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ABSTRACT 
___________________________________________________________________ 

 

Abstract 

Haematopoietic stem cell transplantation (HSCT) is often the only curative therapy for 

haematopoietic malignancies and some inherited diseases of the haematopoietic 

system. A major side effect of HSCT and a cause of morbidity and mortality is acute 

graft-versus-host disease (aGvHD). aGvHD is mediated by donor T cells after 

activation by alloantigens and can cause severe damage of skin, the gastrointestinal 

tract, liver and lung. Glucocorticoids (GCs) are the gold standard first-line therapy of 

aGvHD, but their mode of action and the target cells, which mediate beneficial effects 

in the therapy of aGvHD, remain poorly defined. It was the aim of this study to obtain 

insight into the mode of GC action in aGvHD. 

This work shows that the glucocorticoid receptor (GR) in T cells is essential for 

treatment of aGvHD with GCs, whereas its dimerisation, which is required for 

transactivation, is mostly dispensable. Moreover, GR-dimerisation in host tissues or 

the GR in myeloid cells, such as macrophages, is also dispensable for GC treatment. 

Whilst T cell cytokines like interferon (IFN)-, interleukin (IL)-2 and interleukin (IL)-17 

are diminished after GC treatment, their reduction alone is not sufficient for therapy. 

Rather lowering of target organ infiltration and of cytotoxic T cell activity, which is 

abrogated if mice are transplanted with T cells that are deficient for the GR, appear to 

be crucial for treatment success. 

In contrast, endogenous GCs require both, the GR in donor T cells and its 

dimerisation, for their effect and they also require dimerisation of the GR in host 

tissues. If GR-dimerisation in the recipient is abrogated, there is an increase of 

cytokines produced by host cells, such as monocyte chemotactic protein (MCP)-1 

and interleukin (IL)-6. Remarkably, GR-dimerisation-deficient recipients also show 

dysregulated energy expenditure, which may be responsible for exaggerated aGvHD. 

Collectively, these results indicate that treatment of aGvHD with selective GC 

agonists may be a promising therapy option for aGvHD, and that the role of energy 

expenditure in aGvHD is an interesting aspect to further investigate when searching 

for new treatment options. 
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1. Introduction 

1.1. Haematopoietic stem cell transplantation 

The first successful human bone marrow transplantation was performed in 1968 by 

Robert A. Good, who cured an immunodeficient infant using bone marrow from a 

matched sibling (Gatti et al., 1968). Soon afterwards, E. Donnall Thomas began to 

conduct first experiments with leukaemia patients (Thomas et al., 1957). For his work 

on haematopoietic stem cell transplantation (HSCT) he was awarded, along with 

Joseph E. Murray, the Noble Prize for Physiology or Medicine in 1990 

(http://www.nobelprize.org/nobel_prizes/medicine/laureates/1990/press.html). 

Indications for allogenic HSCT include acute myeloblastic leukaemia, lymphoblastic 

leukaemia and lymphoid malignancies, but also non-malignant disorders, such as 

severe immunodeficiency and paroxysmal nocturnal hemoglobinuria (reviewed in 

Holowiecki, 2008). And in spite of recent advances in the treatment of some forms of 

leukaemia and lymphomas in the form of drugs like rituximab (Maloney et al., 1997), 

for some malignancies HSCT even remains the only available curative treatment. In 

recent years, peripheral blood stem cells (PBMCs) have become the preferred 

source of haematopoietic stem cells over bone marrow aspiration (reviewed in Cutler 

and Antin, 2001). 

Even before the first successes of transplantation medicine, it was discovered that 

recipients of allogeneic bone marrow grafts can develop a graft-versus-host reaction 

(Billingham, 1959). In addition, Barnes and Loutit noted that leukaemic mice 

transplanted with allogeneic bone marrow were cured more effectively than mice 

transplanted with syngenic bone marrow. But they also observed that some died, not 

from leukaemia, but from “wasting and chronic diarrhoea” (Barnes and Loutit, 1957). 

The deleterious effect of allogeneic transplantation was initially named “secondary 

disease” before it was termed graft-versus-host disease (GvHD) (e.g. Van Bekkum et 

al., 1959). The protective effect of allogeneic bone marrow against leukaemia is now 

recognised as graft-versus-leukaemia (GvL) effect. 

1.2. Acute graft-versus-host disease (aGvHD) 

GvHD is one of the most frequent complications after HSCT and responsible for a 

major percentage of transplant-related mortality and morbidity. Other important 
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complications are relapse (in case of malignancies) and infection (Gratwohl et al., 

2005). In fact, a meta-analysis showed that the use of PBSCs has a slightly 

increased risk for aGvHD compared to transplantation of bone marrow (Cutler et al., 

2001). 

For the occurrence of aGvHD three requirements, as postulated by Billingham, have 

to be fulfilled: (1) the graft has to contain immunologically competent cells, (2) the 

recipient must be immunocomprimised and unable to reject those cells and (3) the 

recipient must express antigens not present in the donor that can be recognised as 

foreign (Billingham, 1966). The immunocompetent cells in the graft that cause 

aGvHD have been identified as mature T cells (Korngold and Sprent, 1978) and, in 

fact, the disease severity correlates with the number of transfused T cells (Kernan et 

al., 1986). 

aGvHD is often viewed as a three-step process (Figure 1) (Ferrara et al., 2009): 

1) Tissue damage caused by the underlying disease and/or conditioning 

2) Activation and expansion of transplanted T cells 

3) Effector phase. 

 

Figure 1: A model for the pathogenesis of aGvHD. Conditioning causes tissue damage, which activates the 

innate immune system. Host APCs are activated and prime alloreactive T cells that mount a Th1 response. 



INTRODUCTION 
___________________________________________________________________ 

3 

Cytotoxic T cells migrate into the target organs where they cause tissue damage and in turn activate other 

immune cells. More cytokines are released resulting in a cytokine storm. (Reprinted from The Lancet, Vol. 373, 

James L M Ferrara, John E Levine, Pavan Reddy, Ernst Holler, Graft-versus-host disease, Pages No. 1550-61, 

Copyright (2009), with permission from Elsevier.) 

 

Both, underlying malignancies and the conditioning regimen, which usually involves 

radio- and/or chemotherapy, can cause tissue damage. This releases danger signals, 

such as the secretion of inflammatory cytokines like tumour necrosis factor (TNF)- 

and interleukin (IL)-1. Also, LPS from bacteria, which for example colonise the gut, 

may translocate across damaged epithelial barriers. This stimulates the innate 

immune system and leads to the upregulation of MHC-molecules and adhesion 

molecules (Hill et al., 1997).  

This is the pro-inflammatory environment the donor T cells encounter upon 

transplantation. If T cells are now presented with alloantigens by host antigen 

presenting cells (APCs), they are activated through co-stimulation and start to 

expand (Shlomchik et al., 1999). The antigens present in the recipient and absent in 

the donor are prominently the major histocompatibility complex (MHC). The mouse 

model in this work is based on such a MHC-mismatched transplantation. In a clinical 

situation, most transplants are MHC-matched or only mismatched for 1 or 2 loci. 

However, aGvHD can also be caused by minor histocompatibility antigens (miHAs) 

and 40% of HLA-matched recipients develop aGvHD (Ferrara 2009). In humans, HA-

1-5 have been identified as miHAs if presented in the context of HLA-A1 and A2, of 

which only HA-1 significantly correlates with aGvHD of grade II or more severe 

(Goulmy et al., 1996). Some miHAs are also encoded by the Y chromosome and 

there is an increased risk in males receiving bone marrow from a female donor 

(Wang et al., 1995). Upon activation T cells start to expand and produce high 

amounts of IL-2 during proliferation. aGvHD is classically considered to be a Th1-

dominant disease in which IFN is a key player. 

In the effector phase, cytotoxic T cells infiltrate the target tissues and cause damage 

due to direct cytotoxic mechanisms and inflammatory cytokine production. 

Cytotoxic T cells kill their targets using the perforin/granzyme or the Fas/Fas ligand 

pathway. When a cytotoxic T cell recognises a target cell via TCR/MHC interaction, 

perforin and granzymes are released from cytotoxic granules. Perforin integrates into 

the membrane of the target cell forming a pore through which granzymes can enter 

the cell to induce apoptosis (reviewed in Trapani and Smyth, 2002). 
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Binding of Fas ligand leads to trimerisation of the Fas receptor and formation of the 

death-inducing signalling complex (DISC) together with the adaptor protein Fas-

associated death domain (FADD) and caspase-8. Caspase-8 is then activated and 

mediates cell death either directly by activating other caspases or with the help of a 

mitochondrial feedback-loop (Scaffidi et al., 1998). 

Both pathways were found to be important in experimental models of aGvHD. The 

transplantation of T cells deficient for either perforin or Fas ligand across MHC 

barriers results in delayed mortality in sublethally irradiated recipients, while the 

transplantation of T cells deficient for both cytolytic pathways fails to induce aGvHD 

(Braun et al., 1996). This, however, may also be due to the fact that double deficient 

T cells lack the capability to overcome the host immune response (e.g. NK cells) in 

sublethally irradiated recipients (Jiang et al., 2001). Nevertheless, both pathways are 

involved in aGvHD pathogenesis. 

Furthermore, T cell cytokines activate other inflammatory cells, such as 

macrophages, which in turn produce IL-1 and TNF that cause tissue damage (Hill et 

al., 1999). Eventually, this leads to the generation of a cytokine storm (Antin and 

Ferrara, 1992). 

aGvHD is defined as occurring within 100 days after transplantation. It can occur 

within days of the transplant in HLA mismatched transplantation pairs, but less 

intense conditioning, MHC-matching and pharmacological prophylaxis often delay the 

onset and newer practice separates acute and chronic GvHD on the basis of 

pathological presentation (Ferrara and Deeg, 1991). 

aGvHD mainly affects skin, the gastrointestinal tract, liver (Martin et al., 1990) and 

possibly also the lung (Cooke et al., 1996). In skin, it presents with a maculopapular 

rash. Gastrointestinal symptoms feature nausea, anorexia, watery and/or bloody 

diarrhoea and abdominal pain. Liver aGvHD consists of cholestatic 

hyperbilirubinaemia (Ferrara et al., 2009). Also, the immune system itself is target of 

the GvH reaction and aGvHD leads to profound immunodeficiency. The activation 

and expansion of alloreactive T cells leads to vast AICD, which also affects non-

alloreactive bystander T cells and thus impairs immune reconstitution (Brochu et al., 

1999). 

Intestinal aGvHD is central to the pathogenesis of aGvHD, with much mortality and 

morbidity caused by malnutrition, fluid loss and increased intestinal permeability 

(Hedberg et al., 1968). Mowat and Socié describe the development of intestinal 
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pathology as follows: The intestine is damaged by the conditioning, and LPS from the 

gut microbiota is released and induces the alloreactive response. In the first phase of 

intestinal damage, the proliferative phase, T cells start to infiltrate the epithelium and 

produce IFN. Other host cells, like macrophages, are activated, MHC is upregulated 

and barrier and digestive functions are impaired. This initial damage is compensated 

by increased proliferation of stem cells and epithelial turnover, resulting in crypt 

hyperplasia. When aGvHD progresses, in the destructive phase, macrophages cause 

damage via NO, as well as cytokines like TNF and IL-1. This phase is also 

characterised by cytotoxic T cell activity. This leads to atrophy of villi and destruction 

of tissue architecture. In the final stage, the terminal phase, necrosis occurs, there is 

crypt cell apoptosis and matrix metalloproteases destroy the extracellular matrix 

(Mowat and Socié, 2005). 

As there are no pathogens present that explain the tissue specificity of aGvHD, this is 

often explained by the fact that the target organs are damaged in particular by 

conditioning or have close contact to the environment (Shlomchik, 2007). Another 

explanation is that all of these organs are affected in areas that contain many 

undifferentieated epithelial cells. Therefore, there may be a connection between early 

surface antigens of epithelial cells and tropism of aGvHD (Ferrara and Deeg, 1991). 

1.3. Cytokines in aGvHD 

Excessive production of cytokines is a characteristic of aGvHD and polymorphisms in 

cytokines have been associated with the risk for aGvHD. 

Interleukin (IL)-2 is transiently produced by activated T cells and has autocrine, 

paracrine and systemic effects. Its main target are T cells themselves, including 

regulatory T cells, and it is crucial for clonal expansion (Malek, 2008). But IL-2 also 

has an effect on other cells; it can for example activate macrophages to produce 

TNF (Economou et al., 1989). 

While it is generally accepted that IL-2 plays an important role in the pathogenesis of 

aGvHD, there is no correlation between IL-2 serum levels and the risk of developing 

aGvHD (Fujii et al., 2006). However, Hua et al. found that higher IL-2 levels after 

conditioning and after transplantation are associated with higher grade aGvHD. Also, 

they found that increased IL-2 in the donor after mobilisation of stem cells is 

associated with higher grade aGvHD (Hua et al., 2010). This is contradictory with the 

finding that preincubation of T cells with IL-2 inhibits Th1 polarisation and fosters Th2 
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polarisation by inducing suppressor of cytokine signalling (SOCS)-3 (Zhao et al., 

2010). Increased IL-2 was also found to be associated with the development of 

intestinal aGvHD (Takatsuka et al., 2000). 

Experiments have been performed where mice suffering from aGvHD were injected 

with recombinant IL-2. If IL-2 is administered one week after transplantation it 

aggravates disease severity, whereas when it is administered immediately after 

transplantation, it has a protective effect against aGvHD (Sykes et al., 1990). 

Serum levels of soluble IL-2 receptor correlate with severity of aGvHD and are a 

good marker (Grimm et al., 1998; Kami et al., 2000). Monoclonal antibodies against 

the soluble IL-2 receptor have been successfully used for the treatment of steroid-

refractory aGvHD (Bay et al., 2005; Pinana et al., 2006; Schmidt-Hieber et al., 2005; 

Willenbacher et al., 2001). 

IL-2 induces the production of IFN, which plays a central role in the pathogenesis of 

aGvHD. Interestingly, IFN can mediate both, disease enhancing as well as 

protective effects. IFN is produced by activated T cells and is considered a major 

Th1 cytokine. It enhances antigen presentation by inducing MHC molecules. It also 

upregulates the expression of adhesion molecules and chemokines and therefore 

facilitates the recruitment of effector cells to the target organs. Furthermore, it can 

upregulate Fas and FasL and increase apoptosis of target cells. In macrophages, 

IFN increases the lysosomal activity and induces production of effector molecules 

such as NO and several cytokines (reviewed in Schroder et al., 2004). 

During the pathogenesis of aGvHD cytotoxic T cells and Th1 cells produce large 

amounts of IFN, which, in turn, primes macrophages to produce pro-inflammatory 

cytokines like TNF and IL-1. IFN is therefore associated with the cytokine storm in 

aGvHD and increased serum levels of IFN in patients were found to be associated 

with severe intestinal aGvHD (Takatsuka et al., 2000). 

On the other hand, it has been found that the prophylactic injection of exogenous 

IFN is protective against aGvHD (Brok et al., 1993) and the transplantation of IFN-/- 

T cells into lethally irradiated hosts aggravates aGvHD (Welniak et al., 2000). This 

contradictory role possibly derives from the fact that IFN is required for activation-

induced cell death (AICD) and that in an IFN deficient situation the T cell pool does 

not contract as consequence of the massive expansion due to strong alloreactive 
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stimulation, which would in a regular immune response against a pathogen be the 

case (Li et al., 2001; Refaeli et al., 2002). 

For many classical Th1 diseases, such as multiple sclerosis, recent findings have 

shown that Th17 cells play an important role. It was revealed that mice deficient for 

IFN are susceptible for experimental autoimmune encephalomyelitis, an animal 

model for multiple sclerosis (reviewed in Bettelli et al., 2007). As a similar effect is 

found in aGvHD, where the transplantation of transplantation of IFN-deficient T cells 

causes exacerbated aGvHD (Welniak et al., 2000), it is possible that the same 

applies for aGvHD and therefore the influence of IL-17 in aGvHD is currently highly 

debated. IL-17 levels early after transplantation are not predictive for aGvHD 

incidence (Cho et al., 2011), but Dander et al. found that patients with active aGvHD 

had an increased number of Th17 cells and increased serum levels of IL-17, and that 

upon improvement of aGvHD, Th17 levels decreased (Dander et al., 2009). 

Other studies showed that the role of Th17 cells in aGvHD is tissue specific. Th17 

cells appear responsible for skin GvHD, while Th1 cells cause gut and liver GvHD 

and Th2 cells seem responsible for lung GvHD (Carlson et al., 2009; Yi et al., 2009). 

Another approach is to view Th17 cells and IL-17 in the context of the Th1 response. 

The transplantation of IL-17 deficient T cells can cause exacerbated aGvHD, which 

may be explained by the fact that in the absence of a Th17 response, the balance 

shifts in favour of a deleterious Th1 response (Yi et al., 2008). Others found that 

disease onset was delayed if IL-17 was absent (Kappel et al., 2009) or no difference 

when transplanting IL-17-deficient T cells (Oh et al., 2010). 

