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Abstract 

Incidences of Type 1 Diabetes, an organ-specific autoimmune disease, are on the rise 
throughout the globalized world.  It oftentimes manifests very early in life and patients 
rely on life-long insulin treatment which all in all adds up to a major health and mental 
burden for the patients and their families. Furthermore, due to life-long treatment and 
various long-term complications it has a tremendous impact on healthcare and society. 
The disease is characterized by the autoimmune-mediated destruction of the pancreatic 
beta cells, which results in the disruption of their main function, namely insulin production 
in response to glucose. This eventually leads to a complete loss of blood glucose control 
making the patients dependent on exogenous insulin. The autoimmune reaction results 
from increased and aberrant immune activation and defective tolerance mechanisms 
and is mainly mediated by T cells. Peripheral immune tolerance is executed by regulatory 
T (Treg) cells which suppress self-reactive T cells and their impaired generation, function 
and stability contribute to the loss of immune tolerance and autoimmune activation.   

Therapies that target T cells or inflammatory pathways are under investigation for poten-
tial treatment options. Targeting TNF-α or CD3 for instance resulted in better beta cell 
function compared to the control group. Furthermore, treatment of at-risk individuals with 
Teplizumab, an anti-CD3 antibody, was shown to delay the onset of overt T1D and was 
approved by the FDA in November 2022. As the first approved disease modifying immu-
notherapy, this lays the ground work for future immunotherapies. To avoid general im-
munosuppression, more specific and targeted approaches will be pivotal in the future. 

Therefore, in this thesis, I studied the new potential drug candidates IMU-935 and -838, 
which were developed by Immunic AG. IMU-838 is an inhibitor of dihydroorotate dehy-
drogenase (DHODH), an enzyme which catalyzes the de novo pyrimidine synthesis and 
is essential for activated lymphocytes. IMU-935 is a potent RORγt inverse agonist, while 
it can also inhibit, although to a lower extent, DHODH. Importantly, DHODH inhibition 
specifically blocks activated lymphocytes while avoiding general immunosuppression. 
The strong immune activating conditions during islet autoimmunity and T1D hinder de 
novo Treg induction. We hypothesized, that reducing immune activation by targeting 
RORγt and/or DHODH could open a broader window of opportunity to induce Tregs.  

Using in vitro experiments I could show that IMU-935 and -838 both improved murine 
Treg induction. The impact was more pronounced in conditions that hinder Treg induc-
tion including immune-activating conditions or using T cells from NOD mice with ongoing 
insulin autoantibody positive autoimmunity. Importantly, the drug candidates fostered an 
anti-inflammatory phenotype and their presence resulted in the upregulation of RORγt. 
Using loss-of-function models IL6Rα signaling was identified as one contributing mech-
anism by which the drug candidates can improve Foxp3 and RORγt expression. Further-
more, I identified DHODH inhibition as the main contributor on the mode of action of the 
drug candidates in our in vitro studies. Importantly, in vivo experiments using a preclinical 
mouse model of T1D showed a reduction in T1D incidences upon treatment with IMU-
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838. This was accompanied by reduced immune activation and infiltration in the pan-
creas. Furthermore, preliminary data on increased Treg frequencies with a higher ex-
pression of functional Treg markers suggest positive influence on immune tolerance as
well.

In summary, I showed that targeting DHODH results in reduced immune activation during 
islet autoimmunity and T1D which opens a broader window of opportunity to induce and 
stabilize Tregs. The improved interplay between immune activation and tolerance re-
stored the balance of the immune system. My work gives important insights into the im-
mune tolerogenic properties of the potential drug candidates IMU-838 and -935 and their 
potential use for T1D. The encouraging results let us to hypothesis that the drug candi-
dates present an opportunity for prospective clinical trials in the future. 
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Zusammenfassung 

Type 1 Diabetes (T1D) ist eine organspezifische Autoimmunerkrankung, deren Inzidenz 
auf der gesamten Welt stetig steigt. Sie tritt häufig schon im frühen Kindesalter auf und 
Betroffene sind auf Insulin Injektionen angewiesen, was insgesamt eine große 
gesundheitliche und psychische Belastung für die Patienten und ihre Familien darstellt. 
Darüber hinaus hat T1D aufgrund der lebenslangen Behandlung und verschiedener 
Langzeitkomplikationen große soziale und volkswirtschaftliche Auswirkungen. T1D ist 
durch die autoimmunvermittelte Zerstörung der Beta Zellen der Bauchspeicheldrüse 
gekennzeichnet, was zu einer Störung ihrer Hauptfunktion führt, nämlich der 
Insulinproduktion als Reaktion auf Glukose.  Dies führt schließlich zum vollständigen 
Verlust der Blutzuckerkontrolle, weshalb die Patienten von körperfremder Insulin Zufuhr 
abhängig sind. Die Autoimmunreaktion resultiert aus einer überschießenden 
Immunaktivierung und defekten Immuntoleranzmechanismen und wird hauptsächlich 
durch T-Zellen vermittelt. Die periphere Immuntoleranz wird durch regulatorische T-
Zellen (Tregs) vermittelt, die selbstreaktive T-Zellen unterdrücken und deren gestörte 
Bildung, Funktion und Stabilität zum Verlust der Immuntoleranz und zur 
Autoimmunreaktion beitragen.   

Verschiedene Therapien, die T-Zellen oder Entzündungswege unterdrücken, werden als 
mögliche Behandlungsoptionen für T1D untersucht. Hierbei haben zum Beispiel Studien 
zur Inhibition von TNF-α oder CD3 in kürzlich diagnostizierten T1D Patienten eine 
verbesserte Beta Zell-Funktion im Vergleich zu der Kontroll-Gruppe gezeigt. Darüber 
hinaus hat die Behandlung von Risikopersonen mit Teplizumab, einem anti-CD3 
Antikörper, den Ausbruch von symptomatischen T1D verzögert, was zu der Zulassung 
durch die FDA als Präventionstherapie in November 2022 führte. Dies ist die erste 
zugelassene krankheits-modifizierende Immuntherapie und legt somit den Grundstein 
für künftige Immuntherapien. Um eine generelle Immunsuppression zu vermeiden, 
werde insbesondere spezifischere und gezieltere Ansätze von entscheidender 
Bedeutung sein.  

Daher wurden in dieser Arbeit die neuen Wirkstoffe IMU-935 und -838, welche von 
Immunic AG entwickelt wurden, untersucht. IMU-838 ist ein Inhibitor der Dihydroorotat-
Dehydrogenase (DHODH). Das Enzym katalysiert einen wichtigen Schritt in der de novo 
Pyrimidin-Synthese, welcher für aktivierte Lymphozyten unerlässlich ist. MU-935 ist ein 
potenter RORγt inverser Agonist, der auch, wenn auch in geringerem Maße, DHODH 
hemmt. Wichtig hierbei ist, dass der DHODH-Inhibitor spezifisch aktivierte Lymphozyten 
hemmt und damit eine generelle Immunsuppression verhindert. Die starken 
immunaktivierenden Bedingungen, die während der Inselautoimmunität und T1D 
herrschen, behindern die Induktion von Tregs. Ich untersuchte, ob die reduzierte 
Immunaktivierung, die durch die Inhibition von RORγt und/oder DHODH erreicht wird, 
bessere Bedingungen für die Treg-Induktion bieten kann.  
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In in vitro Experimenten konnte ich zeigen, dass IMU-935 und -838 die Treg-Induktion 
verbessern. Die Wirkung war ausgeprägter in Bedingungen, die die Treg-Induktion 
erschweren. Diese beinhalteten experimentelle Konditionen, die zu erhöhter 
Immunaktivierung führen oder die Verwendung von T Zellen aus NOD Mäuse mit 
laufender IAA+ Autoimmunreaktion. Zudem förderten die beiden Wirkstoffe einen 
entzündungshemmenden Phänotyp und die Hochregulation von RORγt in CD4+ T-Zellen 
und Tregs. Mit Hilfe von Funktionsverlustmodellen, konnte der IL6Rα-Signalweg als ein 
Mechanismus identifiziert werden, der zu der verbesserten Expression von Foxp3 und 
RORyt in Anwesenheit der Wirkstoffe während der in vitro Treg-Induktion beiträgt. 
Darüber hinaus konnte ich die DHODH-Hemmung als Hauptfaktor für die Wirkungsweise 
der Wirkstoffe in unseren in vitro Studien identifizieren. In einem präklinischen 
Mausmodel für T1D führte die Behandlung mit IMU-838 außerdem zu einer Verringerung 
der T1D Inzidenzen. Dies ging mit einer verringerten Immunaktivierung und Infiltration 
der Bauchspeicheldrüse einher. Darüber hinaus bestätigten vorläufige Daten eine 
erhöhte Treg-Frequenz mit einer gesteigerten Expression von funktionellen Treg-
Markern einen positiven Einfluss auf die Immuntoleranz.  

Zusammenfassend konnte ich zeigen, dass die Hemmung der Immunaktivierung 
während der Inselautoimmunität oder T1D durch die DHODH Inhibition zu besseren 
Bedingungen für die Induktion von Tregs führt. Das verbesserte Zusammenspiel von 
Immunaktivierung und –toleranz führt zu einem wiederhergestellten Gleichgewicht des 
Immunsystems. Meine Arbeit gibt wichtige Einblicke in die Eigenschaften der Wirkstoffe 
Immuntoleranz zu stärken und deren Möglichkeit für Therapie Optionen für T1D. Die hier 
dargelegten Ergebnisse lassen somit die Hypothese zu, dass IMU-838 und -935 gute 
Kandidaten für mögliche zukünftige klinische Studien für T1D sind. 
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1. Introduction 

1.1 Immune Tolerance and Autoimmunity 

Our body faces constant threats from infectious invaders. The immune system recog-
nizes the pathogens and eliminates them by starting a well-orchestrated immune attack. 
Immune tolerance mechanisms ensure on the one hand that an immune attack stays 
controlled and on the other hand that immune attacks are only directed against foreign 
pathogens. The discrimination between self and non-self is executed by two distinct 
mechanisms: central and peripheral tolerance (reviewed in [1]). 

Central tolerance takes place during T cell development in the thymus. Lymphocytes 
recognizing self-antigens presented by antigen-presenting cells with high affinity are ei-
ther removed by apoptotic cell death or inactivated (anergy) [2, 3]. However, some auto-
reactive T cells can escape the thymus and reach the periphery. Here, tolerance is main-
tained by a specialized T cell subset, so-called regulatory T cells (Tregs), which are able 
to suppress autoreactive T cells [4, 5]. 

The balance between immune activation and tolerance is critical for a healthy immune 
system and is tightly controlled. Failure of those mechanisms can lead to the escape of 
autoreactive T cells that eventually can cause autoimmune diseases. The autoimmune 
attack can be either systemically including systemic lupus erythematosus or organ spe-
cific such as observed in multiple sclerosis (MS) or Type 1 Diabetes (T1D) [6, 7]. The 
latter is the most common autoimmune disease in young children and recent studies 
suggest a doubling of cases in Europe in the next 20 years [8]. 

1.2 Type 1 Diabetes 

In T1D, the loss of immune tolerance and aberrant immune activation results in impaired 
self-tolerance to the insulin-producing beta cells which consequently lead to their de-
struction in the pancreas [9]. In a healthy state the pancreatic beta cells sense glucose 
in the blood stream and in a tightly regulated and complex network they release insulin 
to promote storage of glucose in other cells and tissues. Destruction of the beta cells and 
the decreased or absent insulin production in T1D results in a defective blood glucose 
control which renders patients dependent on insulin replacement therapies (reviewed in 
[10]). This traditional model in which islet autoimmunity as the primary source of beta cell 
destruction results sooner or later in impaired glucose homeostasis was extended in the 
last years. Several studies show that beta cells themselves also contribute to the patho-
genesis of T1D. For instance, beta cells exhibit first activation of the unfolded protein 
response which secondary leads to ER stress in later stages of islet autoimmunity but 
before the overt disease contributing to beta cell dysfunction [11, 12]. In addition, the 
progression to T1D is accompanied by a shift to a senescent phenotype in a subset of 
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beta cells which was shown to contribute to the disease development [13]. The beta cell 
fragility is among other reasons also attributed to a genetic predisposition in T1D [14, 
15]. A recent study by Warncke et al. investigated alterations in blood glucose before 
and after the onset of islet autoimmunity by making use of the study population of POInt, 
in which 1050 infants between the ages of four to seven months with elevated genetic 
risk are enrolled [16]. They observed that postprandial blood glucose levels slightly rise 
be-fore the detection of autoantibodies and that post-and pre-prandial levels further 
increase afterwards [16]. This highlights that changes or insults of the pancreatic beta 
cells occur earlier than previously thought and that beta cells themselves together with 
the autoim-mune reaction promote T1D progression.   

1.2.1 Aberrant activation of immune cells in T1D 

The autoimmune destruction of the pancreas is initiated by an immune cell infiltration in 
the pancreatic islets, a process called insulitis [17, 18]. Infiltrating immune cells include 
CD4+ and CD8+ T cells, B cells, macrophages and dendritic cells (DC) with CD8+ T cells 
being the most abundant cell type [19-21]. In mouse models of T1D, such as the non-
obese diabetic (NOD) mice, insulitis is even more prominent and starts early in life at 
around 3-4 weeks of age [22]. Treatment of NOD mice with anti-T cell agents, such as 
anti-thymocyte serum, anti-Thy 1,2 [23] or  anti-CD3 [24] suppressed or delayed the oc-
currence of overt T1D highlighting that T cells play a major role in disease development 
and progression. Islet-specific CD8+ T cells are found in insulitic lesions and peripheral 
blood from T1D patients as well as in peripheral blood, pancreatic lymph nodes (pLN) 
and islet infiltrates of NOD mice [25-27]. Here, they acquire a cytotoxic effector memory 
phenotype with expression of granzyme B and IFN-γ [28]. Noteworthy, this was specifi-
cally observed independently of beta cells in inflamed islets and not in the pLN [29]. CD8+ 

T cells are thought to be the main mediators for direct beta cell destruction [30, 31]. They 
can do so by cytotoxic degranulation in a contact-dependent manner through perforin or 
granzyme molecules [32, 33]. In addition, beta cell death can be mediated by the re-
leased proinflammatory cytokines, such as IFN-γ or TNF-α, which are toxic to beta cells 
[34, 35]. Hyperexpression of HLA class I molecules in pancreatic islets might explain the 
prevalence of CD8+ T cells in the pancreas [36, 37]. Likewise, aberrant expression of 
HLA class II was observed, suggesting that beta cells might directly be involved in the 
presentation of autoantigens to infiltrating CD4+ T cells [38]. Animal experiments showed 
that CD4+ and CD8+ T cells are required to induce T1D after transfer of splenic cells to 
immunodeficient recipients indicating the destruction of beta cells depends on both T cell 
subsets [39]. Indeed, islet-specific CD4+ T cells were identified and further characterized. 
Several studies observed autoreactive CD4+ T cells producing the pro-inflammatory cy-
tokine IFN-γ in peripheral blood of T1D patients [40, 41]. Increased levels of IFN-γ were 
also observed in sera, pLNs and pancreata of diabetic NOD mice [42]. The same study 
also correlated increased TH17 activity with disease onset of NOD mice [42]. Further-
more, upregulated or islet-specific TH17 immune responses were found in human studies 

15 
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[43-45]. In addition to their own effector function, CD4+ T cells are able to activate M1 
macrophages which promote inflammation [46]. They are also known to be activated in 
response to IFN-γ and TNF-α, adding to a vicious circle of increasing immune activation 
in the pancreas thereby perpetuating beta cell destruction [35].  

1.2.2 Pathology of human T1D 

T1D development is associated with a genetic component as well as environmental fac-
tors, including dietary factors, early viral infections and the microbiome [47-49]. The 
strong genetic contribution was indicated by an increased risk of first degree relatives of 
T1D patients [50, 51]. Specifically, the human leucocyte antigen (HLA) class II haplo-
types HLA-DR4 and -DQ8 have been identified as the strongest risk factors. Moreover, 
other non-HLA T1D risk loci, including those for insulin, cytotoxic T cell-associated anti-
gen-4 (CTLA-4) and IL2RA were identified using genome-wide association studies 
(GWAS) [52-54]. 

Longitudinal studies of individuals at risk for developing T1D have shown that, prior to 
the onset of clinical symptoms, the disease progresses through distinct stages which 
resulted in the well-accepted staging classification system proposed by Insel et. al. [55]. 
The appearance of two or more autoantibody against islet autoantigens marks the onset 
of the presymptomatic stage of T1D, also known as islet autoimmunity [55]. Islet autoan-
tigens include insulin [56], glutamic acid decarboxylase (GAD)[57], insulinom-antigen 2 
(IA2)[58, 59] and zinc transporter 8 (ZnT8) [60]. Over time, beta cell mass declines, re-
sulting in dysglycemia which is referred to as stage 2 [55]. In stage 3, clinical symptoms 
manifest [55]. It was shown that autoantibodies can be detected in the blood years or 
even decades before the onset of hyperglycemia which highlights the heterogeneity of 
T1D [61]. However, the presence of two or more autoantibodies coincides with a lifelong 
risk for developing T1D of almost 100% [62]. Hence, autoantibodies can serve as bi-
omarkers and prediction tool. A lot of effort is put into establishing screening protocols 
and platforms to identify people at risk for developing T1D. Ziegler and colleagues, for 
example, initiated a study in Bavaria in which children, regardless of genetic risk factors, 
are tested for the presence of islet autoantibodies as part of pediatric well-baby visits 
[63, 64]. Together with many other screening programs across the world, this helps re-
searches to learn more about early stages of islet autoimmunity and the progression to 
clinical disease. For instance, the German DiMelli cohort and a classification and regres-
sion tree analysis was used to ask the question whether the highly heterogeneous dis-
ease can be divided into subtypes, endotypes or theratypes [65]. This analysis observed 
several subgroups of young patients that got newly diagnosed with T1D and are below 
20 years of age, which can be relevant for potential therapy options [65]. Furthermore, a 
recent study which combined several cohorts, provided new insights into a more precise 
prediction of T1D development which is dependent on islet autoantibodies at serocon-
version and HLA genotype [66]. This highlights also the potential of large and diverse 
data sets which could be used for machine learning algorithms and could provide more 
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precise approaches for the prediction and prevention of T1D. Screening platforms and 
better predication tools will further help patients and their families to get counseling which 
can prevent life-threatening complications such as ketoacidosis [67]. In addition, longitu-
dinal samples from those cohorts could help identify early impairments in immune toler-
ance.  

1.3 Regulatory T cells mediate immune tolerance 

Regulatory T cells are key players for the establishment and maintenance of immune 
tolerance and their failure contributes to development and progression of autoimmunity 
[68]. Regulatory cells, which are now known as Tregs, were first characterized in 1995. 
Sakaguchi et al. observed that a subpopulation of CD4+ T cells, that expressed the high-
affinity α-chain of the IL-2 receptor CD25, were able to prevent autoimmunity [69]. Later, 
the transcription factor Foxp3 was identified as the master regulator for Treg differentia-
tion [5, 70-72]. The human autoimmune disease Immunedysregulation polyendocrino-
pathy enteropathy X-linked syndrome (IPEX) and the scurfy mouse with a lethal autoim-
mune phenotype both harbor a mutation in the Foxp3 gene, highlighting the critical role 
of Foxp3 for the development and maintenance of Tregs as well as their role in immune 
regulation [73, 74]. 

Tregs can exert their immune-regulatory functions through various mechanisms, includ-
ing inhibitory cytokines, cytolysis, metabolic disruption and targeting of DC. The release 
of inhibitory cytokines, such as IL-10 and TGF-β, suppress the function of effector T cells 
[75, 76]. In addition, Tregs can exhibit cytotoxic activity by secreting perforin and 
granzyme A/B [77, 78] or deprive their surroundings of IL-2 causing metabolic disruption 
of effector T cells [79]. Most importantly, Tregs can target DCs via direct cell-cell contact 
modulating their maturation or function through expression of the surface markers Lag3 
or CTLA4, respectively [80-83]. Recently, a novel suppressive pathway, in which strong 
interaction of antigen-specific Tregs with DCs resulted in the depletion of the peptide-
MHC class II complex, was described [84]. Since not all suppressive mechanisms rely 
on direct cell-cell contact but on the secretion or consumption of cytokines and other 
soluble mediators, they can also manipulate cells in their close proximity, in a process 
called bystander suppression [85]. 

1.3.1 Generation of Tregs 

Two origins for Tregs have been described. They can either develop in the thymus during 
T cell maturation [86, 87] or differentiate in the periphery [87-89]. Several studies have 
shown that Treg induction in the periphery is most efficient when a strong agonistic ligand 
is applied under subimmunogenic conditions [89-91]. Subimmunogenic doses avoid 
strong immune activation and result in minor cellular proliferation [90, 92-94]. This coin-
cides with only limited activation of the PI3K/Akt/mTOR (phophatidylinositol-3-ki-
nase/protein kinase B/mammalian target of rapamycin) pathway, while higher doses or 
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strong costimulatory signals result in high activation of the PI3K/Akt/mTOR pathway and 
T cell activation, consequently hindering Treg induction [89-91]. Thus, negative modula-
tors of that pathway, such as the mTOR inhibitors rapamycin or everolimus, enhance 
Treg induction [90, 92-94]. In addition, phosphatase and tensin homolog (PTEN) coun-
teracts PI3K activity and is crucial for Treg induction and function [92, 95]. Importantly, 
our lab identified that in vitro Treg induction is impaired during islet autoimmunity and 
T1D which is likewise observed using T cell of children with recent onset of islet autoim-
munity or of NOD with ongoing islet autoimmunity [92, 96]. 

