248]. The
combination of costimulatory blockade with CNI could also enhance prolongation of allograft
survival. This was demonstrated with the combination of CTLA4-Ig and suboptimal CsA in a
rat cardiac model [249] as well as the combination of ICOS and suboptimal Tacrolimus in a
rat liver transplant model [250].

Our data of Tacrolimus monotherapy and the data obtained when Tacrolimus at high (150
mg/kg) or low doses (75 mg/kg) was combined with the weak tolerance induction therapy
show two modes of action of Tacrolimus. Interestingly, apart from the immunosuppressive
feature, Tacrolimus also supports regulation in our allogeneic skin transplant model when
given in low doses. Moreover, this synergistic effect was found to prolong allograft survival
dose-dependently, comparing doses of 50, 75 and 100 mg/kg.

This finding is unexpected in the light of previously published data. Tacrolimus as a
Calcineurin inhibitor prevents the dephosphorylation of NF-AT, thus blocking the transcription
of the IL-2 gene and therefore IL-2 production. This results in suppression of the activation,
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differentiation and proliferation of naïve and memory effector CD4+ and CD8+ T cells
[171,172], preventing rejection of allografts. But the production of IL-2 (mainly by CD4+CD25T cells) is also necessary for the expansion and suppressive activity of CD4+CD25+
regulatory T cells [251,252]. In clinical studies, Tacrolimus levels were inversely correlated
with T reg numbers [253] and patients under Tacrolimus treatment had lower numbers of
circulating T regs than patients treated with Rapamycin [254]. Several studies, human or
mouse, showed detrimental effects of Calcineurin inhibition on the generation and function of
T regs [255-259]. On the basis of these data, it was concluded that CNI have a generally
negative effect on regulatory T cells [260]. Yet, T regs from patients under CNI treatment
were still capable of suppression in ex vivo cultures [257,261] and in lung transplant patients,
the expansion of peripheral CD4+CD25+ T reg was not inhibited by CNI-based treatments
[262].

We thus contemplated that T regs might be less susceptible to suppression by Tacrolimus in
low doses than effector T cells. Therefore, we performed in vitro suppression assays in the
presence of low doses of Tacrolimus to examine the in vivo observed regulation-supportive
effect. Our in vitro data show an enhanced suppression of IFNγ expression in the presence
of low doses of Tacrolimus in T reg suppression assays which might indicate a possible
delayed impact on T reg function. It was described by Takada et al. that the distribution of
Tacrolimus to the lymphatic circulation is extremely low (less than 0.2%) [263]. We can only
speculate whether the Tacrolimus doses used in vitro (0.25 – 2 ng/ml) correspond effectively
to the subtherapeutic Tacrolimus doses that further enhanced the allograft survival
prolongation effect of anti-CD154 + DST in our in vivo model. Yet, under the assumption that
they do, then the increased suppressive function of T regs is one probable reason for the
beneficial effect of low-dose Tacrolimus on the weak tolerance inducing therapy in vivo.

5.2 Breaking marginal states by disrupting regulation
It follows from our hypothesis that in marginal states, a disturbance of either the regulation or
the immunosuppression should tip the balance and lead to rejection of the graft. Our data
show that by 1) withdrawing immunosuppression, 2) enhancing the effector response or 3)
disrupting the regulatory response, allograft acceptance is abrogated.

We have shown with several approaches that regulation is the basis for allograft acceptance
in our model of marginal states under low-dose immunosuppression. As mentioned above
the presence of regulatory T cells in transplanted animals treated with anti-CD154 + DST has
been demonstrated by various groups and together with our in vitro data, this was the reason
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for us to disrupt T reg mediated regulation. Yet, whilst murine T regs express CD25,
treatment with depleting anti-CD25 antibody could not break allograft acceptance. This is
possibly due to the fact that anti-CD25 does not specifically deplete T regs, but also activated
effector cells that express CD25 [264].

The transmembrane protein GITR is predominantly and highly expressed by T regs, yet its
expression can be upregulated in activated CD4+ and CD8+ T cells. The suppression of
CD4+CD25- T cells by CD4+CD25+ T regs has been shown to be dependent on GITR
expression on the T regs [104]. Neutralisation of GITR signalling by agonistic anti-GITR
antibody abrogated suppression in vitro and, in line with our findings, in vivo in transplant
models [104,265].
PD-L1 and PD-1 are highly expressed on FoxP3+ T regs, but also on various other cell types
[105]. PD-L1 blockade might thus be rather unspecific and not directly blocking regulatory T
cells. Yet, it has been described in a cardiac transplant model that blockade of PD-L1
promotes expansion of CD8+ and CD4+ effector cells, decreased the number of FoxP3+ T
regs in the grafts and, as observed in our model, caused allograft rejection [266].
The depletion of regulatory CD4+ T cells in FoxP3-DTR mice by DT is highly specific, since
FoxP3 expression is generally restricted to suppressive T cells [267]. In FoxP3-GFP-DTR
mice, in contrast to C57BL/6 wildtype mice, allograft acceptance could not be established by
combining anti-CD154 + DST with Tacrolimus at 75 mg/kg. This finding was unexpected,
since the FoxP3-GFP-DTR mice were backcrossed to C57BL/6 background and the serum
levels of Tacrolimus were comparable to wildtype C57BL/6 mice. The allograft survival curve
of FoxP3-GFP-DTR mice treated with anti-CD154 + DST and Tacrolimus at 75 mg/kg and
without DT-injections was similar to C57BL/6 mice treated with anti-CD154 + DST alone.
Thus, we suspected that higher doses of immunosuppression were necessary to induce
marginal states of allograft acceptance. Indeed, when the anti-CD154 + DST treatment in
FoxP3-GFP-DTR mice was combined with Tacrolimus at 100 mg/kg, long-term allograft
survival as observed in wildtype mice was induced. Depletion of T regs by DT-injections did
abrogate allograft survival demonstrating that allograft survival in our model is dependent
upon regulation mediated by T regs.

We consider the fact that allograft acceptance in our model was abrogated by treatment with
anti-TGFβ antibody as an indication for the involvement of induced T regs. The induction of T
regs was described after treatment with anti-CD154 + DST [197]. TGFβ has not only been
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shown as important for the induction of T regs but also as an inhibitor of effector T cell
function [113,114].

In line with data from Waldmann et al., we hypothesised that the regulation in our model of
marginal states is transferrable [268]. However, classical skin transfer experiments onto T
cell depleted mice (Rag1-/-) and subsequent reconstitution with T cells did not show
transferrable regulation. Indeed, already before reconstitution, the balance between
regulatory and effector response was skewed, presumably due to the loss of
immunosuppression. Yet, our data from the dLN-cell transfer indicate that donor-specific
regulatory T cells were present in MD-75 mice and could be transferred.

Altogether, our data show that allograft acceptance under low-dose immunosuppression is
dependent upon regulation.

5.3 Collapse of marginal states
In our experimental model of marginal states of allograft acceptance under low-dose
Tacrolimus therapy, the balance between regulatory and effector response is skewed
towards regulation and thus, long-term graft survival is achieved. However, whilst over 90%
of the mice had an intact graft on day 50, rejection eventually occurred in 97% before 100
days. This brings up the question, what causes the balance between effectors and regulators
to tip towards rejection? Possible explanations may include: 1) (partial) loss of regulation, 2)
increasing effector responses or 3) diminishing effect of immunosuppressive treatment.

Our data comparing MD-75 mice with an intact graft on day 50 with a group of MD-75 mice
with 50% rejecting/rejected and 50% intact surviving allografts did not show significant
differences in the number of total FoxP3+ T regs in the dLNs. On the current evidence, it
cannot be excluded that the number of allospecific FoxP3+ T regs was decreased, since
allospecificity was not assessed in our system. Thus, the loss of allospecific T regs and thus
regulation remains a possibility that could account for rejection in our model of marginal
states. This will be tested in future experiments using MHC dexamers.
Depletion of CD8+ T cells by depleting CD8-antibody [194] or DST [195,203] has been
reported as necessary for the induction of long-term allograft survival in the skin transplant
model. But in the stringent B/c-to-B/6-skin transplant model, CD8+ T cell depletion by
combination of anti-CD154 + DST alone does not prevent rejection [195]. Also in our model
of marginal states under low-dose immunosuppression, rejection occurs eventually. We
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could show that thymectomy in adult mice prior to the induction therapy with anti-CD154 +
DST + Tac-75 and allotransplantation significantly delayed rejection. This is in line with the
findings of Rossini and colleagues, who have reported over 80% graft survival at d250 in
thymectomised mice treated with anti-CD154 + DST without additional immunosuppression
[198]. Thus our data are consistent with the conclusion that recent thymic CD8+ emigrants
are responsible for late rejection in this model. In the group of MD-75 mice with 50%
rejecting/rejected and 50% intact surviving allografts, the percentage of CD8+ T cells in the
dLNs was significantly increased compared to MD-75 mice on d50. Together, these data
indicate that recent CD8+ thymic emigrants enhancing the effector response might precipitate
allograft rejection in our model of marginal states. One possibility to further examine this
hypothesis would be to deplete CD8+ T cells on d50, which should lead to enhanced
prolongation of the allograft survival.

Iwakoshi et al. demonstrated that decline of anti-CD154 antibody in a transgenic
costimulatory/DST – model in combination with increased numbers of alloreactive CD8+ T
cells correlates with rejection. Specifically, they showed that anti-CD154 concentrations
below 50 µg/ml could not prevent generation of T cell-responses in C57BL/6 mice and in
transplanted transgenic CBA mice, this threshold level correlated with the initiation of
rejection on d50 [269]. Yet, about 50% of those mice kept their graft for another 100 days. In
the light of successful induction of indefinite allograft acceptance with anti-CD154, as
mentioned above, it remains unclear whether the persistence of costimulatory blockade
really is required for the maintenance of regulation and thus graft acceptance. We think it is
possible that the decline of the anti-CD154 antibody means that CD4+ T cells receive
adequate costimulation and that these activated CD4+ T cells provide critical help for CD8+
effector T cell responses.

There is evidence for all three described mechanisms to contribute to the collapse of
marginal states of allograft acceptance. Further work needs to be done to clarify the potential
collaborative involvement to ultimately target these mechanisms in order to prevent late
rejection in marginal states.

A question that remains is whether the rejection that occurs in mice treated with anti-CD154
+ DST + low-dose Tacrolimus is purely antigen-specific. In our model of marginal states
characterised by the balance between effector and regulatory response, one can imagine
that minor inflammatory conditions might add up to the effector response and thus tipping the
balance and causing rejection. Mechanisms that could account for non-alloreactive
fortification of the effector pool are bystander activation and heterologous immunity.

103

Discussion

Bystander activation of T cells describes the TCR-independent, non-antigen specific
activation of T cell responses by cytokines during an antigen-specific immune response
[270]. Heterologous immunity refers to the reactivation of memory T cells generated during
an earlier immune response by a second, unrelated immunogenic stimulus [271]. Here, the
TCR of memory cells against antigen A cross-reactively recognizes an epitope of antigen B
that is shared with antigen A or structurally similar to epitopes from antigen A.