IL-6 has many effects and can, e.g. promote proliferation and activation of T cells, as 

well as activation of macrophages. It also has anti-tumour activity and impacts 

haematopoiesis and therefore may enhance engraftment. IL-6 is produced by many 

cells. In macrophages it is induced by stimuli such as IFN and LPS (Akira et al., 

1993). It may also be released, amongst other cytokines, by Kupffer cells in the liver 

that are activated by LPS following gut injury (Fox et al., 1989). Enterocytes can 

produce IL-6 (Shirota et al., 1990). Lastly, T cells produce IL-6 (Akira et al., 1993). 

IL-6 serum levels were found to be increased early after transplantation in patients 

with transplant-related complications and during the height of symptoms (Schots et 

al., 2003). Donor polymorphisms for IL-6 are associated with higher risk for aGvHD 

(Choi et al., 2012). 
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Monocyte chemoattractant protein (MCP)-1 or CCL2 is a chemokine, which is 

produced e.g. by monocytes/macrophages, dendritic cells and vascular endothelial 

cells. It can be induced by stimuli such as LPS and IL-1. It is chemotactic for 

monocytes and is associated with monocytic infiltrates (Yadav et al., 2010). 

MCP-1 in aGvHD is not well studied. One group found that MCP-1 was significantly 

increased in patients suffering from aGvHD (Ouyang et al., 2008). Bouazzaoui et al. 

found an overexpression of MCP-1 RNA in liver and lung in aGvHD (Bouazzaoui et 

al., 2009). They also found that reduced MCP-1 expression after treatment with 

prednisolone was associated with less gastrointestinal damage (Bouazzaoui et al., 

2011), although they did not find increased MCP-1 expression in the gut in their 

previous publication (Bouazzaoui et al., 2009). 

The anti-inflammatory cytokine interleukin (IL)-10 can regulate Th1 cells, 

macrophages and also NK cells. Its regulatory function is mediated by direct action 

on T cells or indirectly by its effect on APCs. It may be produced by macrophages, 

B cells and regulatory T cells (Couper et al., 2008). High IL-10 production is thought 

to be protective against aGvHD (Baker et al., 1999; Holler et al., 2000; Takatsuka et 

al., 1999), although high IL-10 levels in end-stage disease are associated with fatal 

outcome (Hempel et al., 1997). This may be explained by the theory that IL-10 in 

early disease is protective, whilst in established aGvHD it is merely upregulated as a 

response to high amounts of inflammatory cytokines (Takatsuka et al., 1999). It has 

been implicated that IL-10 is crucial for the inhibition of aGvHD by regulatory T cells 

in vivo (Hoffmann et al., 2002). Both recipient and donor polymorphisms of IL-10 

have been asscociated with the risk of developing aGvHD (Goussetis et al., 2011; 

Karabon et al., 2005). 

Furthermore IL-1 and TNF are considered crucial for the pathogenesis of aGvHD 

(Hill et al., 1999). 

1.4. Glucocorticoids 

Glucocorticoids (GCs) are a class of steroid hormones with anti-inflammatory and 

immunosuppressive properties that are produced in the adrenal glands. Edward C. 

Kendall, Tadeus Reichstein and Philip S. Hench were awarded the Nobel Prize in 

Physiology or Medicine in 1950 for their work on the hormones of the adrenal cortex, 

which lead to the discovery of cortisone (Figure 2) as a therapeutic agent for 
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rheumatoid arthritis (http://www.nobelprize.org/nobel_prizes/medicine/laureates/ 

1950/press.html). 

 

Figure 2: Chemical structure of cortisone. 

 

GCs have since been established as the most widely used treatment for inflammatory 

diseases such as asthma, multiple sclerosis and allergy, as well as for 

immunosuppression to prevent organ rejection and many other applications. Not only 

the therapeutic use of GCs is highly relevant, endogenous GCs are extremely 

important in regulating the physiological function of the immune system. 

GCs mediate their function through the GC receptor (GR) (Miesfeld et al., 1984). In 

its unbound state the GR resides in the cytoplasm where it is bound to chaperones, 

such as heat shock proteins (reviewed by Cheung and Smith, 2000). Upon binding of 

ligand, the GR is released from its chaperones. This exposes the importin that is 

constitutively associated with the GR and mediates the translocation of the receptor 

to the nucleus (Freedman and Yamamoto, 2004). The GR can act via two distinct 

mechanisms: (1) DNA-binding-dependent transactivation and (2) DNA-binding-

independent transrepression. 

Transactivation is important for the activation of transcription of anti-inflammatory 

genes. For DNA-binding, the receptor has to dimerise (Bledsoe et al., 2002). It then 

binds as a homodimer to GC responsive elements (GREs). DNA-interaction is 

mediated by the N-terminal zinc-finger motif in the DNA-binding domain (Cheung and 

Smith, 2000; Luisi et al., 1991). Transcriptional co-activators are recruited to the two 

transactivation domains and either mediate chromatin remodelling or recruit and 

stabilize the transcription machinery (reviewed in Tuckermann et al., 2005). 

Transrepression, on the other hand, does not require dimerisation or DNA-binding 

(Reichardt et al., 1998), but is mediated by direct interaction of the GR monomer with 

inflammatory transcription pathways, such as NF-B (Reichardt et al., 2001), AP-1 

(Tuckermann et al., 1999) and Jak/Stat (Tronche et al., 2004) signalling. This is likely 
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mediated by direct binding of the GR to the DNA-bound transcription factors and 

interference with their transactivation. 

In addition, GCs have rapid non-genomic effects that are, as of yet, not well 

researched (Buttgereit and Scheffold, 2002). 

Not only can GCs exert their effects through different molecular modes of action, but 

since the GR is expressed in most cells, they can also affect many target cell types 

(Pujols et al., 2002). 

GC secretion is regulated by a negative feedback loop of the hypothalamic-pituitary-

adrenal (HPA) axis (Keller-Wood and Dallman, 1984; Kretz et al., 1999). 

Because of their high potency, GCs unfortunately have many side effects. This 

includes dysregulation of the glucose metabolism (Pidala et al., 2011), osteoporosis 

(Canalis et al., 2007) and redistribution of adipose tissue (Peeke and Chrousos, 

1995). Also, infections can also occur due to general immune suppression in long-

term treatment. 

There are indications that the beneficial effects of GC therapy are mediated mainly 

through transrepression, whereas side-effects are primarily induced by 

transactivation (Rosen and Miner, 2005), although newer observations call this into 

question (Baschant et al., 2012; Rauch et al., 2010). New drugs that only target 

specific mechanisms or some immune cells of the broad spectrum of GC effects are 

therefore a very interesting alternative (De Bosscher et al., 2005; Linker et al., 2008). 

However, to develop such drugs that only target the beneficial mechanisms for any 

disease requires knowledge about how GCs exert their therapeutic function in that 

particular disease. 

Despite their widespread use, the beneficial mechanisms in different diseases have 

only recently started to be revealed. Even in the same disease, endogenous and 

therapeutic doses of GCs may play a different role and utilise different ways of action. 

In phorbol ester (phorbol 12-myristate 13-acetate, PMA) induced oedema formation, 

which is characterised by infiltration if neutrophils and mononuclear cells, a common 

model for inflammation, repression of inflammation by GCs is dimerisation-

independent and mediated by transrepression (Reichardt et al., 2001). In contact 

hypersensitivity (CHS), a model for contact dermatitis, GCs require the GR in 

macrophages and neutrophils for their action. Also, their effect is dimerisation-

dependent (Tuckermann et al., 2007). In experimental autoimmune 

encephalomyelitis (EAE), the effect on peripheral T cells is required (Wüst et al., 
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2008), specifically the prevention of infiltration (personal communication, Holger 

Reichardt). In antigen-induced arthritis (AIA), a model for rheumatoid arthritis, it is 

also the effect on T cells that is crucial, but in this case treatment is dimerisation-

dependent (Baschant et al., 2012). In sepsis the effect on IL-1b production of 

macrophages is required, which is dimerisation-dependent (Kleiman et al., 2011). 

The analysis of these different diseases clearly shows that it is highly dependent on 

the type of inflammation which cellular and molecular mechanisms are required for 

GC therapy. 

Many synthetic glucocorticoids have been synthesised for optimised use as drugs. 

Compared to cortisone, dexamethasone (dex) (Figure 3) features an -methyl-

substituent at C-16 and at C-9 a hydrogen atom is substituted by fluorine. Also, it 

features an additional ,-unsaturated functionality in its steroidal A-Ring, and a 

hydoxyl-function at C-11. Its anti-inflammatory potency is 25 times as high as cortisol 

and its biological half-life is extended (Cantrill et al., 1975). 

 
Figure 3: Chemical structure of dexamethasone, a synthetic glucocorticoid. 

 

1.5. Treatment of aGvHD 

The depletion of T cells prevents the occurrence of aGvHD, but unfortunately it does 

not improve overall morbidity and mortality, as it increases the risk for graft failure, 

infections, cytomegalovirus infections, relapse of the underlying malignancy and 

Epstein–Barr virus-associated lymphoproliferative disorders (reviewed in Poynton, 

1988; Wagner et al., 2005). Partial deletion of different T cell subsets did not produce 

improved results (reviewed in Ferrara et al., 2009). 

Usually, cyclosporine A and methotrexate are used as pharmacological prophylaxis 

(e.g. Storb et al., 1986). Some studies found the use of tacrolimus advantageous 

over cyclosporine A in preventing aGvHD, but this did not improve overall, disease-

free survival (Ratanatharathorn et al., 1998). Prophylactic immunosuppression is 

generally continued until about 100 days after transplant and then tapered (Chao et 
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al., 2005). Steroids play little role in prevention of aGvHD. The addition of 

prednisolone to the standard regimen of cyclosporine with methotrexate, although it 

appears to delay disease onset, does not reduce the overall incidence of aGvHD or 

improve the overall mortality (Chao et al., 2000). 

Despite efforts to develop new therapies for aGvHD, GCs remain the gold standard 

first-line therapy. It has been presumed that GCs in aGvHD have a direct effect on 

T cells and that they reduce cytokines (Antin and Ferrara, 1992), but so far little 

evidence for the mechanisms has been shown. Conceivable mechanisms are 

apoptosis of T cells, modulation of the T cell response via APCs, modulation of 

cytokines, reduction of infiltration due to an effect on chemokines and adhesion 

molecules and reduction of MHC expression. 

Because of the long time period for which treatment is often required, there are often 

considerable side effects, and more targeted therapies are desirable. Also, 

understanding what is important in GC therapy of aGvHD, might enable to help those 

patients who are refractory to GC therapy. 

1.6. Objective 

The aim of this project was to identify the molecular and cellular mechanisms of 

endogenous and therapeutic GCs in aGvHD. If the cells on which the effect of GCs is 

important and the molecular mechanisms through which they down-regulate the GvH 

response are unravelled, it will become easier to identify risk factors for developing 

aGvHD and to find more specific therapies, as well as to better understand steroid 

refractory aGvHD. 

It may be particularly challenging to find the important mechanisms for GC therapy in 

aGvHD, because, since alloantigens are present ubiquitously, most of the adaptive 

immune system is engaged in its disease process. Manipulation of most inflammatory 

mediators, such as cytokines, chemokines, adhesion molecules etc., does affect 

aGvHD in some way (Shlomchik, 2007). A reverse genetics approach was employed, 

where the GR or certain molecular functions were abrogated in different tissues to 

identify the crucial mechanisms. 
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2. Material 

If not otherwise specified, all places are in Germany. 

2.1. General equipment 

Table 1: General equipment 

Accu-jet® pro pipette controller Brand GmbH, Wertheim 

Arium® 611 laboratory water purification 
system 

Sartorius AG, Göttingen 

Centrifuge 5417R for reaction tubes Eppendorf, Hamburg 

Centrifuge 5804 for FACS tubes Eppendorf, Hamburg 

Centrifuge multifuge 4 KR for Falcon tubes Heraeus, Hanau 

Centrifuge Sigma 2-5 for 96-well plates 
SIGMA Laborzentrifugen GmbH, 
Osterode am Harz 

Electrophoresis power supply 301 Amersham Biosciences, Freiburg 

Freezer Hera freeze -80°C Heraeus, Hanau 

Freezer Liebherr Comfort -20°C 
Liebherr-International Deutschland 
GmbH, Biberach an der Riss 

Freezer VIP plus -150°C 
SANYO Electric Co., Ltd., Moriguchi, 
Osaka, Japan 

Incubator, HERACell 240 Heraeus, Hanau 

Laminar airflow cabinet, HERASafe Heraeus, Hanau 

Micropipettes 2 µl, 20 µl, 200 µl, 1000 µl Gilson, Middleton, Wisconsin, USA 

Microscope Primo Star Zeiss, Jena 

Microscope Telaval 31 Zeiss, Jena 

Neubauer improved haemocytometer 
precicolor 

Henneberg-Sander GmbH, Giessen-
Lützellinden 

pH-Meter 766 Calimatic 
Knick Elektronische Messgeräte 
GmbH & Co. KG, Berlin 

RS 225 X-Ray Research System 
Gulmay Medical Systems, 
Camberley, Surrey, UK 

Scales TE313S Sartorius AG, Göttingen 

Shaker 3006 
Gesellschaft für Labortechnik (GFL), 
Burgwedel 

UV System with camera and gel imager 
INTAS Science Imaging Instruments 
GmbH, Göttingen 

Vortex Genie-2 
Scientific Industries, Bohemia, New 
York, USA 

Water bath W12 Labortechnik Medingen, Dresden 
 

2.2. Consumables 

Table 2: Consumables 

96-well Suspension Culture Plate, U- Greiner bio-one GmbH, Frickenhausen 
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bottom 

96-well Tissue Culture Plate 96-well V-
bottom 

Sarstedt, Nümbrecht 

96well Suspension Culture Plate, flat 
bottom 

Greiner bio-one GmbH, Frickenhausen 

BD Micro-Fine+ U-100 Insulin Syringes 
1 ml (29G ½”) 

BD Biosciences, Heidelberg 

BD Microtainer SST tube BD Biosciences, Heidelberg 

Cell culture plates 3.5 cm, 6 cm, 10 cm Sarstedt, Nümbrecht 

Cell strainer 40 µm BD Biosciences, Heidelberg 

Cellstar® pipettes 5 ml, 10 ml, 25 ml Greiner bio-one GmbH, Frickenhausen 

CryoTube Vials Nunc, Roskilde, Denmark 

ELISA Plates Nunc, Roskilde, Denmark 

FACS tubes BD Biosciences, Heidelberg 

Falcon tubes 15 ml, 50 ml Greiner bio-one GmbH, Frickenhausen 

Filtropur BET50 0.2, 500 mL Bottle Top 
Filter 

Sarstedt, Nümbrecht 

Filtropur S 0.2, 0.45 Sarstedt, Nümbrecht 

Needles 24G 1”, 20G 1 ½”, 27G ¾”, 25G 
1”, 20G 2 ¾” 

B. Braun Melsungen AG, Melsungen 

Pipette tips 10 µl, 200 µl, 1000 µl Greiner bio-one GmbH, Frickenhausen 

Reaction tubes 0.5 ml Sarstedt, Nümbrecht 

Reaction tubes 1.5 ml, 2 ml Greiner bio-one GmbH, Frickenhausen 

Syringes 1 ml Henke Sass Wolf, Tuttlingen 

Syringes 2 ml, 5 ml, 10 ml BD Biosciences, Heidelberg 
 

2.3. Chemicals and buffer additives 

Table 3: Chemicals and buffer additives 

3,3’,5,5’-Tetramethylbenzidine SIGMA-Aldrich, Taufkirchen 

Agarose UltraPure Invitrogen, Paisley, UK 

BSA Carl Roth, Karlsruhe 

CaCl2x2 H2O Merck, Darmstadt 

Citric acid Merck, Darmstadt 

Dex water soluble SIGMA-Aldrich, Taufkirchen 

Dexa-ratiopharm® 100 mg Injektionslösung Ratiopharm GmbH, Ulm 

D-Glucose Merck, Darmstadt 

DMSO Carl Roth, Karlsruhe 

DNA ladder 1kb Fermentas GmbH, St. Leon-Rot 

EDTA Serva, Heridelberg 

Ethanol Carl Roth, Karlsruhe 

Ethidium bromide Carl Roth, Karlsruhe 

FCS (stripped) HyClon, Perbio Science, Bonn 

GIBCO® Penicillin/Streptomycin Invitrogen, Paisley, UK 
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H2O2 30% Carl Roth, Karlsruhe 