Antigen-specific Tregs play a major role in the development and progression of T1D. 
Serr et al. showed that insulin-specific Tregs are severely reduced in children with recent 
onset of T1D while enhanced insulin-specific Tregs were observed in children with long-
term autoimmunity without progression to the overt disease [97]. This highlights the im-
portance of studying the induction of autoantigen-specific Tregs for delaying T1D pro-
gression. The essential role of insulin as an autoantigen was shown in various studies in 
the NOD mouse model. Elimination of insulin prevented the disease whereas tolerance 
to overexpressed preproinsulin 2 reduce the onset and severity of T1D [98, 99]. Further-
more, islet infiltrates harbor predominantly insulin-specific T cells, specifically recogniz-
ing the B:9-23 peptide region of the B chain [100, 101]. Human studies also confirmed 
that B:9-23 insulin is a major target of the immune system in T1D [102]. 

In NOD mice the immune response is focused on the IAg7 conferring the high risk for the 
development of T1D [103, 104]. A polymorphism in the IAg7 modifies the binding affinity 
to the insulin B:9-23 epitope resulting in a poor binding and an inefficient presentation of 
the peptide [105, 106]. This negatively influences both tolerance mechanisms increasing 
the risk for the development of an autoimmune disease. First of all, the insufficient 
presentation of the epitopes for thymic deletion allows the escape of autoreactive T cells 
[106, 107]. Secondly, a weak agonist results in inefficient Treg induction in the periphery 
thereby limiting peripheral tolerance [106, 107]. To overcome that obstacle, effort was 
put into finding insulin variant with increased binding affinity and consequently improved 
antigen presentation [106, 108]. Based on this, Carolin Daniel and colleagues showed 
that a strong agonistic ligand supplied under subimmunogenic conditions to young NOD 
mice was able to improve the induction of antigen-specific Tregs in vivo [91]. 

Standard protocols to induce Tregs in vitro involve the stimulation of naïve T cells via the 
TCR in presence of TGF-β. However, these induced Tregs rapidly lost Foxp3 expression 
in restimulation experiments in absence of TGF-β and consequently also their suppres-
sive function [109, 110]. Thus, despite of high levels of induced Tregs in presence of 
TGF-β, they do not resemble the stable, long-lasting phenotype of their in vivo counter-
parts and are distinct from in vivo induced Tregs. However, maintenance of a stable and 
functional Treg phenotype is crucial for a potential therapeutic approaches. With the goal 
to induce Tregs in vitro that resemble in vivo induced Tregs the group of Matthias 
Merkenschlager established a TGF-β independent Treg induction protocol by limited ac-
tivity of the PI3K/Akt/mTOR pathway. This can be achieved either by pharmacological 
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inhibition of the pathway or by limiting the TCR stimulation by premature withdrawal of 
the stimulus resembling subimmunogenic TCR stimulation [93]. Consequently, the re-
sulting Tregs are more stable and long-lasting and resemble in vivo induced Tregs [93]. 

1.3.2 Regulatory elements for Treg generation and maintenance 

In order to exert their immune regulatory functions Tregs rely on a stable and persistent 
Foxp3 expression. A stable Foxp3 expression and therefore a stable Treg phenotype is 
associated with a Treg-specific hypomethylation pattern [109-111]. Several regulatory 
elements in the Foxp3 locus including the promoter and three conserved non-coding 
sequences (CNS1-3) have been identified and can be differentially methylated, thus con-
trolling Foxp3 expression [109-111]. In addition to a hypomethylated state the Foxp3 
promoter shows a stronger association with acetylated histones in Tregs compared to 
conventional T cells, indicating a better chromatin accessibility in Tregs [112, 113]. TCR 
signaling triggers a signaling cascades which leads to the recruitment of several tran-
scription factors to the promoter, including NFAT, AP1 and FOXO proteins, resulting in 
the activation of the Foxp3 promoter [112, 114]. CNS1 was shown to be dispensable for 
thymic Treg differentiation as well as for the maintenance of Foxp3 [111]. But Zheng et 
al. observed that it is critical for the peripheral induction of Foxp3 in naïve T cells in 
response to TGF-β [111]. CNS3 is required for the initiation of Foxp3 expression since it 
promotes an epigenetically poised state through the accumulation of permissive histone 
modifications at the Foxp3 promoter [111, 115]. The methylation status of CNS2 is linked 
to the stability of Tregs [109, 110, 116]. 

1.3.3 Treg stability 

CNS2, also known as the Treg-specific demethylated region (TSDR), is completely de-
methylated in Tregs, while it is fully methylated in conventional T cells. It is critical for 
sustained Foxp3 expression and thus is most important for the Treg phenotype and its 
stability [109, 110, 116]. In vitro induced Tregs in presence of TGF-β have a methylated 
TSDR which explains their aforementioned unstable Foxp3 expression [109, 110]. In 
contrast, in vivo induced Tregs under subimmunogenic conditions have a demethylated 
TSDR and can be maintained for long periods of time, thus resembling a more stable 
phenotype of induced Tregs [97]. In accordance, forced demethylation of in vitro induced 
Tregs by 5-azadeoxycytidine, an inhibitor of CpG methylation, resulted in a stable Foxp3 
expression [110]. Moreover, in the absence of the enzyme mediating methylation, DNA 
methyltransferases 1 (DMNT1), efficient induction of Foxp3 upon TCR stimulation of 
con-ventional T cells was observed [117]. Vice versa, Tet proteins are main mediators 
for removing DNA methylation and establishing a hypomethylated state and accord-
ingly, Tet2/Tet3-defecient mice show an increased TSDR methylation and impaired 
Foxp3 stability [118]. Scherm et al. observed that by inhibiting miR142-3p, which 
targets Tet2, Treg differentiation and stability can be improved [96]. In the same study, 
they linked insulin autoantibody positive autoimmunity in NOD mice and recent onset of 
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T1D in human with higher expression of miR142-3p, reduced Tet2 protein abundance 
and therefore higher CNS2 methylation suggesting impaired Treg stability in islet auto-
immunity and T1D [96]. 

Apart from T1D, Treg instability was also observed in other autoimmune diseases, such 
as MS or rheumatoid arthritis (RA) [119, 120]. Treg instability under proinflammatory 
conditions as observed in autoimmune diseases was suggested to lead to the loss of 
Foxp3 expression and the subsequent conversion into pathogenic exTregs [68, 121]. 
Despite extensive research and the development of fate mapping models, exTreg devel-
opment remains controversial and two different models have been proposed. First, under 
proinflammatory conditions, remethylation of the Foxp3 CNS2 region results in an unsta-
ble Foxp3 expression and reprogramming into TH cells [120, 121]. A second model sug-
gests, that Tregs are a stable lineage and ex-Tregs arise from a minor population of 
uncommitted Tregs [122, 123]. The latter was based on studies conducted largely under 
homeostatic conditions in the steady state in vitro or under setting of acute lymphopenia 
in vivo [122, 123]. The group of Xuyu Zhou developed a model in which they could spe-
cifically trace thymic-derived Tregs (tTregs) [124]. While only around 1 % of tTregs lost 
Foxp3 expression under homeostatic conditions, the activation and sequential speciali-
zation of Tregs resulted in higher conversion into ex-Tregs [124]. Overall, tTregs likely 
constitute a stable phenotype under physiological conditions. However, when exposed 
to proinflammatory triggers or overstimulation a fraction of Tregs may become ex-Tregs. 

1.3.4 Treg plasticity 

In addition to Treg instability, their plasticity became a focus of research in the last years. 
Treg plasticity is defined as de-differentiation into more specialized Treg subsets which 
is accompanied by a change in migratory and functional capabilities. They still express 
Foxp3 and retain suppressive function but acquire TH cell-like characteristics including 
transcription factors and chemokine receptors and are therefore referred to as TH-like 
Tregs. This adaptation and functional specialization may allow them travel to the site of 
inflammation and enables them to better restrain different types of CD4+ T cell immune 
responses (reviewed in [68]). 

T-bet is the master transcription factor for IFN-γ-producing TH1 cells [125]. Koch et al.
observed that a subset of Tregs express T-bet which is critical for Treg homeostasis and 
function during TH1-inflammatory responses [126, 127]. Similarly, expression of inter-
feron regulatory factor 4 (IRF4) or Gata3, both transcription factors involved in the TH2 
cell differentiation, in Tregs is required for the Treg-mediated control of TH2-inflammatory 
responses [128-133]. Finally, Tregs can express RORγt (retinoic acid receptor-related 
orphan receptor-γt) or STAT3 (signal transducer and activator of transcription 3) to con-
trol TH17-dependent immune responses [134-139]. The latter is most prominently ob-
served in the intestine and represents a stable subset with suppressive function [139]. 
RORγt+ Tregs are mostly negative for Neuropilin 1 (Nrp1) and Helios and are induced by 
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microbial stimuli, which all together suggests that they are peripherally induced Tregs 
(pTregs) [137-139]. 

Several studies indicated that IL-6 is important for RORγt-expressing CD4+ T and Treg 
cells. In vitro TH17 cells can be induced by TCR stimulation in presence of TGF-β, IL-6 
and IL-23 [140, 141]. The importance of IL-6 for the development in vivo was demon-
strated in various studies. Ohnmacht et al. observed that mice with a global knockout 
(KO) of IL-6 have reduced frequencies of RORγt+ Tregs in the colon [137]. Furthermore, 
it was suggested that RORγt expression in thymic-derived Treg cells is dependent on IL-
6-mediated Stat3 signaling [142] and recent study reported that enteric neurons are an 
important source of IL-6 for the induction of RORγt+ Tregs [143]. TGF-β has overlapping 
functions in TH17 vs. Tregs development since its downstream signaling can upregulate 
both, Foxp3 and RORγt [144, 145]. Therefore, they engage in an antagonistic competi-
tion such that different stimuli including IL-6 or the TGF-β concentration can shift the 
balance to one side or the other [144, 145]. On a mechanistic basis, it was shown that 
Foxp3 can bind RORγt resulting in transcriptional inactivation [146]. 

IL-6 can signal via different mechanisms which are all based on a complex formation of 
the IL6Rα (IL6 Receptor α), glycoprotein 130 (gp130) and IL-6. In the classical mecha-
nism membrane-bound IL6Rα binds IL-6. In the trans-signaling soluble IL6Rα which can 
be cleaved from the membrane-bound receptor upon TCR activation can bind IL-6 [147, 
148]. Both complexes can engage with membrane bound gp130 to initiate the signaling 
cascade [147, 148]. In a third mechanism called trans-presentation, membrane-bound 
IL6R on DCs can first bind IL-6 in trans and then form a complex with gp130 expressed 
on T cells [149]. While IL-6R is only expressed by a few cell types like hepatocytes, 
neutrophils, monocytes and CD4+ T cells, gp130 is present on all cell types [149]. There-
fore, the last two mechanisms allow cells that do not express the IL6Rα to be responsive 
to IL-6. Trans-signaling was shown to be important for pro-inflammatory actions of IL-6 
and is required for the generation of pathogenic TH17 cells in vivo [150].  

As explained above, Tregs display functional and phenotypical heterogeneity matched 
to the type of immune response to be restrained. To further deepen the concept of Treg 
heterogeneity, Tregs were identified in various non-lymphoid tissues.  

1.3.5 Tissue Tregs

The presence of so-called tissue Tregs has been reported for several non-lymphoid tis-
sues, including adipose tissue [151], skin [152], lung [153], muscle [154] and small intes-
tine/colon [137-139]. Here, tissue Tregs adapt to the new environment and acquire a
tissue-specific phenotype which is characterized by the unique expression of tissue-spe-
cific surface markers, transcription factors and TCR repertoires (reviewed in [155]). In
addition to their classical function of maintaining immune tolerance and restraining in-
flammation, they exert non-canonical functions such as maintaining tissue homeostasis,
integrity and function [151, 154].
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Tregs reside also in the pancreas and are mainly described in context of an inflamed
pancreas such as in T1D in which they show a distinct transcriptional profile from other
tissue Tregs and lymphoid Tregs [156]. In NOD mice, islet antigen-specific Tregs are
enriched in the inflamed islets which are able to slow down islet destruction [157]. Com-
pared to spleen and pLNs, the Tregs residing in the islets show signs of antigen stimu-
lation [157]. One could however speculate that the presence of Tregs in the pancreas is
only helpful to a limited extent due to the aforementioned Treg impairments in T1D.
Evidence for the high importance of pancreatic Tregs for the development of T1D were
obtained from a temporally controlled Treg ablation experiment. Deletion of Tregs in pre-
diabetic BDC2.5 NOD mice with ongoing insulitis resulted in a rapid and uncontrolled
activation of effector CD4+ T cells residing in the autoimmune lesions but not in the pLN 
[158, 159]. The mice in which Treg were ablated became diabetic within 3-5 days, which 
highlights an ongoing need for Tregs to restrain the autoimmune attack [158, 159]. Vice 
versa, treatment of pre-diabetic NOD mice with short-term low-dose IL-2 resulted in an 
increase of Tregs specifically in the pancreas [160]. A similar treatment strategy starting 
at the time of T1D onset was able to reverse T1D [160]. In line with that, our group could 
show that by reversing miR142-3p/Tet2-mediated Treg instability Treg numbers in the 
pancreas were increased which was accompanied by an improved insulitis score [96]. 

Translating the finding for pancreas residing cells obtained from mice experiments into 
the human setting remains challenging. Consortia such as the network for Pancreatic 
Organ Donors (nPOD) and the Human Pancreas Analysis Program (HPAP) which collect 
and study these rare tissue samples in detail will be pivotal for addressing the remaining 
questions [161, 162]. In addition, the recent advantages of next-generation sequencing, 
especially at the single cell level, provide new technologies to obtain large amount of 
data [161, 162]. However, results obtained from peripheral blood show that presence of 
islet-specific Tregs is associated with disease protection and that insulin-specific Tregs 
are severely reduced in children with newly diagnosed T1D while they are enhanced in 
non-diabetic children with long-term autoimmunity [97, 163]. In addition, various deficits 
in numbers, suppressive capacity and stability have been reported for circulating Tregs 
in T1D (reviewed in [164]). Overall, these results show that in mice and human, Tregs 
residing in the pancreas are main mediators for the development of overt T1D. Thus, 
therapeutic strategies that are strengthening Tregs may provide a promising 
perspective to improve immune tolerance with the overarching goal to reverse autoim-
munity in T1D. In combination with inhibitors of immune activation that could be even 
more beneficial. 
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1.4 Immunotherapeutic interventions in T1D 

1.4.1 Current immunotherapeutic intervention studies 

The pathogenesis and staging of T1D implies a window of opportunity for treatment op-
tions. In stage 1, the autoimmune process is initiated and is marked by the appearance 
of islet autoantibodies. With time beta cell mass declines which results in dysglycemia in 
stage 2 and finally leads the overt disease (stage 3) which requires insulin supplemen-
tation [55]. When beta cell function declines, the autoimmune process also subsides 
which may result in a lower effect of immune therapies at later stages of the disease. 
The staging implies also different preventive or treatment approaches. The primary in-
tervention aims at delaying or stopping the initiation of autoimmunity while secondary 
preventions have the goal to prevent the clinical disease by stopping or slowing down 
the beta cell destruction [165]. Studies have shown that shortly after diagnosis most pa-
tients have remaining endogenous insulin production which reduces further with time 
[166-168].Thus, the purpose of tertiary intervention is the preservation of residual beta 
cell function with the aim to reduce complications [165].  

Given the major role of T cells in the disease progression, therapies targeting T cells are 
highly investigated, most promisingly anti-CD3e monoclonal antibodies, such as Tepli-
zumab. First indications for a potential treatment option were obtained more than 25 
years ago. Chatenoud et al. showed that treatment of NOD mice with anti-CD3 at first 
signs of hyperglycemia reversed disease development [24]. This led to various clinical 
trials which failed to mirror results of the murine study. Despite lacking the reversal of 
T1D, these trials showed improved stimulated C-peptide responses which is a measure 
for endogenous insulin production [169-171]. Furthermore, high-risk non-diabetic indi-
viduals treated with Teplizumab showed delayed a progression to clinical T1D [172]. A 
follow-up study observed better beta cell function and metabolic improvement with Tep-
lizumab treatment even before diagnosis of T1D [173]. This was accompanied by an 
increased frequency of TIGIT+KLRG1+ memory CD8+T cells and a reduced secretion of
IFN-γ and TNF-α indicating T cell exhaustion [173]. In addition, anti-inflammatory and cy-
tokine therapies are under investigation for treatment of new-onset T1D patients which
were diagnosed within 100 days before the trials. While blocking the inflammatory path-
ways signaling through the IL1Rα or IL6Rα did not show any clinical effects, targeting
TNF-α using the antibody Golimumab resulted in a higher endogenous insulin production
and a lower need to use exogenous insulin [174-176].

To prolong the time before diagnosis of the overt disease means an expanded time with-
out the burden of constant insulin injections for the patients and a beneficial impact on
the risk for long-term complications [165]. Positive results of the Teplizumab-prevention
trial which resulted its FDA approval for the secondary prevention of T1D in at-risk indi-
viduals this year is a milestone for the T1D community and the first immunotherapy ap-
proved for T1D [177]. This together with the help of expanding screening programs for
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islet autoantibodies and genetic risk and the establishment of more precise risk scores, 
paved the way for additional secondary prevention studies with other immune-interven-
ing agents which are planned or already ongoing [178].  

The balance of immune activation and immune tolerance is key to a healthy immune 
system, thus improving regulatory mechanisms is an alternative to achieve an equilib-
rium between these two sites. Expansion of Tregs by low-dose IL-2 was shown to be 
safe, however clinical trials for their effect on C-peptide preservation are still ongoing 
[179, 180]. The group of Jeffery Bluestone showed that adoptive transfer of antigen-
specific Tregs could reverse T1D in NOD mice [181]. Moving forward, they tested ex-
panded polyclonal Tregs in patients with recent onset of T1D [182]. Despite being a safe 
approach, they observed a rapid decline in the percentage of infused Tregs [182]. Com-
bining Treg transfer with low-dose IL-2 resulted in an expansion of infused Tregs, but 
also of cytotoxic T cells [182]. The increase in cytotoxic T cells, NK cells and eosinophils 
was also observed in other studies, highlighting the need for mutant IL-2 therapeutics 
avoiding aforementioned activation of other cell types (reviewed in [183]). Although Treg 
transfer is now known to be safe in the clinic, the efficacy will be largely dependent on 
the antigen-specific disease-relevant Tregs. Their low frequency in autoimmune dis-
eases require the manipulation or expansion of Tregs before transfer. Various ap-
proaches, such as introducing a synthetic TCR to generate antigen-specific Tregs or the 
forced expression or deletion of genes that promote Treg induction, function, stability 
could help to overcome that obstacle [184].  

An alternative approach was used by the Pre-POINT study group. In a pilot clinical trial, 
islet autoantigen negative, but genetically at-risk children at the age of two to seven years 
were given daily oral insulin, with the rational that exposing the oral mucosa to insulin 
may induce immune tolerance [185]. Indeed, they observed an increased T cell response 
to insulin with features of immune regulation [185]. These findings opened up the oppor-
tunity for the currently ongoing primary intervention trial called Primary Oral Insulin Trial 
(POInT) in which 1050 infants at the age of four to seven months with an elevated risk 
for T1D have been enrolled and are given daily oral insulin [186]. This antigen-specific 
vaccination strategy could prevent early stages of islet autoimmunity, namely the first 
appearance of islet autoantibodies.  

 

1.4.2 Targeting DHODH as a potential treatment strategy 

Induction of antigen-specific tolerance is an ultimate goal in preventing and treating T1D. 
However, aforementioned Treg impairments during islet autoimmunity and T1D including 
impaired Treg stability and induction will pose as an obstacle [92, 96]. Thus, this will 
probably result in the need for combinatorial treatment strategies with immune modula-
tors to control overshooting immune activation and thereby providing a better window of 
opportunity for tolerance-inducing agents to induce and stabilize Tregs. Commonly used 
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immune suppressants such as FK506, rapamycin or mycophenolate mofetil have shown
negative side effects on pancreatic islets and in order to reduce side-effects general im-
mune-suppression should be avoided [187]. This highlights the need for new targets and
approaches for alternative treatment options.