Bacterial infection with Listeria monocytogenes has been described to break allograft survival
induced by anti-CD154 + DST in a murine cardiac transplant model due to IL-6 and IFNβ
production [272]. In an allogeneic skin transplant model with anti-CD154 + DST treatment,
infection with lymphocytic choriomeningitis virus abrogated allograft survival in contrast to
syngraft survival [273]. However, the contribution of both bystander activation and
heterologous immunity to the late rejection observed in our model remains speculative, since
we did not perform any infection experiments to precipitate rejection. The animal husbandry
during the experiments does not exclude the possibility of infections, as suggested by the
finding of inclusion bodies in 150 mg/kg sentinel mice.

5.4 Boost of marginal states
We observed in our model that the balance between the effector and regulatory response
tipped and skewed towards rejection. In order to boost the regulatory response, we treated
mice after 50 days with a second round of induction therapy under withdrawal of Tacrolimus
and thus achieved delayed allograft rejection. These data show that it is also possible to tip
the balance towards stronger regulation and possibly eventually tolerance (i.e. allograft
acceptance without immunosuppression). Data from a rat kidney transplant model shows
that short-term low-dose CNI treatment in combination with the single administration of
regulatory T cells could replace permanent immunosuppression by reducing circulating
memory T cells [274]. The application of T reg or M reg in our skin transplant model is a
promising approach to boost the regulation in marginal states to long-term allograft
acceptance without immunosuppression, i.e. true tolerance.

The feasibility to boost the regulatory response in marginal states is of importance with
regard

to

the

clinical

situation,

where

there

might

be

already

patients

under

immunosuppression with regulatory responses just not sufficient to prevent rejection. If this
regulation could be enforced, then operational tolerance seems an achievable goal.
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6 Conclusion & Perspectives
The objective of our project was to prove that marginal states of allograft acceptance exist.
Therefore, we established a model combining weak regulation with low-dose Tacrolimus to
achieve significantly prolonged allograft survival. Importantly, neither the low dose
Tacrolimus therapy nor the weak regulation alone led to such a prolonged allograft survival.
We proved our hypotheses that marginal states can be disrupted by withdrawing the
immunosuppression, enhancing the effector response or disturbing the regulatory response,
thus posing the following questions: What information do we gain from the experimental
model of marginal states in regard to clinical situations? Are these marginal states under lowdoses of CNI – immunosuppression desirable?

With caution, we think that marginal states under low-doses of CNI – immunosuppression
are desirable in the clinical situation. For the deliberate induction, it must be ensured that the
balance will not be skewed towards rejection. Therefore, the underlying immune responses
have to be identified, monitored and antagonised if necessary. Additionally, it must be kept in
mind that any safe reduction of immunosuppression is of great benefit to the patient, if thus
the adverse effects can be minimised and chronic allograft damage can be delayed or
avoided. Importantly, the achievement of marginal states of allograft acceptance may be a
potentially meaningful result of tolerance-inducing therapies and seems more immediately
achievable than full operational tolerance. With regard to clinical therapy, it might be
beneficial to use inductive prime-boost strategies in combination with low doses of
immunosuppression which then will be extended to post-operative tolerance-promoting
therapies. The idea to boost regulation at a later time point would be a novel therapeutic
approach in the field of transplantation.

The model system established in this thesis gives not only formal proof for the existence of
marginal states of allograft acceptance, it further provides a foundation for: 1) determining
biomarkers

that

reflect

immunological

regulation

under

immunosuppression,

2)

understanding underlying immunological mechanisms of marginal states, 3) testing new
therapeutic strategies that favour the induction of immune regulation, 4) understanding
mechanisms of rejection in marginal states in order to antagonise them or 5) developing
strategies to boost the regulatory response.

Reference list

105

7 Reference list
1.

Barker CF, Markmann JF: Historical overview of transplantation. Cold Spring Harb Perspect Med
2013, 3:a014977.

2.

Starzl TE: Peter Brian Medawar: father of transplantation. J Am Coll Surg 1995, 180:332-336.

3.

Medawar PB: The behaviour and fate of skin autografts and skin homografts in rabbits: A report
to the War Wounds Committee of the Medical Research Council. J Anat 1944, 78:176-199.

4.

Snell GD: Studies in histocompatibility. Science 1981, 213:172-178.

5.

Toyoda Y, Guy TS, Kashem A: Present status and future perspectives of heart transplantation. Circ
J 2013, 77:1097-1110.

6.

Cornelis T, Kooistra MP, Kooman J, Leunissen KM, Chan CT, van der Sande FM: Education of ESRD
patients on dialysis modality selection: 'intensive haemodialysis first'. Nephrol Dial Transplant
2010, 25:3129-3130.

7.

Wertheim JA, Petrowsky H, Saab S, Kupiec-Weglinski JW, Busuttil RW: Major challenges limiting liver
transplantation in the United States. Am J Transplant 2011, 11:1773-1784.

8.

Ollinger R, Margreiter C, Bosmuller C, Weissenbacher A, Frank F, Schneeberger S, Mark W, Margreiter
R, Pratschke J: Evolution of pancreas transplantation: long-term results and perspectives from a
high-volume center. Ann Surg 2012, 256:780-786.

9.

Eurotransplant: http://www.eurotransplant.org/cms/index.php?page=monthlystats . 24-9-2013.

10.

Malissen M, Minard K, Mjolsness S, Kronenberg M, Goverman J, Hunkapiller T, Prystowsky MB,
Yoshikai Y, Fitch F, Mak TW et al.: Mouse T cell antigen receptor: structure and organization of
constant and joining gene segments encoding the beta polypeptide. Cell 1984, 37:1101-1110.

11.

Yanagi Y, Yoshikai Y, Leggett K, Clark SP, Aleksander I, Mak TW: A human T cell-specific cDNA
clone encodes a protein having extensive homology to immunoglobulin chains. Nature 1984,
308:145-149.

12.

Weiss A, Stobo JD: Requirement for the coexpression of T3 and the T cell antigen receptor on a
malignant human T cell line. J Exp Med 1984, 160:1284-1299.

13.

Cantrell D: T cell antigen receptor signal transduction pathways. Annu Rev Immunol 1996, 14:259274.

14.

Abbas AK, Lichtman AH, Pillai S: Cellular and Molecular Immunology . Philadelphia, PA: Elsevier
Saunders; 2012.

15.

Smith-Garvin JE, Koretzky GA, Jordan MS: T cell activation. Annu Rev Immunol 2009, 27:591-619.

16.

Li XC, Rothstein DM, Sayegh MH: Costimulatory pathways in transplantation: challenges and new
developments. Immunol Rev 2009, 229:271-293.

17.

Lenschow DJ, Walunas TL, Bluestone JA: CD28/B7 system of T cell costimulation. Annu Rev
Immunol 1996, 14:233-258.

18.

Schwartz RH: A cell culture model for T lymphocyte clonal anergy. Science 1990, 248:1349-1356.

19.

Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z, Nomura T, Sakaguchi S: CTLA4 control over Foxp3+ regulatory T cell function. Science 2008, 322:271-275.

20.

Francisco LM, Salinas VH, Brown KE, Vanguri VK, Freeman GJ, Kuchroo VK, Sharpe AH: PD-L1
regulates the development, maintenance, and function of induced regulatory T cells. J Exp Med
2009, 206:3015-3029.

21.

Page EK, Dar WA, Knechtle SJ: Biologics in organ transplantation. Transpl Int 2012, 25:707-719.

Reference list

106

22.

Germain RN: T-cell development and the CD4-CD8 lineage decision. Nat Rev Immunol 2002, 2:309322.

23.

Coomes SM, Pelly VS, Wilson MS: Plasticity within the alphabeta(+)CD4(+) T-cell lineage: when,
how and what for? Open Biol 2013, 3:120157.

24.

Zhou L, Chong MM, Littman DR: Plasticity of CD4+ T cell lineage differentiation. Immunity 2009,
30:646-655.

25.

Neefjes J, Jongsma ML, Paul P, Bakke O: Towards a systems understanding of MHC class I and
MHC class II antigen presentation. Nat Rev Immunol 2011, 11:823-836.

26.

Afzali B, Lechler RI, Hernandez-Fuentes MP: Allorecognition and the alloresponse: clinical
implications. Tissue Antigens 2007, 69:545-556.

27.

Lechler RI, Garden OA, Turka LA: The complementary roles of deletion and regulation in
transplantation tolerance. Nat Rev Immunol 2003, 3:147-158.

28.

Bevan MJ: High determinant density may explain the phenomenon of alloreactivity. Immunology
Today 1984, 5:128-130.

29.

Matzinger P, Bevan MJ: Hypothesis: why do so many lymphocytes respond to major
histocompatibility antigens? Cell Immunol 1977, 29:1-5.

30.

Lombardi G, Lechler R: The molecular basis of allorecognition of major histocompatibility complex
molecules by T lymphocytes. Ann Ist Super Sanita 1991, 27:7-14.

31.

Suchin EJ, Langmuir PB, Palmer E, Sayegh MH, Wells AD, Turka LA: Quantifying the frequency of
alloreactive T cells in vivo: new answers to an old question. J Immunol 2001, 166:973-981.

32.

Lechler RI, Lombardi G, Batchelor JR, Reinsmoen N, Bach FH: The molecular basis of alloreactivity.
Immunol Today 1990, 11:83-88.

33.

Lafferty KJ, Bootes A, Dart G, Talmage DW: Effect of organ culture on the survival of thyroid
allografts in mice. Transplantation 1976, 22:138-149.

34.

Chicz RM, Urban RG, Lane WS, Gorga JC, Stern LJ, Vignali DA, Strominger JL: Predominant naturally
processed peptides bound to HLA-DR1 are derived from MHC-related molecules and are
heterogeneous in size. Nature 1992, 358:764-768.

35.

Shoskes DA, Wood KJ: Indirect presentation of MHC antigens in transplantation. Immunol Today
1994, 15:32-38.

36.

Lechler RI, Batchelor JR: Restoration of immunogenicity to passenger cell-depleted kidney
allografts by the addition of donor strain dendritic cells. J Exp Med 1982, 155:31-41.

37.

Auchincloss H, Jr., Lee R, Shea S, Markowitz JS, Grusby MJ, Glimcher LH: The role of "indirect"
recognition in initiating rejection of skin grafts from major histocompatibility complex class IIdeficient mice. Proc Natl Acad Sci U S A 1993, 90:3373-3377.

38.

Wise MP, Bemelman F, Cobbold SP, Waldmann H: Linked suppression of skin graft rejection can
operate through indirect recognition. J Immunol 1998, 161:5813-5816.

39.

Marshall SE, Cobbold SP, Davies JD, Martin GM, Phillips JM, Waldmann H: Tolerance and
suppression in a primed immune system. Transplantation 1996, 62:1614-1621.

40.

Lee RS, Grusby MJ, Glimcher LH, Winn HJ, Auchincloss H, Jr.: Indirect recognition by helper cells
can induce donor-specific cytotoxic T lymphocytes in vivo. J Exp Med 1994, 179:865-872.

41.

Herrera OB, Golshayan D, Tibbott R, Salcido OF, James MJ, Marelli-Berg FM, Lechler RI: A novel
pathway of alloantigen presentation by dendritic cells. J Immunol 2004, 173:4828-4837.

42.