H2SO4 Merck, Darmstadt 

HCl Carl Roth, Karlsruhe 

HEPES Merck, Darmstadt 

KCl Merck, Darmstadt 

KH2PO4 Merck, Darmstadt 

KHCO3 Merck, Darmstadt 

Na2CO3 Merck, Darmstadt 

Na2HPO4 x 12 H2O Merck, Darmstadt 

Na3C6H5O7 Carl Roth, Karlsruhe 

NaCl Carl Roth, Karlsruhe 

NaH2PO4 x  H2O Merck, Darmstadt 

NaHCO3 x 3  H2O Merck, Darmstadt 

NaN3 Carl Roth, Karlsruhe 

NaOH SIGMA-Aldrich, Taufkirchen 

Neomycin trisulfate salt hydrate SIGMA-Aldrich, Taufkirchen 

NH4Cl Merck, Darmstadt 

Percoll SIGMA-Aldrich, Taufkirchen 

Tris Carl Roth, Karlsruhe 

Tween-20 Carl Roth, Karlsruhe 
 

2.4. Media and solutions 

GIBCO® DMEM+GlutaMAX-I, Invitrogen, Paisley, UK 

GIBCO® RPMI 1640+GlutaMAX-I, Invitrogen, Paisley, UK 

RPMI and DMEM complete: 
 + 10% FCS 
 + 0,01% Penicillin/Streptomycin 

PBS: pH 7.4 
137 mM NaCl 
2.7 mM KCl 
10 µM Na2HPO4 
2.0 mM KH2PO4 

GIBCO® Cell Dissociation Buffer, enzyme free, PBS-based, Invitrogen, Paisley, UK 

Erythrocyte lysis buffer 
168 mM NH4Cl 
10 mM KHCO3 
0.1 mM EDTA 

TAC buffer: 
 20.0 mM Tris/HCl pH 7.2 
 155 mM NH4Cl 

Alsevers: 
 27 mM NaCl 
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 125 mM D-Glucose 
 3 mM Citric acid 
 30 mM Na3C6H5O7 

Buffer solutions pH 4, 7 +10, Carl Roth, Karlsruhe 

 

2.5. Flow cytometry 

FACS Buffer: 
PBS pH 7.2 
0.1% BSA 
0.01% NaN3 

 
Table 4: FACS antibodies 

Specificity Antigen Dye Clone 
Final 

dilution 
Supplier 

-mouse CD11b PE-Cy7 M1/70 1:2000 BD Biosciences 

-mouse CD4 PerCP RM4-5 1:1000 BD Biosciences 

-mouse CD44 bio IM7 1:2000 BD Biosciences 

-mouse CD45R/B220 PE RA3-6B2 1:1000 BD Biosciences 

-mouse CD8 PE-Cy7 53-6.7 1:2000 eBioscience 

-mouse F4/80 fitc MCA497F 1:200 AbD Serotec 

-mouse I-A[b] PE AF6-120.1 1:200 BD Biosciences 

-mouse I-A[d] PE AMS-32.1 1:200 BD Biosciences 

-mouse TCR -chain fitc H57-597 1:1000 BD Biosciences 

- Streptavidin  APC - 1:1000 BD Biosciences 

 BD Biosciences, Heidelberg; eBioscience, San Diego, California, USA; AbD Serotec, Oxford, UK 

 

OptiLyse® B Lysing Solution, Beckman Coulter, Krefeld 

Annexin Binding Buffer: 
 10 mM HEPES/NaOH, pH 7.4 
 140 mM NaCl 
 2.5 mM CaCl2 

 in ddH2O 

Cy5 Annexin V, BD Biosciences, Heidelberg 

7-AAD, BD Biosciences, Heidelberg 

BD FACS CantoII, BD Biosciences, Heidelberg 

BD FACS Diva software version 6.1.2, BD Biosciences, Heidelberg 
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BD FACS Flow Sheath Fluid, BD Biosciences, Heidelberg 

BD FACS Clean Solution, BD Biosciences, Heidelberg 

BD FACS Shutdown Solution, BD Biosciences, Heidelberg 

FlowJo version 8.8.6, Tree Star, Inc., Ashland, Oregon, USA 

 

2.6. Magnetic activated cell sorting (MACS) 

MACS buffer run: 
PBS pH 7.2 
2.0 mM EDTA 
0.5% BSA 

MACS buffer rinse: 
PBS pH 7.2 
2.0 mM EDTA 

Pan T cell Isolation Kit II mouse, Miltenyi Biotec, Bergisch Gladbach 

CD90.2 MicroBeads mouse, Miltenyi Biotec, Bergisch Gladbach 

autoMACS Separator, Miltenyi Biotec, Bergisch Gladbach 

Pre-Separation Filters 30 µl, Miltenyi Biotec, Bergisch Gladbach 

autoMACS® Columns, Miltenyi Biotec, Bergisch Gladbach 

 

2.7. Enzyme Linked Immunosorbant Assay (ELISA) 

Coating Buffers: 

Buffer 1: 0.1 M sodium carbonate, pH 9.5 

Buffer 2: 0.2 M sodium phosphate, pH 6.5 

Assay Diluent: 10% v/v FCS in PBS 

Wash Buffer: 0.05% v/v Tween-20 in PBS 

Substrate Buffer: 
0.1 M Citric Acid 
0.2 M Na2HPO4 
In ddH2O 

TMB solution: 
1% w/v 3,3’,5,5’-Tetramethylbenzidine 
in DMSO 

Substrate Solution: 
10% v/v TMB solution 
2% v/v H2O2 (3,5%) 
in Substrate Buffer 

Stop Solution: 1 M H2SO4 
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Table 5: ELISA kits 

 Coating 
Buffer 

Dilution of 
capture 
antibody 

Dilution of 
detection 
antibody 

Dilution of 
Avidin-

HRP 

ELISA MAX Standard Set 

Mouse IL-1, BioLegend 
Buffer 1 1:200 1:200 1:1000 

BD OptEIA Set Mouse IL-2, 
BD Biosciences 

Buffer 1 1:250 1:1000 1:250 

ELISA MAX Standard Set 
Mouse IL-10, BioLegend 

Buffer 2 1:200 1:200 1:1000 

BD OptEIA Set Mouse IFN, 
BD Biosciences 

Buffer 1 1:250 1:250 1:250 

ELISA MAX Standard Set 

Mouse IFN, BioLegend 
Buffer 1 1:250 1:200 1:1000 

BD OptEIA Set Mouse 

TNF, BD Biosciences 
Buffer 2 1:250 1:500 1:250 

BD Biosciences, Heidelberg; BioLegend, San Diego, California, USA 

 

BioTek® Power Wave 340 plate reader, BioTek, Bad Friedrichshall 

BioTek® Gen5™ version 1.09, BioTek, Bad Friedrichshall 

 

2.8. Cytometric Bead Array (CBA) 

BD CBA Mouse/Rat Soluble Protein Master Buffer Kit, BD Biosciences, 
Heidelberg 

BD CBA Mouse IL-1b Flex Set E5, BD Biosciences, Heidelberg 

BD CBA Mouse MCP-1 Flex Set B7, BD Biosciences, Heidelberg 

BD CBA Mouse IL-10 Flex Set C4, BD Biosciences, Heidelberg 

BD CBA Mouse IL-6 Flex Set B4, BD Biosciences, Heidelberg 

BD CBA Mouse IL-17A Flex Set C5, BD Biosciences, Heidelberg 

FCAP Array version 1.0.2, Soft Flow, Inc., Burnsville, Minnesota, USA 

 

2.9. qRT-PCR 

T18 basic Ultra-Turrax® high-performance disperser, IKA, Staufen 

Qiagen RNeasy® Plus Universal Kit, Qiagen, Hilden 

iScript cDNA Synthesis Kit, Bio-Rad, Hercules, CA, USA 
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Primer: (10 pmol/µl forward and reverse primer/reaction) 

 Granzyme B: 
5’-TGT GGG CCC CCA AAG TGA CAT-3’ 
5’-AAA GGC AGG GGA GAT CAT CGG G-3’ 

Hypoxanthin-Guanin-Phosphoribosyltransferase (HPRT): 
5’-GGG ACG CAG CAA CTG ACA TT-3’ 
5’-GTC CTG TGG CCA TCT GCC TA-3’ 

Interferon- (IFN): 
5’-ACT GGC AAA AGG ATG GTG AC-3’ 
5’-TGA GCT CAT TGA ATG CTT GG-3’ 

Interleukin-17A (IL-17A): 
5’-TCC AGA AGG CCC TCA GAC TA-3’ 
Il-17A rev: 5’-AGC ATC TTC TCG ACC CTG AA-3’ 

 Perforin 1: 
5’-TGT TAA AGT TGC GGG GGA GGG C-3’ 
5’-GTG GCT GGC TCC CAC TCC AA-3’ 

F-518 5x Phusion® Reaction Buffer HF with 7.5 mM MgCl2, Thermo Scientific, 
Waltham, Massachusetts, USA 

PfuS polymerase, kindly provided by Steffen Frey, Max-Planck-Institute for 
biophysical chemistry, Göttingen 

dNTPs: dATP Na4 x 3 H2O, dCTP Na4 x 3 H2O, dGTP Na4 x 3 H2O, dTTP Na4 x 
3 H2O, Genaxxon bioscience, Ulm 

Power SYBR® green, Applied Biosystems, Foster City, California, USA 

96-well Optical Reaction Plates, Applied Biosystems, Foster City, California, USA 

Optical Adhesive Covers, Applied Biosystems, Foster City, California, USA 

7500 Real Time PCR System, Applied Biosystems, Foster City, California, USA 

7500 System SDS Software version 1.4.0.25, Applied Biosystems, Foster City, 
California, USA 

Orange G in 30% glycerine, SIGMA-Aldrich, Taufkirchen 

 

2.10. Temperature and blood glucose 

Thermometer BIO-TK9882, Bioseb, Vitrolles, France 

Rectal Probe, BIO-BRET-3, Bioseb, Vitrolles, France 

Ascensia Blood Glucose Meter CONTOUR®, Bayer HealthCare AG, Leverkusen 

CONTOUR® Test Strips, Bayer, Bayer HealthCare AG, Leverkusen 
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2.11. Cell lines 

L929 mouse fibroblast cell line, kindly provided by Anna Kleyman, Tuckermann lab, 
Leibniz Institute for Age Research, Jena 
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3. Methods 

3.1. Mice 

Mice were kept under specific pathogen-free conditions (SPF) in individually 

ventilated cages (IVC). They were supplied with food and water ad libitum and 

maintained in a standard 12 hour light-dark cycle. 

The experimental approach is based on the bone marrow transplantation between 

two MHC-disparate mouse strains, C57Bl/6 (H2b) and BALB/c (H2d). Several 

transgenic mouse strains on these backgrounds were employed. 

Most strains were bred in our own facilities in Göttingen. Next to wild type BALB/c 

and C57Bl/6 mice this includes lck-Cre GRflox/flox mice (Baumann et al., 2005; Wüst et 

al., 2008), that were backcrossed to C57Bl/6 for >10 generations. lck-Cre GRflox/flox 

mice feature a T cell-specific GR knock-out. Also, C57Bl/6 GRdim mice (Reichardt et 

al., 1998) were used and GRdim mice, which had been backcrossed to BALB/c for 

>10 generations. These mice express a dimerisation-deficient GR. I also used bone 

marrow from β-ActGFP mice (Okabe et al., 1997) and T cells from B6.SJL-

PtprcaPepcb/BoyJ (CD45.1-congenic C57BL/6J) mice  (Uhmann et al., 2011). 

Occasionally, BALB/c wild type mice were obtained from Charles River (Sulzfeld). 

BALB/c LysM-Cre GRflox/flox mice (Tuckermann et al., 2007) were supplied by our co-

operation partner in Jena (Jan Tuckermann, Leibniz Institute for Age Research, 

Jena). LysM-Cre GRflox/flox mice have a tissue-specific knock-out of the GR confined 

to myeloid cells. 

All experiments were approved by the appropriate authorities in Lower Saxony 

(LAVES) and conducted in accordance with the ethical standards of humane animal 

care.  

3.2. Preparation of lymphocyte single cell suspensions 

Lymphocytes were isolated from lymph nodes (lymphnodi madibulares, axillares 

accessorii, inguinales superficiales, mesenteriales) and/or spleens. Mice were 

sacrificed in a carbon dioxide atmosphere and tissues were removed and placed in 

ice cold PBS with 0,1% BSA. Single cell suspensions were produced by passing the 

tissue through cell strainers with a 40 µm nylon mesh. 
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3.3. Preparation of bone marrow 

Mice were sacrificed as described above. Tibia and femur were removed, cleaned 

from skin, flesh and tendons and placed in ice cold PBS with 0,1% BSA. The ends of 

the bones were opened under sterile conditions and bone marrow was flushed out 

using a 30 G needle. Afterwards the cells were passed through a 40 µm cell strainer. 

3.4. Determination of cell number 

Cells were counted using a Neubauer haemocytometer. 

3.5. T cell purification 

T cells were purified from lymph node and/or spleen single cell suspensions using 

MACS-technology. The Pan T Cell Isolation Kit II mouse was used according to 

manufacturer’s instructions. In brief, cells were resuspended in 40 µl MACS 

buffer/107 cells and incubated with 10 µl Biotin-Antibody Cocktail/107 cells for 10 min 

at 4°C. They were then washed with 4 ml MACS buffer and resuspended in 30 µl 

MACS buffer/107 cells, before they were incubated for 20 min at 4°C with 20 µl of 

Anti-Biotin MicroBeads/107 cells and washed again. The cell suspension was filtered 

using a 30 µm Pre-Separation Filter and then separated using an autoMACS 

Separator (programme “deplete“). Purified cells were stained for TCR, B220, CD4 

and CD8 and analysed by FACS. T cell purity was usually >95% and CD4/CD8-Ratio 

remained constant before and after separation (Figure 4). 
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Figure 4: FACS analysis of purified T cells. top panel: T cells before purification, lower panel: T cells after 

purification with the Pan T Cell Isolation Kit II mouse. 

 

3.6. T cell depletion of bone marrow 

Bone marrow was depleted of T cells using CD90.2 MicroBeads according to 

manufacturer’s instructions. Bone marrow cells were resuspended in 90 µl MACS 

buffer/107 cells and incubated with 10 µl CD90.2 MicroBeads/107 cells for 15 min at 

4°C. After passing the cells through a 30 µm Pre-Separation Filter, the cells were 

separated using an autoMACS Separator (programme: “depletes”). Cells were 

stained for TCR and CD3 and analysed by FACS. Purity was <1% T cells (Figure 

5). 
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Figure 5: T cell depletion of bone marrow. left: bone marrow before T cell depletion, right: bone marrow after 

T cell depletion with CD90.2 MicroBeads 

 

3.7. Bone Marrow Derived Macrophages (BMDMs) 

3.7.1. Production of L929-cell conditioned medium (LCCM) 

LCCM was produced as described by Ladner et al.. In brief, L929 mouse fibroblasts 

were grown in DMEM until confluent. Then the supernatant was collected and 

replaced every other day. The resulting medium was filtered sterile and stored at        

-20°C. For use, it was diluted 1:5 with DMEM (Ladner et al., 1988). 

3.7.2. Cultivation of Bone Marrow Derived Macrophages (BMDMs) 

Bone marrow was isolated as described above (3.3). Cells were resuspended in 

30 ml LCCM and incubated overnight in a 175 ccm cell culture flask per mouse 

(37°C, 5% CO2). Adherent cells were discarded and non-adherent cells were 

transferred to suspension culture plates (10 cm, 4 ml cell suspension/plate). 6 ml of 

LCCM were added. After 5 days, another 5 ml of fresh LCCM were added. On day 

10, the cells were washed with PBS and removed using 1 ml enzyme free 

dissociation buffer/plate. A cell scraper was used to assist detachment, cells were 

washed off using PBS+0.1% BSA. The suspension was centrifuged at 300 x g, 7 min, 

4°C, the pellet resuspended in 2 ml DMEM. Cells were checked for expression of 

macrophage markers and viability by flow cytometry. 
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Figure 6: Bone Marrow Derived Macrophages. left: SSC-FSC, middle: macrophage markers, right: viability 

 

3.8. Induction of aGvHD 

Male BALB/c mice aged 8-10 weeks were exclusively used as recipients. They were 

kept in IVC cages under SPF conditions and provided with food and water ad libitum. 

The drinking water was supplied with neomycin (25 µg/ml) from one day prior to 

irradiation until three weeks after transplantation. One day prior to transplantation, 

BALB/c recipients were placed in a Perspex box and irradiated with 8,5 Gy total body 

irradiation using an X-Ray source operated at 200 kV, 15 mA and with 0.5-mm Cu 

filtration. 1x107 T cell-depleted bone marrow cells with or without (control) 2x106 

purified T cells in 200 µl PBS were injected into the tail vein. 

 

Figure 7: Scheme of aGvHD induction, therapy and analysis. 