Among others, DHODH (Dihydroorotate dehydrogenase) inhibitors became a research
interest. DHODH catalyzes the fourth step in the pyrimidine de novo biosynthesis and is
localized in the mitochondria [188-191]. In a DHODH independent pathway pyrimidines
can also be synthesized by a salvage pathway in which pyrimidine nucleotides are recy-
cled [188-191]. Pyrimidines serve as precursors for RNA and DNA and are therefore
critical mediators for the cellular metabolism [188-191]. Lymphocytes harbor only a few
mitochondria suggesting that activity of DHODH is the rate-limiting step of de novo bio-
synthesis for lymphocytes [191]. In contrast to resting lymphocytes, proliferating and ac-
tivated lymphocytes have a higher pyrimidine demand and expand their pool by 8-fold
[192]. Thus, they rely on de novo biosynthesis of pyrimidines while resting
lymphocytes can cover their demand with the salvage pathway [192]. This suggests
that inhibition of DHODH and therefore the pyrimidine de novo biosynthesis can be
highly efficient in suppressing activation of lymphocytes and their effector function
without affecting basic homeostatic functions, which makes it a promising candidate for
selectively interfering with overshooting immune responses [193].

Most commonly used up to date are leflunomide and its active metabolite teriflunomide.
They were shown to inhibit T cell proliferation in vitro [194, 195]. Furthermore, many
studies reported altered T cell function in response to DHODH inhibition. Leflunomide
was shown to impair generation of IFN-γ producing TH1 cells and to reduce TNF-α and
IL-1β production by human synovial cells [196]. Reduced IFN-γ production was also ob-
served upon antigen-specific stimulation of myelin basic protein (MBP)-specific T cells
which are able to induce experimental autoimmune encephalomyelitis (EAE) when adop-
tively transferred in rats in a model of MS [197]. In vivo models for MS or RA showed
reduced or absent disease severity upon treatment with leflunomide or teriflunomide
[197-199]. The following clinical trials showed better results with respect to relapse rates,
imaging outcomes and accumulation of disability in RRMS and delayed radiographic
progression and clinical outcomes in RA [200-202]. This led to the approval of lefluno-
mide for the treatment of RA in 1998, while teriflunomide was approved for relapsing-
remitting multiple sclerosis (RRMS) in 2012 [203, 204]. However, more adverse events
attributed to general anti-proliferative effects, such as neutropenia, alopecia, and diar-
rhea, were observed and follow-up studies identified a high discontinuation rate [193,
205-207]. Experiments with uridine supplementation in addition to leflunomide or teri-
flunomide which circumvents the DHODH inhibition showed a restoration of immune cell
proliferation, while immune cell functions, such as migration and cytokine production
stayed unchanged [197]. These off-target effects were attributed to inhibition of various
protein kinases, such as Jak 1 and 3,[208] or epidermal growth factor (EGF) receptor
[209].
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Therefore, second generation DHODH inhibitors were studied, including vidofludimus or 
its calcium salt vidofludimus calcium, which was previously developed by 4SC AG and 
further modified by Immunic AG and is now termed IMU-838 [210]. Both depend on the 
same active substance (vidofludimus) for their mechanism of action and the structure is 
distinct from the structure of leflunomide and teriflunomide [193, 211]. Consequently, 
vidofludimus shows no inhibition of protein kinases and is thus highly selective for 
DHODH resulting in reduced production of proinflammatory cytokines of activated lym-
phocytes and eventually leads to their apoptosis [193, 212]. Furthermore, in various in 
vivo models of colitis and EAE administration of vidofludimus resulted in improved dis-
ease outcomes. Fitzpatrick et. al. observed improved disease outcomes in chronic dex-
tran sodium sulfate (DSS)-induced colitis in mice as well colitis induced by TNBS (2,4,6-
tritrobenzene sulfonic acid) upon treatment of vidofludimus with better histology score, 
reduced body weight loss and reduced expression IL-17 [212, 213]. In an EAE rat model, 
administration of vidofludimus resulted in a decreased disease score similar to what was 
observed with Leflunomide [193]. Furthermore, in contrast to teriflunomide, which has a 
prolonged plasma half-life of 18-19 days, IMU-838 has a half-life of about 30h resulting 
in only little accumulation after daily dosing [193, 214]. An additional benefit of vidofludi-
mus is its antiviral effect which is explained by the finding that virus-infected cells are 
metabolically active and are dependent on pyrimidine de novo biosynthesis [215, 216]. 
These advantages resulted in a good safety profile of vidofludimus and IMU-838 as as-
sessed in the COMPONENT study with patients with RA, which showed little to no dif-
ference between the treatment groups [211, 217]. In addition, the recently evaluated 
phase 2 clinical trial (EMPhASIS) for RRMS showed a favorable safety profile of IMU-
838 as well as reductions in new magnetic resonance imaging lesions [211, 217]. These 
findings justified a longer and larger phase 3 clinical trial (ENSURE-1, NCT05134441) 
which is now open for recruitment [211, 217]. 

In addition to inhibition of activated and proliferating lymphocytes, DHODH inhibition was 
shown to delay beta cell destruction and improve glucose metabolism and metabolic 
balance in T2D which was accompanied by an increase of growth/differentiation factor 
15 (GDF15) [218]. GDF15 levels were reduced in islets from NOD mice with insulitis as 
well as in islets from donors with T1D [219]. In addition administration of GDF15 to pre-
diabetic NOD mice resulted in a decrease in insulitis as well as reduced incidences of 
diabetes [219]. Overall this highlight the good potential of DHODH inhibitors for the treat-
ment of T1D.  

1.4.3 RORγt as a target for new immunotherapeutics 

Immunic devised another DHODH inhibitor called IMU-935 which inhibits DHODH to a 
lesser extent than IMU-838 but in addition functions as a RORγt inverse agonist [220, 
221]. They showed that IMU-935 is able to inhibit differentiation of murine and human 
TH17 cells as well as their expression of IL-17 [220, 221]. In contrast to a full knockout of 
RORγt or other small pharmacological inhibitors of RORC, it does not induce thymocyte 



Introduction 

27 

 

apoptosis nor does it lead to an increased risk for thymic lymphoma [220, 222]. IMU-935 
further showed activity in mouse models for colitis and psoriasis suggesting a potential 
for the treatment of autoimmune diseases [220, 221, 223]. For instance, in an imiquimod 
induced psoriasis model treatment of IMU-935 reduced IL-17F expression in the skin 
and the histological pathology scores in all skin layers [223]. Recently, Immunic reported 
first results from their phase 1 clinical trial of IMU-935 in healthy human subjects, includ-
ing part A with single ascending doses and part B with multiple ascending doses. Daily 
dosing of IMU-935 in healthy humans over a 2 week period was observed to be safe and 
well tolerated, with no serious adverse events, or dose-dependent adverse events [223, 
224]. Therefore, part C has been initiated in which moderate-to-severe psoriasis patients 
are going to be randomized to a 28-day treatment period with IMU-935 or placebo [223, 
224]. 

There are several lines of evidence that suggest the involvement of TH17 cells in the 
pathogenesis of T1D. Inhibition of TH17 cells by neutralizing anti-IL-17 antibodies de-
layed the progression to diabetes with reduced insulitis and increased frequency of Tregs 
residing in the pLNs [225]. Accordingly, diabetes onset is delayed in IL-17 single deficient 
NOD mice [226]. Conversely, several studies reported a protective role of TH17 cells and 
IL-17 [227, 228]. In addition, plasticity of TH17 cells and their ability to reprogram into 
IFN-γ-producing TH1-like cells complicates the investigation and results in opposing find-
ings [42, 229-231]. Noteworthy, T1D patients showed increased circulating IL-17 pro-
ducing cells as well as islet antigen-specific T cells [43, 232]. In addition, Ferraro et. al. 
observed a higher frequency of TH17 cells in pancreatic lymph nodes of T1D subjects 
compared to non-diabetic donors [44]. Thus, clinical data support that IL-17 production 
and TH17 cells may be pathogenic, opening the field for therapeutic TH17 cell-targeting 
strategies for the treatment of T1D. In addition, due to the antagonistic competition be-
tween Foxp3 and RORγt described before, targeting RORγt could shift the balance to-
wards immune tolerance.  

The group of Thomas Burris reported a selective RORγ-specific synthetic ligand, which 
inhibited TH17 cell development and function while increasing Treg induction [233]. Fur-
thermore, they investigated the role of a selective RORα/γ inverse agonist in T1D [234]. 
The inverse agonist prevented the development of autoimmune diabetes in NOD mice 
with reduced immune infiltration in the islets [234]. This was accompanied by an inhibition 
of the release of proinflammatory cytokines, such as IL-17 of IFN-γ, while increasing the 
frequency of Tregs in the spleen [234]. Overall, the studies outlined above suggest that 
targeting RORγt as well as DHODH could be a novel approaches to reduce aberrant 
immune activation and open a window of opportunity to strengthen immune tolerance in 
autoimmune T1D.   
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2. Objective 

T1D is the most common autoimmune disease in childhood and adolescence and can 
start early in life which can be a major health, mental and financial burden for the patients 
and their families [235]. Despite extensive research, patients rely on life-long insulin 
treatment. T1D results from overshooting immune activation and a loss of immune toler-
ance and therefore many drugs directed against the immune system are currently tested 
in clinical trials. A milestone for the treatment of T1D was reached in November 2022 
with the FDA approval of Teplizumab for the prevention of T1D. The first approved im-
munotherapy in T1D opens up new opportunities for innovative treatment strategies. As 
a general immunosuppressant Teplizumab can also cause various side effects. This 
highlights the need for more specific or targeted approaches in the future. 

Therefore, new potential drug candidates are a constant research focus. In my thesis, I 
aimed to investigate the drug candidates IMU-935 and IMU-838 which target RORγt 
and/or DHODH, respectively. Especially, DHODH inhibition selectively blocks activated 
lymphocytes thereby leaving homeostatic functions unaffected. Both are already in clin-
ical trials for other autoimmune diseases such as MS or Psoriasis. However, their effect 
on Tregs and on the progression of T1D has yet to be explored. Thus, the ultimate goal 
of my work was to be able draw conclusion for their effectiveness in treating T1D and to 
pave the way for a clinical trial.  

The first objective of this thesis was to assess the impact of the drug candidates on 
immune tolerance. Therefore, their effect on Treg induction and on the Treg phenotype 
was investigated in several in vitro experiments. They importantly also included experi-
ments that mimic increased immune activation as observed during islet autoimmunity 
and T1D. This was reported to impair Treg induction. We hypothesize that reducing im-
mune activation by targeting DHODH or RORγt could open a broader window of oppor-
tunity to induce Tregs. Furthermore, in order to specifically test their effect during islet 
autoimmunity I employed the mouse model of choice for T1D, the NOD mouse.  

Secondly, having established an impact of the drug candidates on in vitro Treg induction 
I sought to investigate the responsible mechanism. Therefore, I used a T cell or Treg-
specific loss-of-function mouse model and in vitro experiments, to investigate the influ-
ence of signaling pathways, specifically the IL6Rα signaling in T cells and Tregs. 

In a third objective, I tested our hypothesis of the effectiveness of one of the drug candi-
dates on the development of T1D in vivo. A preclinical mouse model in which diabetes 
was induced by adoptive transfer was used. It is characterized by a strong and aggres-
sive phenotype and a fast progression to T1D. This gave insights into the immune acti-
vation and tolerance after treatment with the drug candidate and the impact on the pro-
gression to T1D. 
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3. Material and Methods 

3.1 Material  

 

Table 1. Buffers and medium 

Buffer/Medium Components 

Hank's Balanced Salt Solution with supple-
ments (HBSS+) 

500 mL HBSS 

5% (v/v) FCS 

10 mM HEPES 

MACS-PBS 500 mL PBS 

0.5% (v/v) BSA 
2 mM Ethylenediaminetetraacetic acid 
(EDTA) 

RPMI 1640 with supplements 

(RPMI+) 

500 mL RPMI 

10% (v/v) FCS 

1x Penicillin / Streptomycin 

1x Sodium pyruvate 

1x Non-essential amino acids 

50 μM 2-Mercaptoethanol 

Coating Buffer 0.1 M sodium bicarbonate buffer, pH 
8.2 

5x Tail Lysis Buffer 100 mM Tris 

5 mM EDTA 

0.2% (w/v) SDS 

200 mM NaCl 

pH 8.0 

 

Table 2. Chemicals and reagents 

Chemical/reagent Source Identifier 

Beta-Mercaptoethanol BioConcept 5-69F00-E 
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Bovine serum albumin (BSA) Sigma Aldrich A7906 

Collagenase D Roche 11088882001 

DNA Ladder 100bp New England Biolabs N3231 L 

DreamTaq Green DNA-Polymerase 
(5 U/μl) 

Thermo Fisher Scientific EP0712 

Dulbecco’s phosphate buffered saline 
(DPBS) 

Fisher Scientific 14190169 

Ethylenediaminetetraacetic acid 
(EDTA) 

Lonza 51234 

Fc-block Bioledgend 101320 

Fetal calf serum (FCS) Biowest S1810-500 

Fixable Viability Dye eFluor450 Thermo Fisher Scientific 65-0863-18

GolgiPlug™ (Brefeldin A) BD Bioscience 555029 

Hank’s balanced salt solution Sigma Aldrich H6648 

Heparin AppliChem APA3004.0005 

Hydroxyethyl-piperazineethanesulfonic 
acid solution (HEPES, 1M) 

VWR 15630056 

Nunc-Immuno™ maxi Sorp 96-well 
plate  

Thermo Fisher Scientific 439454 

Ionomycin Cayman Chemicals 10004974-1 

Midori Green Biozym 617004 

Non-essential amino acids (100x) Biochrom AG K 0293 

Penicillin/Streptomycin (Pen/Strep) Sigma Aldrich P4333 

Phorbol 12-Myristate 13-Acetate 
(PMA) 

abcam ab120297 

Proteinase K Carl Roth 7528.5 

RPMI 1640 + Glutamax Life technologies 61870-010 

Recombinant human IFN-γ PeproTech 300-02

recombinant human IL-2 PeproTech 200-02

recombinant human IL-6 PeproTech 200-06
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recombinant human IL-1β PeproTech 200-01B

Recombinant human insulin Sigma-Aldrich I9278 

Sodium Pyruvate Solution Sigma Aldrich S8636 

Streptavidin Pacific Blue Invitrogen S11222 

Streptavidin Microbeads Miltenyi 130-048-101

Sytox Red Thermo Fischer Scientific S34859 

Sytox Blue Thermo Fischer Scientific S34857 

Table 3. Commercial assays 

Assay Source Identifier 

TMB Substrate Reagent Set BD Bioscience 555214 

Foxp3/Transcription factor staining 
buffer 

Thermo Fischer Scientific 00-5523-00

Table 4. Technical equipment 

Device Manufacturer 

Accu-Check® Aviva Glucometer Roche 

BD FACS Aria III BD Bioscience 

BD LSR Fortessa BD Bioscience 

CO2 incubator BBD6220 Thermo Scientific 

Cooling System HAAKE SC100 Thermo Scientific 

Epoch BioTek 

Heraeus Multifuge 3 S-R Thermo Scientific 

Heraeus Multifuge X3R Thermo Scientific 

MACS Multistand,  QuadroMACS Miltenyi Biotec 

Mars Safety Class Cabinet II ScanLaf 

Microscope, Primo star Zeiss 
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peqStar 2X thermal cycler Peqlab 

Rotator VWR 

Thermal Cycler T100 BioRad 

Vortex Mixture, Lab Dancer VWR 

Table 5. Antibodies 

Antibody (anti-mouse) Fluorophore Source Identifier 

Fc-Block (2.4G2) - BioLegend 422302 

CD11b (clone M1/70) PB BioLegend 101224 

CD11c (clone N418) BV421 BioLegend 117330 

CD126 (clone REA620) PE Milteney 130-109-566

CD14 (clone rmC5-3) V450 BD Bioscience 560639 

CD25 (clone PC61) PercpCy5.5 
BV785 

BioLegend 102051, 
102030 

CD28 (clone 37.51) Purified BD Bioscience 553294 

CD3 (clone 145-2C11) BV711,     
PE-Texas Red 
Purified 

BioLegend 

BD Bioscience 

100349, 
100348 
553057 

CD4 (clone GK1.5, RM4-
5) 

Alexa Fluor 700 
Biotin 

BioLegend 100536, 
100404 

CD44 (clone IM7) PE 
APC 

BioLegend 103011, 
103008 

CD45R/B220 (clone RA3-
6B2) 

PB BioLegend 103227 

CD62L (clone MEL-14) BV510 
APC 

BioLegend 104441 
104412 

CD8a (clone 53-6.7) PB BioLegend 00725 

F4/80 (clone CI:A3-1) PB BioLegend 122611 
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Foxp3 (clone FJK-16s) FITC                     
PE 

Thermo Fisher Sci-
entific 

11-5773-82     
12-5773-82 

IFN-γ (clone XMG1.2) Alexa Fluor 647 BioLegend 505810 

IL-10 (clone JES5-16E3) PE Biolegend 505007 

IL-17A (clone TC11-
18H10.1) 

BV605 Biolegend 506927 

Ki67 (clone 16A8) BV605                 
APC 

Biolegend 652413    
652406 

RORγt (clone AFKJS-9) PE Thermo Fisher Sci-
entific 

12-6988-82 

TCRVβ4 (clone KT4) FITC BD Pharmingen 553365 

Streptavidin PB Invitrogen S11222 

 

Table 6. mouse strains 

Mouse strain Source/Description 

NOD/ShiLtJ Polygenic model for autoimmune T1D,  

Jackson Laboratory, #001976 

Foxp3 GFP Balb/c  

(C.Cg-Foxp3tm2Tch/J) 

Co-expression of eGFP and Foxp3, 

Jackson Laboratory, #006769 

CD90.1 Balb/c  

(CBy.PL(B6)-Thy1a/ScrJ) 

Strain carries a T cell-specific Thy1.1 allele, 

Jackson Laboratory, #005443 

NOD SCID (NOD.Cg- Prkdcscid/J) Homozygous for SCID  mutation resulting 
in immunodeficiency 

Jackson Laboratory, #001303 

NOD BDC2.5  

(NOD.Cg-Tg 
(TcraBDC2.5,TcrbBDC2.5)1Doi/DoiJ) 

NOD mice with a transgenic TCR which is 
specific for a Chromogranin A related 
epitope [236] 

Jackson Laboratory, #004460 

IL6Rα TKO (C57Bl/6 CD4Cre IL6Rαfl/fl) 
and floxed IL6Rαfl/fl littermate controls  

T cell-specific deletion of the Il6rα gene by 
CD4-Cre mediated excision of IL6Rα floxed 
exons, CD4Cre mouse line purchased from 
Jackson Laboratory, #017336, IL6Rαfl/fl line 
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provided by J. Brüning and first described 
here [237] 

IL6Rα TregKO (Foxp3eGFP/Cre 
IL6Rαfl/fl) and floxed IL6Rαfl/fl litter-
mate controls 

Treg cell-specific deletion of the Il6rα gene 
by Foxp3-Cre mediated excision of IL6Rα 
floxed exons, Foxp3eGFP/Cre mouse line 
Jackson Laboratory, # 023161 

Foxp3-RFP Rorgt-GFP reporter, 
C57BL/6 

Kindly provided by C. Ohnmacht and 

described previously [137]

 

 

Table 7. Primer for Genotyping 

 Fdw sequence (5´-3´) Rev sequence (5´-3´) 

TCRVβ4-
transgen 

CATGTTTCCCTGCACATC CCAGATCCAAAGATGAGTTGC 

CD4 Cre TGTGGCTGATGAT 

CCGAATA 

GCTTGCATGATC 

TCCGGTAT 

internal 
control for 
CD4 Cre 

TTCCATCCAGTT 

GCCTTCTTGG 

TTCTCATTTCCA 

CGATTTCCCAG 

Foxp3 Cre CAGTTTCAGTCC 

CCATCCTC 

CGGGTCAGAA 

GAATGGTGT 

internal 
control for 
Foxp3 Cre 

CAAATGTTGCTTG 

TCTGGTG 

GTCAGTCGA 

GTGCACAGTTT 

IL6Rα flox 5GK12: 

CCGCGGGCGA 

TCGCCTAGG 

5IL6Ex3: 

CCAGAGGAGCC 

CAAGCTCTC 

3IL6A: 

TAGGGCCCAG 

TTCCTTTAT 

 

 

3.2 Mice 

Mice were bred and maintained on a 12 hours/12 hours light dark cycle at 25°C with ad 
libitum access to water and a chow diet under specific pathogen free conditions at the 
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animal facility of the Helmholtz Center Munich, Germany, according to the Institutional 
Animal Committee Guidelines. NOD/ShiLtJ mice were stratified according to their IAA 
status. For experiments using NOD or NOD BDC2.5 mice blood sugar was measured 
using Accu-Check Aviva® glucometer and blood from NOD mice was collected in tubes 
provided with 50 µL Heparin.  

Ear punches collected during weaning were used to determine the genotype of the NOD 
BDC2.5, IL6Rα TKO and Treg KO mice by PCR as described in section 3.4. During each 
experiment the genotype was confirmed by FACS, either by staining of TCRVβ4 or IL6Rα 
by the respective fluorochrome-labeled antibodies, or by the Foxp3-GFP expression in 
Cre+ Foxp3eGFP/Cre mice. 

Ethical approval for all mouse experimentations has been received by the District Gov-
ernment of Upper Bavaria, Munich, Germany (approval # ROB-55.2-2532.Vet_02-18-
173, # ROB-55.2-2532.Vet_02-17-130 and # ROB-55.2-2532.Vet_02-17-63). 