Baldwin WM, III, Larsen CP, Fairchild RL: Innate immune responses to transplants: a significant
variable with cadaver donors. Immunity 2001, 14:369-376.

Reference list

107

43.

Colvin RB, Smith RN: Antibody-mediated organ-allograft rejection. Nat Rev Immunol 2005, 5:807817.

44.

Patel R, Terasaki PI: Significance of the positive crossmatch test in kidney transplantation. N Engl
J Med 1969, 280:735-739.

45.

Takeuchi O, Akira S: Pattern recognition receptors and inflammation. Cell 2010, 140:805-820.

46.

Wood KJ, Goto R: Mechanisms of rejection: current perspectives. Transplantation 2012, 93:1-10.

47.

Bogdan C, Rollinghoff M, Diefenbach A: Reactive oxygen and reactive nitrogen intermediates in
innate and specific immunity. Curr Opin Immunol 2000, 12:64-76.

48.

Obara H, Nagasaki K, Hsieh CL, Ogura Y, Esquivel CO, Martinez OM, Krams SM: IFN-gamma,
produced by NK cells that infiltrate liver allografts early after transplantation, links the innate and
adaptive immune responses. Am J Transplant 2005, 5:2094-2103.

49.

He H, Stone JR, Perkins DL: Analysis of robust innate immune response after transplantation in
the absence of adaptive immunity. Transplantation 2002, 73:853-861.

50.

Chalasani G, Li Q, Konieczny BT, Smith-Diggs L, Wrobel B, Dai Z, Perkins DL, Baddoura FK, Lakkis FG:
The allograft defines the type of rejection (acute versus chronic) in the face of an established
effector immune response. J Immunol 2004, 172:7813-7820.

51.

Steinman RM, Hemmi H: Dendritic cells: translating innate to adaptive immunity. Curr Top Microbiol
Immunol 2006, 311:17-58.

52.

Banchereau J, Steinman RM: Dendritic cells and the control of immunity. Nature 1998, 392:245-252.

53.

Morita K, Miura M, Paolone DR, Engeman TM, Kapoor A, Remick DG, Fairchild RL: Early chemokine
cascades in murine cardiac grafts regulate T cell recruitment and progression of acute allograft
rejection. J Immunol 2001, 167:2979-2984.

54.

Arrizabalaga P, Mirapeix E, Darnell A, Andreu J, Oppenheimer F, Gallart T, Torras A, Revert L: Cellular
infiltrate in renal graft rejection: T lymphocyte subsets detected by monoclonal antibodies.
Nephron 1986, 44:11-17.

55.

Strom TB, Tilney NL, Paradysz JM, Bancewicz J, Carpenter CB: Cellular components of allograft
rejection: identity, specificity, and cytotoxic function of cells infiltrating acutely rejecting
allografts. J Immunol 1977, 118:2020-2026.

56.

Rosenberg AS, Mizuochi T, Sharrow SO, Singer A: Phenotype, specificity, and function of T cell
subsets and T cell interactions involved in skin allograft rejection. J Exp Med 1987, 165:12961315.

57.

MARTINEZ C, DALMASSO AP, GOOD RA: EFFECT OF THYMECTOMY ON DEVELOPMENT OF
IMMUNOLOGICAL COMPETENCE IN MICE. Ann N Y Acad Sci 1964, 113:933-946.

58.

Kagi D, Vignaux F, Ledermann B, Burki K, Depraetere V, Nagata S, Hengartner H, Golstein P: Fas and
perforin pathways as major mechanisms of T cell-mediated cytotoxicity. Science 1994, 265:528530.

59.

Krieger NR, Yin DP, Fathman CG: CD4+ but not CD8+ cells are essential for allorejection. J Exp
Med 1996, 184:2013-2018.

60.

Loveland BE, McKenzie IF: Delayed-type hypersensitivity and allograft rejection in the mouse:
correlation of effector cell phenotype. Immunology 1982, 46:313-320.

61.

Noorchashm H, Reed AJ, Rostami SY, Mozaffari R, Zekavat G, Koeberlein B, Caton AJ, Naji A: B cellmediated antigen presentation is required for the pathogenesis of acute cardiac allograft
rejection. J Immunol 2006, 177:7715-7722.

62.

Mohanakumar T, Giedlin MA, Rhodes CL, Jr., DuVall CH, Mendez-Picon G, Kaplan AM, Lee HM:
Relationship of B cell alloantibodies to renal allograft survival. Transplantation 1979, 27:273-278.

Reference list

108

63.

Sarwal M, Chua MS, Kambham N, Hsieh SC, Satterwhite T, Masek M, Salvatierra O, Jr.: Molecular
heterogeneity in acute renal allograft rejection identified by DNA microarray profiling. N Engl J
Med 2003, 349:125-138.

64.

Tsai EW, Rianthavorn P, Gjertson DW, Wallace WD, Reed EF, Ettenger RB: CD20+ lymphocytes in
renal allografts are associated with poor graft survival in pediatric patients. Transplantation 2006,
82:1769-1773.

65.

Krukemeyer MG, Moeller J, Morawietz L, Rudolph B, Neumann U, Theruvath T, Neuhaus P, Krenn V:
Description of B lymphocytes and plasma cells, complement, and chemokines/receptors in acute
liver allograft rejection. Transplantation 2004, 78:65-70.

66.

Brandle D, Joergensen J, Zenke G, Burki K, Hof RP: Contribution of donor-specific antibodies to
acute allograft rejection: evidence from B cell-deficient mice. Transplantation 1998, 65:1489-1493.

67.

Epstein MM, Di RF, Jankovic D, Sher A, Matzinger P: Successful T cell priming in B cell-deficient
mice. J Exp Med 1995, 182:915-922.

68.

Nozaki T, Rosenblum JM, Ishii D, Tanabe K, Fairchild RL: CD4 T cell-mediated rejection of cardiac
allografts in B cell-deficient mice. J Immunol 2008, 181:5257-5263.

69.

DiLillo DJ, Griffiths R, Seshan SV, Magro CM, Ruiz P, Coffman TM, Tedder TF: B lymphocytes
differentially influence acute and chronic allograft rejection in mice. J Immunol 2011, 186:26432654.

70.

Tullius SG, Tilney NL: Both alloantigen-dependent and -independent factors influence chronic
allograft rejection. Transplantation 1995, 59:313-318.

71.

Demetris AJ, Murase N, Lee RG, Randhawa P, Zeevi A, Pham S, Duquesnoy R, Fung JJ, Starzl TE:
Chronic rejection. A general overview of histopathology and pathophysiology with emphasis on
liver, heart and intestinal allografts. Ann Transplant 1997, 2:27-44.

72.

Tullius SG, Hancock WW, Heemann U, Azuma H, Tilney NL: Reversibility of chronic renal allograft
rejection. Critical effect of time after transplantation suggests both host immune dependent and
independent phases of progressive injury. Transplantation 1994, 58:93-99.

73.

Tullius SG, Heemann U, Hancock WW, Azuma H, Tilney NL: Long-term kidney isografts develop
functional and morphologic changes that mimic those of chronic allograft rejection. Ann Surg
1994, 220:425-432.

74.

Shirwan H: Chronic allograft rejection. Do the Th2 cells preferentially induced by indirect
alloantigen recognition play a dominant role? Transplantation 1999, 68:715-726.

75.

Hayry P, Isoniemi H, Yilmaz S, Mennander A, Lemstrom K, Raisanen-Sokolowski A, Koskinen P,
Ustinov J, Lautenschlager I, Taskinen E et al.: Chronic allograft rejection. Immunol Rev 1993, 134:3381.

76.

Tilney NL, Whitley WD, Diamond JR, Kupiec-Weglinski JW, Adams DH: Chronic rejection--an
undefined conundrum. Transplantation 1991, 52:389-398.

77.

Hruban RH, Beschorner WE, Baumgartner WA, Augustine SM, Ren H, Reitz BA, Hutchins GM:
Accelerated arteriosclerosis in heart transplant recipients is associated with a T-lymphocytemediated endothelialitis. Am J Pathol 1990, 137:871-882.

78.

Fellstrom B, Dimeny E, Larsson E, Klareskog L, Tufveson G, Rubin K: Importance of PDGF receptor
expression in accelerated atherosclerosis-chronic rejection. Transplant Proc 1989, 21:3689-3691.

79.

Hancock WW, Shi C, Picard MH, Bianchi C, Russell ME: LEW-to-F344 carotid artery allografts:
analysis of a rat model of posttransplant vascular injury involving cell-mediated and humoral
responses. Transplantation 1995, 60:1565-1572.

80.

Hancock WH, Whitley WD, Tullius SG, Heemann UW, Wasowska B, Baldwin WM, III, Tilney NL:
Cytokines, adhesion molecules, and the pathogenesis of chronic rejection of rat renal allografts.
Transplantation 1993, 56:643-650.

81.

Orosz CG: Endothelial activation and chronic allograft rejection. Clin Transplant 1994, 8:299-303.

Reference list

109

82.

Orosz CG: Local cellular immunology of experimental transplant vascular sclerosis. Clin
Transplant 1996, 10:100-103.

83.

Adams DH, Russell ME, Hancock WW, Sayegh MH, Wyner LR, Karnovsky MJ: Chronic rejection in
experimental cardiac transplantation: studies in the Lewis-F344 model. Immunol Rev 1993, 134:519.

84.

Russell ME, Wallace AF, Hancock WW, Sayegh MH, Adams DH, Sibinga NE, Wyner LR, Karnovsky MJ:
Upregulation of cytokines associated with macrophage activation in the Lewis-to-F344 rat
transplantation model of chronic cardiac rejection. Transplantation 1995, 59:572-578.

85.

Le MA, Flamand V, Noel JC, Fayt I, Goldman M, Abramowicz D: Chronic rejection of major
histocompatibility complex class II-disparate skin grafts after anti-CD3 therapy: a model of
antibody-independent transplant vasculopathy. Transplantation 1998, 66:1537-1544.

86.

Oguma S, Banner B, Zerbe T, Starzl T, Demetris AJ: Participation of dendritic cells in vascular
lesions of chronic rejection of human allografts. Lancet 1988, 2:933-936.

87.

Muller-Hermelink HK, Dammrich JR: [Obliterative transplant vasculopathy: pathogenesis and
pathologic mechanisms]. Verh Dtsch Ges Pathol 1989, 73:193-206.

88.

Nadeau KC, Azuma H, Tilney NL: Sequential cytokine dynamics in chronic rejection of rat renal
allografts: roles for cytokines RANTES and MCP-1. Proc Natl Acad Sci U S A 1995, 92:8729-8733.

89.

Stemme S, Jonasson L, Holm J, Hansson GK: Immunologic control of vascular cell growth in
arterial response to injury and atherosclerosis. Transplant Proc 1989, 21:3697-3699.

90.

Katoh Y, Periasamy M: Growth and differentiation of smooth muscle cells during vascular
development. Trends Cardiovasc Med 1996, 6:100-106.

91.

Demirci G, Nashan B, Pichlmayr R: Fibrosis in chronic rejection of human liver allografts:
expression patterns of transforming growth factor-TGFbeta1 and TGF-beta3. Transplantation 1996,
62:1776-1783.

92.