 

3.9. Treatment with dex 

In our MHC-mismatched model mice usually started to develop first mild symptoms 

on day 3. Because of the rapid progression of the disease, treatment was therefore 

initiated on day 3 with 100 mg/kg dex (ratiopharm), injected intraperitoneally (i.p.), 

and was continued until day 6. 
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3.10. Monitoring of disease progression 

Mice were monitored daily for signs of aGvHD. They were evaluated on the basis of a 

widely established (e.g. Cooke et al., 1996) clinical scoring system that features five 

parameters: posture, activity, fur ruffling, diarrhoea and weight loss. Each of those 

parameters is assigned a score from 0 (no symptoms) to 2 (severe symptoms), which 

results in a total score from 0 to 10. For ethical reasons, mice with a score of 7 or 

greater or weight loss above 25% for more than 24 h were euthanised.  

 

Table 6: aGvHD clinical score 

Parameter 0 1 2 

Posture Normal 
Slight hunched when 

resting 
Severe hunched 

Activity Normal Slightly reduced 
Motionless unless 

stimulated 

Fur ruffling Healthy fur Slight ruffling 
Absent grooming and 

ruffled fur 

Diarrhoea None Mild Severe 

Weight loss <10% 10-25% >25% 
 

3.11. Blood sugar 

The tail vein was punctured using a needle and a drop of blood was obtained. Blood 

sugar was then measured with an Ascensia Blood Glucose Meter and CONTOUR® 

Test Strips. 

3.12. Body temperature 

The mouse was placed in a restrainer tube and the probe was inserted rectally. 

Temperature was measured. 

3.13. Serum collection 

Mice were sacrificed using carbon dioxide and a blood sample was obtained via 

cardiac puncture with a 24 G needle. The blood was transferred into a BD Microtainer 

SST tube and left to coagulate for 30 min at 4°C, before it was centrifuged at 

14000 x g for 5 min. Serum was stored at -20°C. 
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3.14. Mixed Leukocyte Reaction (MLR) 

For the in vitro mixed leukocyte reaction 4x105 T cells and an equal number of 

BMDMs were mixed in 200 µl DMEM. Dex was added at the concentration of 10-7 or 

10-8 M. Cells were incubated in 96-well round bottom plates for 4 days at 37°C, 

5% CO2. The plate was centrifuged (300 x g, 10 min, room temperature). 

Supernatant was collected and stored at -20°C, cells were resuspended in 200 µl 

FACS Buffer for analysis. 

3.15. Enzyme Linked Immunosorbant Assay (ELISA) 

Cytokines were analysed via ELISA in serum samples and MLR supernatants. 

Samples were diluted with assay diluent and ELISA was performed according to 

manufacturer’s instructions. 

BD Biosciences kits. In brief, 96-well plates were coated with capture Antibody 

overnight at 4°C using the appropriate coating buffer. Subsequent steps were 

performed at room temperature. After washing with wash buffer, plates were blocked 

with assay diluent for 1 h. Washing was repeated and plates were incubated with 

samples/standards for 2 h. After another wash step, wells were incubated for 1 h with 

detection antibody and enzyme reagent diluted in assay diluent. Washing was then 

performed leaving the wells to soak for 30 s and finally the plate was incubated for 

20 min with substrate solution. The reaction was stopped with stop solution and then 

measured at 450 nm and 570 nm. 

BioLegend kits. The procedure for BioLegend kits was similar, only all incubation 

steps were performed on a shaker at 200 rpm. Incubation with detection antibody 

and enzyme reagent was performed separately for 1 h and 30 min, respectively. 

3.16. Cytokine Bead Array (CBA) 

CBA was performed according to manufacturer’s instructions. Briefly, standards were 

prepared according to protocol. A 96-well V-bottom microtiter plate was pre-wetted 

with wash buffer. Capture beads were appropriately diluted in capture bead diluent 

and dispensed onto the plate. Serum samples were diluted 1:5 in assay diluent and 

added to the beads. The plate was incubated for 1 h at RT. Then PE-detection 

antibodies diluted in detection reagent diluent were added and the plate was again 

incubated for 1 h at RT. The plate was then centrifuged (200 x g, 3 min) and the 

supernatant discarded. wash buffer was added to each sample and the samples 
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were measured using a FACS CantoII. Data analysis was done using FCAP array 

software. 

3.17. Radio Immuno Assay (RIA) 

The corticosterone-specific RIA with serum samples was performed in the 

Department of Internal Medicine I at the University Hospital in Würzburg by the lab of 

Martin Fassnacht. The MP Biomedicals Corticosterone Double Antibody - 125I RIA kit 

was used according to the manufacturer’s instructions. 

3.18. qRT-PCR analysis of spleen 

For quantitative real time PCR, a spleen biopsy was collected from sacrificed mice 

and frozen in liquid nitrogen. Samples were stored at -80°C. 

3.18.1. RNA-isolation 

RNA was isolated using the Qiagen RNeasy® Plus Universal Kit according to 

manufacturer’s instructions. Briefly, the tissue was homogenized with a high-

performance disperser in 900 µl Quiazol and incubated at room temperature for 

5 min. The solution was then vortexed with 100 µl gDNA eliminator solution for 15 s. 

180 µl of chloroform were added, the solution was vortexed for 15 s and then 

incubated for 3 min. It was then centrifuged (20 000 x g, 15 min, 4°C). The upper 

phase was transferred to a new tube and mixed with 600 µl 70% ethanol. The sample 

was then transferred to a RNeasy mini-column and centrifuged (20 000 x g, 15 s, 

room temperature). This step was repeated. The column was then washed using 

700 µl buffer RWT (10 000 x g, 15 s, room temperature) and afterwards 500 µl buffer 

RPE. It was then dried (10 000 x g, 1 min, room temperature) and subsequently 

eluted with 2x35 µl RNase free water (10 000 x g, 1 min, room temperature). 

The sample was diluted (1:50) and absorption was measured at 260 nm using a 

photometer. Contamination with protein was measured at 280 nm and organic 

compounds at 230 nm. Quality was accepted at 260/280 > 1.7 and 260/230  2. 

1 µg of sample was run diluted in Orange G on a 1% agarose gel (120 V, 230 mA, 

15 min) to confirm quality. 

RNA was stored at -20°C. 
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3.18.2. cDNA synthesis 

For cDNA synthesis the iScript cDNA Synthesis Kit was used according to 

manufacturer’s instructions. 

Reverse transcription reaction mix  Reverse transcription programme 

1 µg RNA  5 min 25°C annealing 

4 µl 5x iScript Reaction Mix  30 min 42°C reverse transcription 

0,25 µl iScript Reverse Transcriptase  5 min 85°C denaturation 

ad 20 µl Nuclease-free water   

 

A PCR specific for HPRT was performed to test cDNA quality. 

PCR reaction mix  PCR programme 

12,7 µl ddH2O  1 min 98,5°C activation 

1 µl dNTPs (5  mM)  20 s 98,5°C denaturation 

3
0

 c
y
c
le

s
 

1 µl HPRT primer mix (10 pmol/µl)  15 s 64°C annealing 

4 µl 5x Phusion Reaction Buffer HF  20 s 72°C elongation 

0,3 µl PhuS  2 min 72°C  

The PCR product was run on a 1,5% agarose gel (120 V, 230 mA, 15 min). 

3.18.3. qRT-PCR 

qRT-PCR reaction mix 

1 µl cDNA 

12,5 µl SYBR green 

0,5 µl primer mix 

11 µl ddH2O 

The reaction was conducted in a 96-Well Optical Reaction Plate and sealed with an 

Optical Adhesive Cover. qRT-PCR was run with the Applied Biosystems 7500 Real 

Time PCR System using 7500 System SDS Software. 

The ct was calculated. 

3.19. Isolation of lymphocytes from lung and liver for FACS analysis 

Liver was perfused with PBS via the vena portae, lung via the ventriculus dexter. The 

organs were removed. In case of liver, the vesica biliaris was carefully removed. The 
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organs were passed through a metal mesh, centrifuged (300 x g, 10 min, 4°C) and 

then resuspended in 8 ml 40% Percoll. The cell suspension was then applied to a 

layer of 4 ml 80% Percoll and centrifuged for 25 min at 950 x g with slow acceleration 

and stopped without brakes. The lymphocytes were collected from the interface 

between the two layers using a 20 G x 2 ¾” needle with a 2 ml syringe. 

3.20. Flow cytometry 

For standard FACS-analysis 4x105 cells were used. All samples were analysed using 

a FACS CantoII and FlowJo. 

3.20.1. Standard staining 

Samples were incubated for 20 min with primary antibodies, washed with 4 ml FACS 

Buffer, and, if applicable, were incubated with secondary antibodies in the same 

fashion. 

3.20.2. Apoptosis assay 

To evaluate the viability of cells, they were stained with Annexin V and 7-AAD. After 

regular staining, cells were incubated for 15 min at room temperature with 1 µl Cy5 

Annexin V and 3 µl 7-AAD in 100 µl Annexin V Binding Buffer. 

3.20.3. Erythrolysis of blood samples 

Blood samples were stained according to the standard procedure and afterwards 

incubated for 12 min with 100 µl OptiLyse B Lysing Solution. 1 ml of ddH2O was 

added and incubated for another 1.5 h. Cells were then washed with 3 ml FACS 

Buffer. 

3.21. Histology 

Liver was removed and placed in 4% formaldehyde. A section of jejunum was also 

removed and cleaned with 4% formaldehyde using a 25 G needle and then placed in 

4% fomaldehyde. 

The slicing and staining was performed in the Department of Cellular and Molecular 

Pathology at the DKFZ in Heidelberg by the lab of Hermann-Josef Gröne. Following 

stainings were prepared: 

 liver: hematoxylin/eosin stain (HE), T cells (-CD3), macrophages (-F4/80) 
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 jejunum: hematoxylin/eosin stain (HE), periodic acid-Schiff stain (PAS), T cells

           (-CD3), macrophages (-HR3), proliferating cells (-Ki67) 

3.22. Statistical analysis 

Statistical analysis was performed using Prism for Macintosh version 4.0c, GraphPad 

Software, Inc., San Diego, California, USA. For all analyses student’s unpaired t-test 

was used, except for survival curves, where the logrank test was used. Measures of 

significance: n.s. = not significant: p > 0.05; *: p < 0.05; **: p<0.01; ***: p < 0.001. 
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4. Results 

4.1. Characterisation of the aGvHD in vivo model 

Despite the fact that the aGvHD in vivo model is in general well-established, it can 

vary in its characteristics between different laboratories and is greatly dependent on 

factors such as general health status of the mouse colony. Since the model had not 

been previously used in our laboratory, I optimised it to suit our needs. Irradiation of 

BALB/c mice with 8.5 Gy generally lead to haematopoietic failure within 14 days. I 

also tested different numbers of bone marrow cells and purified allogeneic T cells or, 

alternatively, whole spleen preparations. The optimal disease progression was 

achieved at 107 bone marrow cells and 2x106 purified T cells. In GRwt mice receiving 

GRwt T cells this generally lead to a survival rate of around 70-100% during the first 

phase of the disease (an example is shown in Figure 8A). Mice were treated with 

100 mg/kg dex from days 3 to 6. Since there was already no/low mortality during the 

acute phase, the effect of dex therapy cannot be illustrated by improved survival. 

Morbidity during the acute phase around day 5 to 7, however, was decreased by dex 

treatment (Figure 8B). 

 

Figure 8: Mortality and morbidity after aGvHD induction in GR
wt

 mice using GR
wt

 T cells and dex 

treatment with 100 mg/kg from day 3 to day 6 or PBS (control). (A) Mortality (B) Morbidity; (n=7-8); 

Experimental groups were as follows: BM only = no T cells transplanted, wt→wt = GR
wt

 T cells transplanted 

into GR
wt

 recipient mice. (Adopted from Tischner et al., 2011). 

 

Since the use of GR modified mice was anticipated to cause exacerbated aGvHD, 

this setting, characterised by relatively late death, was chosen for all further 
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experiments and 107 GRwt bone marrow cells were transplanted with 2x106 of the 

desired T cells. 

To establish the best read out parameters, the model was further characterised. A 

cohort of mice was transplanted with GFP+ bone marrow cells and CD45.1+ T cells 

and each day animals were sacrificed to analyse T cell expansion and infiltration. No 

GFP+ cells were found in the early transplantation phase, so a role of newly 

differentiated cells arising from the bone marrow can be excluded. CD45.1+ T cells 

started expanding in secondary lymphoid organs on day 5, peaked at day 6 and then 

started to decline again (Figure 9A). Few T cells could be found at later time points 

as represented by hypoplasia of the spleen on day 46 (Figure 9B). 

 

Figure 9: T cell expansion after transplantation of GR
wt

 T cells. (A) Total number of TCR
+
 T cells in the 

lymph nodes (n=1-2). (B) Spleens on day 46 after BMT from a mouse transplanted with bone marrow plus GR
wt

 

T cells (top) or with bone marrow only (bottom). 

 

Almost at the same time, when increasing numbers of T cells could be found in 

lymphoid tissues, they could also be found in target organs. In jejunum and liver anti-

CD3 staining revealed T cell infiltration on day 6 (Figure 10A+B). When perfused liver 

and lung were homogenised and lymphocytes were isolated by Percoll gradient 

separation, FACS analysis revealed increasing numbers of TCR+ cells starting on 

day 5 (Figure 10C). 
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Figure 10: T cell infiltration in target organs in the early post-transplantation phase. (A) T cell infiltration 

in jejunum on day 6 after BMT (CD3
+
 stain, 10x magnification) (B) T cell infiltration in liver on day 6 after 

BMT (CD3 stain, 10x magnification) (C) Infiltration of TCR
+
 cells in liver and lung, analysed by FACS. 

 

4.2. Mortality 

Mice that received GRlckCre T cells developed stronger disease than mice receiving 

GRwt T cells. They died, almost without exception, within a week (Figure 11A). 

Disease onset and death often occurred suddenly and within 24 hours. 

Like the transplantation of GRlckCre T cells, the transplantation of GRdim T cells also 

resulted in a disease course more fulminant than in case of the transplantation of 

GRwt T cells (Figure 11B). 

GRlysMCre mice were obtained from our co-operation partner in Jena and, 

unfortunately, not only the knock-out mice, but also the GRflox/flox control mice from 

Jena exhibited a more severe disease course than mice bred in our own facilities or 

supplied by Charles River. This was the case in two independent experiments and 

may be attributed to a generally poorer health status of the mice, different microbial 

status or the stress associated with the transfer to our facilities. Although the survival 

of GRlysMCre mice was significantly reduced compared to GRflox/flox control mice, the 

difference in median survival was only two days. Therefore, because of the poor 

survival of controls, it remains uncertain whether a GR knock-out in myeloid cells has 

an influence on survival, although tendency may indicate that it does (Figure 11C). 

When GRdim recipients were transplanted with GRwt T cells, they also developed 

more potent aGvHD than GRwt littermates (Figure 11D). 
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Figure 11: Survival after aGvHD induction. (A) lckwt: GR
wt

 mice receiving T cells without GR compared 

to wtwt: GR
wt

 mice receiving GR
wt

 T cells (p<0,0001) (B) dimwt: GR
wt

 mice receiving T cells deficient for 

GR-dimerisation compared to GR
wt

 mice receiving GR
wt

 T cells (p=0,0398) (C) wtlsyM: mice without GR in 

myeloid cells receiving GR
wt

 T cells compared to GR
flox/flox

 littermates receiving GR
wt

 T cells (p=0,0282) (D) 

wtdim: recipients deficient for GR-dimerisation receiving GR
wt

 T cells compared to GR
wt

 littermates receiving 

wild type T cells (p=0,0198). 

 

Treatment with dex did not improve survival in mice receiving GRlckCre T cells (Figure 

12A). If at all, it appeared as though sometimes disease onset and death were 

delayed for a day. Unlike recipients of GRlckCre T cells, however, recipients of GRdim 

T cells were to some extend treatable with dex (Figure 12B). 

Despite the fact that the mice from Jena showed an aggravated disease severity not 

only for GRlysMCre but also for control mice, GRlysMCre mice were, by trend, still 

treatable with dex and at least some animals survived the first phase after treatment 

(Figure 12C). The difference was not significant, probably due to low numbers of 

animals. In GRdim recipients, dex treatment was able to alleviate mortality in the acute 

phase completely (Figure 12D). 



RESULTS 
___________________________________________________________________ 

36 

 

Figure 12: Survival after aGvHD induction in mice treated with 100 mg/kg dex from day 3 to 6 compared to 

mice treated with PBS (control). (A) lckwt: GR
wt

 mice receiving T cells without GR (p=0.1718) (B) dimwt: 

GR
wt

 mice receiving T cells deficient for GR-dimerisation (p=0.0190) (C) wtlsyM: mice without GR in 

myeloid cells receiving GR
wt

 T cells (p= 0.0637) (D) wtdim: recipients deficient for GR-dimerisation 

receiving GR
wt

 T cells (p=0.0017). 

 

4.3. FACS analysis 

4.3.1. T cells in blood 

Blood was collected from aGvHD mice on day 6 after transplantation and analysed 

after lysis of erythrocytes (Figure 13). 
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Figure 13: Blood of aGvHD mice. (A) Blood was collected by heart puncture on day 6 after transplantation, 

followed by lysis of erythrocytes; sideward scatter (SSC) against forward scatter (FSC). (B) Live cells were 

analysed for expression of T cell (TCR) and granulocyte (GR1) markers. (C) T cells were analysed for 

expression of CD4 and CD8. 