3.3 Murine insulin autoantibody (IAA) assay 

In order to obtain the insulin autoantibody levels of NOD mice, a mouse high specific-
ity/sensitivity competitive IAA assay in an ELISA format using sera from NOD mice was 
performed as described earlier [238]. To obtain the serum blood was collected in 
heparin and centrifuge for 8min for 3000g at RT (room temperature). Serum was 
collected and stored at -80°C until use. For the ELISA, high binding flat bottom 96-well 
plates were coated with 10 μg/mL insulin overnight at 4°C. Unspecific-blocking was 
performed with PBS containing 2% BSA for 2 hours. All steps were carried out at room 
temperature. Pre-incubated NOD serum with or without insulin competition was added 
and incubated for 2 hours. After wash steps biotinylated anti-mouse IgG1 was added 
for 30 min, fol-lowed by washing and 15 min incubation with by horseradish 
peroxidase-labeled strep-tavidin.  After additional washing steps TMB substrate was 
added. All samples were measured in duplicates with and without competition using 
human insulin.  

Serum from wildtype (wt) C57Bl/6 or BALB/c mice was used as negative control. The 
cutoff for IAA+ was set to 0.01. 

3.4 Genotyping 

Genotyping of the NOD BDC2.5, IL6Rα TKO and TregKO mice was performed by 
PCR. Ear punches from respective mice were digested using 1x Tail lysis buffer and 
20mg/mL Proteinase K overnight at 55°C. The genotyping PCR was carried out using 
Dream Taq Green DNA Polymerase and the primer listed in Table 7. Primer for 
Genotyping ac-cording to the manufacturer’s instructions. For analysis the PCR was 
run on a 2% Agarose gel with Midori Green. 

35 
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3.5 T cell isolation 

3.5.1 Preparation of T cells from murine lymphoid organs 

Lymph nodes (LN) and spleen were collected and stored in HBSS+ (Hank's Balanced 
Salt Solution with supplements) on ice until use. Single cell suspensions were obtained 
by grinding LNs and spleen through a 70µM cell strainer. Cells were centrifuged for 5min 
at 400xg and 4°C, resuspended in HBSS+ and stored on ice for further use.  

3.5.2 Preparation of T cells from pancreas 

Pancreas was homogenized at 2500rpm for 30s using 1.4mm ceramic beads in MACS 
PBS. The suspension and remaining tissue was passed and grinded through a 40µm 
cell strainer. Cells were centrifuged at 300g for 10min to remove debris. Cells were re-
suspended in 30% percoll prepared with RPMI and overlaid on 80% percoll prepared 
with HBSS. After centrifugation at 500xg for 30 min without brake and acceleration the 
interphase was collected in HBSS+, washed and stored in HBSS+ before use.  

3.6 Flow cytometry and FACS 

Isolated cells were incubated with Fc-Block to prevent unspecific signals for 10min on 
ice and stained with fluorochrome-labeled antibodies specific for surface markers for 
30min on ice. Afterwards, cells were washed with HBSS+. Dead cells were excluded by 
using viability stains using Sytox Blue/Red Live Dead Stain for unfixed cells or fixable 
viability dye eFluor450 for fixed cells. For ex vivo stainings cells were fixed using the 
Foxp3 Staining Buffer Set for 30min to 1h one ice followed by intracellular staining using 
1x Perm buffer for 30min to 1h. After 2 washing steps with Perm buffer and one with 
HBSS+ cells were filtered through a 40µm nylon mesh and acquired. For sorting live 
cells, cells are filtered after surface staining using a 40µm nylon mesh and sorted for 
purity with the FACS AriaIII (Beckton Dickinson) using the FACS DIVA software (v6.1.3-
8.0.1). Doublets were excluded based on forward and side scatter gating. Dead cells 
were excluded based on live/dead staining.  

For cytokine staining, cells were stimulated in presence of 0.5µg/mL PMA and 0.5µg/mL 
Ionomycin in RMPI+ with 1.5mM CaCl2 for 2-4 h. The protein transport inhibitor brefeldin 
A (Golgi Plug, BD) was added (1:1000) after 1-2 h. Samples were processed as de-
scribed earlier using the Foxp3 Staining Buffer Kit.  

Used antibodies are listed in Table 5. Antibodies. 

For large murine sorts, T cells were pre-enriched using CD4-Biotin antibodies, Streptav-
idin beads and MACS (magnetic activated cell sorting) following manufacturer’s protocol 
(Miltenyi) on LS columns. 
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Flow cytometry data were acquired at the BD FACS Aria III or BD LSR Fortessa and 
analyzed using FlowJo (v7.6.1-v10.8). 

3.7 Murine in vitro Treg induction assay 

For in vitro Treg induction assays, 10 000 murine live naïve CD4+ CD25- CD44low T cells 
or activated CD4+ CD25- CD44high Foxp3- T cells were sort purified with the BD FACS 
Aria III into tubes provided with RPMI+ (Gating strategy in Figure 1). Cells were resus-
pended in RPMI+ and 100U/mL recombinant IL-2 and seeded in a 96-well plate pre-
coated with 5μL/mL anti-CD3 and 5μL/mL anti-CD28 in coating buffer. Three different 
culturing conditions were used. First, for limited TCR stimulation cells were transferred 
into uncoated plates after 18h and cultured for additional 36h. Secondly, cells were con-
tinuously cultured for 54h (continuous TCR stimulation). Thirdly, for Treg induction in 
presence of pro-inflammatory cytokines, cells were cultured in presence of 10ng/mL IL-
6, IFN-y and IL-1β. Cells were transferred into uncoated plates after 18h and cultured for 
additional 36h. IMU-935 and -838 were provided by Immunic Therapeutics. IMU-935 and 
-838 were dissolved in DMSO to a concentration of 50mM and 100.4mM, respectively.
IMU-935 and IMU-838 were added at the indicated concentration at the start of the cul-
ture. Teriflunomide was dissolved in DMSO to a concentration of 15mM. IMU-935 was 
first diluted 1:10 with DMSO and further dilutions were done using RPMI+ with a final 
concentration of 1µM. IMU-838 and Teriflunomide were diluted with RPMI+ to 50.2µM or 
7.5µM, respectively. For experiments with uridine, uridine was dissolved to 200mM in 
water and further diluted with RPMI+. 
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3.8 Diabetes induction by adoptive transfer 

To induce diabetes, diabetogenic T cells from TCR transgenic BDC2.5 NOD mice were 
transferred into NOD SCID mice as described earlier [236]. In brief, CD4+ CD62L-

CD25- TCRVβ4+ T cells from pre-diabetic BDC2.5 NOD mice were FACS-purified using 
MACS enrichment for CD4 and 1.4 Mio sorted cells per mouse were transferred i.v. 
into NOD SCID mice. Gating strategy and purity control, which was performed by 
fixation and in-tracellular staining for Foxp3 using an aliquot of the sorted cells, is 
depicted in Figure 28. 

Mice were either treated daily with 150mg/kg IMU-838 which was dissolved in PEG-400 
or PEG-400 alone as vehicle control by oral gavage (4mL/kg) starting the day before the 
transfer. Blood sugar was measured every other day from day 5 onwards from the tail 
vein with the Accu-Check Aviva® glucometer. Mice with two consecutive measurements 
above 250mg/dL were considered diabetic. 

38 

Figure 1: Gating strategy for FACS sorting of T cells used in Treg induction assays. 
(A) Live naïve CD4+ CD25- CD44low T cells from CD90.1 BALB/c or NOD mice. (B) Naïve 
CD4+ CD25- CD44low or activated CD4+ CD25- CD44high Foxp3- T cells from Foxp3 BALB/c 
reporter mice.
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3.9 Statistics 

All data were analyzed using GraphPad Prism (v7-9) and represented as box-and-whisk-
ers plots. For normally distributed data, unpaired Student’s t-test or a Student’s t-test for 
paired values was used to compare means of two independent groups or comparing 
values from the same sample which was treated under different conditions, respectively. 
For multiple comparison, one-way ANOVA with Tukey's or Dunnett’s multiple compari-
son test was used. Diabetes incidences were plotted in a survival curve and significance 
was tested using a Mantel-Cox test. For all tests, a two-tailed P value < 0.05 was con-
sidered as significant. Statistical significance is shown as *= P < 0.05; **= P < 0.01; ***= 
P < 0.001, non-significant (ns). 
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4. Results

4.1 Presence of IMU-935 increases in vitro Treg induction 

Balancing immune activation vs. immune tolerance is the major goal when interfering 
with autoimmune processes. This could be achieved by directly stabilizing and improving 
immune tolerance or by inhibiting aberrant immune activation which in turn could open a 
window of opportunity to improve Treg induction. Therefore, the effect of IMU-935, a 
RORγt inverse agonist and, although to a lesser extent, a DHODH inhibitor, on Treg 
induction was assessed first.  

4.1.1 Improved in vitro Treg induction from naïve T cells of non-

autoimmune prone BALB/c mice in response to IMU-935 

In order to investigate the impact of the drug candidate on in vitro Treg induction, Treg 
induction assays using limited TCR stimulation were performed.  

Figure 2: Increased Treg induction and reduced proliferation in vitro in presence 

of IMU-935. Treg induction assays using limited TCR stimulation of naïve CD4+ T cells 
isolated from LNs of wt BALB/c mice in presence of increasing concentrations of IMU-
935 or the corresponding vehicle control. (A) Representative FACS staining and (B) 
corresponding summary plot of CD25+Foxp3+ Tregs. (C) Representative FACS staining 
and (D) corresponding summary plot of Ki67+CD4+ T cells. Experiments were performed 
in two to three technical replicates per mouse. Data are represented as box-and-whisk-
ers plots, each data point representing the mean of 2-3 technical replicates. *P > 0.05, 
**P < 0.01, One-way ANOVA with Dunnett's multiple comparisons test.  
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This approach resembles subimmunogenic TCR stimulation which has been shown 
to be most beneficial for in vivo Treg induction [89-91].

First, I performed titration experiments with increasing concentrations of IMU-935 and 
the respective vehicle control using naïve CD4+ T cells isolated from LNs of non-autoim-
mune prone BALB/c mice. The highest increase of induced Tregs in response to IMU-
935 was observed at a concentration of 1µM (Figure 2 A, B). This was accompanied by 
a reduced proliferation of T cells as assessed by Ki67 staining (Figure 2 C, D) which is 
in line with previous findings showing optimal Treg induction conditions in settings 
of limited cellular proliferation [89]. Thus, the following experiments were performed
using a concentration of 1µM.  

4.1.2 IMU-935 enhanced in vitro Treg induction during challenging 

conditions or islet autoimmunity 

Next, the potential of IMU-935 to enhance Treg induction under conditions that mimic 
strong immune activation as observed during islet autoimmunity was assessed. There-
fore, I established Treg induction assays under these so-called challenging conditions. 
Specifically, Tregs were induced either from activated T cells or from naïve CD4+ T cells 
using limited TCR stimulation in presence of the pro-inflammatory cytokines IL-6, IFN-γ 
and IL-1β or using continuous TCR stimulation. In all three conditions, Treg induction 
was dramatically hindered and ranged from 0-5%. However, the addition of IMU-935 
resulted in a significant improvement in Treg induction potential (Figure 3 A-C). 

Figure 3: Addition of IMU-935 enhanced Treg induction in an immune-activating 

environment. In vitro Treg induction under conditions mimicking strong immune activa-
tion in presence of IMU-935 or the vehicle control using naïve CD4+ T cells isolated from 
LNs of Foxp3 BALB/c reporter mice (A) in presence of 10ng/mL IL-6, IFN-γ and IL-1β 
and limited TCR stimulation or (B) using continuous TCR stimulation. (C) Tregs were 
induced from activated T cells FACS-sorted as CD4+CD25-CD44highFoxp3- from LNs of 
Foxp3 BALB/c reporter mice using limited TCR stimulation. Experiments were performed 
in three technical replicates per mouse. Data are represented as box-and-whiskers plots 
with min and max values, each data point representing a biological replicate. **P < 0.01, 
***P < 0.001, Student’s t-test.
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In previous work, our group observed a profound impairment in Treg induction 
during murine and human islet autoimmunity [92, 96]. Therefore, I assessed the impact
of IMU-935 on Treg induction capacity using naïve CD4+ T cells from NOD mice at 
different stages of islet autoimmunity. Specifically, addition of IMU-935 significantly 
improved Treg induction using naïve CD4+ T cells from BALB/c mice as well as from 
NOD mice without and with ongoing islet autoimmunity, as assessed by the presence 
of insulin au-toantibodies. In line with our previous findings, in vitro Treg induction of 
naïve CD4+ T cells from IAA+ NOD mice was impaired compared to non-autoimmune 
prone BALB/c mice (Figure 4 A). Of note, the effect of IMU-935 on Treg induction 
potential was greater using T cells from IAA+ NOD mice compared to non-
autoimmune prone BALB/c mice. This raised the frequency of induced Tregs from 
NOD mice to levels similar to what was observed for BALB/c mice (Figure 4 A, B).  

Furthermore, Treg induction assays were performed using CD4+ T cells from NOD mice 
younger than 30 days. Mice with an early onset of islet autoantibodies could face a more 

Figure 4: Improved Treg induction in presence of IMU-935 during ongoing islet 

autoimmunity. In vitro Treg induction assays in presence or absence of IMU-935 using 
limited TCR stimulation of naïve CD4+ T cells isolated from pLN of BALB/c or NOD mice 
with different stages of islet autoimmunity (A) at the age of 80-100d, (B) Comparison of 
BALB/c or IAA+ NOD mice represented as % of vehicle control from (A) and (C) at the 
age of below 30 days. Experiments were performed in three technical replicates per 
mouse. Data are represented as box-and-whiskers plots, each data point representing 
a biological replicate. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Student’s t-
test. 
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aggressive form of islet autoimmunity whereas those with no IAAs over a long period of 
time could be more protected. Supplementation of cultures with IMU-935 was able to 
increase frequencies of in vitro induced Tregs using naïve CD4+ T cells from NOD mice 
with our without ongoing islet autoimmunity, whereas there was only a minor impact us-
ing naïve CD4+ T cells from BALB/c mice. Interestingly, naïve CD4+ T cells isolated from 
young NOD mice with an early development of insulin autoantibody show increased fre-
quencies of induced Tregs (Figure 4 C). 

Next, I assessed the effect of IMU-935 on in vitro Treg induction from naïve CD4+ T cells 
isolated from NOD mice with ongoing islet autoimmunity under the aforementioned chal-
lenging conditions. Although, inducing Tregs is maximally hindered in these conditions, 
the presence of IMU-935 increased Treg induction (Figure 5 A, B).  

Overall, these data suggest that IMU-935 most efficiently enhances in vitro Treg induc-
tion under challenging conditions and islet autoimmunity. This supports our hypothesis, 
that under conditions of strong immune activation, that are known to be suboptimal for 
Treg induction, the inhibition of immune activation by IMU-935 can broaden the window 
of opportunity to induce Tregs.  

4.2 RORγt expression is upregulated in T cells and Tregs in in 

vitro Treg induction upon addition of IMU-395 

Tregs and TH17 cells were observed to be reciprocally regulated during differentiation. 
In addition, upon Treg skewing conditions with TGF-β both RORγt upregulation in T 
cells as well as induced Tregs was observed [144, 239]. In addition, TH17-like Tregs 

43 

Figure 5: Increased Treg induction from IAA+ NOD mice under challenging condi-

tions. In vitro Treg induction using naïve CD4+ T cells isolated from IAA+ NOD mice under 
challenging conditions in presence of IMU-935 or the respective vehicle control (A) using 
limited TCR stimulation in presence of proinflammatory cytokines IL-6, IFN-γ and IL-1β 
or (B) by culturing under continuous TCR stimulation. Experiments were performed in 
three technical replicates per mouse. Data are represented as box-and-whiskers plots, 
each data point representing a biological replicate. **P < 0.01, ***P < 0.001, Student’s t-
test. 
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express both master transcription factors, Foxp3 and RORγt [136-138]. This 
relationship together with the inverse agonistic properties of IMU-395 towards RORγt 
prompted me to exam-ine the expression of RORγt expression after Treg induction.  

First, RORγt expression was evaluated in in vitro Treg induction using limited TCR stim-
ulation of naïve CD4+ T cells isolated from BALB/c and NOD mice with islet autoimmun-
ity. For both, I observed an upregulation of RORγt in presence of IMU-935 in induced 
Tregs, as well as in CD4+ T cells that did not express Foxp3 after Treg induction (Figure

6 A-C). In addition, I validated the RORγt expression after in vitro Treg induction using 

Figure 6: Increased RORγt expression in CD4+ T cells and Tregs after in vitro Treg 

induction in presence of IMU-935. In vitro Treg induction in presence of IMU-935 or 
the respective vehicle control using limited TCR stimulation of naïve CD4+ T cells iso-
lated from LNs of BALB/c or IAA+ NOD mice. (A) Staining examples for RORγt and the 
respective isotype control staining. Evaluation of RORγt expression in (B) Tregs or (C) 
Foxp3- T cells. In vitro Treg induction in presences of IMU-935 or the respective vehicle 
control using limited TCR stimulation of naïve T cells isolated from LNs of RORγt-GFP 
Foxp3-RFP double reporter mice. Evaluation of RORγt expression in (D) Tregs or (E) 
Foxp3- T cells. Experiments were performed in two technical replicates per mouse. Data 
are represented as box-and-whiskers plots, each data point representing a biological 
replicate. *P < 0.05, **P < 0.01, Student’s t-test. 
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RORγt-GFP Foxp3-RFP double reporter mice, in which RORγt expression was as-
sessed without intracellular staining. Likewise, addition of IMU-935 increased the fre-
quency of RORγt+ Tregs and RORγt+ Foxp3- CD4+ T cells (Figure 6 D, E). 

Furthermore, I assessed RORγt expression in in vitro Treg induction in settings of strong 
immune activation. Similar to results obtained using optimal Treg inducing conditions, 
higher frequencies of RORγt+ Treg and RORγt+ Foxp3- CD4+ T cells were observed in in 
vitro Treg induction in the presence of pro-inflammatory cytokines (Figure 7 A, B). For 
continuous stimulation experiments, RORγt+ upregulation was quantified using its mean 
fluorescence intensity (MFI), which was normalized to the isotype control. RORγt+ ex-
pression was likewise increased in Tregs and Foxp3- CD4+ T cells in presence of IMU-
935 (Figure 7 C, D). Noteworthy the upregulation of RORγt was higher in settings of 
continuous stimulation.  

Figure 7: Upregulated RORγt expression in presence of IMU-935 in NOD Treg in-

duction in vitro under challenging conditions. RORγt expression in in vitro Treg in-
duction using naïve CD4+ T cells isolated from IAA+ NOD mice under the indicated chal-
lenging conditions in presence of IMU-935 or the respective vehicle control using limited 
TCR stimulation. Frequencies of RORγt+ (A) CD25+ Foxp3+ Tregs or (B) Foxp3- CD4+ T 
cells. Mean fluorescence intensity (MFI) of RORγt in (C) CD25+ Foxp3+ Tregs or (D) 
Foxp3- CD4+ T cells, which was normalized to the isotype control. Experiments were 
performed in two technical replicates per mouse. Data are represented as box-and-
whiskers plots, each data point representing a biological replicate. *P < 0.05, **P < 0.01, 
Student’s t-test. 
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These experiments all together show that RORγt expression was increased in response 
to IMU-935 in in vitro Treg induction independent of the degree of activation the cells 
face during the induction.  

4.3 Induced Tregs in presence of IMU-935 have an anti-

inflammatory phenotype 

RORγt+ expression in Foxp3- CD4+T cells is associated with the secretion of IL-17 and 
therefore effector function of TH17 cells [134]. On the basis of studies showing the in-
volvement of TH17 cells in the pathogenesis of T1D, increased IL-17 production would 
be an unfavorable side effect. Therefore, I examined the production of IL-17A as well as 
the anti-inflammatory cytokine IL-10.  

I did not observe any impact of IMU-935 on the production of IL-17A in Treg induction 
assays using naïve CD4+ T cells from NOD mice with ongoing islet autoimmunity (Figure 

8 A). In addition, IL-10 production was increased in in vitro induced Tregs as well as in 
Foxp3- CD4+ T cells (Figure 8 B, C), which indicates anti-inflammatory properties.  

Similarly, addition of IMU-935 did not result in an increase in IL17A+ CD4+ T cells in Treg 
induction assays with supplemented pro-inflammatory cytokines, while IL-10 production 
was increased in Tregs as well as in Foxp3- CD4+ T cells (Figure 9 A-C). Furthermore, 
in vitro Treg induction using continuous TCR stimulation in presence of IMU-935 tended 
to result in a decrease in IL17A+ CD4+ T cells compared to the vehicle control (Figure 9 

D). In addition, IL-10 production was slightly increased in Tregs and significantly in-
creased in Foxp3- CD4+ T cells (Figure 9 E, F). Overall, these results suggest that Tregs 

Figure 8: Anti-inflammatory phenotype of induced Tregs in presence of IMU-935. 