Walgenbach KJ, Heeckt PF, Stanson JD, Whiteside TL, Bauer AJ: Increased expression of
transforming growth factor-beta during chronic rejection. Transplant Proc 1996, 28:2450.

93.

Frazier K, Williams S, Kothapalli D, Klapper H, Grotendorst GR: Stimulation of fibroblast cell growth,
matrix production, and granulation tissue formation by connective tissue growth factor. J Invest
Dermatol 1996, 107:404-411.

94.

Igarashi A, Okochi H, Bradham DM, Grotendorst GR: Regulation of connective tissue growth factor
gene expression in human skin fibroblasts and during wound repair. Mol Biol Cell 1993, 4:637-645.

95.

Hayry P: Chronic rejection: risk factors, regulation, and possible sites of therapeutic intervention.
Transplant Proc 1998, 30:2407-2410.

96.

Walker LS, Abbas AK: The enemy within: keeping self-reactive T cells at bay in the periphery. Nat
Rev Immunol 2002, 2:11-19.

97.

Wood KJ, Strom TB: Regulation of the Alloimmune Response. In Immunotherapy in Transplantation.
Wiley-Blackwell; 2010:62-78.

98.

Billingham RE, Brent L, Medawar PB: 'Actively acquired tolerance' of foreign cells. 1953. J Immunol
2010, 184:5-8.

99.

Samstein RM, Arvey A, Josefowicz SZ, Peng X, Reynolds A, Sandstrom R, Neph S, Sabo P, Kim JM,
Liao W et al.: Foxp3 exploits a pre-existent enhancer landscape for regulatory T cell lineage
specification. Cell 2012, 151:153-166.

100.

Gavin MA, Rasmussen JP, Fontenot JD, Vasta V, Manganiello VC, Beavo JA, Rudensky AY: Foxp3dependent programme of regulatory T-cell differentiation. Nature 2007, 445:771-775.

101.

Hori S, Nomura T, Sakaguchi S: Control of regulatory T cell development by the transcription
factor Foxp3. Science 2003, 299:1057-1061.

Reference list

110

102.

Tone M, Tone Y, Adams E, Yates SF, Frewin MR, Cobbold SP, Waldmann H: Mouse glucocorticoidinduced tumor necrosis factor receptor ligand is costimulatory for T cells. Proc Natl Acad Sci U S
A 2003, 100:15059-15064.

103.

Walker LS: Regulatory T cells overturned: the effectors fight back. Immunology 2009, 126:466-474.

104.

Shimizu J, Yamazaki S, Takahashi T, Ishida Y, Sakaguchi S: Stimulation of CD25(+)CD4(+) regulatory
T cells through GITR breaks immunological self-tolerance. Nat Immunol 2002, 3:135-142.

105.

Riella LV, Paterson AM, Sharpe AH, Chandraker A: Role of the PD-1 pathway in the immune
response. Am J Transplant 2012, 12:2575-2587.

106.

Francis RS, Feng G, Tha-In T, Lyons IS, Wood KJ, Bushell A: Induction of transplantation tolerance
converts potential effector T cells into graft-protective regulatory T cells. Eur J Immunol 2011,
41:726-738.

107.

Wood KJ, Bushell A, Hester J: Regulatory immune cells in transplantation. Nat Rev Immunol 2012,
12:417-430.

108.

Miyara M, Sakaguchi S: Natural regulatory T cells: mechanisms of suppression. Trends Mol Med
2007, 13:108-116.

109.

Sakaguchi S, Yamaguchi T, Nomura T, Ono M: Regulatory T cells and immune tolerance. Cell 2008,
133:775-787.

110.

Misra N, Bayry J, Lacroix-Desmazes S, Kazatchkine MD, Kaveri SV: Cutting edge: human
CD4+CD25+ T cells restrain the maturation and antigen-presenting function of dendritic cells. J
Immunol 2004, 172:4676-4680.

111.

Asseman C, Mauze S, Leach MW, Coffman RL, Powrie F: An essential role for interleukin 10 in the
function of regulatory T cells that inhibit intestinal inflammation. J Exp Med 1999, 190:995-1004.

112.

Hara M, Kingsley CI, Niimi M, Read S, Turvey SE, Bushell AR, Morris PJ, Powrie F, Wood KJ: IL-10 is
required for regulatory T cells to mediate tolerance to alloantigens in vivo. J Immunol 2001,
166:3789-3796.

113.

Regateiro FS, Howie D, Cobbold SP, Waldmann H: TGF-beta in transplantation tolerance. Curr Opin
Immunol 2011, 23:660-669.

114.

Andersson J, Tran DQ, Pesu M, Davidson TS, Ramsey H, O'Shea JJ, Shevach EM: CD4+ FoxP3+
regulatory T cells confer infectious tolerance in a TGF-beta-dependent manner. J Exp Med 2008,
205:1975-1981.

115.

Collison LW, Workman CJ, Kuo TT, Boyd K, Wang Y, Vignali KM, Cross R, Sehy D, Blumberg RS,
Vignali DA: The inhibitory cytokine IL-35 contributes to regulatory T-cell function. Nature 2007,
450:566-569.

116.

Cobbold SP, Waldmann H: Regulatory cells and transplantation tolerance. Cold Spring Harb
Perspect Med 2013, 3.

117.

Gondek DC, Lu LF, Quezada SA, Sakaguchi S, Noelle RJ: Cutting edge: contact-mediated
suppression by CD4+CD25+ regulatory cells involves a granzyme B-dependent, perforinindependent mechanism. J Immunol 2005, 174:1783-1786.

118.

Pandiyan P, Zheng L, Ishihara S, Reed J, Lenardo MJ: CD4+CD25+Foxp3+ regulatory T cells induce
cytokine deprivation-mediated apoptosis of effector CD4+ T cells. Nat Immunol 2007, 8:1353-1362.

119.

Groux H, O'Garra A, Bigler M, Rouleau M, Antonenko S, de Vries JE, Roncarolo MG: A CD4+ T-cell
subset inhibits antigen-specific T-cell responses and prevents colitis. Nature 1997, 389:737-742.

120.

Zhang ZX, Yang L, Young KJ, DuTemple B, Zhang L: Identification of a previously unknown antigenspecific regulatory T cell and its mechanism of suppression. Nat Med 2000, 6:782-789.

121.

Juvet SC, Zhang L: Double negative regulatory T cells in transplantation and autoimmunity: recent
progress and future directions. J Mol Cell Biol 2012, 4:48-58.

Reference list

111

122.

Mizoguchi A, Bhan AK: A case for regulatory B cells. J Immunol 2006, 176:705-710.

123.

Iwata Y, Matsushita T, Horikawa M, DiLillo DJ, Yanaba K, Venturi GM, Szabolcs PM, Bernstein SH,
Magro CM, Williams AD et al.: Characterization of a rare IL-10-competent B-cell subset in humans
that parallels mouse regulatory B10 cells. Blood 2011, 117:530-541.

124.

Mauri C, Bosma A: Immune regulatory function of B cells. Annu Rev Immunol 2012, 30:221-241.

125.

Mauri C, Ehrenstein MR: The 'short' history of regulatory B cells. Trends Immunol 2008, 29:34-40.

126.

Deng S, Moore DJ, Huang X, Lian MM, Mohiuddin M, Velededeoglu E, Lee MK, Sonawane S, Kim J,
Wang J et al.: Cutting edge: transplant tolerance induced by anti-CD45RB requires B
lymphocytes. J Immunol 2007, 178:6028-6032.

127.

Heidt S, Hester J, Shankar S, Friend PJ, Wood KJ: B cell repopulation after alemtuzumab inductiontransient increase in transitional B cells and long-term dominance of naive B cells. Am J
Transplant 2012, 12:1784-1792.

128.

Chung JB, Wells AD, Adler S, Jacob A, Turka LA, Monroe JG: Incomplete activation of CD4 T cells by
antigen-presenting transitional immature B cells: implications for peripheral B and T cell
responsiveness. J Immunol 2003, 171:1758-1767.

129.

Sagoo P, Perucha E, Sawitzki B, Tomiuk S, Stephens DA, Miqueu P, Chapman S, Craciun L, Sergeant
R, Brouard S et al.: Development of a cross-platform biomarker signature to detect renal
transplant tolerance in humans. J Clin Invest 2010, 120:1848-1861.

130.

Newell KA, Asare A, Kirk AD, Gisler TD, Bourcier K, Suthanthiran M, Burlingham WJ, Marks WH, Sanz I,
Lechler RI et al.: Identification of a B cell signature associated with renal transplant tolerance in
humans. J Clin Invest 2010, 120:1836-1847.

131.

Mosser DM, Edwards JP: Exploring the full spectrum of macrophage activation. Nat Rev Immunol
2008, 8:958-969.

132.

Riquelme P, Tomiuk S, Kammler A, Fandrich F, Schlitt HJ, Geissler EK, Hutchinson JA: IFN-gammainduced iNOS expression in mouse regulatory macrophages prolongs allograft survival in fully
immunocompetent recipients. Mol Ther 2013, 21:409-422.

133.

Broichhausen C, Riquelme P, Geissler EK, Hutchinson JA: Regulatory macrophages as therapeutic
targets and therapeutic agents in solid organ transplantation. Curr Opin Organ Transplant 2012,
17:332-342.

134.

Saraiva M, O'Garra A: The regulation of IL-10 production by immune cells. Nat Rev Immunol 2010,
10:170-181.

135.

Hutchinson JA, Riquelme P, Sawitzki B, Tomiuk S, Miqueu P, Zuhayra M, Oberg HH, Pascher A, Lutzen
U, Janssen U et al.: Cutting Edge: Immunological consequences and trafficking of human
regulatory macrophages administered to renal transplant recipients. J Immunol 2011, 187:20722078.

136.

Steinman RM, Hawiger D, Nussenzweig MC: Tolerogenic dendritic cells. Annu Rev Immunol 2003,
21:685-711.

137.

Hawiger D, Inaba K, Dorsett Y, Guo M, Mahnke K, Rivera M, Ravetch JV, Steinman RM, Nussenzweig
MC: Dendritic cells induce peripheral T cell unresponsiveness under steady state conditions in
vivo. J Exp Med 2001, 194:769-779.

138.

Legge KL, Gregg RK, Maldonado-Lopez R, Li L, Caprio JC, Moser M, Zaghouani H: On the role of
dendritic cells in peripheral T cell tolerance and modulation of autoimmunity. J Exp Med 2002,
196:217-227.

139.

Mellor AL, Munn DH: IDO expression by dendritic cells: tolerance and tryptophan catabolism. Nat
Rev Immunol 2004, 4:762-774.

140.

Rutella S, Danese S, Leone G: Tolerogenic dendritic cells: cytokine modulation comes of age.
Blood 2006, 108:1435-1440.

Reference list

112

141.

Moreau A, Hill M, Thebault P, Deschamps JY, Chiffoleau E, Chauveau C, Moullier P, Anegon I, liot-Licht
B, Cuturi MC: Tolerogenic dendritic cells actively inhibit T cells through heme oxygenase-1 in
rodents and in nonhuman primates. FASEB J 2009, 23:3070-3077.

142.

Morelli AE, Thomson AW: Tolerogenic dendritic cells and the quest for transplant tolerance. Nat
Rev Immunol 2007, 7:610-621.