 

There was no change in T cell/granulocyte ratio in mice receiving GRlckCre or GRdim 

T cells compared to mice receiving GRwt T cells or in GRdim recipients compared to 

GRwt littermates. Treatment with dex reduced the amount of T cells and selectively 

enriched GR1+ cells in GRwt and GRdim mice transplanted with GRwt T cells. This 

change was significant. In GRwt mice transplated with GRlckCre or GRdim T cells, 

tendency showed that T cells were reduced and GR1+ cells were enriched, but the 

change was not significant and the ratio was still higher than for treated GRwt mice 

receiving GRwt T cells (p=0.0001 and p=0.0066, respectively) (Figure 14). 
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Figure 14: Ratio of cells positive for TCR and GR1 in blood of aGvHD mice on day 6 after transplantation 

following treatment with dex from day 3 to 6 compared to untreated control. mean values + s.e.m., (n=5-23) 

Experimental groups were as follows: wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = 

GR
lckCre

 T cells transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient 

mice, wt→dim = GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

4.3.2. T cell count in lymph nodes, markers of T cells activation 

Lymph nodes (lymphnodi madibulares, axillares accessorii, inguinales superficiales, 

mesenteriales) from mice were analysed by FACS on day 6 (Figure 15). 

 

Figure 15: Lymph nodes of aGvHD mice. (A) Cells were isolated on day 6 after transplantation; sideward 

scatter (SSC) against forward scatter (FSC). (B) Live cells were analysed for expression of T cell (TCR) and 

B cell markers (B220). (C) T cells were analysed for expression of CD4 and CD8. (D) CD4
+
 cells were 

analysed for expression of CD44. 

 

There was no difference in total T cell number in the lymph nodes on day 6 of GRwt 

mice receiving GRwt, GRlckCre or GRdim T cells, or GRdim recipients receiving GRwt 

T cells (Figure 16A). However, total T cell number is reduced after treatment in all 

groups except recipients of GRlckCre T cells (Figure 16B). 
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Figure 16: Total number of live TCR
+
 cells isolated from lymph nodes. (A) Total number of TCR

+
 cells in 

the lymph nodes of animals on day 6 after BMT (B) Total number of TCR
+
 cells in the lymph nodes of animals 

on day 6 after BMT after treatment with dex from day 3 to 6 compared to control; mean values + s.e.m., (n=5-

23); Experimental groups were as follows: BM only = no T cells transplanted; wt→wt = GR
wt

 T cells 

transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 recipient mice; dim→wt 

= GR
dim

 T cells transplanted into GR
wt

 recipient mice; wt→dim = GR
wt

 T cells transplanted into GR
dim

 recipient 

mice. 

 

In GRwt mice transplanted with GRwt T cells, a higher percentage of activated CD44+ 

cells amongst CD4+ T cells was observed compared to the transplantation of GRlckCre 

or GRdim T cells, or the transplantation of GRwt T cells into GRdim recipients. Dex 

treatment did not change the percentage of activated cells, except for GRlckCre T cells 

transplanted into GRwt mice (Figure 17). 

 

Figure 17: Percentage of activated CD44
+
 cells amongst CD4

+
 T cells in lymph nodes of aGvHD mice on 

day 6 after transplantation. (A) Activated cells in different GR knock-outs compared to wild type. (B) Activated 

cells after treatment with dex from day 3 to 6 compared to control; mean values + s.e.m., (n=5-23); Experimental 

groups were as follows: wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells 

transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim 

= GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

4.3.3. CD4/CD8 ratio in blood and target organs 

FACS analysis of blood showed that the CD4/CD8 ration in mice suffering from 

aGvHD was greatly skewed towards CD8 compared to healthy balb/c mice. There 

was no difference between GRlck or GRdim T cells compared to transplantation of 
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GRwt T cells or in GRdim recipients compared to GRwt littermates. In the perfused liver, 

the proportion of CD8+ T cells is even higher than in blood (Figure 18). Unperfused 

liver shows a composition similar to blood, because of the high amount of blood it 

contains (not shown). 

 

Figure 18: CD4/CD8 ratio on day 6 after transplatation in different organs. Ratio was determined in blood 

and liver (perfused) by FACS-analysis; mean values + s.e.m., (blood: n=8-23, liver: n=2). 

 

4.4. Histological analysis 

4.4.1. T cell infiltration in jejunum and liver 

 

Figure 19: T cells in jejunum on day 6 after transplantation (CD3 stain, 40x magnification). (A) A healthy 

mouse receiving only bone marrow; only sporadic T cells can be seen (B) A mouse receiving GR
wt

 T cells 

without treatment; T cell infiltration is high (C) A mouse receiving GR
wt

 T cells and treatment with dex from day 

3 to 6; T cell infiltration is greatly reduced. 

 

Mice that received GRwt T cells showed increased T cell infiltration in jejunum, 

compared to mice receiving only T cell-depleted bone marrow. The infiltration in mice 

receiving GRlckCre or GRdim T cells was comparable to those receiving GRwt T cells. 

GRdim mice receiving GRwt T cells even had slightly less infiltration than GRwt 

littermates, but this was not statistically significant. 
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Upon treatment with dex, T cell infiltration in mice receiving GRwt T cells was 

significantly reduced. In mice receiving GRlckCre T cells, infiltration was not reduced. 

Mice receiving GRdim T cells showed by trend reduced infiltration, but this was not 

significant. GRdim mice receiving GRwt T cells had no reduced infiltration, but the 

generally lower infiltration in untreated mice has to be taken into account. 

 

Figure 20: Number of T cells in jejunum (CD3 stain, 40x) per section in untreated animals and in animals 

treated with dex (100 mg/kg) from day 3 to 6. 5 sections were counted per animal and the average was taken, 

mean values + s.e.m., (n=5-10); Experimental groups were as follows: BM only = no T cells transplanted; 

wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 

recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim = GR
wt

 T cells 

transplanted into GR
dim

 recipient mice. 

 

 

Figure 21: T cells in liver on day 6 after transplantation (CD3 stain, 10x magnification). (A) A healthy 

mouse receiving only bone marrow; only sporadic T cells can be seen (B) A mouse receiving GR
wt

 T cells 

without treatment; T cell infiltration is high (C) A mouse receiving GR
wt

 T cells and treatment with dex from day 

3 to 6; T cell infiltration is reduced. 

 

In the liver, basically the same situation can be found. GRwt mice receiving GRwt, 

GRlckCre or GRdim T cells have significantly higher infiltation than mice receiving only 

T cell-depleted bone marrow. GRdim mice receiving GRwt T cells, like for jejunum, 

show a surprisingly low infiltration. Dex treatment decreases T cell infiltration in GRwt 

recipients of GRwt, GRlckCre and GRdim T cells, although the reduction GRlckCre and 

GRdim receiving cells is not significant (presumably due to low numbers). In recipients 

of GRlckCre T cells on day 7, infiltration is high despite dex treatment. In GRdim 



RESULTS 
___________________________________________________________________ 

42 

recipients dex treatment does not reduce infiltration, but again the low infiltration in 

the first place has to be kept in mind. 

 

Figure 22: Number of T cells in liver (CD3 stain, 40x) per section in untreated animals and in animals 

treated with dex (100 mg/kg) from day 3 to 6. 5 sections were counted per animal and the average was taken, 

mean values + s.e.m., (n=5-10); Experimental groups were as follows: BM only = no T cells transplanted; 

wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 

recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim = GR
wt

 T cells 

transplanted into GR
dim

 recipient mice. 

 

4.4.2. Tissue destruction in jejunum 

In mice receiving GRwt T cells the number of goblet cells in jejunum was significantly 

reduced compared to mice receiving only T cell-depleted bone marrow. Mice 

receiving GRlckCre T cells also showed a significantly reduced number of goblet cells, 

which was even lower than in mice receiving GRwt T cells. Mice receiving GRdim 

T cells had also slightly less goblet cells than mice receiving GRwt T cells, but this 

was not significant. GRdim mice receiving GRwt T cells showed a reduction of goblet 

cells comparable to GRwt littermates (Figure 23). 

 

Figure 23: Goblet cells in jejunum (PAS stain). (A+B) Examples for PAS stain of jejunum (10x 

magnification) of (A) A healthy mouse receiving only bone marrow and (B) A mouse receiving GR
wt

 T cells 

suffering from aGvHD including severe diarrhoea. (C) Quantification of goblet cells in jejunum (40x 

magnification); 5 sections were counted per animal and the average was taken, mean values + s.e.m., (BM only: 

n=8. wt→wt: n=10, lck→wt: n=4, dim→wt: n=4, wt→dim: n=7); Experimental groups were as follows: BM 

only = no T cells transplanted, wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre
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T cells transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, 

wt→dim = GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

Dex treatment could prevent the destruction of goblet cells in mice receiving GRwt 

T cells. In the treatment group, there were no mice with extremely low values. In mice 

receiving GRlckCre T cells, some mice seemed to respond to treatment, whereas 

others had a very low number of goblet cells. Since the survival curves implied that 

the disease course was delayed for 24 h, mice were analysed on day 7. In two 

independent experiments, treated mice that had received GRlckCre T cells, showed 

extremely low goblet cell numbers on day 7. In mice receiving GRdim T cells, goblet 

cell number was increased after treatment. In GRdim recipients, goblet cell numbers 

were not greatly increased after treatment, but this can be attributed to the fact that 

the reduction of goblet cells in GRdim mice was not as strong as in the other groups 

(Figure 24). 

 

Figure 24: Number of goblet cells in jejunum (PAS stain, 40x) per section in untreated animals and in 

animals treated with 100 mg/kg dex from day 3 to 6. 5 sections were counted per animal and the average was 

taken, mean values + s.e.m., (n=4-10); Experimental groups were as follows: wt→wt = GR
wt

 T cells transplanted 

into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 

T cells transplanted into GR
wt

 recipient mice, wt→dim = GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

4.4.3. Proliferation of epithelial cells in jejunum 

In jejunum, tissue destruction is compensated by hyperproliferation. Only when 

aGvHD progresses, complete destruction of the villi architecture with apoptosis of 

stem cells and cessation of proliferation occurs (Figure 25). 
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Figure 25: Proliferation of epithelial cells in jejunum on day 6 after transplantation (Ki67 stain, 20x 

magnification). (A) Normal proliferation = 0 (B) Hyperproliferation = 1 (C) Destruction of villi architecture = 2. 

 

In mice receiving GRwt T cells, a hyperproliferative or destructive architecture can be 

observed compared to transplantation of only bone marrow, where proliferation is 

normal. Mice receiving GRlckCre or GRdim T cells, by trend, have an even worse 

architecture in comparison to mice receiving GRwt T cells. GRdim recipients receiving 

GRwt T cells do not seem to differ from GRwt littermates. Dex by trend improves 

jejunum towards a normal proliferative situation (Figure 26). 

 

 

Figure 26: Proliferation in jejunum (Ki67 stain) in untreated animals and in animals treated with dex 

(100 mg/kg) from day 3 to 6. (0 = normal proliferation, 1 = hyperproliferation, 2 = cessation of proliferation 

due to destruction; mean values + s.e.m., (n=5-10); Experimental groups were as follows: BM only = no T cells 

transplanted; wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells 

transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim 

= GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

4.4.4. Macrophages in jejunum and liver 

Dex does not generally cause apoptosis of macrophages, but rather morphological 

changes that reduce the spreading of the macrophages. In histological specimens, 

this results in a reduction of the area the macrophages take up. Therefore, to judge 

the influence of dex on macrophages, the area of macrophage-specific staining 

signal was measured. 
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Figure 27: Macrophages in jejunum and liver on day 6 after transplantation (A&B: HR3 stain, 10x 

magnification; C&D: F4/80 stain, 10x magnification). (A) Jejunum of a mouse receiving GR
wt

 T cells without 

treatment (B) Jejunum of a mouse receiving GR
wt

 T cells treatment with dex from day 3 to 6 (C) Liver of a 

mouse receiving GR
wt

 T cells without treatment (D) Liver of a mouse receiving GR
wt

 T cells treatment with dex 

from day 3 to 6. 

 

Generally, area of macrophages in jejunum was reduced after dex treatment. This is 

true for GRwt animals transplanted with GRwt, GRlckCre or GRdim T cells, as well as for 

GRdim recipients transplanted with GRwt T cells. 

 

Figure 28: Area of macrophages in jejunum (HR3 stain, 10x) per section in untreated animals and in 

animals treated with 100 mg/kg dex from day 3 to 6. The area of macrophage spreading was selected and 

measured, mean values + s.e.m., (n=5-10); Experimental groups were as follows: BM only = no T cells 

transplanted; wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells 

transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim 

= GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

For GRwt animals transplanted with GRwt or GRlckCre T cells the situation in liver is 

similar as for jejunum, dex treatment reduces macrophage area. In GRwt recipients 

receiving GRdim T cells, macrophage area was low without treatment and was not 

reduced after treatment. In GRdim recipients, macrophage area was also low, but was 

further reduced upon treatment. 
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Figure 29: Area of macrophages in liver (F4/80
+
 stain, 10x) per section in untreated animals and in 

animals treated with dex (100 mg/kg) from day 3 to 6. The area of macrophage spreading was selected and 

measured, mean values + s.e.m., (n=5-10); Experimental groups were as follows: BM only = no T cells 

transplanted; wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells 

transplanted into GR
wt

 recipient mice; dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice; wt→dim 

= GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

4.4.5. Changes in liver histology upon dex treatment 

Histological changes of the liver were observed after dex treatment. White spaces 

could be observed, which are likely fatty deposits. This effect could be observed in 

most dex treated animals, regardless of recipient or donor phenotype. 

 

 

Figure 30: Liver histology on day 6 after transplantation (HE stain, 10x magnification). (A) Liver of a 

mouse receiving GR
wt

 T cells without treatment (B) Liver of a mouse receiving GR
wt

 T cells treatment with dex 

from day 3 to 6. 

 

4.5. Cytokines 

4.5.1. Interleukin-2 (IL-2) 

On day 5, recipients of GRwt T cells had significantly elevated levels of IL-2 in the 

serum (sIL-2) compared to recipients receiving only T cell-depleted bone marrow. On 

day 6 there was no increase. In case of GRlckCre T cells, sIL-2 was increased on both, 

day 5 and 6, compared to the transplantation of GRwt T cells. When GRdim T cells 
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were transplanted, no difference compared to GRwt transplantation could be found. If 

hosts were GRdim, sIL-2 was significantly increased compared to GRwt littermates on 

day 5, but not on day 6 (Figure 31). 

 

Figure 31: IL-2 serum levels after aGvHD induction. Blood was collected by heart puncture on days 5 or 6 

after transplantation and IL-2 was measured by ELISA after preparation of serum; mean values + s.e.m., (day 5: 

n=7-15, day 6: n=5-14, BM only: n=4-8); Experimental groups were as follows: BM only = no T cells 

transplanted, wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells 

transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim 

= GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

When mice receiving GRwt T cells were treated with dex, sIL-2 on day 5 could not be 

reduced. The significantly higher concentration in mice receiving GRlckCre T cells, 

however, could be diminished by dex treatment on both days 5 and 6. The sIL-2 

concentration in mice receiving GRdim T cells could also be reduced. In GRdim 

recipients, sIL-2 was not influenced by treatment (Figure 32). 

 

Figure 32: IL-2 serum levels after aGvHD induction and treatment with dex (100 mg/kg) from day 3 to 6 

compared to treatment with PBS (control). Blood was collected by heart puncture on days 5 or 6 after 

transplantation and IL-2 was measured by ELISA after preparation of serum; mean values + s.e.m. (day 5: n=5-

15, day 6: n=5-13); Experimental groups were as follows: wt→wt = GR
wt

 T cells transplanted into GR
wt

 

recipient mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells 

transplanted into GR
wt

 recipient mice, wt→dim = GR
wt

 T cells transplanted into GR
dim

 recipient mice. 
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Of note, IL-2 serum levels were generally low and in the lower range of the standard 

curve of the ELISA kit (detection limit = 3.1 pg/mL). 

4.5.2. Interferon- (INF) 

Mice receiving T cell-depleted bone marrow had virtually no INF in the serum 

(sINF) on days 5 and 6 after transplantation. If aGvHD was induced in GRwt 

recipients using GRwt T cells, sIFN was elevated. There was no difference on day 5 

for GRlckCre or GRdim T cells, or for GRdim recipients compared to GRwt T cells or GRwt 

recipients, respectively. On day 6, however, animals that had received GRlckCre 

T cells had significantly elevated sIFN compared to those receiving GRwt T cells. 

Mice receiving GRdim T cells also showed elevated sIFN, although the increase was 

less pronounced compared to GRlckCre T cells (p=0.0293). GRdim recipients showed 

no difference compared to GRwt littermates (Figure 33). 