Cytokine production after in vitro Treg induction using limited TCR stimulation using na-
ïve CD4+ T cells isolated from LNs of IAA+ NOD mice. (A) IL17 production in CD4+ T 
cells. IL10 expression (A) in CD25+ Foxp3+ Tregs or (B) in Foxp3- CD4+ T cells. Experi-
ments were performed in two technical replicates per mouse. Data are represented as 
box-and-whiskers plots, each data point representing a biological replicate. *P < 0.05, 
**P < 0.01, Student’s t-test. 
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induced in vitro in presence of IMU-935 have an anti-inflammatory phenotype. Espe-
cially, the higher production of IL-10 in CD4+ T cells that did not convert to Tregs point 
towards a high anti-inflammatory potential of IMU-935.  

Figure 9: Increased IL-10 production in NOD Treg induction in vitro under im-

mune-activating conditions upon addition of IMU-935. In vitro Treg induction using 
naïve CD4+ T cells isolated from LNs of IAA+ NOD mice under challenging conditions 
in presence of IMU-935. (A) IL-17A secretion in CD4+ T cells and (B) IL-10 production 
in Tregs and (C) Foxp3- CD4+ T cells in assays with additional pro-inflammatory cyto-
kines. (D) IL-17A secretion in CD4+ T cells and (E) IL-10 production in Tregs and (F) 
Foxp3- CD4+ T cells in assays using continuous TCR stimulation. Experiments were 
performed in two technical replicates per mouse. Data are represented as box-and-
whiskers plots, each data point representing a biological replicate. *P < 0.05, **P < 0.01, 
Student’s t-test. 
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4.4 IMU-838 is most capable at promoting Treg induction in 

settings of strong immune activation 

The results so far showed an increase in in vitro induced Tregs with a higher production 
of anti-inflammatory IL-10 in presence of IMU-935, which is a RORγt inverse agonist and 
to a lesser extend also a DHODH inhibitor. This raised the question whether one of the 
two components of the drug candidate is responsible for the effect on Tregs or whether 
it is an interplay between them.  

In order to address this issue I performed experiments with IMU-838 which only inhibits 
DHODH. While only a tendency to increased in vitro Treg induction capacity using naïve 
CD4+ T cells from non-autoimmune prone BALB/c mice in presence of IMU-838 was 
observed, it was significantly enhanced when using naïve CD4+ T cells from NOD mice 
with ongoing islet autoimmunity (Figure 10 A). This resulted in a trend towards a greater 
impact of IMU-838 on Treg induction potential using T cells from NOD mice compared 
to BALB/c mice (Figure 10 B). Similar to IMU-935, addition of IMU-838 reduced the CD4+ 
T cell proliferation as assessed by Ki67 staining (Figure 10 C). 

Next, I examined the influence of IMU-838 on in vitro Treg induction under challenging 
conditions that mimic autoimmune inflammation as outlined above. IMU-838 was able to 
improve Treg induction potential in all three conditions that hinder Treg induction (Figure 

11 A-C). Noteworthy, the impact of IMU-838 on Treg induction using continuous TCR 
stimulation was significantly greater compared to IMU-935. Similar tendencies were ob-
served in Treg induction experiments in presence of pro-inflammatory cytokines or when 
using activated CD4+ T cells (Figure 11 D-F). The greater impact of IMU-838 in settings 
of stronger immune activation was likely due to the higher dependency of activated CD4+ 

Figure 10: IMU-838 improves NOD Treg in vitro. In vitro Treg induction assays in pres-
ence or absence of IMU-838 using limited TCR stimulation of naïve CD4+ T cells isolated 
from LNs of BALB/c or NOD mice with ongoing islet autoimmunity. Summary plots for 
frequencies of (A, B) induced Tregs and (C) proliferating CD4+ T cell (Ki67). Experiments 
were performed in two to three technical replicates per subject. Data are represented as 
box-and-whiskers plots, each data point representing a biological replicate. **P < 0.01, 
***P < 0.001, Student’s t-test. 
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T cells on de novo pyrimidine synthesis and thus being a better target for DHODH inhibi-
tion. 

In addition, I assessed the effect of IMU-838 on in vitro Treg induction from naïve CD4+ 
T cells isolated from NOD mice with ongoing islet autoimmunity under the aforemen-
tioned strong activating conditions. Here, the conditions to induce Tregs in vitro are max-
imally unfavorable. Nonetheless, IMU838 improved in vitro Treg induction potential also 
in these challenging conditions (Figure 12 A, B). Overall, these experiments show that 
IMU-838 is capable of improving in vitro Treg induction under conditions of strong im-
mune activation. Furthermore, these results suggests that IMU-838 might do so more 
efficiently than IMU-935 under conditions of continuous TCR stimulation. In addition, pre-
liminary data suggest also a stronger impact of IMU-838 on Treg induction in presence 
of pro-inflammatory cytokines or when using activated CD4+ T cells. 

Figure 11: Addition of IMU-838 enhanced Treg induction in a pro-inflammatory en-

vironment. In vitro Treg induction under challenging conditions in presence of IMU-838 
or the vehicle control from naïve CD4+ T cells isolated from LNs from Foxp3 BALB/c 
reporter mice (A) in presence of 10ng/mL IL-6, IFN-γ and IL-1β and limited TCR stimula-
tion or (B) using continuous TCR stimulation. (C) Induced Treg from activated CD4+ T 
cells sorted as CD4+CD25-CD44highFoxp3- LNs from Foxp3 BALB/c reporter mice using 
limited TCR stimulation. (D-F) Comparison between IMU-935 and -838 as % of vehicle 
in the indicated experimental setting. Experiments were performed in three technical rep-
licates per mouse. Data are represented as box-and-whiskers plots with min and max 
values, each data point representing a biological replicate. **P < 0.01, ***P < 0.001, Stu-
dent’s t-test. 
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4.5 Presence of IMU-838 increases RORγt expression in CD4+ 

T cells and Tregs and induces an anti-inflammatory 

phenotype of Tregs in vitro 

Next, I analyzed RORγt expression after in vitro Treg induction in order to assess 
whether DHODH inhibition alone was also able to increase RORγt expression in CD4+ T 
cells and Tregs. Frequencies of RORγt+ Tregs as well as RORγt+ Foxp3- CD4+ T cells 
was elevated in presence of IMU-838 in in vitro Treg induction using limited TCR stimu-
lation and CD4+ T cells from either non-autoimmune prone BALB/c or IAA+ NOD mice. 
Noteworthy, IMU-838 had only a minimal effect on in vitro induced Tregs using CD4+ T 
cells from non-autoimmune prone BALB/c mice, however RORγt expression was still 
increased (Figure 13 A, B).The increased RORγt expression in Tregs and Foxp3- CD4+ 
T cells in in vitro Treg induction was confirmed using CD4+ T cells from RORγt-GFP 
Foxp3-RFP double reporter mice (Figure 13 C, D). In addition, in in vitro Treg induction 
in presence of pro-inflammatory cytokines IMU-838 likewise increased RORγt+ Tregs 
and RORγt+ Foxp3- CD4+ T cells (Figure 14 A, B). A slight enhancement in RORγt ex-
pression in Tregs and Foxp3- CD4+ T cells was observed in response to IMU-838 as 
assessed by the MFI which was normalized to the isotype control. (Figure 14 C, D) 

Figure 12: IMU-838 improves NOD Treg induction under immune-activating con-

ditions in vitro. In vitro Treg induction using naïve CD4+ T cells isolated from IAA+ 
NOD mice under immune-activating conditions in presence of IMU-838 or the respec-
tive vehicle control (A) using limited TCR stimulation in presence of pro-inflammatory 
cytokines IL-6, IFN-γ and IL-1β or (B) by culturing under continuous TCR stimulation. 
Experiments were performed in three technical replicates per mouse. Data are repre-
sented as box-and-whiskers plots, each data point representing a biological replicate. 
*P < 0.05, ****P < 0.0001, Student’s t-test.
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These results show that RORγt expression was increased upon in vitro Treg induction 
assays in presence of IMU-838 again raising the question about a potential pro-inflam-
matory phenotype. Therefore, I assessed the cytokine production by intracellular staining 
of IL-17A and IL-10 after Treg induction under settings of strong immune activation since 
IMU-838 is most potent under these conditions. There was no effect on IL-17A produc-
tion, but I observed increased IL-10 production in Tregs as well as Foxp3- CD4+ T cells 
in presence of IMU-838 in Treg induction assays in presence of pro-inflammatory cyto-
kines (Figure 15 A-C). Similar to IMU-935, there was a trend towards lower expression 
of IL-17A in Treg induction assays performed using continuous TCR stimulation which 
coincided with an increased IL-10 production in Tregs as well as Foxp3- CD4+ T cells in 
presence of IMU-838 (Figure 15 D-E). 

Figure 13: Increased RORγt expression in CD4+ T cells and Tregs after in vitro 

Treg induction in presence of IMU-838. In vitro Treg induction in presence of IMU-
838 or the respective vehicle control using limited TCR stimulation of naïve CD4+ T 
cells isolated from LNs of BALB/c or IAA+ NOD mice. Evaluation of RORγt expression 
on (A) Tregs or (B) Foxp3- CD4+ T cells. In vitro Treg induction in presence of IMU-838 
or the respective vehicle control using limited TCR stimulation of naïve CD4+ T cells 
isolated from LNs of RORγt-GFP Foxp3-RFP double reporter mice. Evaluation of 
RORγt expression on (C) Tregs or (D) Foxp3- CD4+ T cells. Experiments were per-
formed in two technical replicates per mouse. Data are represented as box-and-whisk-
ers plots, each data point representing a biological replicate. *P < 0.05, ****P < 0.0001, 
Student’s t-test. 
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Overall, these data suggest that induced Tregs in presence of IMU-838, despite the up-
regulation of RORγt, have an enhanced anti-inflammatory phenotype. Furthermore, the 
increased IL-10 production also in Foxp3- CD4+ T cells underlines the anti-inflammatory 
potential. Importantly, all in all these data are similar to results obtained with IMU-935.  

Figure 14: IMU-838 enhances RORγt expression upon in vitro NOD Treg induction 

under immune-activating conditions. In vitro Treg induction using naïve CD4+ T cells 
isolated from IAA+ NOD mice under the indicated immune-activating conditions in pres-
ence of IMU-838 or the respective vehicle control. RORγt expression (A, C) in Tregs and 
(B, D) in Foxp3- CD4+ T cells. Experiments were performed in two technical replicates 
per mouse. Data are represented as box-and-whiskers plots, each data point represent-
ing a biological replicate. *P < 0.05, **P < 0.01, Student’s t-test. 
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4.6 Effects of IMU-838 and -935 are dependent on DHODH 

inhibition 

Noteworthy, data obtained from in vitro Treg induction assays in presence of either IMU-
935 or IMU-838 resembled each other in terms of upregulation of Foxp3, RORγt and IL-
10. Both drug candidates share the property of DHODH inhibition, but only IMU-935 is
additionally a RORγt inverse agonist. This raised the question, whether RORγt inverse 
agonistic properties are necessary for the impact of IMU-935 on Treg induction and 
RORγt upregulation in T cells and Tregs. Therefore, I performed Treg induction assays 
with IMU-935 in presence of increasing concentrations of uridine. Addition of uridine cir-
cumvents DHODH inhibition by supplementing an exogenous source for the pyrimidine 
synthesis, turning IMU-935 into a RORγt inverse agonist.  

Figure 15: Increased IL-10 production in presence of IMU-838 in NOD Treg induc-

tion under immune-activating conditions in vitro. In vitro Treg induction using naïve 
CD4+ T cells isolated from LNs of IAA+ NOD mice under immune-activating conditions in 
presence of IMU-838. (A) IL-17A production in CD4+ T cells and (B) IL-10 production in 
Tregs and (C) Foxp3- CD4+ T cells in assays with additional pro-inflammatory cytokines. 
(D) IL-17A production in CD4+ T cells and (B) IL-10 production in Tregs and (C) Foxp3- 
CD4+ T cells in assays using continuous TCR stimulation. Experiments were performed 
in two technical replicates per mouse. Data are represented as box-and-whiskers plots, 
each data point representing a biological replicate. *P < 0.05, Student’s t-test.
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At a high concentration of uridine and in presence of IMU-935 the frequencies of induced 
Tregs decreased compared to IMU-935 alone, eliminating the positive effect on Treg 
induction of IMU-935 (Figure 16 A). In accordance with restored pyrimidine biosynthesis 
upon exogenous uridine supplementation and therefore fully functional proliferative ca-
pacity, Ki67 expression was restored with addition of uridine (Figure 16 B). This high-
lights the reciprocal relationship between cellular proliferation and optimal Treg induc-
tion. In addition, the increase in RORγt+ Tregs in response to IMU-935 is abrogated at 
high concentrations of uridine (Figure 16 C). 

In line with these results, uridine supplementation in Treg induction assays in presence 
of pro-inflammatory cytokines reduced the impact of IMU-935 on Treg induction potential 
and RORγt expression in CD4+ T cells and Tregs (Figure 17 A-C).  

The eliminated effect of IMU-935 in presence of excess uridine suggests that DHODH 
inhibition is the major driver in enhancing in vitro Treg induction as well as RORγt ex-
pression. These data support the concept that the RORγt inverse agonist contributes 
only little to the effect on Treg frequencies as well as RORγt expression in T cells and 
Tregs in in vitro Treg induction. 

Figure 16: Uridine supplementation eliminates the effect of IMU-935 on NOD Treg 

induction. In vitro Treg induction using naïve CD4+ T cells isolated from LNs of IAA+ 
NOD mice in presence of IMU-935 with increasing concentrations of uridine using limited 
TCR stimulation. Frequencies of (A) CD25+ Foxp3+ Tregs (B) Ki67+ CD4+ T cells (C) 
RORγt+ Tregs. Experiments were performed in two to three technical replicates per 
mouse. Data are represented as box-and-whiskers plots, each data point representing a 
biological replicate. *P < 0.05, **P < 0.01, ***P < 0.001, One-way ANOVA with Tukey's 
multiple comparisons test. 
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As proof of concept, I also tested the impact of excess of uridine on in vitro Treg induction 
under challenging condition in presence of IMU-838. Similarly, the increase in induced 
Tregs as well as RORγt+ CD4+ T cells is diminished at higher concentrations (Figure 18 

A, B). Furthermore, although not yet significant, there is a trend towards impaired poten-
tial of IMU-838 to increase RORγt+ Tregs upon restored pyrimidine biosynthesis (Figure 

18 C). Together, these data suggest that DHODH inhibition enhances in vitro Treg in-
duction and RORγt+ T cells and Tregs which can be eliminated by restored pyrimidine 
biosynthesis.  

Figure 18: Uridine supplementation eliminates effect of IMU-838 in NOD Treg in-

duction under immune-activating conditions. In vitro Treg induction using naïve CD4+ 
T cells isolated from LNs of IAA+ NOD mice in presence of IMU-838 with increasing 
concentrations of uridine using limited TCR stimulation and pro-inflammatory cytokines. 
Frequencies of (A) CD25+ Foxp3+ Tregs (B) RORγt+ CD4+ T cells (C) RORγt+ Tregs. 
Experiments were performed in two to three technical replicates per mouse. Data are 
represented as box-and-whiskers plots, each data point representing a biological repli-
cate. **P < 0.01, ***P < 0.001, ****P < 0.0001, One-way ANOVA. ANOVA with Tukey's 
multiple comparisons test. 

Figure 17: Uridine supplementation eliminates the effect of IMU-935 in NOD Treg 

induction under immune-activating conditions. In vitro Treg induction using naïve 
CD4+ T cells isolated from LNs of IAA+ NOD mice in presence of IMU-935 with increasing 
concentrations of uridine using limited TCR stimulation and of pro-inflammatory cyto-
kines. Frequencies of (A) CD25+ Foxp3+ Tregs (B) RORγt+ CD4+ T cells (C) RORγt+ 
Tregs. Experiments were performed in two to three technical replicates per mouse. Data 
are represented as box-and-whiskers plots, each data point representing a biological 
replicate. **P < 0.01, ***P < 0.001, ****P < 0.0001, One-way ANOVA with Tukey's multi-
ple comparisons test. 
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4.7 RORγt upregulation in CD4+ T cells and Tregs in vitro is a 

common phenomenon of DHODH inhibitors 

My results indicate that in in vitro Treg induction DHODH inhibition results in an increased 
RORγt expression in Tregs as well as in Foxp3- CD4+ T cells. This raised the question 
whether the impact on RORγt expression is a specific characteristic of the next-genera-
tion DHODH inhibitor, IMU-838. Therefore, I compared IMU-838 and Teriflunomide (Tef), 
a commonly used DHODH inhibitor, in in vitro Treg induction assays under immune-
activating conditions using CD4+ T cells from IAA+ NOD mice. Similar to IMU-838, Teri-
flunomide was able to improve Treg induction in presence of pro-inflammatory cytokines 
in vitro (Figure 19 A). Furthermore, IMU-838 potential to increase Treg induction capac-
ity was significantly greater compared to Teriflunomide. In addition, presence of Teri-
flunomide likewise enhanced RORγt expression in Tregs and Foxp3- CD4+ T cells, but 
with a tendency towards a lower potential than IMU-838 (Figure 19 B, C). Overall, these 
results suggests that IMU-838 is more potent in improving Treg induction in vitro and in 
increasing RORγt expression in Tregs and CD4+ T cells compared to Tef. 

Figure 19: Teriflunomide increases Treg frequencies and RORγt expression in in 

vitro Treg induction under immune-activating conditions. In vitro Treg induction us-
ing naïve CD4+ T cells isolated from IAA+ NOD mice and limited TCR stimulation in pres-
ence of pro-inflammatory cytokines IL-6, IFN-γ and IL-1β and IMU-838 (50µM), Terifluno-
mide (7.5µM) or the vehicle control. Summary plots for (A) induced Tregs, (B) RORγt+ 
Tregs and (C) RORγt+ Foxp3- CD4+ T cells. Experiments were performed in two to three 
technical replicates per mouse. Data are represented as box-and-whiskers plots, each 
data point representing a biological replicate. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001, One-way ANOVA with Tukey's multiple comparisons test. 
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and Tregs in vitro in presence of IMU-935 and IMU-838 

Since increased RORγt expression in in vitro Treg induction was observed in presence 
of IMU-935 and -838 in optimal and suboptimal conditions to induce Tregs, I next sought 
to identify the mechanism involved in increased RORγt expression in response to the 
drug candidates. Many studies report that IL-6 signaling is important for RORγt expres-
sion in CD4+ T cells and in Tregs. First of all, IL-6 is used for optimal TH17 induction in 
vitro [140, 141]. Secondly, mice with a global IL-6 KO have lower frequencies of TH17-
like Tregs in the colon [137]. Therefore, I assessed the impact of IL-6 signaling on 
RORγt expression in in vitro Treg induction in presence of IMU-935 and -838. 

I made use of mice harboring a T cell specific knockout (TKO) of the IL6Rα which was 
generated by crossing CD4Cre and IL6Rαfl/fl mice [237, 240, 241]. While the classical 
signaling pathway is abrogated in these cells, they can still be responsive to IL-6 via 
trans-signaling or trans-presentation [149, 237, 240, 241]. Naïve CD4+ T cells from 
IL6RαTKO of floxed control mice were isolated from LNs and stimulated under 
subimmunogenic con-ditions to induce Tregs. The Treg induction potential using CD4+ 
T cells with an IL6Rα KO was higher compared to CD4+ T cells from floxed control 
mice. Presence of IMU-935 increased in vitro Treg induction using either IL6Rα 
deficient of sufficient T cells (Figure 20 A). However, the improvement was 
significantly lower using IL6Rα deficient CD4+ T cells compared to control CD4+ T cells 
(Figure 20 B). Furthermore, RORγt expression in CD4+ T cells or Tregs was enhanced 
or showed a trend towards it upon addition of IMU-935. Importantly, the IMU-935-
mediated increase in RORγt+ CD4+ T cells and Tregs relative to the vehicle control was 
reduced in absence of the IL6Rα (Figure 20 C-F). These results indicate that the 
IL6Rα and therefore IL-6 signaling in CD4+ T cells is im-portant for the upregulation of 
RORγt as well as the improved Treg induction in response to IMU-935 in in vitro Treg 
induction assays under subimmunogenic conditions.  

In addition, the influence of IL6Rα signaling for the IMU-935-mediated upregulation of 
Treg induction and RORγt expression in a setting of strong immune activation was 
ana-lyzed. Here, I focused on in vitro Treg induction using continuous TCR stimulation, 
since the IL6Rα deficient CD4+ T cells cannot properly react to IL-6. In vitro Treg 
induction using continuous TCR stimulation was improved in presence of IMU-935, 
independently of a functional IL6Rα signaling (Figure 21 A). But, the improvement of 
Treg induction potential in presence of IMU-935 relative to the vehicle was slightly 
better in absence of the IL6Rα (Figure 21 B). Furthermore, IMU-935 increased RORγt 
expression in CD4+ T cells but it did so to a similar extend when comparing IL6Rα 
sufficient and deficient CD4+ T cells (Figure 21 C). It likewise increased RORγt 
expression in Tregs and preliminary studies suggest a trend towards higher RORγt 
expression in Tregs in the absence of the IL6Rα and presence of IMU-935 as 
represented as fold change over the vehicle control in Figure 21 D. 
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Furthermore, loss of the classical IL-6 signaling did not completely resulted in the loss of 
RORγt expression in in vitro Treg induction which might indicates that other signaling 
mechanism are also involved in RORγt expression.   

