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„Wenn die Zahl der Opfer welche eine Krankheit fordert, als Maßstab für ihre Bedeutung zu 

gelten hat, dann müssen alle Krankheiten, namentlich aber die gefürchtetsten 

Infektionskrankheiten, Pest, Cholera usw. weit hinter der Tuberkulose zurückstehen.“  

(Robert Koch, Die Äthiologie der Tuberkulose 1882) 

 

“Those who cannot remember the past, are condemned to repeat it.”  

(George Santayana, The Life of Reason 1905) 
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I. Zusammenfassung 

 

Patrick Blank – Die Funktion des IFN-γ Signalwegs bei mykobakteriellen Infektionen 

 

Mykobakterien beschreiben eine Gattung stäbchenförmiger Bakterien, welche weltweit 

vorkommen und eine komplex aufgebaute Zellwand gemein haben. Diese Zellwand beinhaltet 

die langkettige Mykolsäuren, die der Gattung ihren Namen verleihen. Derzeit sind etwa 170 

unterschiedliche Mykobakterienarten beschrieben, welche wiederum in nicht-pathogene, 

opportunistisch-pathogene und pathogene Arten unterschieden werden.  

Das bekannteste pathogene Mykobakterium ist Mycobacterium tuberculosis (M. tb.) der 

Erreger der Tuberkulose (TB) Erkrankung. Derzeit ist TB eine der zehn häufigsten 

Todesursachen weltweit und unter den Infektionskrankheiten die Erkrankung, die die meisten 

Opfer zu verzeichnen hat. M. tb. ist nach einer über 7000 Jahre langen Co-Evolution sehr gut 

an das menschliche Immunsystem angepasst und hat Mechanismen entwickelt dem 

Immunsystem zu entgehen und sich in der Menschheit zu vermehren. 

Der Lebendimpfstoff Mycobacterium bovis bacille Calmette-Guérin (BCG), der heutzutage 

eingesetzt wird um vor tuberkulöser Meningitis und Miliartuberkulose zu schützen, zählt zu 

den nicht-pathogenen Mykobakterien. In den vergangenen 20 Jahren wurden Patienten 

identifiziert, die schwerwiegende Infektionen mit nicht-pathogenen Mykobakterien wie BCG 

entwickelten. Genetische Analysen der Patienten haben gezeigt, dass diese Menschen 

Mutationen in Bestandteilen des Interferon-gamma (IFN-γ) Signalwegs aufweisen. Die 

Erkrankung wird als „Mendelian susceptibility to mycobacterial disease“ (MSMD) bezeichnet.  

Im ersten Teil dieser Arbeit, wurde eine zelluläre Plattform zur Modellierung der MSMD 

Erkrankung etabliert. Hierzu wurden Blutzellen einer MSMD Patientin isoliert und in induzierte 

pluripotente Stammzelllinien (iPSC Linien) umgewandelt. Die Patientin trug aufgrund einer 

Stamzelltransplantation sowohl Zellen in sich, die eine heterozygote IFN-γ Rezeptor 1 (IFN-

γR1) Defizienz trugen, als auch Zellen die „compound heterozygot“ waren, also zwei 

unterschiedliche Mutationen auf zwei Allelen des IFN-γR1 Gen Lokus aufwiesen. So wurden 

aus Blutzellen der Patientin iPSC Linien generiert, welche entweder heterozygot oder 

compound heterozygot waren. Diese iPSC wurden anschließend zu Makrophagen differenziert 

und morphologisch sowie funktionell untersucht. Zunächst konnte festgestellt werden, dass 

alle getesteten iPSC Linien in Makrophagen differenziert werden konnten, die mit Zellen ohne 

IFN-γR1 Defizienz vergleichbar waren. Die differenzierten compound heterozygoten 

Makrophagen konnten jedoch nicht auf IFN-γ Stimulation reagieren und konnten 

intrazelluläre BCG Bakterien nicht abtöten. Anhand dieser Zellen können nun Wirkstoffe zur 

Behandlung von MSMD getestet werden, ohne den Patienten wiederholt Blut abnehmen zu 

müssen. 