 

Figure 33: IFN serum levels after aGvHD induction. Blood was collected by heart puncture on days 5 or 6 

after transplantation and IFN was measured by ELISA after preparation of serum; mean values + s.e.m., (day 5: 

n=8-16, day 6: n=9-24, BM only: n=4-8); Experimental groups were as follows: BM only = no T cells 

transplanted, wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells 

transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim 

= GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

In all cases treatment with dex lead to significantly decreased sIFNγ levels on day 5. 

On day 6, the decrease was less pronounced. This was especially true for wtwt 

and wtdim combinations, which can be attributed to the fact that sIFN decreased 

from day 5 to day 6 in both wtwt (p=0.0290) and wtdim (p=0.0355) 

transplantations. In contrast, in mice transplanted with GRlckCre or GRdim T cells sIFN 

did not abate from day 5 to day 6 (Figure 34). 
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Figure 34: IFN serum levels after aGvHD induction and treatment with dex (100 mg/kg) from day 3 to 6 

compared to treatment with PBS (control). Blood was collected by heart puncture on days 5 or 6 after 

transplantation and IFN was measured by ELISA after preparation of serum; mean values + s.e.m., (day 5: n=6-

16, day 6: n=8-24); Experimental groups were as follows: wt→wt = GR
wt

 T cells transplanted into GR
wt

 

recipient mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells 

transplanted into GR
wt

 recipient mice, wt→dim = GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

Despite the fact sIFN could be reduced by dex treatment after transplantation of 

GRlckCre T cells, its concentration remained significantly higher than after treatment of 

animals that had received GRwt T cells. sIFN after treatment in GRdim hosts or after 

transplantation of GRdim T cells is comparable to wtwt transplantations. 

 

Figure 35: IFN serum levels after aGvHD induction and treatment with dex (100 mg/kg) from day 3 to 6. 

Blood was collected by heart puncture on days 5 or 6 after transplantation and IFN was measured by ELISA 

after preparation of serum; mean values + s.e.m., (day 5: n=6-15, day 6: n=8-18); Experimental groups were as 

follows: wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells transplanted 

into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim = GR
wt

 

T cells transplanted into GR
dim

 recipient mice. 

 

Furthermore, the results for sIFN are supported by qRT-PCR analysis of spleen. 

IFN gene expression in the spleen was highest in mice receiving GRlckCre T cells and 
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slightly elevated in mice receiving GRdim T cells. Dex treatment was able to reduce 

expression in all cases (Figure 36). 

 

Figure 36: IFN gene expression in the spleen after aGvHD induction and treatment with dex (100 mg/kg) 

from day 3 to 6 compared to treatment with PBS (control). Spleen was collected on day 6 after 

transplantation and IFN expression was measured by qRT-PCT; relative mRNA expression levels were 

obtained by normalising to HPRT mRNA expression; relative expression in wt→wt PBS mice was set equal to 

1; mean values + s.e.m., (n=4-6); Experimental groups were as follows: wt→wt = GR
wt

 T cells transplanted into 

GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells 

transplanted into GR
wt

 recipient mice, wt→dim = GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

4.5.3. Interleukin-17A (IL-17A) 

On day 5, IL-17A was elevated in the serum (sIL-17A) of mice receiving GRwt T cells 

compared to mice receiving T cell-depleted bone marrow only. On day 6, there was 

no elevation. Mice receiving GRlckCre or GRdim T cells and GRdim recipients did not 

differ from the wtwt transplantation setting on day 5. On day 6, sIL-17A had 

declined in all groups like in the wtwt transplantation, except for mice receiving 

GRlckCre T cells, in which it remained slightly elevated. 

 

Figure 37: IL-17A serum levels after aGvHD induction. Blood was collected by heart puncture on days 5 or 6 

after transplantation and IL-17A was measured by CBA after preparation of serum; mean values + s.e.m., (day 5: 

n=5-15, day 6: n=6-13, BM only: n=3-8); Experimental groups were as follows: BM only = no T cells 

transplanted, wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells 
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transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim 

= GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

Treatment with dex was not able to significantly reduce sIL-17 on day 5 in mice 

receiving GRwt, GRlckCre or GRdim T cells. In GRdim recipients on day 5, sIL-17A 

reduction was significant. The elevated sIL-17A concentration in recipients of GRlckCre 

T cells on day 6 could also be significantly reduced by treatment with dex. 

 

Figure 38: IL-17A serum levels after aGvHD induction and treatment with dex (100 mg/kg) from day 3 to 

6 compared to treatment with PBS (control). Blood was collected by heart puncture on days 5 or 6 after 

transplantation and IL-17A was measured by CBA after preparation of serum; mean values + s.e.m., (day 5: 

n=4-15, day 6: n=6-13); Experimental groups were as follows: wt→wt = GR
wt

 T cells transplanted into GR
wt

 

recipient mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells 

transplanted into GR
wt

 recipient mice, wt→dim = GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

In the spleen, IL-17A expression in mice receiving GRlckCre T cells was also greatly 

increased on day 6 compared to all other groups. Dex treatment was able to 

decrease expression. 
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Figure 39: IL-17A gene expression in the spleen after aGvHD induction and treatment with dex 

(100 mg/kg) from day 3 to 6 compared to treatment with PBS (control). Spleen was collected on day 6 after 

transplantation and IL-17A expression was measured by qRT-PCT; relative mRNA expression levels were 

obtained by normalising to HPRT mRNA expression; relative expression in wt→wt PBS mice was set equal to 

1; mean values + s.e.m., (n=4-6); Experimental groups were as follows: wt→wt = GR
wt

 T cells transplanted into 

GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells 

transplanted into GR
wt

 recipient mice, wt→dim = GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

4.5.4. Interleukin-6 (IL-6) and monocyte chemotactic protein-1 (MCP-1) 

Although IL-6 in serum (sIL-6) on day 5 was elevated in mice receiving GRwt T cells 

compared to mice receiving only T cell-depleted bone marrow, no differences on 

day 5 could be observed between mice receiving GRwt T cells and hosts of T cells 

with GR knock-outs. On day 6, sIL-6 was not elevated in mice receiving GRwt T cells 

compared to mice receiving only T cell-depleted bone marrow. However, sIL-6 was 

significantly increased in GRdim hosts, but not in mice receiving GRlckCre or GRdim 

T cells (Figure 40). 
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Figure 40: IL-6 serum levels after aGvHD induction. Blood was collected by heart puncture on days 5 or 6 

after transplantation and IL-6 was measured by CBA after preparation of serum; mean values + s.e.m., (day 5: 

n=6-15, day 6: n=6-13, BM only: n=3-8); Experimental groups were as follows: BM only = no T cells 

transplanted, wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells 

transplanted into GR
wt

 recipient mice; dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice; wt→dim 

= GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

Elevated sIL-6 on day 6 in GRdim recipients was treatable with dex (Figure 41). 

 

Figure 41: IL-6 serum levels after aGvHD induction and treatment with dex (100 mg/kg) from day 3 to 6 

compared to treatment with PBS (control). Blood was collected by heart puncture on day 6 after 

transplantation and IL-6 was measured by CBA after preparation of serum; mean values + s.e.m., (n=6-13); 

Experimental groups were as follows: wt→dim = GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

On day 5 but not on day 6, MCP-1 (CCL2) in serum (sMCP-1) was increased after 

the transplantation of GRwt T cells compared to transplantation of T cell-depleted 

bone marrow only. In GRdim hosts sMCP-1 was highly increased on day 5, whereas 

recipients of GRlckCre or GRdim T cells did not differ from wtwt transplantation. On 

day 6, however, sMCP-1 in recipients of GRlckCre or GRdim T cells was also slightly but 

significantly increased compared to recipients of GRwt T cells, but the increase in 

GRdim hosts was still much more pronounced (Figure 42). 



RESULTS 
___________________________________________________________________ 

54 

 

Figure 42: MCP-1 serum levels after aGvHD induction. Blood was collected by heart puncture on days 5 or 6 

after transplantation and MCP-1 was measured by CBA after preparation of serum; mean values + s.e.m., (day 5: 

n=5-15, day 6: n=6-13, BM: only: n=4-8); Experimental groups were as follows: BM only = no T cells 

transplanted, wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells 

transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim 

= GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

After treatment with dex, sMCP-1 was significantly reduced in GRdim recipients on 

both day 5 and 6. In mice receiving GRdim T cells, sMCP-1 was also reduced on day 

6. In mice receiving GRlckCre T cells, however, sMCP-1 could not be reduced by 

treatment. 

 

Figure 43: MCP-1 serum levels after aGvHD induction and treatment with dex (100 mg/kg) from day 3 to 

6 compared to treatment with PBS (control). Blood was collected by heart puncture on days 5 or 6 after 

transplantation and MCP-1 was measured by CBA after preparation of serum; mean values + s.e.m., (day 5: n=5-

9, day 6: n=6-13); Experimental groups were as follows: wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient 

mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells transplanted 

into GR
wt

 recipient mice, wt→dim = GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

4.5.5. Other cytokines 

Analysis of IL-10 in serum (sIL-10) on days 5 and 6 revealed that only very low 

amounts were present (mean 20-60 pg/mL) and that there were no differences 

between mice transplanted with GRwt T cells and mice receiving T cell depleted bone 
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marrow only. Furthermore, GR-deficiency in T cells or recipients made no difference 

compared to wtwt transplantation. Treatment with dex also did not induce sIL-10 in 

any group. 

IL-1b was not generally detectable in serum samples. Only a few samples contained 

some IL-1b and there was no correlation to genotype or treatment. 

TNF- was also not detectable in the serum at the analysed time points. 

4.6. Cytotoxic T cell effector function 

Both perforin-1 and granzyme B expression of splenocytes was quantified to 

measure cytotoxic T cell activity. Both are increased in mice receiving GRlckCre or 

GRdim T cells compared to mice receiving GRwt T cells. GRdim recipients of GRwt 

T cells have an even lower expression than GRwt littermates. Dex treatment 

decreases perforin-1 and granzyme B expression in all groups except for mice 

receiving GRlckCre T cells (Figure 44 and Figure 45). 

 

Figure 44: Perforin-1 gene expression in the spleen (A) After aGvHD induction and (B) After aGvHD 

induction and treatment with dex (100 mg/kg) from day 3 to 5 compared to treatment with PBS (control). 

Spleen was collected on day 6 after transplantation and perforin-1 expression was measured by qRT-PCT; 

relative mRNA expression levels were obtained by normalising to HPRT mRNA expression; relative expression 

in wt→wt PBS mice was set equal to 1; mean values + s.e.m., (n=4-6); Experimental groups were as follows: 

wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 

recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim = GR
wt

 T cells 

transplanted into GR
dim

 recipient mice. 
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Figure 45: Granzyme B gene expression in the spleen (A) After aGvHD induction and (B) After aGvHD 

induction and treatment with dex (100 mg/kg) from day 3 to 5 compared to treatment with PBS (control). 

Spleen was collected on day 6 after transplantation and Granzyme B expression was measured by qRT-PCT; 

relative mRNA expression levels were obtained by normalising to HPRT mRNA expression; relative expression 

in wt→wt PBS mice was set equal to 1; mean values + s.e.m., (n=4-6); Experimental groups were as follows: 

wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 

recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim = GR
wt

 T cells 

transplanted into GR
dim

 recipient mice. 

 

4.7. Endogenous glucocorticoids 

In GRwt animals receiving GRwt T cells, corticosterone in serum was significantly 

elevated compared to animals receiving T cell-depleted bone marrow only. There 

were no differences between recipients of GRlckCre or GRdim T cells compared to 

recipients receiving GRwt T cells, neither on day 5 nor on day 6. GRdim recipients, 

however, had significantly increased levels of serum corticosterone on day 5 

compared to GRwt littermates, but not on day 6 (Figure 46). 

 

Figure 46: Corticosterone serum levels after aGvHD induction. Blood was collected by heart puncture on 

days 5 or 6 after transplantation and corticosterone was measured by RIA after preparation of serum; mean 

values + s.e.m., (day 5: n=9-10, day 6: n=8-17, BM only: n=3); Experimental groups were as follows: BM only 

= no T cells transplanted, wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre
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T cells transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, 

wt→dim = GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

After dex treatment, endogenous corticosterone in the serum was reduced in all 

cases. On day 6, however, serum corticosterone in mice receiving GRlckCre T cells 

(p=0.0153) or in GRdim hosts (p=0.0020) remained elevated compared to treated 

mice in a wtwt setting (Figure 47). 

 

Figure 47: Corticosterone serum levels after aGvHD induction and treatment with Dex (100 mg/kg) 

compared to treatment with PBS (control). Blood was collected by heart puncture on days 5 or 6 after 

transplantation and corticosterone was measured by RIA after preparation of serum; mean values + s.e.m., (day 

5: n=5-10, day 6: n=8-13); Experimental groups were as follows: wt→wt = GR
wt

 T cells transplanted into GR
wt

 

recipient mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells 

transplanted into GR
wt

 recipient mice, wt→dim = GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

4.8. Energy expenditure 

Mice suffering from aGvHD developed mild hypothermia on day 6 after 

transplantation compared to mice receiving only T cell-depleted bone marrow. Mice 

receiving GRlckCre or GRdim T cells showed no difference in body temperature 

compared to mice receiving GRwt T cells. GRdim recipients, however, developed much 

more severe hypothermia than GRwt littermates (Figure 48A+B). 

 

Figure 48: Body temperature in mice after aGvHD induction. (A) Body temperature was measured from 

day 2 to day 6 after transplantation using a rectal probe (B) Body temperature on day 6 after transplantation; 
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mean values + s.e.m., (n=16-29, BM only: n=11); Experimental groups were as follows: BM only = no T cells 

transplanted, wt→wt = GR
wt

 T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells 

transplanted into GR
wt

 recipient mice, dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim 

= GR
wt

 T cells transplanted into GR
dim

 recipient mice. 

 

On day 6 after transplantation mice suffering from aGvHD also developed a marked 

hypoglycaemia compared to mice receiving only T cell-depleted bone marrow. 

Hypoglycaemia in mice receiving GRlckCre or GRdim T cells was comparable to the one 

in mice receiving GRwt T cells. GRdim recipients developed a stronger hypoglycaemia 

than any of the other groups (Figure 49A+B). 

 

Figure 49: Blood glucose in mice after aGvHD induction. (A) Blood glucose was measured from day 2 to 

day 6 after transplantation; a drop of blood was obtained from the tail vein and blood glucose level was 

determined using test strips (B) Blood glucose level on day 6 after transplantation; mean values + s.e.m., (n=16-

23, BM only: n=6); Experimental groups were as follows: BM only = no T cells transplanted, wt→wt = GR
wt

 

T cells transplanted into GR
wt

 recipient mice, lck→wt = GR
lckCre

 T cells transplanted into GR
wt

 recipient mice, 

dim→wt = GR
dim

 T cells transplanted into GR
wt

 recipient mice, wt→dim = GR
wt

 T cells transplanted into GR
dim

 

recipient mice. 

 

In mice receiving GRwt T cells, hypoglycaemia was treatable with dex. In mice 

receiving GRlckCre or GRdim T cells, however, hypoglycaemia did not improve upon 

treatment (Figure 50A-C). 

 

Figure 50: Blood glucose after aGvHD induction in mice treated with dex (100 mg/kg) from day 3 to 6 

compared to mice treated with PBS (control). Blood glucose was measured from day 2 to day 6 after 

transplantation; mean values + s.e.m., t-test performed for values on day 6. (A) wt→wt = GR
wt

 recipients 

transplanted with GR
wt

 T cells (n=17-34) (B) lck→wt = GR
wt

 recipient mice transplanted with GR
lckCre

 T cells 

(n=12-17) (C) dim→wt = GR
wt

 recipient mice transplanted with GR
dim

 T cells (n=5-7). 
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In GRdim recipients both hypothermia and hypoglycaemia were fully treatable with dex 

(Figure 51A+B). 

 

Figure 51: Blood glucose and body temperature after aGvHD induction in GR
dim

 mice treated with dex 

(100 mg/kg) from day 3 to 6 compared to mice treated with PBS (control). (A) Blood glucose was measured 

from day 2 to 6 after transplantation (n=14-16) (B) Body temperature was measured from day 2 to day 6 after 

transplantation using a rectal probe (n=16); mean values + s.e.m., t-test performed for values on day 6. 

 

4.9. Mixed Leukocyte Reaction as an in vitro aGvHD model 

If dex was added to MLRs with GRwt T cells and GRwt macrophages, the percentage 

of live T cells after 4 days in FACS analysis was greatly reduced at both 

concentrations, 10-8 M and 10-7 M. If GRlckCre or GRdim T cells and GRwt macrophages 

were used, the percentage of live T cells was only slightly reduced (Figure 52). 
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Figure 52: Mixed leukocyte reaction of GR
wt

 macrophages with GR
lckCre

 or GR
dim

 T cells treated with dex 

(10
-8

 M or 10
-7

 M) compared to untreated cells. 10
5
 T cells and an equal number of BMDMs were mixed and 

incubated in medium with or without dex for 4 days. Cells were centrifuged and resuspended in FACS buffer. 