Figure 20: Reduced potential of IMU-935 to induce Tregs and increase RORγt ex-

pression in CD4+ T cells and Tregs in absence of the IL6Rα. In vitro Treg induction 
using naïve CD4+ T cells isolated from LNs of IL6RαTKO or floxed control mice in presence 
of IMU-935. (A) Induced CD25+Foxp3+ T cells and (B) normalized to vehicle control and 
represented as % of vehicle control. (C) RORγt expression in CD4+ T cells and (D) nor-
malized to vehicle control and represented as % of vehicle control. (E) RORγt expression 
in Treg and (F) normalized to vehicle control and represented as % of vehicle control. 
Experiments were performed in two to three technical replicates per mouse. Data are 
represented as box-and-whiskers plots, each data point representing a biological repli-
cate. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Student’s t-test. 
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In addition, I also examined IMU-838-mediated increase in in vitro Treg induction and 
RORγt expression in absence of the IL6Rα. As observed before, in settings of limited 
TCR stimulation IMU-838 slightly increases Treg induction capacity from floxed control 
T cells or IL6Rα deficient CD4+ T cells, respectively (Figure 22 A, B). RORγt expression 
in IL6Rα deficient and sufficient CD4+ T cells and Tregs cells was increased in presence 
of IMU-838 compared to the vehicle control, which is shown by values above 100% in 
normalized expression to the vehicle control in Figure 22 C, D. Furthermore, a tendency 
towards a loss of IMU-838-mediated RORγt-increasing potential in the absence of IL6Rα 
was observed in these preliminary studies. This is in line with results of IMU-935 leading 
to the hypothesis that IL6Rα signaling is important for the increased Treg induction ca-
pacity and RORγt expression in response to the drug candidates using limited Treg in-
duction assays. This, however, will have to be confirmed in additional studies. 

Figure 21: IMU-935 increased Treg induction potential and RORγt expression un-

der challenging conditions independent of IL6Rα signaling. In vitro Treg induction 
using continuous TCR stimulation and naïve CD4+ T cells isolated from LNs of IL6RαTKO 
or floxed control mice in presence of IMU-935. (A) Induced CD25+Foxp3+ T cells and (B) 
normalized to vehicle control and represented as % of vehicle control. (C) RORγt MFI of 
CD4+ T cells and (D) RORγt MFI of Tregs, normalized to isotype control and vehicle 
control, represented as % of vehicle control. Experiments were performed in two to three 
technical replicates per mouse. Data are represented as box-and-whiskers plots, each 
data point representing a biological replicate. ****P < 0.0001, Student’s t-test. 
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Furthermore, in Treg induction assays using continuous TCR stimulation the absence of 
the IL6Rα tended to improve the IMU-838-mediated increase of Treg induction potential 
compared to the floxed control, which is in line with results using IMU-935 (Figure 23 A, 

B). RORγt expression in Tregs but not in CD4+ T cells was increased in presence of IMU-
838 without an impact of the absence of IL6Rα (Figure 23 C, D), which stands in contrast 
to results observed with IMU-935. 

These findings might suggest that different signaling mechanisms may be important for 
the increase in RORγt expression in T cells and Tregs in response to IMU-935 and -838 
in Treg induction assays using continuous TCR stimulation. However, further studies and 
models will need to be validated to gain a full picture of these initial results which will be 
important to dissect the different signaling mechanisms involved in the IMU-mediated 
increase in RORγt expression. 

Figure 22: Tendency towards reduced potential of IMU-838 to induce Tregs and 

increase RORγt expression in CD4+ T cells and Tregs in absence of the IL6Rα in 

in vitro Treg induction. In vitro Treg induction using limited TCR stimulation and naïve 
CD4+ T cells isolated from LNs of IL6RαTKO or floxed control mice in presence of IMU-
838. (A) Induced CD25+Foxp3+ T cells and (B) normalized to vehicle control and repre-
sented as % of vehicle control. (C) RORγt expression in CD4+ T cells and (D) RORγt+

Tregs, frequencies normalized to vehicle control, represented as % of vehicle control. 
Experiments were per-formed in two to three technical replicates per mouse. Data are 
represented as box-and-whiskers plots, each data point representing a biological repli-
cate. *P < 0.05, Student’s t-test.
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In the data shown above, IL6Rα signaling is absent from the beginning of Treg induction 
based on the fact that IL6Ra is lacking in all T cells. Two different scenarios could there-
fore mediate the impact of the drug candidates on Treg induction and RORγt expression 
in the absence of the IL6Rα compared to functional IL-6 signaling. On the one hand, 
IL6Rα signaling could be important in early phases of Treg induction and the initial up-
regulation of Foxp3 and RORγt in CD4+ T cells. On the other hand, it might be also 
important at later stages when Foxp3 expression is already initiated, e.g. mediating the 
reciprocal relationship between Foxp3 and RORγt. In order to elucidate that, I performed 
Treg induction assays using Foxp3 IL6Rα knockout (TregKO) mice. Here, knockout of 
IL6Rα is only initiated once Foxp3 is expressed. Therefore, in the early phase of Treg 
induction IL6Rα is still functional. 

At first, the impact of IMU-935 on Treg induction using limited TCR stimulation and 
IL6RαTregKO mice was investigated. Presence of IMU-935 improved Treg induction inde-
pendently of absent IL6Rα signaling in Tregs (Figure 24 A). The fold increase normal-
ized to the vehicle control did not change indicating that the TregKO of the IL6Rα does 

Figure 23: IMU-838 increases the Treg induction potential and RORγt expression 

in Tregs under immune-activating conditions independent of IL6Rα signaling. In 
vitro Treg induction using continuous TCR stimulation and naïve CD4+ T cells isolated 
from LNs of IL6RαTKO or floxed control mice in presence of IMU-838. (A) Induced 
CD25+Foxp3+ T cells and (B) normalized to vehicle control and represented as % of ve-
hicle control. (C) RORγt MFI of CD4+ T cells and (D) RORγt MFI of Tregs, normalized to 
isotype control and vehicle control, represented as % of vehicle control. Experiments 
were performed in two to three technical replicates per mouse. Data are represented as 
box-and-whiskers plots, each data point representing a biological replicate. *P < 0.05, 
Student’s t-test. 
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not have an impact on the effect of IMU-395 on Treg induction (Figure 24 B). Further-
more, an increase in RORγt+ T cells and RORγt+ CD4+ Tregs was observed in response 
to IMU-935 as indicated by values above 100% when normalizing the expression to the 
vehicle control (Figure 24 C, D). Preliminary data suggest a trend towards a better im-
provement in the IMU-935-mediated increase of RORγt+ CD4+ T cells using CD4+ T cells 
from IL6RαTregKO mice. In addition, the effect of IMU-935 on RORγt+ Tregs tended to be 
greater when the IL6Rα signaling was absent in Tregs (Figure 24 C, D). 

Next, I performed Treg induction assays under immune-activating conditions using con-
tinuous TCR stimulation. IMU-935 improved Treg induction to a greater extend using 
CD4+ T cells from IL6RαTregKO mice compared to floxed controls (Figure 25 A, B). Fur-
thermore, RORγt expression was increased in presence of IMU-935 with a trend towards 
lower potential of IMU-935 to increase RORγt expression in CD4+ T cells in the absence 
of IL6Rα signaling in Tregs, while no differences were observed on the Treg level (Figure 

25 C, D). 

Figure 24: Foxp3-specific deletion of IL6Rα does not impact the IMU-935-mediated 

increase in Treg induction potential. In vitro Treg induction using limited TCR stimu-
lation and CD4+ naïve T cells isolated from LNs of IL6RαTregKO or floxed control mice in 
presence of IMU-935. (A) Induced CD25+Foxp3+ T cells and (B) normalized to vehicle 
control and represented as % of vehicle control. (C) RORγt expression in CD4+ T cells 
and (D) RORγt+ Tregs, normalized to vehicle control, represented as % of vehicle control. 
Experiments were performed in two to three technical replicates per mouse. Data are 
represented as box-and-whiskers plots, each data point representing a biological repli-
cate. ****P < 0.0001, Student’s t-test. 
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In addition, I investigated the impact on IMU-838 on Treg induction using limited TCR 
stimulation and IL6RαTregKO mice. IMU-838 increased Treg induction using both floxed 
control and IL6RαTregKO mice, without any differences in efficiency (Figure 26 A, B). This 
is in line observed with results using IMU-935. In addition, RORγt expression in CD4+ T 
cells and Tregs was increased in response to IMU-838, here represented as frequency 
normalized to the vehicle control. In contrast to data with IMU-935, no differences were 
observed between sufficient and deficient IL6Rα signaling in Tregs using IMU-838 (Fig-

ure 26 C, D). 

Figure 25: Presence of IMU-935 improved Treg induction using continuous TCR 

stimulation in Foxp3-specific absence of the IL6Rα. In vitro Treg induction using 
continuous TCR stimulation and naïve CD4+ T cells isolated from LNs of IL6RαTregKO or 
floxed control mice in presence of IMU-935. (A) Induced CD25+Foxp3+ T cells and (B) 
normalized to vehicle control and represented as % of vehicle control. (C) RORγt MFI 
of CD4+ T cells and (D) RORγt MFI of Tregs, normalized to isotype control and vehicle 
control, represented as % of vehicle control. Experiments were performed in two to three 
technical replicates per mouse. Data are represented as box-and-whiskers plots, each 
data point representing a biological replicate. *P < 0.05, ***P < 0.001, ****P < 0.0001, 
Student’s t-test. 
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The impact of the Treg-specific absence of the IL6Rα on IMU-838-mediated effects on 
Treg induction potential was also assessed using continuous TCR stimulation. IMU-838 
improved Treg induction potential better in absence of IL6Rα signaling in Tregs (Figure 

27 A, B). Vice versa, the impact on RORγt expression was reduced using CD4+ T cells 
from IL6RαTregKO mice compared to floxed controls (Figure 27 C, D). This findings are 
consistent with effects observed using IMU-935.

Figure 26: Foxp3-specific absence of IL6Rα does not impact the IMU-838-mediated 

increase in Treg induction potential. In vitro Treg induction using limited TCR stimu-
lation and naïve CD4+ T cells isolated from LNs of IL6RαTregKO or floxed control mice in 
presence of IMU-838. (A) Induced CD25+Foxp3+ T cells and (B) normalized to vehicle 
control and represented as % of vehicle control. (C) RORγt expression in CD4+ T cells 
and (D) RORγt+ Tregs, normalized to vehicle control, represented as % of vehicle control. 
Experiments were performed in two to three technical replicates per mouse. Data are 
represented as box-and-whiskers plots, each data point representing a biological repli-
cate. **P < 0.01, Student’s t-test. 
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Overall, these findings indicate an involvement of IL6Rα signaling on the effects on Treg 
induction and RORγt expression mediated by IMU-935 and -838. While IL6Rα signaling 
in CD4+ T cells seems to be more important for the impact of IMU-935 and -838 on Treg 
induction using limited TCR stimulation, specific abrogation of IL6Rα signaling in Tregs 
has a greater effect on Treg induction using continuous TCR stimulation in presence of 
the drug candidates. This suggests that different signaling pathways might be important 
for the impact of the drug candidates on Treg induction capacity and RORγt expression 
in CD4+ T cells and Tregs dependent on the strength of immune activation during in vitro 
Treg induction. Additional validation experiments will be required to allow for precise 
conclusions based on statistically significant differences. 

Figure 27: Presence of IMU-838 improved Treg induction using continuous TCR 

stimulation in Foxp3-specific absence of the IL6Rα. In vitro Treg induction using con-
tinuous TCR stimulation and naïve CD4+ T cells isolated from LNs of IL6RαTregKO or 
floxed control mice in presence of IMU-838. (A) Induced CD25+Foxp3+ T cells and (B) 
normalized to vehicle control and represented as % of vehicle control. (C) RORγt MFI of 
CD4+ T cells and (D) RORγt MFI of Tregs, normalized to isotype control and vehicle 
control, represented as % of vehicle control. Experiments were performed in two to three 
technical replicates per mouse. Data are represented as box-and-whiskers plots, each 
data point representing a biological replicate. **P < 0.01, ****P < 0.0001, Student’s t-test. 
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4.9 IMU-838 reduces disease incidences in a model of 

accelerated T1D 

Having established that the drug candidates improve immune tolerance in vitro, I next 
tested them in vivo for their ability to reduce immune activation and progression to T1D. 
As described before, IMU-838 has an already advanced clinical profile. Furthermore, my 
in vitro results suggest that DHODH inhibition is the main contributor to the effects on 
Treg induction.  Therefore, this drug candidate was tested first. I reasoned that IMU-838, 
as a DHODH inhibitor has maximum potential to interfere with aberrant immune activa-
tion and disease progression in settings of an aggressive disease phenotype. Thus, IMU-
838 was applied in a model of accelerated T1D induced by adoptive transfer. To this 
end, naïve CD62L+CD25+TCRVβ4+CD4+ T cells were isolated from LNs and spleen of 
BDC2.5 NOD mice, which harbor a transgenic TCR for a Chromogranin A related 
epitope, an autoantigen in T1D [242]. These diabetogenic CD4+ T cells were used to 
re-constitute immunodeficient NOD SCID mice which rapidly become diabetic after T 
cell transfer. The drug candidate or a vehicle control was applied to the mice via oral 
gavage with a concentration of 150 mg/kg BW (Figure 28 A, B). 

Diabetes development was defined as a blood sugar of above 250 mg/dL on two con-
secutive days. Control mice developed diabetes after 10-13 days, while the IMU-838 
treated mice were normoglycemic until the end of the observation period (Figure 29 A). 

Figure 28: Experimental design of the adoptive transfer model of accelerated T1D. 

(A) Sorting strategy for diabetogenic CD62L+ CD25+ TCRVβ4+ CD4+ T cells, pregated on 
lymphocyte scatter and doublet exclusion. (B) Schematic representation of experimental 
design. (C) Representative purity control staining for Tregs on sorted cells used for T 
cell transfer. 
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This was accompanied by significantly reduced activation of T cells in the pLN and 
spleen, analyzed as CD44+CD62L- CD4+ T cells (Figure 29 B). Furthermore, Ki67 ex-
pression in CD4+ T cells was lower in pLN and spleen of IMU-838 treated mice indicating 
lower CD4+ T cell proliferation (Figure 29 C). There was no difference in activation and 
proliferation of CD4+ T cells in the pancreas between vehicle and IMU-838 treated mice 
(Figure 29 B, C). However, the number of CD4+ T cells infiltrating the pancreas was 
drastically reduced in IMU-838 treated mice (Figure 29 D), which likely contributes to 
lower beta cell destruction and therefore maintained glucose homeostasis and absence 
of diabetes development. 

Figure 29: Treatment with IMU-838 reduces disease incidences in a model of ac-

celerated T1D. NOD SCID mice are reconstituted with diabetogenic CD4+ T cells and 
treated with vehicle or IMU-838 as shown in Figure 28 and monitored for hyperglycemia. 
Mice were analyzed between 10-12d after transfer when the vehicle controls of the co-
hort got diabetic. (A) Diabetes incidence of vehicle or IMU-838 treated mice. (B) Fre-
quencies of activated CD44+CD62- CD4+ T cells and (C) Ki67+ CD4+ T cells in pLN, 
spleen and pancreas. (D) Number of CD4+ T cells in the pancreas represented per gram 
tissue. Data are represented as box-and-whiskers plots, each data point representing a 
biological replicate from four independent experiments. *P < 0.05, **P < 0.01, Student’s 
t-test.

Furthermore, the frequency of Tregs in pLN and spleen slightly increased in IMU-838 
treated mice which has to be confirmed by additional studies (Figure 30 A). This coin-
cided with a trend towards higher expression of CTLA-4, TIGIT, FR4 and PD1 on Treg 
which are markers for functional Tregs in one preliminary experiment [243-246]. 
Since NOD SCID mice do not themselves have immune cells, the observed Treg 
population is either induced from the transferred T cells or expanded from 
contaminating Tregs in the 
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transferred T cell pool. In addition, CD4+ T cells in the spleen tend to have a more ex-
hausted phenotype as assessed by CD4+ T cells expressing high levels of PD1 (Figure 

30 C). In accordance with reduced T cell activation and increased immune tolerance 
CD4+ T cells in pLN and spleen secret lower levels of the pro-inflammatory cytokine IFN-
γ (Figure 30 D). 

Collectively, these data show reduced T1D incidences in a model of accelerated T1D 
induced by adoptive transfer after treatment with IMU-838. This coincides with reduced 
CD4+ T cell activation and proliferation which opens the window for better Treg induction 
or expansion, which is in line results showing improved Treg induction in vitro under 
conditions of strong immune activation in presence of IMU-838. This interplay between 
immune activation and tolerance might lead to the reduced secretion of the pro-inflam-
matory cytokine IFN-γ and the reduced CD4+ T cell infiltration in the pancreas which 
helps to reduce beta cell destruction to maintain normal blood glucose control.  

 

 

Figure 30: Trend to improved tolerance in a mouse model of accelerated T1D upon 

treatment with IMU-838. NOD SCID mice were reconstituted with diabetogenic T cells 
and treated with vehicle or IMU-838 as shown in Figure 28. (A) Frequencies of CD25+ 

Foxp3+ Tregs in pLN and spleen. (B) Expression of CTLA4, TIGIT, FR4 and PD1 on 
Tregs, shown here as frequencies of CD4+CD3+ T cells. (C) Frequencies of splenic CD25- 
Foxp3- T cells with high expression of PD1. (D) Secretion of IFN-y from CD4+ T cells in 
pLN and spleen. Data are represented as box-and-whiskers plots, each data point rep-
resenting a biological replicate from four independent experiments, except B and C which 
are from one experiment. Student’s t-test. 
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5. Discussion

T1D is the most common autoimmune disease in children and incidences throughout the 
world are on the rise [8]. Being oftentimes diagnosed very early in life, T1D confers a 
major burden on the patients and their families for their rest of their lives. They have to 
follow a daily routine of blood glucose monitoring and insulin-replacement therapy in or-
der to maintain glucose homeostasis. In addition to the impact on the health of the body 
itself, it is also accompanied by constant challenges on the mental health, starting with 
the constant need to monitor blood glucose levels and ending with the fear of unrecog-
nized hyper- or hypoglycemia or possible long-term complications later in life [247-249]. 
Furthermore, T1D causes a great financial burden for the individuals and the health care 
system, which is oftentimes disproportionally higher than for T2D [235]. 

Extensive research over the last years deepened our knowledge in the development and 
manifestation of the disease. Genetic as well as environmental factors contribute to the 
risk for developing T1D [50, 51]. Several HLA haplotypes as well as other risk loci have 
been identified by GWAS studies and islet autoantibodies, which mark the onset islet 
autoimmunity, can serve as biomarkers [52-54, 61]. Longitudinal studies resulted in the 
well-established staging of T1D, starting with the presymptomatic appearance of two or 
more islet autoantibodies. This highlights that T1D starts already years to decades earlier 
before the onset of clinical symptoms [55]. T1D and the underlying autoimmune destruc-
tion of the pancreatic beta cells is assumed to be the result of a breakdown of immune 
tolerance mechanism and aberrant immune activation [9]. Here, several impairments in 
immune tolerance mechanism were identified [92, 96]. Despite ongoing research efforts, 
patients rely on life-long insulin treatment. Many clinical studies treated established T1D 
with immunotherapeutics, including the targeting of T cells and inflammatory pathways 
(summarized in section 1.4). However, the ultimate goal of reversing T1D and eliminating 
the need for exogenous insulin injections could so far not been reached. Encouragingly 
though, endogenous insulin production was improved which resulted in lower demand 
for exogenous insulin and the first immunotherapy for the prevention of T1D was ap-
proved in November 2022 [177]. This will open the door for new immunotherapies for the 
treatment of T1D and specific and targeted approaches to avoid general immune sup-
pression are an important new research focus.  

Among others the drug candidates, IMU-935 and IMU-838, which I investigated here, 
became a research focus. IMU-935 is a RORγt inverse agonist and to a lesser extend a 
DHODH inhibitor, whereas IMU-838 is only a DHODH inhibitor. The rational to investi-
gate the drug candidates was found in the literature. Firstly, DHODH as the key enzyme 
of the pyrimidine de novo biosynthesis is metabolically required for activated lympho-
cytes [191-193]. Inhibition results in the suppression of exclusively activated lympho-
cytes, which represents an elegant way to treat overshooting immune activation in 
autoimmune diseases. Indeed, DHODH inhibition was observed to improve colitis and  
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EAE in several mouse models [193, 212, 250]. Furthermore, this was accompanied 
by reduced expression of pro-inflammatory cytokines and T cell proliferation [193, 

250]. In T2D, DHODH inhibition had beneficial effects on beta cell survival and glucose 

metabolism, which was attributed to increased levels of the cytokine GDF15 [218]. The 

link to T1D was established by Nakayasu et al. who showed that GDF15 levels were 

decreased in islets from NOD mice with insulitis or T1D donors. Administration of 

recombinant GDF15 to NOD mice decreased incidences of diabetes [219].  