In einer weiteren Studie wurde ein Mausmodell für MSMD entwickelt, bei dem IFN-γR1 

defiziente Mäuse intratracheal mit BCG infiziert wurden. Diese Mäuse weisen eine 

disseminierte Infektion mit BCG auf, welche in vielerlei Hinsicht vergleichbar ist mit 
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Infektionen in MSMD Patienten. Zur Behandlung der disseminierten BCG Erkrankung im 

Mausmodell wurden zwei hematopoietische Stammzell-Gentherapien (HSCGT) entwickelt. 

Hierbei wurde die Expression von IFN-γR1 zum einen konstitutiv in allen Zellen und zum 

anderen selektiv in myeloiden Zellen induziert. Nach der Transduktion von Stammzellen IFN-

γR1 defizienter Mäuse mit den zuvor entwickelten lentiviralen Vektoren konnte gezeigt 

werden, dass die IFN-γR1 Expression auf der Zelloberfläche differenzierter Makrophagen 

wiederhergestellt werden konnte. Zudem waren transduzierte Zellen, nach Inkubation mit 

IFN-γ, wieder aktivierbar. 

Die Transplantation dieser transduzierten Stammzellen in knochenmarksdepletierte IFN-γR1 

defiziente Mäuse konnte zudem die Entwicklung des MSMD Phänotyps verhindern. Die Mäuse 

die eine HSCGT erhielten, wiesen nach BCG Infektion reduzierte Bakterienlasten und eine 

verbesserte Organintegrität in den untersuchten Organen auf. Des Weiteren konnte die 

HSCGT ein Versterben der Tiere an der mykobakteriellen Infektion verhindern. 

In der dritten Studie wurden transkriptionelle Profile von tolerogenen Dendritischen Zellen 

(DCs), mit denen von pathogen stimulierten DCs verglichen. Hierbei wurde untersucht, ob 

unterschiedliche pathogene Mikroorganismen, tolerogene transkriptionelle Profile induzieren 

können. Der Vergleich von M. tb. infizierten DCs mit tolerogenen DCs, konnte T Zell-Toleranz 

induzierende Moleküle identifizieren, die von beiden Zellpopulationen geteilt wurden. Im 

Zusammenhang mit dem IFN-γ Signalweg ist hier vor allem die Expression von IDO1 

hervorzuheben, welche durch Aktivierung des IFN-γ Signalwegs induziert wird und 

Toleranzmechanismen in T Zellen induzieren kann. 

Zusammenfassend ist zu sagen, dass der IFN-γ Signalweg notwendig ist, um eine protektive 

Immunantwort bei mykobakteriellen Infektionen zu induzieren. Bei Mutationen des IFN-γ 

Signalweges können schwerwiegende Erkrankungen wie MSMD durch Infektionen mit nicht-

pathogenen Mykobakterien entstehen. In dieser Arbeit wurden hierzu eine neue Plattform 

zur Modellierung der MSMD Erkrankung vorgestellt sowie, mit der hematopoietischen 

Stammzell-Gentherapie, eine neue Therapiemöglichkeit für MSMD Patienten etabliert. 

Pathogene Mykobakterien, wie etwa M. tb., sind jedoch sehr gut an das humane 

Immunsystem angepasst und können der IFN-γ vermittelten Immunantwort entkommen. In 

dieser Arbeit wurde die Induktion tolerogener Mechanismen in DCs durch M. tb. untersucht 

und ein möglicher Vorteil des IFN-γ Signalwegs für den Erreger diskutiert. 
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II. Abstract 

 

Patrick Blank – The function of IFN-γ signaling during mycobacterial infection 

 

Mycobacteria are described as a genus of rod-shaped bacteria that can be found globally. 