(A) FACS plot: green: T cells, blue: macrophages, red: debris. (B) Percentage of live T cells. A representative 

experiment of n>3 is shown; Experimental groups were as follows: wt→wt = GR
wt

 T cells with GR
wt

 BMDMs, 

lck→wt = GR
lckCre

 T cells with GR
wt

 BMDMs, dim→wt = GR
dim

 T cells with GR
wt

 BMDMs. 

 

Also, in MLR with GRwt T cells and GRwt macrophages, IL-2 production was reduced 

when cells were treated with dex. If GRlckCre or GRdim T cells were used, IL-2 

production was also reduced (Figure 53). 

 

Figure 53: IL-2 in supernatant of MLR of GR
wt

 macrophages with GR
lckCre

 or GR
dim

 T cells treated with 

dex (10
-8

 M or 10
-7

 M) compared to untreated cells. 10
5
 T cells and an equal number of BMDMs were mixed 

and incubated in medium with or without dex for 4 days. Cells were centrifuged and supernatant was collected. 

IL-2 was measured by ELISA. A representative experiment of n>3 is shown; Experimental groups were as 

follows: wt→wt = GR
wt

 T cells with GR
wt

 BMDMs, lck→wt = GR
lckCre

 T cells with GR
wt

 BMDMs (A), 

dim→wt = GR
dim

 T cells with GR
wt

 BMDMs (B). 

 

Similar to an MLR were GRwt T cells and GRwt macrophages were used, if GRwt 

T cells were used with GRlysMCre or GRdim macrophages, dex treatment was able to 

decrease the number of live T cells (Figure 54). 
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Figure 54: Mixed leukocyte reaction with GR
lysMCre

 or GR
dim

 macrophages and GR
wt

 T cells treated with 

dex (10
-8

 M or 10
-7

 M) compared to untreated cells. 10
5
 T cells and an equal number of BMDMs were mixed 

and incubated in medium with or without dex for 4 days. Cells were centrifuged and resuspended in FACS 

buffer. (A) FACS plot: green: T cells, blue: macrophages, red: debris. (B) Percentage of live T cells. A 

representative experiment of n>3 is shown; Experimental groups were as follows: wt→wt = GR
wt

 T cells with 

GR
wt

 BMDMs, wt→lysM = GR
wt

 T cells with GR
lsyMCre

 BMDMs, wt→dim = GR
wt

 T cells with GR
dim

 BMDMs. 

 

If GRlysMCre or GRdim macrophages instead of GRwt macrophages were mixed with 

GRwt T cells, IL-2 secretion was not or ineffectively reduced by dex treatment (Figure 

55). 

 

Figure 55: IL-2 in supernatant of MLR with GR
lysM

 or GR
dim

 macrophages and GR
wt

 T cells treated with 

dex (10
-8

 M or 10
-7

 M) compared to untreated cells. 10
5
 T cells and an equal number of BMDMs were mixed 

and incubated in medium with or without dex for 4 days. Cells were centrifuged and supernatant was collected. 

IL-2 was measured by ELISA. A representative experiment of n>3 is shown; Experimental groups were as 

follows: wt→wt = GR
wt

 T cells with GR
wt

 BMDMs, wt→lysM = GR
wt

 T cells with GR
LysM

 BMDMs (A), 

dim→wt = GR
wt

 T cells with GR
dim

 BMDMs (B). 
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5. Discussion 

5.1. The role of different aspects of acute graft-versus-host 

disease (aGvHD) pathogenesis for the mode of action of 

endogenous and therapeutic glucocorticoids (GCs) 

5.1.1. Mortality and morbidity 

High mortality in GRwt mice receiving GRlckCre or GRdim T cells and also in GRdim 

recipients receiving GRwt T cells impressively demonstrated the importance of the GC 

receptor (GR) in both donor T cells and in recipients for control of aGvHD by 

endogenous GCs. 

Treatment of aGvHD with 100 mg/kg dexamethasone (dex) from day 3 to 6 in GRwt 

mice receiving GRwt T cells showed that morbidity was clearly ameliorated by GCs. 

No apparent effect on mortality could be observed, because acute mortality was 

generally low in the GRwt setting. In GRdim mice receiving GRwt T cells and in GRwt 

mice receiving GRdim T cells, however, acute mortality was higher and was indeed 

prevented by GC treatment. Another important observation was that treatment in the 

acute phase did not prevent relapse. 

In a haploidentical aGvHD model, which showed a later onset of disease than the 

fully mismatched model, Bouazzaoui et al. could show that treatment with 2 mg/kg 

prednisolone starting on day 10 after transplantation was also able to reduce 

morbidity and mortality in aGvHD. They also found that if treatment was delayed until 

day 28 after transplantation, mice had evolved aGvHD that was resistant to 

prednisolone treatment (Bouazzaoui et al., 2011). The haploidentical model differs in 

severity from the MHC-mismatched model used in this work. Also, disease onset in 

the mismatched model was much earlier. Differences in findings may therefore be 

due to these discrepancies. But despite these disparities, treatment in the early 

phase alleviates morbidity and mortality in both models and GC treatment appears to 

be ineffectual in the late phase. 

5.1.2. Total T cell number 

The effect of endogenous GCs on T cells or recipient cells did not impact total T cell 

number, since the T cell/granulocyte ratio in the blood, the total count of T cells in 

lymph nodes and the extent of target organ infiltration was similar for all groups. 
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Infiltration in GRdim recipients was even slightly lower than in GRwt littermates. The 

exacerbated disease course in mice receiving GRlckCre or GRdim T cells compared to 

mice receiving GRwt T cells and of GRdim recipients compared to GRwt recipients is 

therefore not caused by a greater number of T cells. 

Upon treatment with dex in GRwt mice receiving GRwt T cells the T cell population 

was significantly reduced in lymph nodes, blood, target organs and in the in vitro 

MLR. This confirms the finding by Bouazzaoui et al. that T cell number in spleen and 

T cell expansion in vitro were reduced by treatment with prednisolone (Bouazzaoui et 

al., 2011). In mice receiving GRlckCre or GRdim T cells, however, there was only a 

slight and not significant tendency for reduction or no reduction at all (e.g. for 

infiltration of jejunum in mice receiving GRlckCre T cells). Also, in vitro, if an MLR was 

treated with dex, this did not effect the T cell population in the case of GRlckCre or 

GRdim T cells. Dex treatment significantly decreased the amount of T cells in lymph 

nodes and blood of GRdim recipients. In target organs of GRdim recipients infiltration 

was not decreased, because it was generally lower to begin with. In MLR with GRdim 

as well as GRlysMCre macrophages, the T cell population was decreased after dex 

treatment. 

It can therefore be concluded that the reduction of total T cell number upon treatment 

with dex is dependent on the GR in T cells and its dimerisation, but not on the GR in 

antigen presenting cells (APCs). The reduction of T cell number, however, does not 

appear to be essential for treatment, because mice receiving GRdim T cells are 

treatable despite the lack of reduction in T cell number. 

The GR, more specifically its transactivating activity, is required for GC-induced 

apoptosis (Reichardt et al., 1998). Because aGvHD in mice receiving GRdim T cells 

was susceptible to treatment with dex, treatment of aGvHD cannot depend on 

apoptosis of T cells. The slight reduction in number of T cells in mice receiving 

GRlckCre or GRdim T cells may be explained by an effect on the APCs. 

The fact that in the MLR with GR-deficient APCs IL-2 production was not reduced by 

dex treatment even though the T cell population was, indicates that in vitro without an 

effect on the APCs GCs cannot limit expansion of T cells, but will cause subsequent 

apoptosis of T cells. In the MLR with GR-deficient T cells, on the other hand, IL-2 was 

reduced while the T cell population was not. This indicates that even though dex 

could not cause apoptosis of T cells it could still limit expansion due to an effect on 

the APCs. Both effects were dimerisation dependent. Experimental results from the 
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mouse experiments, however, indicate that in vivo the effect on T cells is much more 

important than the effect on APCs. 

5.1.3. Activation of CD4+ T cells in lymph nodes 

Surprisingly, in GRwt mice receiving GRwt T cells a higher percentage of CD4+ T cells 

in the lymph node was activated (CD44+) than in mice receiving GRlckCre or GRdim 

T cells, or in GRdim recipients of GRwt T cells. A possible explanation is that due to a 

generally more pro-inflammatory milieu in the other groups, with up-regulation of 

adhesion molecules and chemokines, more activated T cells migrate into the 

bloodstream or into target organs instead of remaining in the lymph nodes. This 

theory, however, could not be confirmed by the results of the analysis of blood, 

jejunum and liver. Another possibility is that in the GRwt situation, non-activated 

bystander T cells are more effectively removed than in the other groups, because of 

the more inflammatory environment in the other groups that may protect non-

activated T cells. 

5.1.4. CD4/CD8 ratio in blood and target organs 

The CD4/CD8 ratio in blood of mice suffering from aGvHD is strongly skewed 

towards CD8+ T cells. In liver, as aGvHD target organ, the prevalence of CD8+ T cells 

is even more marked. This underlines the importance of CD8+ T cells in aGvHD in 

general and specifically for target organ damage. The CD4/CD8 ratio does not differ 

between groups and it does not change upon dex treatment. Therefore, dex 

treatment appears to affect the amount of both, CD4+ and CD8+ T cells. This is in 

accordance with results by Bouazzaoui et al. who found that CD4+ and CD8+ T cells 

in the spleen were reduced by 36.5% and 36.7%, respectively (Bouazzaoui et al., 

2011). 

5.1.5. T cell infiltration and damage in target organs 

The degree of T cell infiltration in jejunum and liver did not appear to differ between 

groups, although damage of jejunum was more extensive in mice receiving GRlckCre 

or, less markedly, in mice receiving GRdim T cells. Therefore, the effect of 

endogenous GCs on T cells does not appear to regulate infiltration of target organs. 

If the effect on recipient cells is important to regulate infiltration (e.g. by regulating 

expression of adhesion molecules), transactivation is not necessary, as GRdim 

recipients show normal or even slightly less infiltration. After treatment with dex, 
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infiltration of T cells in jejunum was reduced and damage was also alleviated in GRwt 

mice receiving GRwt T cells. In mice receiving GRdim T cells this effect was 

incomplete and in mice receiving GRlckCre T cells there was no improvement at all. 

Hence, for treatment with dex, both transactivation and transrepression in T cells 

seems to be important to reduce target organ infiltration and tissue destruction. 

In comparison of aGvHD with other diseases, in experimental autoimmune 

encephalomyelitis (EAE) GC treatment also reduces target organ infiltration by a 

direct effect on T cells (Wüst et al., 2008), which is dimerisation-independent 

(personal communication, Holger Reichardt). In antigen-induced arthritis (AIA), the 

reduction of infiltrate is also crucial for GC treatment, but is dimerisation-dependent 

(Baschant et al., 2012). In contrast, the GR in T cells is not required to reduce 

leukocyte infiltration into the skin in contact hypersensitivity (CHS) (Tuckermann et 

al., 2007). 

In EAE the down-regulation of adhesion molecules plays an important role to reduce 

infiltration (Wüst et al., 2008). And in fact, Bouazzaoui et al. found an important role 

for chemokines and adhesion molecules in the treatment of aGvHD with 

prednisolone. The chemokines CXCL9 (MIG), CXCL10 (IP-10), CXCL11, (I-TAC), 

CCL2 (MCP-1), CCL3 (MIP-1) and CCL4 (MIP-1) in the gut were down-regulated 

after treatment. Also, the adhesion molecules MadCAM-1 and ICAM-1, but not 

VCAM-1, were down-regulated in the gut. In liver only ICAM-1 was upregulated after 

aGvHD reduction, but not influenced by prednisolone treatment. They also looked at 

the respective ligands, LPAM-1, LAM-1 and LFA-1, which were upregulated in gut 

and liver. After treatment, they were only down-regulated in gut, but not in liver 

(Bouazzaoui et al., 2011). It is, however, slightly problematic that they looked at non-

perfused liver, as this reflects the composition of blood and not liver. This was shown 

by analysis of perfused and non-perfused liver in our model, where the CD4/CD8 

ratio without perfusion is the same as in blood, whereas after perfusion there were 

more CD8+ T cells in the liver. Also, when analysing the expression of adhesion 

molecules, which are expressed on T cells, PCR analysis of the gut may be 

misleading, because reduced expression of said molecules may simply reflect 

reduced infiltration, rather than down-regulation of expression in T cells. 

In conclusion, it can be said that GC treatment reduces target organ infiltration in 

aGvHD, an effect that may or may not be mediated by the reduction of adhesion 

molecules on T cells. It cannot be mediated by reduction of adhesion molecules on 
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host cells, because treatment is abrogated when the T cells are GR-deficient, even 

when host cells express intact GR. Also the effect on infiltration cannot account for all 

beneficial effects of GCs, because the absence of GR in T cells made no difference 

for the control of infiltration by endogenous GCs. 

5.1.6. Cytotoxic T cell effector function 

The perforin/granzyme cytotoxic pathway is, next to the Fas/Fas ligand pathway, a 

major cause of histopathological damage in aGvHD. Therefore, its downregulation 

could be beneficial for treatment. 

The expression of perforin-1 and granzyme B in spleen was increased in mice 

receiving GRlckCre and GRdim T cells compared to mice receiving GRwt T cells. 

Therefore, the dimerisation-dependent effect of endogenous glucocorticoids on 

T cells seems important to regulate cytotoxic T cell activity. Abrogation of this effect 

correlated with greater mortality. 

After high-dose dex therapy, over-expression of cytotoxic effector molecules was 

reduced in mice receiving GRdim but not in mice receiving GRlckCre T cells. This is in 

accordance with the treatment effect in mice receiving GRdim T cells and with 

resistance to therapy of mice receiving GRlckCre T cells. 

It is likely that the regulation of cytotoxic T cell activity is crucial for the amelioration of 

aGvHD by both endogenous and therapeutic glucocorticoids. 

The attenuation of IFN by glucocorticoid treatment is most likely not responsible for 

reducing perforin and perforin mediated cytotoxic activity, as the complete removal of 

IFN in experimental aGvHD does not fully inhibit perforin activity although Fas/FasL-

mediated killing is abrogated (Puliaev et al., 2004). 

In addition it would be interesting to investigate the expression and release of 

perforin and granzyme in target organs. Also, the Fas/Fas ligand pathways would be 

an interesting mechanism to investigate in GC treatment of aGvHD. 

In vitro, however, Bouazzaoui et al. could not confirm reduced CTL function in Cr-

release assay (Bouazzaoui et al., 2011). This may be accounted for by different 

models (haploidentical vs. fully mismatched), different GCs (prednisolone vs. dex) or 

simply by differences in the in vitro situation compared to the in vivo situation. 

5.1.7. Effect on macrophages 

Macrophages in the jejunum of mice transplanted with GRlckCre T cells showed a 

phenotype that was more activated compared to mice receiving GRwt T cells. This 
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may be because increased phagocytic activity is required to clear damage, which is 

greater in mice receiving GRlckCre T cells or because of increased sIFN in mice 

receiving GRlckCre T cells. 

After dex treatment, the phenotype of macrophages in jejunum and liver became less 

activated, which may be caused by a direct effect on the macrophages by dex. This 

effect may also be responsible for the delayed disease onset after treatment in mice 

receiving GRlckCre T cells. Host APCs are important in the pathogenesis of aGvHD 

(Shlomchik et al., 1999), as they are responsible for priming and controlling the T cell 

response. Surprisingly, macrophages in GRdim recipients show the same response 

upon dex treatment as in GRwt recipients, although it has been described that GRdim 

macrophages in vitro are largely resistant to GC treatment, including morphological 

changes and downreglation of MHCII (Kleiman et al., 2011). 

Unlike in CHS (Tuckermann et al., 2007) and sepsis (Kleiman et al., 2011) the effect 

on macrophages does not appear to be crucial in aGvHD, as both GRdim and 

GRlysMCre recipients are treatable using dex. 

5.1.8. Cytokines 

IL-2 in serum was increased on day 5, but not on day 6, in GRwt mice transplanted 

with GRwt T cells. This transient production fits with the biology of T cell activation. In 

mice receiving GRlckCre T cells or in GRdim recipients receiving GRwt T cells, serum 

levels peaked higher than in the wild type setting. This correlated with higher 

mortality and disease severity. This is in line with the finding that elevated IL-2 in the 

serum correlates with higher-grade aGvHD (Hua et al., 2010). However, in mice 

receiving GRdim T cells, which also showed higher mortality than mice receiving GRwt 

T cells, IL-2 serum levels were not elevated. Elevated IL-2 in mice receiving GRlckCre 

T cells may be explained by lack of effect of endogenous GCs on the expanding 

T cells. On the other hand, in GRdim recipients the limited effect on APCs may be 

responsible for more effective priming of T cells. Therefore, the effect of endogenous 

GCs on both T cells and APCs is important to regulate IL-2. While the effect on 

T cells was dimerisation-independent, the effect on APCs required GR-dimerisation. 