143.

Tokita D, Mazariegos GV, Zahorchak AF, Chien N, Abe M, Raimondi G, Thomson AW: High PDL1/CD86 ratio on plasmacytoid dendritic cells correlates with elevated T-regulatory cells in liver
transplant tolerance. Transplantation 2008, 85:369-377.

144.

Ochando JC, Homma C, Yang Y, Hidalgo A, Garin A, Tacke F, Angeli V, Li Y, Boros P, Ding Y et al.:
Alloantigen-presenting plasmacytoid dendritic cells mediate tolerance to vascularized grafts. Nat
Immunol 2006, 7:652-662.

145.

Gabrilovich DI, Nagaraj S: Myeloid-derived suppressor cells as regulators of the immune system.
Nat Rev Immunol 2009, 9:162-174.

146.

Boros P, Ochando JC, Chen SH, Bromberg JS: Myeloid-derived suppressor cells: natural regulators
for transplant tolerance. Hum Immunol 2010, 71:1061-1066.

147.

Rodriguez PC, Ochoa AC: Arginine regulation by myeloid derived suppressor cells and tolerance
in cancer: mechanisms and therapeutic perspectives. Immunol Rev 2008, 222:180-191.

148.

Mazzoni A, Bronte V, Visintin A, Spitzer JH, Apolloni E, Serafini P, Zanovello P, Segal DM: Myeloid
suppressor lines inhibit T cell responses by an NO-dependent mechanism. J Immunol 2002,
168:689-695.

149.

De W, V, Van RN, Hill M, Lebrun JF, Lemaitre P, Lhomme F, Kubjak C, Vokaer B, Oldenhove G,
Charbonnier LM et al.: Endotoxin-induced myeloid-derived suppressor cells inhibit alloimmune
responses via heme oxygenase-1. Am J Transplant 2009, 9:2034-2047.

150.

Huang B, Pan PY, Li Q, Sato AI, Levy DE, Bromberg J, Divino CM, Chen SH: Gr-1+CD115+ immature
myeloid suppressor cells mediate the development of tumor-induced T regulatory cells and T-cell
anergy in tumor-bearing host. Cancer Res 2006, 66:1123-1131.

151.

Chou HS, Hsieh CC, Charles R, Wang L, Wagner T, Fung JJ, Qian S, Lu LL: Myeloid-derived
suppressor cells protect islet transplants by B7-H1 mediated enhancement of T regulatory cells.
Transplantation 2012, 93:272-282.

152.

CALNE RY: The rejection of renal homografts. Inhibition in dogs by 6-mercaptopurine. Lancet
1960, 1:417-418.

153.

Winkelstein A: The effects of azathioprine and 6 MP on immunity. J Immunopharmacol 1979, 1:429454.

154.

CALNE RY, Thiru S, McMaster P, Craddock GN, White DJ, Evans DJ, Dunn DC, Pentlow BD, Rolles K:
Cyclosporin A in patients receiving renal allografts from cadaver donors. 1978. J Am Soc Nephrol
1998, 9:1751-1756.

155.

Watson CJ, Dark JH: Organ transplantation: historical perspective and current practice. Br J
Anaesth 2012, 108 Suppl 1:i29-i42.

156.

Meier-Kriesche HU, Steffen BJ, Hochberg AM, Gordon RD, Liebman MN, Morris JA, Kaplan B:
Mycophenolate mofetil versus azathioprine therapy is associated with a significant protection
against long-term renal allograft function deterioration. Transplantation 2003, 75:1341-1346.

157.

Allison AC, Eugui EM: Mycophenolate mofetil and its mechanisms of action. Immunopharmacology
2000, 47:85-118.

158.

Halloran PF: Immunosuppressive drugs for kidney transplantation. N Engl J Med 2004, 351:27152729.

159.

CALNE RY, Collier DS, Lim S, Pollard SG, Samaan A, White DJ, Thiru S: Rapamycin for
immunosuppression in organ allografting. Lancet 1989, 2:227.

Reference list

113

160.

Dumont FJ, Su Q: Mechanism of action of the immunosuppressant rapamycin. Life Sci 1996,
58:373-395.

161.

Ekberg H, Bernasconi C, Tedesco-Silva H, Vitko S, Hugo C, Demirbas A, Acevedo RR, Grinyo J, Frei U,
Vanrenterghem Y et al.: Calcineurin inhibitor minimization in the Symphony study: observational
results 3 years after transplantation. Am J Transplant 2009, 9:1876-1885.

162.

Kasiske BL, Zeier MG, Chapman JR, Craig JC, Ekberg H, Garvey CA, Green MD, Jha V, Josephson
MA, Kiberd BA et al.: KDIGO clinical practice guideline for the care of kidney transplant recipients:
a summary. Kidney Int 2010, 77:299-311.

163.

Borel JF, Feurer C, Gubler HU, Stahelin H: Biological effects of cyclosporin A: a new
antilymphocytic agent. Agents Actions 1976, 6:468-475.

164.

Kino T, Hatanaka H, Hashimoto M, Nishiyama M, Goto T, Okuhara M, Kohsaka M, Aoki H, Imanaka H:
FK-506, a novel immunosuppressant isolated from a Streptomyces. I. Fermentation, isolation,
and physico-chemical and biological characteristics. J Antibiot (Tokyo) 1987, 40:1249-1255.

165.

Fung JJ: Tacrolimus and transplantation: a decade in review. Transplantation 2004, 77:S41-S43.

166.

Kino T, Hatanaka H, Miyata S, Inamura N, Nishiyama M, Yajima T, Goto T, Okuhara M, Kohsaka M,
Aoki H et al.: FK-506, a novel immunosuppressant isolated from a Streptomyces. II.
Immunosuppressive effect of FK-506 in vitro. J Antibiot (Tokyo) 1987, 40:1256-1265.

167.

Thomson A, Murase N, Nalesnik M, Starzl T: The influence of tacrolimus (FK506) on experimental
autoimmune disease. In Principles of Drug Development In Transplantation and Autoimmunity. Edited
by Edited by Lieberman R, Mukherjee A. Austin, TX: RG Landes Company; 1996:171-182.

168.

Liu J, Farmer JD, Jr., Lane WS, Friedman J, Weissman I, Schreiber SL: Calcineurin is a common
target of cyclophilin-cyclosporin A and FKBP-FK506 complexes. Cell 1991, 66:807-815.

169.

Crabtree GR, Schreiber SL: SnapShot: Ca2+-calcineurin-NFAT signaling. Cell 2009, 138:210, 210.

170.

Serfling E, Berberich-Siebelt F, Chuvpilo S, Jankevics E, Klein-Hessling S, Twardzik T, Avots A: The
role of NF-AT transcription factors in T cell activation and differentiation. Biochimica et Biophysica
Acta (BBA) - Molecular Cell Research 2000, 1498:1-18.

171.

Jones DL, Sacks SH, Wong W: Controlling the generation and function of human CD8+ memory T
cells in vitro with immunosuppressants. Transplantation 2006, 82:1352-1361.

172.

Pearl JP, Parris J, Hale DA, Hoffmann SC, Bernstein WB, McCoy KL, Swanson SJ, Mannon RB,
Roederer M, Kirk AD: Immunocompetent T-cells with a memory-like phenotype are the dominant
cell type following antibody-mediated T-cell depletion. Am J Transplant 2005, 5:465-474.

173.

Ekberg H, Tedesco-Silva H, Demirbas A, Vitko S, Nashan B, Gurkan A, Margreiter R, Hugo C, Grinyo
JM, Frei U et al.: Reduced exposure to calcineurin inhibitors in renal transplantation. N Engl J Med
2007, 357:2562-2575.

174.

Webster AC, Woodroffe RC, Taylor RS, Chapman JR, Craig JC: Tacrolimus versus ciclosporin as
primary immunosuppression for kidney transplant recipients: meta-analysis and meta-regression
of randomised trial data. BMJ 2005, 331:810.

175.

Lamb KE, Lodhi S, Meier-Kriesche HU: Long-term renal allograft survival in the United States: a
critical reappraisal. Am J Transplant 2011, 11:450-462.

176.

A comparison of tacrolimus (FK 506) and cyclosporine for immunosuppression in liver
transplantation. The U.S. Multicenter FK506 Liver Study Group. N Engl J Med 1994, 331:1110-1115.

177.

Randomised trial comparing tacrolimus (FK506) and cyclosporin in prevention of liver allograft
rejection. European FK506 Multicentre Liver Study Group. Lancet 1994, 344:423-428.

178.

Casey MJ, Meier-Kriesche HU: Calcineurin inhibitors in kidney transplantation: friend or foe? Curr
Opin Nephrol Hypertens 2011, 20:610-615.

Reference list

114

179.

Etienne I, Toupance O, Benichou J, Thierry A, Al NA, Hurault de LB, Le MY, Westeel PF, Marquet P,
Francois A et al.: A 50% reduction in cyclosporine exposure in stable renal transplant recipients:
renal function benefits. Nephrol Dial Transplant 2010, 25:3096-3106.

180.

Ekberg H, Bernasconi C, Noldeke J, Yussim A, Mjornstedt L, Erken U, Ketteler M, Navratil P:
Cyclosporine, tacrolimus and sirolimus retain their distinct toxicity profiles despite low doses in
the Symphony study. Nephrol Dial Transplant 2010, 25:2004-2010.

181.

Schiff J, Cole E, Cantarovich M: Therapeutic monitoring of calcineurin inhibitors for the
nephrologist. Clin J Am Soc Nephrol 2007, 2:374-384.

182.

Scholten EM, Cremers SC, Schoemaker RC, Rowshani AT, van Kan EJ, den HJ, Paul LC, de Fijter JW:
AUC-guided dosing of tacrolimus prevents progressive systemic overexposure in renal
transplant recipients. Kidney Int 2005, 67:2440-2447.

183.

Balbontin FG, Kiberd B, Squires J, Singh D, Fraser A, Belitsky P, Lawen J: Tacrolimus monitoring by
simplified sparse sampling under the concentration time curve. Transplant Proc 2003, 35:24452448.

184.

Braun F, Schutz E, Peters B, Talaulicar R, Grupp C, Undre N, Schafer A, Armstrong VW, Oellerich M,
Ringe B: Pharmacokinetics of tacrolimus primary immunosuppression in kidney transplant
recipients. Transplant Proc 2001, 33:2127-2128.

185.

Mahalati K, Kahan BD: Pharmacological surrogates of allograft outcome. Ann Transplant 2000,
5:14-23.

186.

KDIGO clinical practice guideline for the care of kidney transplant recipients. Am J Transplant
2009, 9 Suppl 3:S1-155.

187.

Undre NA, van HJ, Christiaans M, Vanrenterghem Y, Donck J, Heeman U, Kohnle M, Zanker B, Land W,
Morales JM et al.: Low systemic exposure to tacrolimus correlates with acute rejection. Transplant
Proc 1999, 31:296-298.

188.

Ishibashi M, Yoshida K, Ozono S, Hirao Y, Takahashi K, Kawamura Y, Ohara K: Experimental study of
tacrolimus immunosuppression on the mode of administration: efficacy of constant intravenous
infusion avoiding C(max). Transplant Proc 2001, 33:559-560.