Members of the genus mycobacterium share the characteristic of a complex cell wall that 

contains long-chain mycolic acids. Today approximately 170 different mycobacterial species 

have been identified that can be further categorized in non-pathogenic, opportunistic and 

pathogenic species. The most famous pathogenic mycobacterium is Mycobacterium 

tuberculosis (M. tb.) the causative agent of the tuberculosis (TB) disease. Currently TB is one 

of the 10 most common causes of death worldwide. Among infectious diseases, TB is still 

responsible for the highest number of infection related death every year. After over 7000 

years of co-evolution, M. tb. is very well adapted to the human host. These pathogenic 

mycobacteria have developed mechanisms to escape the immune system and spread among 

the human population. 

The live attenuated vaccine strain, Mycobacterium bovis bacille Calmette-Guérin (BCG), that 

is currently used to protect newborns from tuberculous meningitis as well as miliary TB, is a 

non-pathogenic mycobacterium. In the past 20 years, patients with severe disseminated 

infections caused by non-pathogenic mycobacteria like BCG have been identified. Genetic 

analysis of those patients revealed mutations in genes that belong to the IFN-γ signaling 

pathway. This hereditary disease is called Mendelian susceptibility to mycobacterial disease 

(MSMD). 

The first part of this dissertation addresses establishment of a disease-modeling platform 

MSMD. To accomplish this, blood cells from a MSMD patient were isolated and transformed 

into induced pluripotent stem cells (iPSC). Because of a prior stem cell transplantation, the 

patient had blood chimerism. The blood contained donor cells, that carried a heterozygous 

IFN-γR1 deficiency, and patient derived cells, that carried two separate IFN-γR1 mutation on 

both alleles (i.e. compound heterozygous mutations). This chimerism offered the possibility, 

to generate heterozygous as well as compound heterozygous iPSC lines from the blood of one 

patient. These iPSC lines were further differentiated into macrophages and a functional and 

morphological examination was performed. Analysis of the differentiation markers and of the 

morphology, did not reveal any differences between wild type (WT) and heterozygous or 

compound heterozygous, iPSC-derived macrophages. The compound heterozygous 

macrophages however, were unresponsive to IFN-γ stimulation and were not able to kill 

intracellular BCG. This disease-modeling platform can be used to develop and test new drugs 

to treat MSMD, without repeated blood sampling of the patient. 

The second part of this dissertation focuses novel treatment options for MSMD. To test new 

therapies in vivo, a mouse model for MSMD has been developed in which IFN-γR1 deficient 

mice were infected intratracheally with BCG. The infected mice developed disseminated BCG 

infections that resembled, in many ways, infection patterns of MSMD patients. To treat the 
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disseminated BCG infection, two hematopoietic stem cell gene therapies (HSCGT) were 

developed. One HSCGT was designed to reconstitute IFN-γR1 surface expression constitutively 

in all cells. In the second approach, reconstitution of IFN-γR1 production was limited to 

myeloid cells. Upon transduction of stem cells, isolated from IFN-γR1-/- mice, with the 

constructed lentiviral vectors, surface expression of IFN-γR1 on differentiated macrophages 

was restored. Furthermore, responsiveness to IFN-γ in transduced cells was re-established. 

Transplantation of transduced stem cells, in bone marrow depleted IFN-γR1-/- mice, prevented 

the development of the MSMD phenotype. Mice that received a HSCGT, had a lower bacterial 

burden and an improved tissue integrity, in the analyzed organs. Finally, the developed HSCGT 

was effective in the prevention of death due to mycobacterial infection. 

In the third study, transcriptional profiles of tolerogenic dendritic cells (DCs) were compared 

to those of pathogen stimulated DCs. The aim of the study was to evaluate the ability of 

pathogenic microorganisms to induce tolerogenic transcriptional profiles in DCs. The 

correlation of M. tb. stimulated DCs with tolerogenic DCs, exposed T cell tolerance-inducing 

molecules shared by both cell types. The induction of IDO1 expression under both conditions 

was especially interesting. IDO1 is an enzyme that is produced upon activation of IFN-γ 

signaling and can induce T cell tolerance mechanisms. 