Secondly, treating NOD mice with a RORα/γ inverse agonist or anti-IL-17 antibodies de-

layed the progression to T1D which was accompanied by reduced insulitis, increased 

Treg frequencies and inhibition of the proinflammatory cytokines IL-17 and IFN-γ [225, 

234]. The inhibition of TH17 cells as well as the production of the proinflammatory cyto-

kines IL-17 and IFN-y was also observed in in vitro and in vivo studies using IMU-935 

[220, 221]. Furthermore, clinical data support the hypothesis that TH17 cells and their IL-

17 production might be pathogenic [43, 44, 232]. Overall, these data support the concept 

of targeting DHODH and/or RORγt as a new approach to treat T1D. Importantly, target-

ing these pathways could directly or indirectly improve Tregs and therefore strengthen 

immune tolerance mechanisms. On the one hand, the antagonistic competition between 

RORγt and Foxp3 suggest that targeting RORγt could shift the balance to Foxp3 expres-

sion and therefore improve immune tolerance [144, 145]. On the other hand, reducing 

immune activation could also open a broader window of opportunity to increase Treg 

induction. In line with these hypothesis, I observed an improved in vitro Treg induction 

using limited Treg induction and T cells from non-autoimmune prone BALB/c mice in 

presence of IMU-935 and -838. This was accompanied by a reduced T cell proliferation, 

which was also represented by an overall reduced number of recovered T cells (data not 

shown). The reciprocal relationship is in line with published and well established results 

that show that limited cellular proliferation coincides with lower activation of the 

PI3K/Akt/mTOR pathway, which in turn is beneficial for Treg induction [90, 92, 93]. 

We and others already presented various deficits in immune tolerance during islet auto-

immunity and at the same time there are several lines of evidence suggesting increased 

immune activation. First of all, miRNA181a which regulates TCR signaling strength is 

increased in children with recent onset autoimmunity [92]. This correlated with an in-

creased expression of genes that promote immune activation, including PI3K and 

NFAT5, while genes associated with reducing CD4+ T cell activation are downregulated. 

Accordingly, naïve CD4+ T cells from children with recent onset of islet autoimmunity 

proliferated more compared to islet autoantibody negative children and they harbored 

increased frequencies of FOXP3intCD4+ T cells all of which point towards increased T 

cell activation [92, 251, 252]. In line with that, in vitro Treg induction was shown to be 

reduced during human islet autoimmunity onset as well as in T cells from NOD mice with 

ongoing insulin autoantibody positivity [92, 96]. At first, I aimed at mimicking the environ-

ment of strong immune activation that is observed during islet autoimmunity and T1D in 

vitro. Therefore, I established Treg induction assays under challenging conditions.  
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Specifically, Tregs were induced either from activated CD4+ T cells or from naïve CD4+

T cells using limited TCR stimulation in presence of the pro-inflammatory cytokines 
IL-6, IFN-γ and IL- 1β or using continuous TCR stimulation. These experimental 
conditions are known to be suboptimal for Treg induction and mimic increased immune 
activation [92, 97, 253]. As expected, in vitro Treg induction was drastically decreased 
and ranged from 0-5%. However, the pres-ence of IMU-935 or -838 was able to 
improve Treg induction potential. This indicates that the drug candidates are potent 
Treg inducers in conditions that are unfavorable for Treg induction.  

Following up on that, I performed in vitro Treg induction using naïve CD4+ T cells from 
NOD mice with or without ongoing autoimmunity under subimmunogenic conditions. 
Here, I was able to confirm impaired Treg induction in vitro using T cells from IAA+ NOD 
mice compared to non-autoimmune prone BALB/c mice. In accordance with results using 
immune-activating conditions, presence of IMU-935 or -838 improved Treg induction 
from CD4+ T cells of autoimmune-prone NOD mice. In contrast to immune-activating 
conditions, the naïve CD4+ T cells are already intrinsically more activated [92, 97]. This 
highlights that the compounds are not only able to reduce immune activation the cells 
experience by the experimental conditions, but also the intrinsic aberrant activation that 
result from islet autoimmunity. Importantly, the drug candidates are more efficient in im-
proving Treg induction capacity using CD4+ T cells from IAA+ NOD mice compared to 
BALB/c mice. Since T cells isolated from an autoimmune environment are more acti-
vated, they provide a better target for immunosuppression. Furthermore, in conditions 
that are maximally unfavorable for Treg induction, such as inducing Tregs from T cells 
of IAA+ NOD mice in an immune-activating environment, IMU-935 or -838 were able to 
increase in vitro Treg induction. Here, there is only a very narrow window for Treg induc-
tion. This indicates that the drug candidates are able to open a broader window of op-
portunity to induce Tregs by potentially reducing immune activation. 

Importantly, using CD4+ T cell from very young mice with an age below 30d IMU-935 was 
able to improve Treg induction capacity from NOD but to a lesser extend from BALB/c 
mice. In autoimmune-prone NOD mice autoantibodies can be detected as early as 3 
weeks highlighting that the autoimmune reaction starts very early in life [254]. Of note, 
this is also accompanied by an increased TSDR methylation of young IAA+ NOD mice 
compared to age-matched BALB/c mice indicating reduced Treg stability and autoim-
mune reaction already at an early age [96]. This might explain the higher impact of IMU-
935 on Treg induction potential using young NOD mice in contrast to non-autoimmune 
BALB/c mice. Importantly, Treg induction was increased using young IAA+ NOD mice 
compared to IAA- NOD mice. This could hint towards a mechanism to compensate the 
already impaired Treg stability in young IAA+ NOD mice [96]. 

Overall, the Treg induction capacity was increased in CD4+ T cells from young mice com-
pared to mice at the age of 80-1100d (BALB/c mice age<30d: 24.43% vs age >80d: 
17.67%, direct comparison not shown). This is in line with several studies that observed 
similar trends in in vivo and in vitro Treg induction [255, 256]. Many studies report age-
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associated defects and higher activation in the T cell compartment with age which could 

hinder Treg induction [257-259]. First of all, miR21 which is normally upregulated upon 

CD4+ T cell activation is drastically increased in elderly individuals [260]. In agreement 

with its proposed target being PTEN, upon activation of naïve CD4+ T cells, those from 

old individuals expressed lower amounts of PTEN but showed an increased phosphory-

lation of AKT or mTOR. Increased miR21 expression in naïve CD4+ T cells of older indi-

viduals further resulted in the induction of T cells with a proinflammatory effector pheno-

type after stimulation [260]. In addition, others studies also reported higher activation of 

the PI3K/Akt/mTOR pathway with aging [261]. Noteworthy, studies in the literature were 

performed either with elderly individuals that faced numerous infections throughout their 

life or with mice aged more than one year and compared results to teenagers or young 

adult mice. Here, mice were either studied shortly after weaning with an age below 30d 

or with an age between 80-100d. Neither of the reported study compared their results to 

mice shortly after weaning. The group of Gérard Eberl observed a phenomenon in the 

mouse intestinal immune system that they termed “weaning reaction” that was specific 

during a certain time window between 10d and 3-4 weeks after birth [262]. The microbi-

ota expands which results in an immune reaction shaped by the generation of microbiota-

induced Tregs [262]. Thus, the higher capacity for Treg induction of T cells isolated from 

very young mice shortly after weaning could also reflect the “weaning reaction”. Addi-

tionally, the impact of IMU-935 was slightly higher using T cells from older BALB/c mice 

compared to young ones (% of vehicle: age<30d: 112% vs age >80d: 123.3%, direct 

comparison not shown). This can be explained by the higher activation of T cells in older 

mice which therefore represent a better target for IMU-935.  

Next, based on the reported reciprocal relationship between Foxp3 and RORγt I as-

sessed RORγt expression after Treg induction. Furthermore, both transcription factors 

were reported to get upregulated in Treg induction assays with TGF-β which raises the 

question whether a RORγt inverse agonist might be able to shift the balance towards 

more Foxp3 expression [144]. Surprisingly, I observed an increase in RORγt+ Tregs as 

well as Foxp3- CD4+ T cells after in vitro Treg induction in presence of IMU-935 which 

was unexpected due to the reciprocal relationship. Increased RORγt expression did not 

result in an enhanced secretion of the proinflammatory cytokine IL-17A. In contrast, the 

production of IL-10 was improved in Tregs and Foxp3- CD4+ T cells in presence of 

IMU-935. The latter particularly highlights the anti-inflammatory potential of the drug 

candi-date. Importantly, the anti-inflammatory phenotype is maintained also when 

inducing Tregs in an immune-activating environment. The importance of IL-10 secretion 

was demonstrated by the rapid development of T1D in BDC2.5 NOD mice or following 

cyclophosphamide (CY)-treatment in the absence of IL-10 [263, 264].

Vice versa, systemic administration of IL-10 prevented diabetes at high 

concentrations with reduced insulitis and an increase in CD25+ CD4+ regulatory T 

cells [265]. IL-10 is not only important for its direct suppression of effector T cells  but 

it also license Tregs to facilitates their suppressive function [75]. E.g. IL10R signaling 

was reported to induce IL-10 expression in Tregs and its deficiency in Tregs results in 
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in failed suppression of TH17 responses [266]. Furthermore, IL-10 engagement with 
its receptor on Tregs is important for a maintained Foxp3 expression in inflammatory 
conditions and it was also shown to enhance in vitro human Treg induction [267, 
268]. Thus, increased IL-10 production could not only have a direct suppressive 
function but could also enhance Tregs in a feed-back loop. In addition, a non-
pathogenic TH17 cell subset which expressed high levels of IL-10 was described 
[269, 270]. Thus, the drug candidates also might induce non-pathogenic TH17 in 
addition to Treg cells that could act in concert to suppress autoimmunity.  

IMU-935 inhibits RORγ and DHODH at an IC50 of 20nM or 240nM in stimulated human 
PBMCs, respectively [271]. This results in a synergistic inhibition of the proinflammatory 
cytokines IL-17 and IFN-γ with an IC50 of 3-5nM in human T cells and an inhibition of 
murine TH17 differentiation at an IC50 of 135nM [271]. Thus, this raised the question 
which of the components is most responsible for the observed effects. Results using 
IMU-838, a potent DHODH inhibitor, mirrored results using IMU-935 in terms of improved 
Treg induction which was accompanied by increased frequencies of RORγt+ Tregs and 
RORγt+Foxp3- CD4+ T cells and enhanced IL-10 production in Tregs and Foxp3- CD4+ T 
cells. Additional evidence of an only minor contribution of the RORγt inverse agonist in 
IMU-935 came from uridine supplementation experiments. Here, uridine supports T cells 
with an exogenous source for the pyrimidine synthesis thereby circumventing DHODH 
inhibition. High concentrations of uridine abrogated the impact of IMU-935 on induced 
Tregs as well as RORγt expression in CD4+ T cells and Tregs, which was accompanied 
by a restored proliferation. The increase in proliferation is in line with the reduced Treg 
induction capacity as described before. In settings of higher immune activation, which 
e.g. is achieved by the addition of proinflammatory cytokines, one could think of two
scenarios that could point towards a higher impact of either RORγt or DHODH inhibition
in immune activating conditions. First of all, in immune activation conditions, especially
in presence of IL-6, CD4+ T cell might be more prone to convert into TH17 cells than into
Tregs, which could point towards a higher effect of the RORγt inverse agonist. Second
of all, under conditions of strong immune activation, T cells become activated and more
DHODH-dependent which could make them more susceptible to DHODH inhibition.
However, results obtained with exogenous uridine supplementation were not dependent
on the degree of immune activation the naïve CD4+ T cells experience during differenti-
ation. Thus, this points towards a dependence on DHODH inhibition using IMU-935 also
in conditions of high immune-activating conditions. Overall, this highlights that in in vitro
Treg induction DHODH inhibition by IMU-838 or IMU-935 is responsible for the observed
effects. An improved Treg induction in response to DHODH inhibition was also observed
in other studies. A771726, the active metabolite of leflunomide, enhances induction of
Tregs from naive CD4+ T cells in vitro which was attributed to the inhibition of Akt by
A771726 [272]. Another DHODH inhibitor, M62, also suppressed the PI3K/Akt/mTor
pathway which confirms a positive role of DHODH inhibition in reducing immune activa-
tion and thereby opening a broader window of opportunity for Treg induction [273].
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Using Teriflunomide (Tef), a commonly used DHODH inhibitor, I observed similar to IMU-
838 a positive impact on Treg induction capacity which was accompanied by an upreg-
ulation of RORγt expression in Foxp3+ and Foxp3- CD4+ T cells. This highlights that the 
observed effects are a common phenomenon of DHODH inhibitors. Importantly, the im-
pact on Treg induction and RORγt expression was greater in presence of IMU-838 com-
pared to Tef. This might indicate a superior effect of the next-generation DHODH inhibitor 
IMU-838. Noteworthy, both are used here above their reported IC50, which excludes any 
difference based on their ability to suppress DHODH. Especially, Tef which has an IC50 
of 156nM for murine DHODH is here used at 7.5µM [193]. The concentration of Tef is 
furthermore below the reported concentration needed for its off-target effect on protein 
kinases, making off-target effects less possible [274]. The induced RORγt+ Tregs in pres-
ence of the DHODH inhibitors might be superior in restraining TH17 cell-mediated auto-
immune diseases [139]. In line with that, teriflunomide and IMU-838 show improved dis-
ease outcomes in colitis and EAE, which are both TH17 cell-driven [193, 212]. 

Surprisingly, as outlined above our findings suggest that DHODH inhibition and not 
RORγt inverse agonism is responsible for the upregulation of RORγt in response to the 
drug candidates in in vitro Treg induction. This was at first counterintuitive because it 
was shown in an in vivo transfer model that CD4+ T cells that upregulated low levels of 
RORγt proliferated more compared to RORγt- CD4+ T cells establishing a positive asso-
ciation between T cell proliferation and RORγt expression [275]. In addition, it was long 
believed that Foxp3 inhibits the expression of RORγt [141]. However, the upregulation 
of RORγt can be a compensatory mechanism due to the blocked secretion of proinflam-
matory cytokines or the increased expression of Foxp3. A possible feedback mechanism 
of increased RORγt expression due to repressed IL-17 expression was indicated in a 
study using another TH17 cell-targeting compound. It inhibited IL-17 production in human 
TH17 differentiation which was accompanied by an increased expression of RORC2 
[276]. In line with the latter hypothesis, Zeng et al. observed that CD4+ T cells that were 
in vitro differentiated into TH17 cells and infected with a Foxp3-expressing retrovirus 
expressed higher levels of RORγt compared to cells infected with a control virus [277]. 
Thus, forced Foxp3 expression resulted in higher RORγt expression, which might 
suggest a compensatory upregulation of RORγt. Furthermore, after culturing Tregs 
under TH17 conditions they co-expressed significant amounts of RORγt [277]. This 
suggests, that the reciprocal relationship between Foxp3 and RORγt is not as strict as 
previously thought. Accordingly years later, the existence of Foxp3+ RORγt+ Tregs was 
confirmed which represent a stable and functioning Treg subset [139]. 

Worth mentioning, for optimal Treg inducing capacity I used a concentration of 
IMU-935 of 1µM which is considerable higher than the reported IC50 for murine TH17 
induction [271]. In addition, the IC50 for DHODH inhibition is higher than the one for 
RORγt inhibition. Thus, it could be that at the high concentration used for in vitro Treg 
induction DHODH inhibition outweighs RORγt inverse agonism. Treg titration 
experiments observed a higher Treg induction capacity starting from 500nM which incr-
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eases with increasing concentration. At lower concentrations the RORγt inverse 
agonist may play a contributing role.  

Furthermore, I overall observed a higher RORγt expression in Treg induction experi-
ments using continuous TCR stimulation in which frequencies of induced Tregs were 
reduced to around 1%. This is in line with results from the literature. While continuous 
TCR stimulation and therefore high activation of the T cells is unfavorable for the gener-
ation of Tregs, it is optimal for TH17 differentiation and therefore IL-17 production [89-91, 
140]. Consequently, Treg induction protocols rely on limited TCR stimulation for efficient 
induction of functional Tregs and common TH17 induction experiments use continuous 
TCR stimulation with the respective cytokine cocktails [92, 278]. This is also in line with 
higher IL-17 production that was observed after Treg induction using continuous TCR 
stimulation which is repressed in the presence of IMU-935 and -838. Although TH17 in-
duction pathways seem to be more involved in Treg induction using continuous TCR 
stimulation, my results suggest, that still DHODH inhibition is the major contributor for 
the effect of the two drug candidates, due to the fact that results for IMU-935 and IMU-
838 resemble each other. However, in order to draw a definite conclusion experiments 
with uridine supplementation need to be performed.  

Many studies show the importance of IL6Rα signaling for TH17 cells while it is suppress-
ing Tregs. As outlined in section 1.3.4 IL-6 is a pleiotropic cytokine which can signal via 
three different signaling pathways, the classical and trans-signaling or trans-presentation 
[147, 149, 150]. In vitro and in vivo studies observed that IL-6 is important for the efficient 
generation of TH17 cells [141]. For instance, IL-6-deficient mice are resistant to EAE 
induced by myelin oligodendrocyte glycoprotein (MOG) which was associated with de-
fects in TH17 cell generation and elevated Treg frequencies [279, 280]. Heink at al. ob-
served increased Treg frequencies in in the draining lymph node of IL6RαTKO mice that 
were immunized with MOG(35-55) compared to floxed controls, highlighting the im-
portance of the classical IL-6 signaling for the IL-6 mediated suppression of Tregs [149]. 
Their results further show that IL-6 trans-presentation is required for the generation of 
pathogenic TH17 cells in vivo [149]. Tocilizumab, a monoclonal antibody against the sol-
uble and membrane-bound IL6R is used for the treatment of e.g. rheumatoid arthritis 
[281]. Several studies observed that treatment with tocilizumab increased the frequency 
of Tregs which resulted in an increased ratio of Tregs vs. Th17 cells [282, 283]. In order 
to assess the impact of IL6Rα signaling on Treg induction and RORγt expression in re-
sponse to IMU-935 and -838 I employed various mouse models. First of all, T cells of 
mice with a T cell specific deletion of the IL6Rα which were generated by crossing CD4Cre 
with IL6Rα fl/fl mice, cannot respond to the classical signaling but are still responsive via 
trans-signaling or -presentation. Secondly, by using Foxp3Cre mice classical signaling is 
specifically abrogated in Tregs [237, 240, 241].  

In line with the aforementioned beneficial effect of absent IL6Rα signaling on Treg I ob-
served an increased potential of IL6Rα-deficient CD4+ T cells to convert into Tregs when 
stimulated in vitro under subimmunogenic conditions. This phenomena is specific to the 
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deletion of the IL6Rα in T cells because the abrogation of the signaling specifically in 
Tregs did not impact in vitro Treg induction. Naïve CD4+ T cells express high levels of 
the IL6Rα, which makes them sensitive to even low levels of IL-6 [284]. Therefore, naïve 
T cells could sense IL-6 in vivo before isolation, which would negatively impact their Treg 
induction. In contrast, CD4+ T cells without the expression of IL6Rα do not sense IL-6 via 
the classical signaling making them more prone to convert into Tregs. Accordingly, a 
study with human naïve CD4+ T cells showed that pre-exposing them to pathophysiolog-
ical levels of IL-6 prior to TCR activation enhanced their proliferative capacity and acti-
vation [285]. This would hinder Treg induction. Certainly, pathophysiological levels are 
higher than observed in healthy unchallenged mice. In vitro Treg induction is, however, 
sensitive to already minor perturbations. Thus, whether naïve CD4+ T cells did sense 
small amounts or never sensed any IL-6 could impact Treg induction potential. Naïve 
cells might potentially secrete small amounts of IL-6 once activated via the TCR during 
Treg induction since activation of splenoyctes by anti-CD3 and CD28 did result in the 
secretion of small amounts of IL-6 [286]. Activation of CD4+ T cells furthermore induces 
shedding of the membrane-bound IL6R producing a soluble receptor [287]. And indeed 
especially the trans-signaling via the soluble IL6Rα was shown to negatively impact Treg 
induction [288]. In line with the hypothesis of sensing of IL-6 by naïve CD4+ T cells which 
may make them more intrinsically activated or proliferative and thereby being a better 
target for suppressive agents, the impact of IMU-935 and -838 on Treg induction was 
reduced using CD4+ T cells from IL6RαTKO mice. Furthermore, there was no difference in 
Treg induction potential as well as no differential impact of IMU-935 or -838 on Treg 
induction using CD4+ T cells from IL6RαTregKO mice compared to floxed controls. This 
supports a concept in which naïve CD4+ T cells from IL6RαTregKO mice are similar to floxed 
controls before the upregulation of Foxp3 and thus were able to encounter IL-6 in vivo 
or in vitro before upregulating Foxp3. This findings supports a mechanism in which pres-
ence of the IL6Rα in the early phase of Treg induction is responsible for the IL-6 mediated 
suppression of Treg generation. In accordance with IL-6 signaling being important for 
TH17-like Tregs and T cells, the IMU-mediated increase in RORγt+ T cells and Tregs was 
reduced using IL6Rα-deficient CD4+ T cells in limited Treg induction assays [289]. Worth 
mentioning, abrogation of the classical IL6Rα signaling did not impact RORγt expression 
in limited Treg induction without the addition of the drug candidates. This indicates, that 
similar to reports from other studies, RORγt expression is not exclusively dependent on 
IL-6 signaling [280]. The findings presented here suggest that it might become more 
important in settings of reduced immune activation, as experienced during the presence 
of IMU-935 and -838, to compensate for the lack of activation. 