189.

Veroux M, Grosso G, Ekser B, Corona D, Giaquinta A, Veroux P: Impact of conversion to a once daily
tacrolimus-based regimen in kidney transplant recipients with gastrointestinal complications.
Transplantation 2012, 93:895-899.

190.

Niimi M, Pearson TC, Larsen CP, Alexander DZ, Hollenbaugh D, Aruffo A, Linsley PS, Thomas E,
Campbell K, Fanslow WC et al.: The role of the CD40 pathway in alloantigen-induced
hyporesponsiveness in vivo. J Immunol 1998, 161:5331-5337.

191.

Kirk AD, Burkly LC, Batty DS, Baumgartner RE, Berning JD, Buchanan K, Fechner JH, Jr., Germond RL,
Kampen RL, Patterson NB et al.: Treatment with humanized monoclonal antibody against CD154
prevents acute renal allograft rejection in nonhuman primates. Nat Med 1999, 5:686-693.

192.

Kover KL, Geng Z, Hess DM, Benjamin CD, Moore WV: Anti-CD154 (CD40L) prevents recurrence of
diabetes in islet isografts in the DR-BB rat. Diabetes 2000, 49:1666-1670.

193.

Elster EA, Xu H, Tadaki DK, Burkly LC, Berning JD, Baumgartner RE, Cruzata F, Patterson NB, Harlan
DM, Kirk AD: Primate skin allotransplantation with anti-CD154 monotherapy. Transplant Proc 2001,
33:675-676.

194.

Honey K, Cobbold SP, Waldmann H: CD40 ligand blockade induces CD4+ T cell tolerance and
linked suppression. J Immunol 1999, 163:4805-4810.

195.

Markees TG, Phillips NE, Noelle RJ, Shultz LD, Mordes JP, Greiner DL, Rossini AA: Prolonged
survival of mouse skin allografts in recipients treated with donor splenocytes and antibody to
CD40 ligand. Transplantation 1997, 64:329-335.

196.

Graca L, Honey K, Adams E, Cobbold SP, Waldmann H: Cutting edge: anti-CD154 therapeutic
antibodies induce infectious transplantation tolerance. J Immunol 2000, 165:4783-4786.

Reference list

115

197.

Ferrer IR, Wagener ME, Song M, Kirk AD, Larsen CP, Ford ML: Antigen-specific induced Foxp3+
regulatory T cells are generated following CD40/CD154 blockade. Proc Natl Acad Sci U S A 2011,
108:20701-20706.

198.

Markees TG, Phillips NE, Gordon EJ, Noelle RJ, Shultz LD, Mordes JP, Greiner DL, Rossini AA: Longterm survival of skin allografts induced by donor splenocytes and anti-CD154 antibody in
thymectomized mice requires CD4(+) T cells, interferon-gamma, and CTLA4. J Clin Invest 1998,
101:2446-2455.

199.

Quezada SA, Fuller B, Jarvinen LZ, Gonzalez M, Blazar BR, Rudensky AY, Strom TB, Noelle RJ:
Mechanisms of donor-specific transfusion tolerance: preemptive induction of clonal T-cell
exhaustion via indirect presentation. Blood 2003, 102:1920-1926.

200.

Hancock WW, Sayegh MH, Zheng XG, Peach R, Linsley PS, Turka LA: Costimulatory function and
expression of CD40 ligand, CD80, and CD86 in vascularized murine cardiac allograft rejection.
Proc Natl Acad Sci U S A 1996, 93:13967-13972.

201.

Parker DC, Greiner DL, Phillips NE, Appel MC, Steele AW, Durie FH, Noelle RJ, Mordes JP, Rossini AA:
Survival of mouse pancreatic islet allografts in recipients treated with allogeneic small
lymphocytes and antibody to CD40 ligand. Proc Natl Acad Sci U S A 1995, 92:9560-9564.

202.

Zheng XX, Markees TG, Hancock WW, Li Y, Greiner DL, Li XC, Mordes JP, Sayegh MH, Rossini AA,
Strom TB: CTLA4 signals are required to optimally induce allograft tolerance with combined
donor-specific transfusion and anti-CD154 monoclonal antibody treatment. J Immunol 1999,
162:4983-4990.

203.

Iwakoshi NN, Mordes JP, Markees TG, Phillips NE, Rossini AA, Greiner DL: Treatment of allograft
recipients with donor-specific transfusion and anti-CD154 antibody leads to deletion of
alloreactive CD8+ T cells and prolonged graft survival in a CTLA4-dependent manner. J Immunol
2000, 164:512-521.

204.

Phillips NE, Greiner DL, Mordes JP, Rossini AA: Costimulatory blockade induces
hyporesponsiveness in T cells that recognize alloantigen via indirect antigen presentation.
Transplantation 2006, 82:1085-1092.

205.

Ferrer IR, Wagener ME, Song M, Ford ML: CD154 blockade alters innate immune cell recruitment
and programs alloreactive CD8+ T cells into KLRG-1(high) short-lived effector T cells. PLoS One
2012, 7:e40559.

206.

Orlando G, Hematti P, Stratta RJ, Burke GW, III, Di CP, Pisani F, Soker S, Wood K: Clinical
operational tolerance after renal transplantation: current status and future challenges. Ann Surg
2010, 252:915-928.

207.

Lodhi SA, Lamb KE, Meier-Kriesche HU: Solid organ allograft survival improvement in the United
States: the long-term does not mirror the dramatic short-term success. Am J Transplant 2011,
11:1226-1235.

208.

Starzl TE, Demetris AJ, Trucco M, Murase N, Ricordi C, Ildstad S, Ramos H, Todo S, Tzakis A, Fung JJ
et al.: Cell migration and chimerism after whole-organ transplantation: the basis of graft
acceptance. Hepatology 1993, 17:1127-1152.

209.

Roussey-Kesler G, Giral M, Moreau A, Subra JF, Legendre C, Noel C, Pillebout E, Brouard S, Soulillou
JP: Clinical operational tolerance after kidney transplantation. Am J Transplant 2006, 6:736-746.

210.

Mobillo P, Norris S, Rebollo-Mesa I, Nova-Lamperti E, Kamra Y, Lord G, Vaughan R, Lechler R,
Hernandez-Fuentes M, GAMBIT Consortium et al.: Absence of Anti-Donor Specific Antibodies in
Drug-Free Tolerant Kidney Transplant Recipients: 1920. Transplantation 2012, 94.

211.

Qin S, Cobbold SP, Pope H, Elliott J, Kioussis D, Davies J, Waldmann H: "Infectious" transplantation
tolerance. Science 1993, 259:974-977.

212.

Kawai T, Sachs DH: Tolerance induction: hematopoietic chimerism. Curr Opin Organ Transplant
2013, 18:402-407.

213.

Sanchez-Fueyo A: Hot-topic debate on tolerance: immunosuppression withdrawal. Liver Transpl
2011, 17 Suppl 3:S69-S73.

Reference list

116

214.

CALNE RY: Prope tolerance--the future of organ transplantation from the laboratory to the clinic.
Int Immunopharmacol 2005, 5:163-167.

215.

Stockinger B, Barthlott T, Kassiotis G: The concept of space and competition in immune regulation.
Immunology 2004, 111:241-247.

216.

Bustin SA: Absolute quantification of mRNA using real-time reverse transcription polymerase
chain reaction assays. J Mol Endocrinol 2000, 25:169-193.

217.

Nolan T, Hands RE, Bustin SA: Quantification of mRNA using real-time RT-PCR. Nat Protoc 2006,
1:1559-1582.

218.

Zipper H, Brunner H, Bernhagen J, Vitzthum F: Investigations on DNA intercalation and surface
binding by SYBR Green I, its structure determination and methodological implications. Nucleic
Acids Res 2004, 32:e103.

219.

Holm S: A simple sequentially rejective multiple test procedure. Scandinavian journal of statistics
1979,65-70.

220.

Garovoy MR, Rheinschmidt MA, Bigos M, et al.. Flow cytometry analysis: a high technology
crossmatch technique facilitating transplantation. Transplant Proc. 1983(15), 1939-1944. 1983.

221.

Katari SR, Magnone M, Shapiro R, Jordan M, Scantlebury V, Vivas C, Gritsch A, McCauley J, Starzl T,
Demetris AJ et al.: Clinical features of acute reversible tacrolimus (FK 506) nephrotoxicity in
kidney transplant recipients. Clin Transplant 1997, 11:237-242.

222.

Ochiai T, Ishibashi M, Fukao K, Takahashi K, Endo T, Yokoyama I, Uchida K, Ohshima S, Takahara S,
Morozumi K et al.: Japanese multicenter studies of FK 506 in renal transplantation. Japanese FK
506 Study Group. Transplant Proc 1995, 27:50-53.

223.

O'Connell S, Slattery C, Ryan MP, McMorrow T: Identification of novel indicators of cyclosporine A
nephrotoxicity in a CD-1 mouse model. Toxicol Appl Pharmacol 2011, 252:201-210.

224.

Liptak P, Ivanyi B: Primer: Histopathology of calcineurin-inhibitor toxicity in renal allografts. Nat
Clin Pract Nephrol 2006, 2:398-404.

225.

Boger CA, Rummele P, Mihatsch MJ, Banas B, Kramer BK: Reverse diastolic intrarenal flow due to
calcineurin inhibitor (CNI) toxicity. Am J Transplant 2006, 6:1963-1967.

226.

Nickeleit V, Mihatsch MJ: Polyomavirus nephropathy in native kidneys and renal allografts: an
update on an escalating threat. Transpl Int 2006, 19:960-973.

227.

Yu G, Xu X, Vu MD, Kilpatrick ED, Li XC: NK cells promote transplant tolerance by killing donor
antigen-presenting cells. J Exp Med 2006, 203:1851-1858.

228.

Zhang Z, Zhu L, Quan D, Garcia B, Ozcay N, Duff J, Stiller C, Lazarovits A, Grant D, Zhong R: Pattern
of liver, kidney, heart, and intestine allograft rejection in different mouse strain combinations.
Transplantation 1996, 62:1267-1272.

229.

Zhai Y, Meng L, Gao F, Wang Y, Busuttil RW, Kupiec-Weglinski JW: CD4+ T regulatory cell induction
and function in transplant recipients after CD154 blockade is TLR4 independent. J Immunol 2006,
176:5988-5994.

230.

Furtado GC, Curotto de Lafaille MA, Kutchukhidze N, Lafaille JJ: Interleukin 2 signaling is required for
CD4(+) regulatory T cell function. J Exp Med 2002, 196:851-857.

231.

Le MA, Flamand V, Demoor FX, Noel JC, Surquin M, Kiss R, Nahori MA, Pretolani M, Goldman M,
Abramowicz D: Critical roles for IL-4, IL-5, and eosinophils in chronic skin allograft rejection. J Clin
Invest 1999, 103:1659-1667.

232.

Mohamed MA, Muth B, Vidyasagar V, Foley D, Fernandez L, Hofmann RM, Mezrich J, Pirsch J, Odorico
J, d'Alessandro T et al.: Post-transplant DSA monitoring may predict antibody-mediated rejection
in sensitized kidney transplant recipients. Clin Transpl 2011,389-394.