High-dose GC treatment is able to reduce excessive IL-2 production in recipients of 

GRlckCre T cells and in GRdim hosts. This probably means that the effect on either 

T cells or APCs is sufficient for high therapeutic doses of GCs. In vitro, however, not 
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the effect of GCs on T cells, but only on APCs is important to reduce IL-2. 

Dimerisation of the GR in APCs is not required for this. 

The double-edged role of IFN in aGvHD makes it difficult to judge its effect in 

pathogenesis and treatment. In recipients of GRlckCre or GRdim T cells, which exhibit 

more severe aGvHD than recipients of GRwt T cells, disease severity correlates with 

increased sIFN. Also, in mice receiving GRlckCre T cells, which are resistant to 

treatment, reduction of sIFN levels upon treatment is incomplete. On the other hand, 

in recipients of GRdim T cells good treatment response correlates with a reduction of 

sIFN. Nevertheless, whether the reduction of IFN is causative for treatment 

success or a by-product of the reduction in T cell number remains uncertain. It is also 

conceivable that the protective effect of IFN, which is attributed to its ability to induce 

AICD (Li et al., 2001; Refaeli et al., 2002), may also be mediated by inducing the 

release of endogenous GCs via the hypothalamic-pituitary-adrenal (HPA) axis. 

Consistent with these findings regarding serum IFN, Bouazzaoui et al. found that 

prednisolone treatment of aGvHD mice reduces INF expression in the gut 

(Bouazzaoui et al.), which may be attributed to reduced T cell infiltration. 

The role of IL-17 in aGvHD at this time remains unclear. In mice receiving GRlckCre 

T cells both Th1 cytokines and IL-17A were increased, which is another important 

piece of evidence that the effect of endogenous GCs on T cells is crucial for 

controlling aGvHD. 

For treatment, however, the effect of dex on APCs and host cells was efficient for 

reducing IL-17A, the GR in T cells was not required. Treatment with dex decreased 

both, Th1 cytokines and IL-17A. Therefore, GC treatment of aGvHD does not seem 

to shift the Th1 or Th17 balance in the favour of one of them, but appears to reduce 

both. In comparison, although like in aGvHD both IFN and IL-17 are reduced after 

GC therapy, AIA experiments with IFN-/- and IL-17-/- mice showed that the effect on 

Th17 cells is crucial (Baschant et al., 2012). Since both IL-17-/- and IFN-/- T cells 

have been shown to be capable of inducing aGvHD, this may be an interesting 

question to investigate in the future. 

Both IL-6 and MCP-1 are mainly secreted by host cells, although IL-6 may also be 

produced by T cells. Both cytokines were increased in GRwt mice receiving GRwt 

T cells compared to mice receiving only bone marrow, which is in agreement with 

findings in patients (Ouyang et al., 2008; Schots et al., 2003). Mice receiving GRlckCre 

or GRdim T cells, however, do not have higher IL-6 levels than mice receiving GRwt 
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T cells. In GRdim mice, both IL-6 and MCP-1 were higher than in GRwt littermates. 

This shows the effect of endogenous GCs on host cells is important to regulate these 

two cytokines and that this effect is dimerisation-dependent. Increased IL-6 is also 

found in GRdim mice in sepsis (Kleiman et al., 2011). MCP-1 is also slightly increased 

in mice receiving GRlckCre or GRdim T cells compared to mice receiving GRwt T cells. 

This points to the possibility that increased T cell activity or tissue damage in turn 

also induces MCP-1, creating a vicious circle of inflammation and cytokine induction. 

Both IL-6 and MCP-1 are downregulated in GRdim recipients after dex treatment. This 

may occur directly through an effect on IL-6 and MCP-1 producing cells, or indirectly 

by limiting T cell activity. IL-6 can also be repressed in GRdim mice upon dex 

treatment in PMA-induced oedema formation (Reichardt et al., 2001). Interestingly, 

MCP-1 in CHS is not downregulated in GRdim mice (Tuckermann et al., 2007). 

In mice receiving GRdim T cells, increased MCP-1 is also treatable, whereas in mice 

receiving GRlckCre T cells MCP-1 remains high. This may indicate that it is the 

dimerisation-independent effect on T cells that down-regulates MCP-1 indirectly. 

The regulatory cytokine IL-10 has been attributed with a protective effect in aGvHD 

(e.g. Baker et al., 1999) and is associated with regulatory T cell activity (Hoffmann et 

al., 2002). IL-10 induction in this model was generally low and GC treatment did not 

induce IL-10. The treatment response was not dependent on IL-10. Therefore, it 

seems unlikely that an induction of regulatory T cells by GC treatment mediates the 

therapeutic effect of GCs in aGvHD. It is desirable, however, to directly analyse 

regulatory T cells after GC therapy. It has been described for EAE that induction of 

regulatory T cells does not play a role for GC treatment (Wüst et al., 2008). 

IL-1b and TNF- are two important effector cytokines in aGvHD and it has been 

described that IL-1 regulation by GCs is important in CHS (Tuckermann et al., 2007) 

and in sepsis (Kleiman et al., 2011). However, they were not detectable in the serum 

at the analysed time points in this aGvHD model.  

5.1.9. Endogenous corticosterone 

Systemic release of inflammatory cytokines stimulates the HPA axis to release 

corticosterone. After induction of aGvHD corticosterone in the serum was increased. 

The extent of corticosterone secretion did not depend on the GC response of either 

donor T cells or host cells. However, in GRdim recipients corticosterone levels 

appeared to rise earlier than in the other groups, which may indicate problems with 
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the regulation of the HPA axis. In sepsis, GRdim mice showed no dysregulation of the 

HPA axis (Kleiman et al., 2011). Therapy with dex repressed endogenous 

corticosterone production. However, in GRdim recipients, reduction was incomplete. 

This may be because of the impaired response of the HPA axis. In mice receiving 

GRlckCre T cells, suppression of endogenous corticosterone was also incomplete, 

possibly due to the high remaining levels of inflammatory mediators. 

5.1.10. Energy expenditure 

aGvHD caused hypoglycaemia, which was especially severe in GRdim recipients. 

Also, GRdim recipients were the only group that developed a severe hypothermia. 

GRdim recipients showed neither higher inflammatory mediators, nor increased 

infiltration or T cell activity, nor did the HPA axis seem to be dysregulated, as 

endogenous corticosterone levels were similar to GRwt recipients. It is therefore likely 

that higher mortality in GRdim recipients is not caused by an immunological 

phenotype, but by dysregulation of energy expenditure. 

Interestingly, GRdim mice show a similar phenotype in sepsis, where aberrant energy 

expenditure causes increased lethality. The effect was dependent on non-

haematopietic cells. Experiments with ob/ob mice and mice lacking the GR in the 

forebrain, exhibited the same phenotype in sepsis experiments. Therefore, aberrant 

energy expenditure is possibly caused by lack of induction of leptin in adipose tissue 

or leptin-dependent signalling in the hypothalamus (personal communication, Anna 

Kleiman, Tuckermann lab at the Leibniz Institute for Age Research, Jena). 

Both, hypoglycaemia and hypothermia, were fully treatable in GRdim recipients. 

Therefore, the effect of exogenous dex on donor cells suffices to treat aGvHD, so 

that the energy expenditure problems do not occur, or the dimerisation-independent 

effect on host cells is enough to prevent problems with energy expenditure. It may 

therefore be promising to look into the role of energy metabolism in aGvHD and to 

investigate therapies that target this aspect, e.g. drugs interfering with leptin function. 
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5.2. Role of the GR and its molecular modes in different tissues 

5.2.1. The role of the GR and its dimerisation in donor T cells for 

endogenous control of aGvHD 

The absence of the GR or its dimerisation in donor T cells caused exacerbated 

morbidity. Therefore, the GR in T cells appears to be crucial for control of aGvHD by 

endogenous glucocorticoids and transactivation is required. 

Although total T cell number in blood, lymph nodes and T cell infiltration in jejunum 

and liver in mice receiving GRlckCre or GRdim T cells were comparable to mice 

receiving GRwt T cells, damage to the jejunum seemed to be exacerbated if the GR in 

donor T cells was dimerisation-deficient, and even more so when it was completely 

absent. 

One explanation for exacerbated target organ damage may be increased amounts of 

inflammatory mediators. Serum concentrations of T cell cytokines, such as IL-2, IFN 

and IL-17A, were significantly increased if the GR was absent in donor T cells. Also, 

mRNA expression of IFN and IL-17 in the spleen was increased. MCP-1 (CCL2) 

was also slightly raised. If only dimerisation of the GR in donor T cells was absent,  

IL-2 and IL-17A levels were comparable to levels in mice receiving GRwt T cells, but 

IFN was increased slightly. MCP-1 was also increased if only dimerisation was 

deficient. Hence, the GR in donor T cells is necessary to control the cytokine storm in 

aGvHD, but dimerisation is not required for the control of all cytokines. 

Apart from increased cytokine expression, exacerbated damage may be explained by 

the increased activity of cytotoxic T cells. The expression of the cytotoxic effector 

molecules perforin-1 and granzyme B was increased in mice receiving GR-deficient 

or GR-dimerisation-deficient T cells. 

In EAE the effect of endogenous GCs on T cells is also important and in GRlckCre 

mice EAE onset occurs earlier than in GRwt mice. (Wüst et al., 2008). In CHS, on the 

other hand, the GRlckCre mice do not show a different response than GRwt mice 

(Tuckermann et al., 2007). In AIA, disease severity is also not excacerbated in 

GRlckCre mice (Baschant et al., 2012). Thus, in this aspect aGvHD seems to be 

comparable to EAE, where the absence of the GR in T cells has detrimental 

consequences. 
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5.2.2. The role of the GR and its dimerisation in donor T cells for the 

treatment of aGvHD with GCs 

Dex treatment did not reduce mortality if GR in donor T cells was absent, but if only 

dimerisation was impaired, treatment was still partially possible. Thus, the GR in 

donor T cells, but not its dimerisation, appears to be pivotal for the treatment of 

aGvHD with GCs. 

Treatment reduced total T cell number in mice receiving GRdim T cells, but not in mice 

receiving GRlckCre T cells. T cell infiltration in liver was, by trend, reduced in both, 

mice receiving GRlckCre and GRdim T cells. T cell infiltration in jejunum, however, was 

only reduced in mice receiving GRdim T cells, but not in mice receiving GRlckCre 

T cells. As GRdim T cells are not susceptible to GC-induced apoptosis, a role for T cell 

apoptosis in the treatment of aGvHD is unlikely. 

In mice receiving GRdim T cells, treatment was able to reduce damage of jejunum. 

Tissue destruction of jejunum appeared slightly alleviated in mice receiving GRlckCre 

T cells on day 6, but treatment appeared to fail on day 7, so that a delayed disease 

course could be suspected. As a matter of fact, it has been described in EAE that 

GRlckCre mice showed some treatment effect on the first day before it failed entirely 

(Wüst et al., 2008). An explanation for this phenomenon could be that the effect on 

APCs and/or other host cells is able to delay disease temporarily, but not prevent it. 

If only dimerisation of the GR in donor T cells was deficient, all cytokines could be 

reduced adequately by GC treatment. Although IL-2, IFN and IL-17A could be 

reduced in case of total absence of GR in donor T cells, their concentration remained 

relatively high. MCP-1 could not be decreased at all by treatment if GR in T cells was 

absent.  

If only dimerisation was absent, endogenous corticosterone was down-regulated 

sufficiently. The reduction of endogenous corticosterone after treatment was 

incomplete in mice receiving T cells without GR. This may be due to the fact that 

cytokine levels still remain high in mice receiving GRlckCre T cells even after  

treatment. 

Furthermore, CD8 effector molecules were reduced in mice receiving GRdim T cells, 

but not in mice receiving GRlckCre T cells. As mice receiving GRdim T cells are 

treatable and mice receiving GRlckCre T cells are not, this may be a very important 

target for GC therapy that is crucial for treatment success. 
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It can therefore be concluded that the GR in T cells, but not its dimerisation, is 

essential for treatment of aGvHD with dex, and it seems that the down-regulation of 

target tissue infiltration and cytotoxic T cell activity are most crucial. 

5.2.3. The role of GR dimerisation in host cells for endogenous control 

of aGvHD 

Mortality in recipients deficient for GR-dimerisation was increased after aGvHD 

induction. This leads to the conclusion, that recipient macrophages in GRdim mice or 

other, non-haematopoietic, cells play an important role in aGvHD. Many parameters, 

however, were unchanged in GRdim mice compared to GRwt littermates. Total T cell 

number and T cell infiltration of target organs was not changed compared to GRwt 

littermates, neither were the T cell cytokines IFN, IL-2 and IL-17A. The expression of 

cytotoxic effector molecules was also unaffected by dimerisation-deficiency in the 

host. Destruction of jejunum also remained the same. Hence, it is unlikely that higher 

T cell activity and organ damage are responsible for the higher mortality in GRdim 

mice after aGvHD induction. 

A slight dysregulation of the HPA axis is possible, as endogenous corticosterone 

levels started to rise earlier, possibly because of an impaired negative feedback loop. 

But overall, corticosterone levels are not higher than in GRwt littermates. 

It has also been described that GRdim mice are more susceptible to sepsis, which is 

caused by a prolonged production of IL-1. IL-6 and IL-10 were also produced for 

longer (Kleiman et al., 2011). In this aGvHD model, IL-1 in the serum was not 

detectable at the time points analysed, although it is described that IL-1 is a key 

player in aGvHD (Abhyankar et al., 1993). Possibilities are that systemical release of 

IL-1 after conditioning (Hill et al., 1999) takes place prior to the observed time points 

and that during the effector phase IL-1 is primarily found in the target organs. TNF 

does not appear to play a role in GRdim mice in aGvHD or in sepsis. GRdim mice had 

higher IL-6 levels after aGvHD induction than GRwt littermates, similar to sepsis. In 

aGvHD, however, sMCP-1 was also increased, unlike in sepsis. For this reason, a 

role of recipient macrophages cannot be excluded for the exaggerated aGvHD 

phenotype in GRdim recipients. 

Most likely, though, increased lethality in GRdim hosts is not due to an immunological 

phenotype, but caused by aberrant energy expentiture, because hypoglycaemia and 

hypothermia were increased in GRdim hosts, like they were in sepsis experiments of 
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our co-operation partners (personal communication, Anna Kleiman, Tuckermann lab 

at the Leibniz Institute for Age Research, Jena). 

5.2.4. The role of GR dimerisation in host cells for the treatment of 

aGvHD with GCs 

The high mortality of GRdim mice could be completely alleviated by dex treatment. 

Total T cell number was reduced in GRdim recipients after treatment. Tissue 

destruction did improve upon treatment. The reduction of T cell cytokines was 

comparable to GRwt littermates. MCP-1 and IL-6, which were increased in GRdim 

recipients compared to GRwt littermates, were also reduced by GC treatment. The 

repression of endogenous corticosterone on day 6 was slightly incomplete. But 

cytotoxic effector molecules were adequately repressed by dex treatment. Most 

importantly, the dysregulated energy expenditure was entirely treatable with dex. 

Therefore, the effect on T cells and dimerisation independent effects in host cells 

seem to be sufficient for aGvHD treatment. 

In contrast, in CHS, dimerisation, specifically in macrophages and neutrophils, is 

required for repression of the inflammatory response (Tuckermann et al., 2007). 

5.2.5. Potential implications for patients 

Mortality is increased no matter in what tissue the GR is removed or what molecular 

mechanism is abrogated. This shows how important GCs are not only for treatment 

of aGvHD, but also for its endogenous control. This means that both recipient and 

donor polymorphisms could account for higher susceptibility to aGvHD. On the other 

hand, for treatment only the donor T cells seem to be relevant. Therefore, recipient 

polymorphisms should be irrelevant. For example, a GR polymorphism has been 

described that affects transrepression, but not transactivation (van den Akker et al., 

2006). 

5.3. Conclusion 

This work has underlined the importance of endogenous GCs for the regulation of 

aGvHD. The GR not only in donor T cells, but also in host tissues, was shown to 

have an influence on mortality and morbidity. Whereas the effects on donor T cells 

are mainly mediated through regulation of T cell cytokines and cytotoxic activity, the 

effect on host tissue appears to work to some degree through cytokines produced by 

host cells, but more importantly through effects on the energy metabolism. It may 
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therefore be promising to look into new therapeutics that target the energy 

metabolism. 

For GC therapy of aGvHD, control of T cells is essential and sufficient and 

transactivation appears to play a minor role. Reduction of target organ infiltration and 

suppression of the cytotoxic activity of donor T cells, possibly by an effect on T cell 

cytokines, appear to be the crucial mechanisms. This opens up perspectives for the 

usage of selective GR agonist as therapeutics, which target transrepression, but not 

transactivation, and have a reduced spectrum of side effects. 
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