In contrast to the TKO of IL6Rα, using the TregKO preliminary findings suggest increased 
frequencies of RORγt+ Tregs in limited Treg induction experiments in presence of IMU-
935. This might indicate that the absence of the classical signaling specifically on Tregs
might help to mediate the increase of RORγt+ Tregs in response to IMU-935. This stands
in contrast to various studies that reported the importance of IL-6 for RORγt+ expression
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[137, 275]. One possible explanation might be a compensatory upregulation of RORγt in 
response to the sudden deletion of classical IL-6 signaling in combination with immuno-
suppression. IL6RαTregKO naïve CD4+ T cells express the IL6Rα until the upregulation of 
Foxp3. Thus, while not being responsive to the classical signaling anymore, IL6Rα-defi-
cient Tregs from IL6RαTregKO mice are still responsive to IL-6 via trans-signaling because 
naïve CD4+ T cells upon activation were able to produce soluble IL6R by shedding of the 
membrane bound receptor [287]. This is an important difference between the T cell and 
Treg knockout. Studies with the sgp130Fc protein which blocks trans-signaling without 
affecting the classical signaling suggest that IL-6 trans-signaling is pro-inflammatory (re-
viewed in [290]). Importantly, diminished trans-signaling blocked in vitro TH17 induction 
and is therefore important for RORγt expression [149]. Trans-signaling might be 
overrepresented in IL6Rα-deficient Tregs due to the fact that it is the only possible sig-
naling pathway while control Tregs can employ additionally the classical signaling. This 
could facilitate an increased expression of RORγt. Similar to the TKO, there is no differ-
ence between RORγt expression after limited Treg induction between IL6RαTregKO or flox 
control T cells. These preliminary results highlights again that RORγt expression is not 
exclusively dependent on IL-6 signaling but it might become more important in settings 
of reduced immune activation. Thus, trans-signaling might facilitate the increase in 
RORγt expression in response to IMU-935 using T cells from IL6RαTregKO mice in settings 
of reduced immune activation, which has to be validated in further experiments. Note-
worthy, similar results were not observed using IMU-838, but here the variability in 
RORγt expression is big thus making conclusions difficult. Overall, this suggests that 
deletion of the IL6Rα on CD4+ T cells during the early phase of Treg induction is im-
portant for efficient upregulation of RORγt in response to the drug candidates while the 
specific deletion in Tregs tends to increase RORγt expression. These preliminary find-
ings suggest a differential effects of IL6Rα signaling during different phases of Treg in-
duction.  

The results observed using limited TCR stimulation were different to preliminary experi-
ments from Treg induction assays under immune-activating conditions using continuous 
TCR stimulation suggesting that different mechanism are involved in the increase of 
Tregs and RORγt+ CD4+ T cells and Tregs in response to IMU-935 and -838. In contrast 
to limited TCR stimulation, upon continuous TCR stimulation, preliminary findings using 
a T cell-specific deletion of IL6Rα suggest a trend towards increased Treg induction po-
tential as well as RORγt expression in Tregs in presence of IMU-935 and -838 compared 
to control T cells. During continuous TCR stimulation T cells get more activated which 
likely increases on the one hand side secretion of IL-6 but also the shedding of the mem-
brane-bound receptor which results in higher responsiveness of the control T cells to-
wards trans-signaling driving them towards a pro-inflammatory state. Both IMU-935 and 
-838 were able to increase Treg induction from the control T cells but to a lesser extend 
compared to T cells that cannot respond to IL-6 signaling. Thus, the degree of activation 
the IL-6 responsive T cell face during T cell induction might be too great for restoring a 
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less-activated state in those T cells by the drug candidates compared to IL6Rα-deficient 
T cells. In addition, IMU-mediated RORγt upregulation is not affected on the T cell-level 
but an increased frequency of RORγt+ Tregs was observed using IL6Rα-deficient CD4+ 
T cells in presence of IMU-935. This might suggest that continuous TCR stimulation 
might be able to compensate for the absent IL6Rα signaling, in contrast to subimmuno-
genic TCR stimulation. This is also line with the hypothesis of a compensatory upregu-
lation of RORγt in response to increased Foxp3 expression.  

Similarly to the T cell-specific knockout, the IMU-mediated increase in Treg induction 
using continuous TCR stimulation further tended to increase when IL6Rα was absent 
on Tregs compared to IL6Rα-sufficient Tregs. This however, coincided with a trend 
towards reduced frequencies of RORγt+ CD4+ T cells and Tregs in presence of the drug 
candidates. These preliminary findings indicate that using continuous TCR stimulation 
the absence of IL6Rα on Treg is important for the IMU-mediated increase of RORγt 
expression. Overall, my results show an involvement of IL6Rα signaling on the impact 
of IMU-935 and -838 on Treg induction and RORγt expression in CD4+ T cells and 
Tregs. Prelimi-nary results suggest that the effect is different depending on the degree 
of TCR stimula-tion indicating that different signaling pathways might be involved. It 
further depends on the timing of the absence of the membrane-bound IL6Rα. This 
highlights that the impact of IL6Rα signaling on Treg induction in presence of IMU-935 
and -838 is a complex interplay between TCR stimulation and timing of IL6Rα signaling. 
Noteworthy, many of the findings using T of Treg-specific deletion of the IL6Rα are 
preliminary and need to be validated for final conclusions.   

In the end, after getting mechanistic insights into the impact of the drug candidates on 
Treg induction and RORγt upregulation in CD4+ T cells and Tregs, IMU-838 was admin-
istered to mice in a T1D mouse model induced by adoptive transfer. This represents a 
model for an aggressive phenotype of the disease, due to the strong immune activation 
and fast development of T1D. IMU-838 administration delayed the progression to T1D 
while the control mice developed diabetes within 10-13 days.  As reported for other dis-
ease models, treatment of mice with IMU-838 resulted in a decrease in CD4+ T cell acti-
vation, their pro-inflammatory cytokine release and proliferation in secondary lymphoid 
organs [193, 212, 213, 291]. When T cells are transferred into immunodeficient hosts, 
they get activated and proliferate heavily to fill the empty niche. They therefore represent 
a good target for the DHODH inhibitor IMU-838. The transferred CD4+ T cells have an 
islet-specific TCR which is specific for chromogranin A, a peptide in pancreatic beta cells. 
They therefore readily infiltrate and destroy the pancreas. While no impact on T cell ac-
tivation and proliferation in the pancreas was observed, the number of CD4+ T cells that 
infiltrated the pancreas was drastically reduced. This likely results in a lower degree of 
destruction of the pancreas, higher remaining insulin production and slower development 
of T1D. The CD4+ T cells in the periphery might be hindered to infiltrate the pancreas by 
reduced expression of chemokine receptors on the CD4+ T cells or reduced release of 
chemokines from the beta cells which attracts the CD4+ T cells. In human and mice it 
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was shown that the CXCL10/CXCR3 axis is important for the generation of T1D. Serum 
concentrations of CXCL10 are increased in patients at high risk for developing T1D or in 
patients with newly diagnosed T1D [292, 293]. Importantly, elevated levels of CXCL10 
were increased directly in the pancreas of diabetic patients which also coincided with 
increased frequencies of infiltrating lymphocytes expressing the corresponding chemo-
kine receptor CXCR3 [294, 295]. These studies identified that CXCL10 is produced di-
rectly by beta cells and that CXCR3-expressing cells mainly consist of T cells. In animal 
models of T1D, this axis was also confirmed [296-298]. Consistently, blocking CXCL10 
or CXCR3 prevents or delays insulitis and T1D in various mouse models [297, 299, 300]. 
Conversely, mice with an overexpression of CXCL10 in islets show spontaneous infiltra-
tion and present with accelerated virus-induced T1D which was likely caused by an en-
hanced migration and retention of antigen-specific lymphocytes in the pancreas [301]. 
Importantly, IFN-γ+ TH1 cells almost exclusively express CXCR3 and the expression was 
shown to be important for the migration to the site of TH1-driven inflammation [300, 302-
304]. I also observed reduced frequencies of CD4+ T cells expressing IFN-γ in secondary 
lymphoid organs, which might hint towards a reduced expression of CXCR3. Accord-
ingly, no decreased IFN-γ production was observed in the pancreas which could suggest 
that fully functional TH1 cells, with expression of CXCR3 and IFN-y are able to enter the 
pancreas. Since these cells are already suppressed in the periphery only a small number 
of cells can infiltrate the pancreas and facilitate the destruction. In order to establish a 
possible relationship with CXCR3, this marker will be included in further experiments. 
Interestingly, not only TH1 cells but also Tregs can express CXCR3 which is important 
for their trafficking into the pancreas [300]. These cells also co-express Tbet and are 
important to control T1D [156]. 

In accordance with my in vitro data I observed a preliminary trend towards higher Treg 
frequencies in secondary lymphoid organs in vivo upon treatment with IMU-838. These 
Tregs are either induced from transferred CD4+ T cells or expanded from contaminating 
Tregs, which represent a minor fraction of around 1%. They, however, do not express 
CD25. The T cells originated from the islet autoimmune environment of NOD BDC2.5 
mice and stability of Tregs from NOD mice with ongoing islet autoimmunity was show to 
be impaired [96]. Their conversion into pathogenic ex-Tregs when exposed to proinflam-
matory triggers or overstimulation is a constant debate. Especially, a minor population of 
CD25- Tregs was reported to convert into ex-Tregs. In a model of collagen-induced ar-
thritis transferred CD25lowFoxp3+ Tregs lost Foxp3 expression more easily than their 
counterparts with high CD25 expression [119]. Thus, the isolated fraction of CD25- 
Foxp3+ T cells could represent an unstable subpopulation of Tregs which can easily lose 
Foxp3 expression and convert into pathogenic ex-Tregs in a lymphopenic environment. 
Treatment of IMU-838 might directly stabilize Foxp3 expression in these transferred 
Tregs while in control mice they lose Foxp3 expression. In addition, the reduced immune 
activation and proliferation in the treated mice most likely provide a better environment 
for stabilization and/or induction of Foxp3 expression. This is also in agreement with the 
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here presented in vitro data. In addition, preliminary data suggest an increased frequency 
of Tregs expressing functional markers such as CTLA-4, TIGIT, FR4 and PD1 which are 
known to correlate with suppressive function and a higher expression of PD1 in non-Treg 
cells points towards higher exhaustion [243-246]. Here, the impact might be a direct ef-
fect of the DHODH inhibition. DHODH inhibition in activated T cells stresses the cells 
which in turn might get exhausted and therefore show a lower immune-pathological pro-
file. All of the above mentioned points, including reduced activation and proliferation of 
T cell with higher percentages of them being exhausted as well as a higher frequency of 
more functional Tregs likely act in concert to reduce pancreas infiltration and destruction 
and incidences of T1D.  

The increase of Tregs was already observed in other disease models that were treated 
with DHODH inhibitors. In a collagen-induced arthritis (CIA) model, mice treated with 
leflunomide showed decreased incidences of CIA which coincided with reduced fre-
quency of IL17-producing CD4+ T cells and a slight increase of Foxp3+ Tregs in the 
spleen compared to the untreated control group [305]. Similar results were also observed 
in a CIA model in Wistar rats [306]. In addition, A771726, the active metabolite of lefluno-
mide, also shifted the balance of TH17/Treg cells towards the tolerance site in vivo [272]. 
In the human setting inhibition of de novo pyrimidine synthesis by PALA which blocks 
the first three reactions in the pyrimidine synthesis, resulted in an increase of Foxp3high 
T cells during T cell activation [307]. Thus, increased Treg frequencies in vivo in pres-
ence of IMU-838 are also in agreement with the literature, but the preliminary results on 
the impact on Tregs in vivo have to be validated in additional experiments.  

So far, I concentrated on the impact of IMU-838 treatment on CD4+ T cells and pancreas 
infiltration. However, DHODH inhibition can also have a direct impact on the beta cells 
which could contribute to better disease management. A recent study observed that 
DHODH inhibitors promote the expression and secretion of GDF15 in vitro and in vivo 
after treatment of db/db mice, which are a model of Type 2 diabetes and obesity [218]. 
This resulted in improved glucose control and prevented beta cell mass loss. Interest-
ingly, not only the GDF15 serum levels were increased but they also observed increased 
GDF15 expression directly in the pancreatic islets upon treatment [218]. GDF15 is a 
stress-inducible cytokine and a distant member of the TGF-β family [308]. In a healthy 
state GDF15 expression is low, but observable in various tissues including kidney, colon, 
liver and pancreas and is secreted by different cell types such as cardiomyocytes, adi-
pocytes or macrophages [308]. The group of T. Metz directly linked GDF15 to reduced 
apoptosis of islets and beta cells, thereby promoting survival [219]. Pro-inflammatory 
cytokines, including IFN-γ or IL-1β, are toxic to beta cells and mediate their destruction. 
They observed that islets stressed in such a pro-inflammatory environment either in cell 
culture or by an autoimmune setting as observed in NOD mice or T1D patients expressed 
lower amounts of GDF15 [219]. This was accompanied by an increased activity of 
caspase 3 which can be reversed by supplementation of GDF15. Treatment of pre-dia-
betic NOD mice with recombinant GDF15 reduced insulitis and diabetes incidences 
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[219]. Furthermore, overexpression of GDF15 decreased apoptosis of pancreatic islets 
in a STZ-induced T1D model [309]. Importantly, in patients with advanced hepatocellular 
carcinoma GDF15 levels positively correlated with increased frequencies of Tregs in the 
tumor [310]. Ablation of GDF15 resulted in slowed tumor growth, prolonged survival of 
the mice which was accompanied by a decrease in Treg frequencies [310]. This led the 
authors to hypothesize that GDF15 plays an important role for the generation or regula-
tion of Tregs. Indeed, in in vitro Treg induction assays GDF15 induced high frequencies 
of Tregs similar to TGF-β which also correlated with reduced proliferation of naïve T cells 
and increased expression of key suppressive molecules such as CTLA-4 and TIGIT 
[310]. Noteworthy, in allergic airway inflammation it was shown that lung regulatory Tregs 
are a major source of GDF15 which could represent a positive feedback loop [311]. Thus, 
IMU-838 might also induce expression of GDF15 to increase beta bell survival and 
strengthen immune tolerance.  

In order to test this hypothesis GFD15 expression in the pancreas will be determined 
with pancreatic immunofluorescence staining in future experiments. As an additional 
model to probe an influence of a DHODH inhibition/GDF15 axis we propose a model of 
streptozotocin (STZ)-accelerated T1D in NOD mice. STZ is a beta cell toxin thus inducing 
diabetes through directly decreasing beta cell mass [312]. Multiple injections of low-dose 
STZ accelerates autoimmune-mediated T1D in young, pre-diabetic NOD mice which was 
accompanied by increased insulitis [313]. In a pilot experiment (data not shown) I ob-
served that injecting young NOD mice with low-dose STZ for 5 consecutive days resulted 
in the development of diabetes after 8-12 days after the last injection. We are planning 
to give NOD mice low-dose STZ and treat them with IMU-838 throughout the experiment. 
Before the development of overt diabetes, a potential protective role of IMU-838 and 
GDF15 to reduce the STZ-induced beta cell toxicity and beta cell death will be analyzed. 

Additionally, the impact of IMU-838 can also be assessed in a model of accelerated 
T1D induced by CY [314]. Here, the development of T1D is mediated by the 
immunomodulatory properties of CY, which is attributed to a reduction of Tregs [315]. 
Therefore, while the STZ-induced T1D model aims to decipher a potential mechanism 
of IMU-838 to support beta cell survival the CY-induced T1D model probes IMU-838 
for the potential to enhance immune tolerance. Surely, the final mechanism by which 
IMU-838 might be able to decrease incidences of T1D is not based on one or the other 
mechanism but is most likely an interplay between all of them. However, the 
mechanism by which diabetes development is accelerated in the different models 
might give priority to one of the properties of IMU-838 to achieve reduce immune 
activation, pancreas infiltration and diabetes progression.  

In vivo studies so far were performed only using IMU-838 which is mainly attributed to 
its advances clinical profile. However, in all mentioned animal models mice are going to 
be treated with IMU-935 as well. Results suggesting its potential to reduce proinflamma-
tory responses in vitro as well as in vivo and to induce immune tolerance mechanism 
make us confident towards a positive outcome. As mentioned before the IC50 of DHODH 
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inhibition of IMU-935 is ten-times lower than the one for RORγt inhibition [271]. Whether 
a potential DHODH inhibition/GDF15 axis will positively influence beta cell survival in 
response to IMU-935 treatment will need to be analyzed in the respective models. Most 
likely in in vivo models RORγt inhibition will play a bigger role in the effect of IMU-935 
than observed in our in vitro results. Observations with other RORγt inverse agonists 
point towards a positive impact on immune tolerance and T1D development. The group 
of Megan Levings investigated the role of a RORC2 inverse agonist (BMS-336) on TH17 
and TH17-like Treg responses [276]. While BMS-336 inhibited human TH17 differentiation 
their data indicated improved stability of TH17-like Tregs in presence of BMS-366 in in-
flammatory conditions [276]. They could show that TH17-like Tregs that are characterized 
in human peripheral blood as CD4+CD25hiCD127loCXCR3–CCR4+CCR6+ lose Foxp3 ex-
pression when cultured under pro-inflammatory conditions and Tregs present with an 
increased TSDR methylation. Presence of BMS-366 reduced loss of Foxp3 expression 
[276]. Likewise, a RORγ-specific synthetic ligand, increased Treg induction and a selec-
tive RORα/γ inverse agonist prevented the development of T1D in NOD mice [233, 234].  

IMU-935 and -838 are already tested in clinical trials for the treatment of psoriasis and 
MS, respectively. IMU-935 just started its phase 1 part C clinical trial because part A and 
B showed promising safely results [224]. IMU-838 has already a more advanced clinical 
profile. A good safety profile and a reduction in new magnetic resonance imaging lesions 
resulted in a large phase 3 clinical trial for treatment of MS (ENSURE-1, NCT05134441) 
[217]. The approval of the first immunotherapy for T1D by the FDA in November 2022 is 
a milestone for the treatment of T1D [177]. Teplizumab was shown to delay the progres-
sion of overt T1D in at-risk patients by around 3 years [172, 173]. This lays the foundation 
for the development of new therapies for T1D which will for sure be needed to prevent 
or even cure T1D. Foremost, general immune suppression as observed for Teplizumab 
has many side effects including lymphopenia and rash [172]. These side effects might 
lead to the treatment refusal of some patients. In addition, the delayed progression will 
be beneficial for reducing long-term complications related to T1D, but a continued delay 
might need more infusions of Teplizumab or a combinatorial treatment with other drugs. 
In contrast, IMU-838 is more selective in its immune suppression. It exclusively inhibits 
activated lymphocytes and does not impact their basic homeostatic functions. This re-
sulted in a good safety and tolerability profile without the most prominent side effect of 
Teplizumab, lymphopenia [172, 217]. While an increased risk for infects which is asso-
ciated with lymphopenia and other immunosuppressants was not observed in clinical 
trials with Teplizumab, IMU-838 itself has antiviral properties [316]. This not only contrib-
utes to the good safety and tolerability profile but it also implies IMU-838 as a good can-
didate for a prospective preventive trial. Viral infections early in life have been implicated 
in the T1D [49]. To that end a vaccine specific for coxsackie virus has been discussed 
for a preventive option [317]. Indeed, a study correlated the introduction of the rotavirus 
vaccination in the US with a decrease in T1D incidences [318]. Thus, preventing viral 
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infections by IMU-838, together with reduced immune activation and a potential benefi-
cial impact on beta cell survival might help to slow down the progression to the overt 
disease. The latter might be particularly important because recent reports show that beta 
cells themselves also play a role in the disease pathogenesis, including their fragility and 
senescence [13, 14]. Noteworthy, the aforementioned combinatorial treatment strategy 
are discussed to involve first an immune-suppressing drug while a secondary therapy 
could improve Tregs and immune tolerance [319]. We show here in vitro and in prelimi-
nary in vivo results that IMU-838 might be able to shape an environment which is bene-
ficial for Treg induction and stability. Thus, IMU-838 together with another drug which 
supports or induces Tregs might be a beneficial combinatorial treatment or prevention 
strategy. 

All in all, the data presented in this thesis show that IMU-935 and -838 both improve in 
vitro Treg induction with increased expression of RORγt in CD4+ T cells and Tregs and 
an anti-inflammatory phenotype especially in conditions of strong immune activation. 
This indicated that by targeting DHODH and/or RORγt immune activation during autoim-
mune T1D can be reduced which results in a broader window of opportunity to induce 
and stabilize Tregs. Mechanistically, I could show that in vitro the observed effects are 
attributed to DHODH inhibition. Furthermore, IL6Rα signaling influenced the impact on 
Treg induction and RORγt expression in response to the drug candidates. Treatment of 
a T1D mouse models which is characterized by strong immune activation and a fast 
disease progressing with IMU-838 reduced T1D incidences which was accompanied by 
reduced immune activation and a trend towards improved immune tolerance. Overall, 
this suggests that IMU-838 and -935 are potentially good candidates for new treatment 
options for T1D and represent an opportunity for prospective clinical trials in the future. 
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