Reference list

117

233.

Sawitzki B, Bushell A, Steger U, Jones N, Risch K, Siepert A, Lehmann M, Schmitt-Knosalla I, Vogt K,
Gebuhr I et al.: Identification of gene markers for the prediction of allograft rejection or permanent
acceptance. Am J Transplant 2007, 7:1091-1102.

234.

Zhao DX, Hu Y, Miller GG, Luster AD, Mitchell RN, Libby P: Differential expression of the IFNgamma-inducible CXCR3-binding chemokines, IFN-inducible protein 10, monokine induced by
IFN, and IFN-inducible T cell alpha chemoattractant in human cardiac allografts: association with
cardiac allograft vasculopathy and acute rejection. J Immunol 2002, 169:1556-1560.

235.

Segerer S, Cui Y, Eitner F, Goodpaster T, Hudkins KL, Mack M, Cartron JP, Colin Y, Schlondorff D,
Alpers CE: Expression of chemokines and chemokine receptors during human renal transplant
rejection. Am J Kidney Dis 2001, 37:518-531.

236.

Ollinger R, Pratschke J: Role of heme oxygenase-1 in transplantation. Transpl Int 2010, 23:10711081.

237.

Hancock WW, Buelow R, Sayegh MH, Turka LA: Antibody-induced transplant arteriosclerosis is
prevented by graft expression of anti-oxidant and anti-apoptotic genes. Nat Med 1998, 4:13921396.

238.

Louvet C, Chiffoleau E, Heslan M, Tesson L, Heslan JM, Brion R, Beriou G, Guillonneau C, Khalife J,
Anegon I et al.: Identification of a new member of the CD20/FcepsilonRIbeta family overexpressed
in tolerated allografts. Am J Transplant 2005, 5:2143-2153.

239.

Hsieh CS, Liang Y, Tyznik AJ, Self SG, Liggitt D, Rudensky AY: Recognition of the peripheral self by
naturally arising CD25+ CD4+ T cell receptors. Immunity 2004, 21:267-277.

240.

Stephens LA, Anderton SM: Comment on "Cutting edge: anti-CD25 monoclonal antibody injection
results in the functional inactivation, not depletion, of CD4+CD25+ T regulatory cells". J Immunol
2006, 177:2036-2038.

241.

Kim JM, Rasmussen JP, Rudensky AY: Regulatory T cells prevent catastrophic autoimmunity
throughout the lifespan of mice. Nat Immunol 2007, 8:191-197.

242.

Mombaerts P, Iacomini J, Johnson RS, Herrup K, Tonegawa S, Papaioannou VE: RAG-1-deficient
mice have no mature B and T lymphocytes. Cell 1992, 68:869-877.

243.

Dupasquier M, Stoitzner P, Wan H, Cerqueira D, van OA, Voerman JS, da-Nagai K, Irimura T, Raes G,
Romani N et al.: The dermal microenvironment induces the expression of the alternative
activation marker CD301/mMGL in mononuclear phagocytes, independent of IL-4/IL-13 signaling.
J Leukoc Biol 2006, 80:838-849.

244.

Smiley ST, Csizmadia V, Gao W, Turka LA, Hancock WW: Differential effects of cyclosporine A,
methylprednisolone, mycophenolate, and rapamycin on CD154 induction and requirement for
NFkappaB: implications for tolerance induction. Transplantation 2000, 70:415-419.

245.

Li Y, Li XC, Zheng XX, Wells AD, Turka LA, Strom TB: Blocking both signal 1 and signal 2 of T-cell
activation prevents apoptosis of alloreactive T cells and induction of peripheral allograft
tolerance. Nat Med 1999, 5:1298-1302.

246.

Sho M, Sandner SE, Najafian N, Salama AD, Dong V, Yamada A, Kishimoto K, Harada H, Schmitt I,
Sayegh MH: New insights into the interactions between T-cell costimulatory blockade and
conventional immunosuppressive drugs. Ann Surg 2002, 236:667-675.

247.

Adams AB, Shirasugi N, Jones TR, Williams MA, Durham MM, Ha J, Dong Y, Guo Z, Newell KA,
Pearson TC et al.: Conventional immunosuppression is compatible with costimulation blockadebased, mixed chimerism tolerance induction. Am J Transplant 2003, 3:895-901.

248.

Izawa A, Sayegh MH, Chandraker A: The antagonism of calcineurin inhibitors and costimulatory
blockers: fact or fiction? Transplant Proc 2004, 36:570S-573S.

249.

Yuan X, Salama AD, Dong V, Schmitt I, Najafian N, Chandraker A, Akiba H, Yagita H, Sayegh MH: The
role of the CD134-CD134 ligand costimulatory pathway in alloimmune responses in vivo. J
Immunol 2003, 170:2949-2955.

Reference list

118

250.

Guo L, Li XK, Enosawa S, Funeshima N, Suzuki S, Kimura H, Sugawara Y, Tezuka K, Makuuchi M:
Significant enhancement by anti-ICOS antibody of suboptimal tacrolimus immunosuppression in
rat liver transplantation. Liver Transpl 2004, 10:743-747.

251.

Tang Q, Henriksen KJ, Bi M, Finger EB, Szot G, Ye J, Masteller EL, McDevitt H, Bonyhadi M, Bluestone
JA: In vitro-expanded antigen-specific regulatory T cells suppress autoimmune diabetes. J Exp
Med 2004, 199:1455-1465.

252.

Thornton AM, Piccirillo CA, Shevach EM: Activation requirements for the induction of CD4+CD25+ T
cell suppressor function. Eur J Immunol 2004, 34:366-376.

253.

San SD, Fernandez-Fresnedo G, Ruiz JC, Rodrigo E, Benito MJ, Arias M, Lopez-Hoyos M: Two-year
follow-up of a prospective study of circulating regulatory T cells in renal transplant patients. Clin
Transplant 2010, 24:386-393.

254.

Segundo DS, Ruiz JC, Izquierdo M, Fernandez-Fresnedo G, Gomez-Alamillo C, Merino R, Benito MJ,
Cacho E, Rodrigo E, Palomar R et al.: Calcineurin inhibitors, but not rapamycin, reduce
percentages of CD4+CD25+FOXP3+ regulatory T cells in renal transplant recipients.
Transplantation 2006, 82:550-557.

255.

Gao W, Lu Y, El EB, Oukka M, Kuchroo VK, Strom TB: Contrasting effects of cyclosporine and
rapamycin in de novo generation of alloantigen-specific regulatory T cells. Am J Transplant 2007,
7:1722-1732.

256.

Zeiser R, Nguyen VH, Beilhack A, Buess M, Schulz S, Baker J, Contag CH, Negrin RS: Inhibition of
CD4+CD25+ regulatory T-cell function by calcineurin-dependent interleukin-2 production. Blood
2006, 108:390-399.

257.

Coenen JJ, Koenen HJ, van RE, Hilbrands LB, Joosten I: Rapamycin, and not cyclosporin A,
preserves the highly suppressive CD27+ subset of human CD4+CD25+ regulatory T cells. Blood
2006, 107:1018-1023.

258.

Baan CC, van der Mast BJ, Klepper M, Mol WM, Peeters AM, Korevaar SS, Balk AH, Weimar W:
Differential effect of calcineurin inhibitors, anti-CD25 antibodies and rapamycin on the induction
of FOXP3 in human T cells. Transplantation 2005, 80:110-117.

259.

Ma A, Qi S, Wang Z, Massicotte E, Dupuis M, Daloze P, Chen H: Combined therapy of
CD4(+)CD25(+) regulatory T cells with low-dose sirolimus, but not calcineurin inhibitors,
preserves suppressive function of regulatory T cells and prolongs allograft survival in mice. Int
Immunopharmacol 2009, 9:553-563.

260.

Wekerle T: T-regulatory cells-what relationship with immunosuppressive agents? Transplant Proc
2008, 40:S13-S16.

261.

Baan CC, Velthuis JH, van Gurp EA, Mol WM, Klepper M, Ijzermans JN, Weimar W: Functional
CD25(bright+) alloresponsive T cells in fully immunosuppressed renal allograft recipients. Clin
Transplant 2007, 21:63-71.

262.

Meloni F, Morosini M, Solari N, Bini F, Vitulo P, Arbustini E, Pellegrini C, Fietta AM: Peripheral CD4+
CD25+ T reg cell expansion in lung transplant recipients is not affected by calcineurin inhibitors.
Int Immunopharmacol 2006, 6:2002-2010.

263.

Takada K, Usuda H, Oh-Hashi M, Yoshikawa H, Muranishi S, Tanaka H: Pharmacokinetics of FK-506,
a novel immunosuppressant, after intravenous and oral administrations to rats. J Pharmacobiodyn
1991, 14:34-42.

264.

Couper KN, Lanthier PA, Perona-Wright G, Kummer LW, Chen W, Smiley ST, Mohrs M, Johnson LL:
Anti-CD25 antibody-mediated depletion of effector T cell populations enhances susceptibility of
mice to acute but not chronic Toxoplasma gondii infection. J Immunol 2009, 182:3985-3994.

265.

Bushell A, Wood K: GITR ligation blocks allograft protection by induced CD25+CD4+ regulatory T
cells without enhancing effector T-cell function. Am J Transplant 2007, 7:759-768.

266.

Tanaka K, Albin MJ, Yuan X, Yamaura K, Habicht A, Murayama T, Grimm M, Waaga AM, Ueno T,
Padera RF et al.: PDL1 is required for peripheral transplantation tolerance and protection from
chronic allograft rejection. J Immunol 2007, 179:5204-5210.

119

Reference list
267.

Rudensky AY: Regulatory T cells and Foxp3. Immunol Rev 2011, 241:260-268.

268.

Graca L, Cobbold SP, Waldmann H: Identification of regulatory T cells in tolerated allografts. J Exp
Med 2002, 195:1641-1646.

269.

Iwakoshi NN, Markees TG, Turgeon N, Thornley T, Cuthbert A, Leif J, Phillips NE, Mordes JP, Greiner
DL, Rossini AA: Skin allograft maintenance in a new synchimeric model system of tolerance. J
Immunol 2001, 167:6623-6630.

270.

Tough DF, Borrow P, Sprent J: Induction of bystander T cell proliferation by viruses and type I
interferon in vivo. Science 1996, 272:1947-1950.

271.

Welsh RM, Selin LK: No one is naive: the significance of heterologous T-cell immunity. Nat Rev
Immunol 2002, 2:417-426.

272.

Wang T, Ahmed EB, Chen L, Xu J, Tao J, Wang CR, Alegre ML, Chong AS: Infection with the
intracellular bacterium, Listeria monocytogenes, overrides established tolerance in a mouse
cardiac allograft model. Am J Transplant 2010, 10:1524-1533.

273.

Welsh RM, Markees TG, Woda BA, Daniels KA, Brehm MA, Mordes JP, Greiner DL, Rossini AA: Virusinduced abrogation of transplantation tolerance induced by donor-specific transfusion and antiCD154 antibody. J Virol 2000, 74:2210-2218.

274.

Siepert A, Ahrlich S, Vogt K, Appelt C, Stanko K, Kuhl A, van den BJ, Reichardt HM, Nizze H, Lehmann
M et al.: Permanent CNI treatment for prevention of renal allograft rejection in sensitized hosts
can be replaced by regulatory T cells. Am J Transplant 2012, 12:2384-2394.

275.

Janeway CA Jr, Travers P, Walport M, Shlomchik MJ: Immunobiology, 5 Edition.New York, NY:
Garland Science; 2001.

th

120

Appendix

8 Appendix
8.1 List of Figures
Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8
Figure 9
Figure 10
Figure 11
Figure 12
Figure 13
Figure 14
Figure 15
Figure 16
Figure 17
Figure 18
Figure 19
Figure 20
Figure 21
Figure 22
Figure 23
Figure 24
Figure 25
Figure 26
Figure 27
Figure 28
Figure 29
Figure 30
Figure 31
Figure 32
Figure 33
Figure 34
Figure 35
Figure 36
Figure 37
Figure 38
Figure 39

Activation of T cells
T cell polarisation
Major histocompatibility complex: antigen presentation
Direct allorecognition
Indirect allorecognition
Semidirect allorecognition
Rejection of an allograft
Regulatory T cell subsets
Chemical structure of Tacrolimus
Effector mechanims of Tacrolimus
Concepts in drug monitoring
Principle of crossmatch FACS
Relationship between oral Tacrolimus administration and serum levels in
C57BL/6 mice
Weight curve in C57BL/6 mice during oral administration of Tacrolimus
Serum Creatinine levels in sentinel mice
Histopathological analysis of the kidneys after long-term Tacrolimus
treatment
Introducing Tacrolimus monotherapy in the full MHC mismatch model of
skin transplantation B/c --> B/6
Triple costimulatory blockade in three strain combinations
Treatment with aCD154 and DST is a weak tolerance inducing protocol
Low-dose Tacrolimus therapy combined with a weak tolerance inducing
protocol significantly prolongs allograft survival
Dose-dependency
Synergism
Tacrolimus has two modes of action
T reg Suppression assay
Macroscopic pathology of rejection
Microscopic pathology of rejection
TGFβ- RT-PCR in skin grafts
Crossmatch gating strategy
Titration curve
Analysis of donor-specific antibodies in transplanted mice
Gene profile of the skin graft
Gene profile of the dLN
Withdrawal of immunosuppression
Effector cell transfer
In vivo effector cell transfer
Effector cell transfer
Anti-PD-L1 antibody
Anti-GITR antibody
Depletion with anti-CD25

p. 2
p. 4
p. 5
p. 6
p. 7
p. 8
p. 9
p. 13
p. 19
p. 20
p. 21
p. 49
p. 52
p. 53
p. 54
p. 55
p. 56
p. 57
p. 58
p. 60
p. 61
p. 62
p. 62
p. 64
p. 66
p. 67
p. 68
p. 69
p .69
p. 70
p. 71
p. 74
p. 75
p. 75
p. 76
p. 76
p. 77
p. 77
p. 78

121

Appendix
Figure 40
Figure 41
Figure 42
Figure 43
Figure 44
Figure 45
Figure 46
Figure 47
Figure 48
Figure 49
Figure 50
Figure 51
Figure 52
Figure 53
Figure 54
Figure 55
Figure 56
Figure 57
Figure 58
Figure 59
Figure 60
Figure 61
Figure 62
Figure 63
Figure 64
Figure 65
Figure 66
Figure 67

Anti-CD25 antibody
Treatment with anti-CD154 + DST + Tac-75 in FoxP3-GFP-DTR mice
Treatment with anti-CD154 + DST + Tac-100 in FoxP3-GFP-DTR mice
Anti-IL10R antibody
Anti-TGFβ antibody
Splenectomy
Panel analysis of spleen
Analysis of spleen
Analysis of dLNs
T cell transfer from dLNs
Challenge
Challenge graph
Effector and regulatory T cells transferred with graft
Experimental design retransplantation
FACS analysis Rag1-/- with double transplants
Experimental design retransplantation and reconstitution
Transfer of regulation by retransplantation of the skin graft
FoxP3- RT-PCR in skin grafts
Immunohistochemical FoxP3 staining
Myeloid cell analysis in skin grafts I
Myeloid cell analysis in skin grafts II
Myeloid cell analysis in skin grafts III
Expression profile of Population 1 and 3
Ratio of Population 1 and 3
Analysis of CD4+ and CD8+ T cells in dLNs in MD-75 group with 50%
rejection
Analysis of dLNs in MD-75 group with 50% rejection
Thymectomy before induction therapy
Boost of marginal states

p. 78
p. 79
p. 80
p. 80
p. 81
p. 82
p. 83
p. 83
p. 84
p. 85
p. 86
p. 86
p. 87
p. 87
p. 88
p. 89
p. 89
p. 90
p. 90
p. 91
p. 91
p. 92
p. 93
p. 93
p. 94
p. 95
p. 95
p. 96

122

Appendix

SSC

Live-Dead

8.2 Supplementary figure

live

FSC

FSC

CD93

CD4

B220

B cell panel

B
cells

T1

T2

mature

CD4 neg
CD19

FSC

CD23

DC panel

CD11b

FSC

CD11c

CD11c

cDC

pDC

MHC II

FSC

Siglec H+

CD8a

NK / NKT panel

CD3

CD314

NK 1.1

NKT
NKs

CD49b

and

MDSC panel

CD11b

CD11b

Macrophage

CD19

FCS

FSC

GR-1

T cell panel

CD62L

CD3

CD4

CD4+
CD8+

naive

c.m.

CD27

CD4 or CD8

mature

e.m.
CD44

CD8

FSC

T reg panel

CD28

FSC

CD8+

CD8

Supplementary figure I: Panel Gating strategy

CD25

CD3

CD4

CD4+

CD137

CD4 or CD8

FoxP3

FoxP3

123

Appendix

8.3 Abbreviations
°C
µ
µg
µl
ACK
ADCC
Ag
aH
ANOVA
AP-1
APC
APC
APC-Cy7
AUC
BD
BKV
BM
BMDC
BSA

Degree Celsius
Micro
Microgram
Microliter
Ammonium-Chloride-Potassium
Antibody dependent cellular toxicity
Antigen
Armenian Hamster
Analysis of variance
Activator protein 1
Antigen presenting cell
Allophycocyanine
Allophycocyanine-cyanine 7
Area under the curve
Becton, Dickinson and Company
BK-virus
Bone marrow
Bone marrow derived cell
Bovine serum albumine

c0
Ca2+
CCL
CCR
CD
CD40L
CFDA-SE
CFSE

Trough level
Calcium
Chemokine ligand
Chemokine receptor
Cluster of differentiation
CD40 ligand
Carboxyfluorescein diacetate N-succinimidyl ester
Carboxyfluorescein succinimidyl ester

cmax

Maximum concentration

cmin
CMV
CN
d
DAG
DC
dDC

Minimum concentration
Cytomegalovirus
Calcineurin
Day
Diacylglycerol kinase
Dendritic cell
Donor-DC

ddH2O
dil.
dLN
DN
DNA
DST
DT
DTH
DTR
e.g.

Double-distilled water
Dilution
Draining LN
Double negative
Desoxyribonucleic acid
Donor-specific transfusion
Diphtheria toxin
Delayed type hypersensitivity
Diphtheria toxin receptor
Exempli gratia (for example)
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ELISA
ERK
et al.
EtOH
FACS
Fc
FCS
FcγRIIA/C
Fig.
FITC
FK-506
FKBP
FoxP3
g
GFP
GITR
GM-CSF
G-SCF
GVHD
h
H&E
HLA
i.e.
i.p.
i.v.
IFN
Ig
IL
IL-R
JAK
JCV
k
kg
l
Lck
LD50
LN
Ly6C
Ly6G
m
m
M
M reg
MACS
MAPK
MD-100
MD-75
MDSC
mg

Ethylenediaminetetraacetic acid
Enzyme-linked immunosorbent assay
Extracellular signal-regulated kinases
Et aliae (and others)
Ethanol
Fluorescence activated cell sorting
Fragment crystallisable
Fetal calf serum
Fc-gamma-receptor II A/C
Figure
Fluorescein isothiocyanate
Tacrolimus
FK506 binding protein
Forkhead box P3
Gram
Green fluorescent protein
Glucocorticoid-induced TNFR family related gene
Granulocyte / macrophage colony-stimulating factor
Granulocyte-colony stimulating factor
Graft-versus-host disease
Hour
Haematoxilin & Eosin
Human leukocyte antigen
Id est (that is)
Intraperitoneally
Intravenously
Interferon
Immunoglobulin
Interleukin
Interleukin-receptor
Janus kinase
JC-virus
Kilo
Kilogram
Liter
Lymphocyte-specific protein tyrosine kinase
Lethal dose, 50%
Lymph node
Lymphocyte antigen 6 C
Lymphocyte antigen 6 G
Milli
Meter
Molar
Regulatory Macrophage
Magnetic cell separation
Mitogen-activated protein kinase
Treatment: anti-CD154 + DST + 100 mg/kg Tacrolimus
Treatment: anti-CD154 + DST + 75 mg/kg Tacrolimus
Myeloid-derived suppressor cell
Milligram
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MHC
min
ml
mRNA
MST
n
n
ND
NF-AT
NF-Atc
NF-Atn
NF-κB
ng
NK
ns
OD
PBS
PCR
PD
PD-L1
PE
PE-Cy 7
PerCP
PerCPCy5.5
pg
PI3K
PKC
PLCγ
qPCR
QT
R&D
RA
RAG
rcf
rDC
RNA
ROS
rpm
RPMI
RT
RT-PCR
SD
SEM
sH
STAT
SV-40
T reg
Tac
TBS

Major Histocompatibility Complex
Minute
Milliliter
Messenger ribonucleic acid
Mean survival time
Number
Nano
Not determined
Nuclear factor of activated T cells
Nuclear factor of activated T cells, cytosolic
Nuclear factor of activated T cells, nuclear
Nuclear factor kappa-light-chain-enhancer of activated B
Nanogram
Natural killer
Not significant
Optical density
Phosphate buffered saline
Polymerase-chain reaction
Programmed death
Programmed death-ligand 1
Phycoerythrin
Phycoerythrin-cyanine 7
Peridinin-chlorophyll-protein complex
Peridinin-chlorophyll-protein complex-cyanine 5.5
Picogram
Phosphatidylinositol 3-kinases
Proteine kinase C
Phospholipase C[gamma]
Quantitative real-time PCR
Quantitect
Reserach & diagnostics
Retinoic acid
Recombination activation gene
Relative centrifugal force
Recipient-DC
Ribonucleic acid
Reactive oxgen species
Rounds per minute
Roswell Park Memorial Institute
Room temperature
Real-time PCR
Standard deviation
Standard error of the mean
Syrian hamster
Signal transducers and activators of transcription
Simian virus 40
Regulatory T cell
Tacrolimus
Tris-buffered saline
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TCR
TGFβ
Th
TNF
Ts
T-TBS
USA
v/v
w/v
ZAP70

T cell receptor
Transforming growth factor β
T helper
Tumour necrosis factor
Suppressor T cell
TBS supplemented with 0.5 % (v/v) Triton-X 100
United States of America
Volume/volume
Weight/volume
Zeta-chain-associated protein kinase 70
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