Taken together, IFN-γ signaling is necessary to induce protective immunity to mycobacterial 

infections. Mutations in genes of the IFN-γ signaling cascade, can result in severe disseminated 

infections with non-pathogenic mycobacteria. To develop and test new therapeutic 

approaches for MSMD, a disease-modeling platform has been developed. Furthermore, 

HSCGT has been tested as a new therapeutic option for MSMD patients. 

Pathogenic mycobacteria, like M. tb., are very well adapted to the human immune system and 

can escape from IFN-γ mediated immunity. In this thesis, induction of T cell tolerance is 

discussed as a mechanism of how pathogenic mycobacteria can make use of IFN-γ signaling, 

for their own advantage. 
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1. Introduction 

 

1.1. Mycobacteria 

 

Mycobacteria comprise a genus of rod shaped bacteria that belong to the phylum of 

actinobacteria [1]. Characteristic for the mycobacteria is the complex cell wall that consists of 

several layers containing complex structures of proteins, carbohydrates and lipids including 

the long-chain mycolic acids [2]. So far over 170 mycobacterium species have been identified 

by whole genome sequencing as well as by sequencing of the 16s rRNA [3]. Mycobacteria are 

present in diverse reservoirs including soil and water reservoirs [4] as well as human habitats 

including shower heads, potting soil and drinking water [5-7]. The abundance of mycobacteria 

in a variety of reservoirs indicates that humans are surrounded by mycobacteria and 

constantly are exposed to a variety of mycobacterial species. The classification of the 

mycobacterium species has been performed on the basis of diagnostic properties like the 

speed of growth of the bacteria classifying slow or rapid growing mycobacteria or of the 

interaction with the host. Concerning the interaction of mycobacteria with host organisms, 

mycobacteria have been grouped according to the ability to cause tuberculosis or leprosy. 

Mycobacteria that do not cause such disease are called nontuberculous mycobacteria (NTM), 

excluding the species of the Mycobacterium tuberculosis (M. tb.) complex as well as 

Mycobacterium laprae (M. leprae) and Mycobacterium lepromatosis. Depending on the ability 

to induce pathogenesis in mammals, mycobacteria can be further grouped into non-

pathogenic (e.g. BCG), opportunistic-pathogenic like the Mycobacterium avium complex 

(MAC) and pathogenic mycobacteria for such as M. tb. [8]. 

 

1.1.1. Mycobacterium tuberculosis 

 

The Pathogenesis of mycobacterial species is best understood in the case of tuberculosis 

infection. Tuberculosis (TB) is a disease that is caused by the human pathogen M. tuberculosis 

that is well adapted to the human host as it has co-evolved over several thousand years with 

the earliest known case of TB infection dating back approximately 7000 years [9]. Nowadays, 

TB is among the 10 most common causes of death worldwide and the leading cause of 

mortality by a single pathogen. In 2017 the World Health Organization estimated 1,3 million 
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death that where caused by M. tuberculosis alone without taking into consideration people 

that are co-infected with the human immunodeficiency virus (HIV). Additionally, each year 10 

million new TB cases are notified with an alarming proportion of 3.5% classified as multi drug 

resistant (MDR-TB) cases and even 18% amongst the previously treated cases [10]. The main 

manifestation of TB occurs in the lung of infected patients. Infection usually occurs via the 

aerosol route. M. tuberculosis that are inhaled in droplets usually infect antigen-presenting 

cells (APCs) deep inside the lung, i.e., inside the alveolar space. Here the bacteria reside within 

the APCs where they prevent the fusion of endosomes with lysosomes and thus avoid their 

subsequent degradation, processing and antigen presentation. This inhibition of antigen 

presentation is responsible for a delayed adaptive immune response. Upon exposure to M. 

tb., the first tuberculin skin tests and thereby adaptive immune reaction can be detected as 

late as 5-6 weeks post infection [11-13]. A hallmark of TB is the development of granulomas 

in the lung of infected patients (Fig 1.). 

 

Figure 1: The structure of a human TB granuloma:  

In the center of the granuloma, Mycobacterium tuberculosis resides along with necrotic infected macrophages. 

This center is surrounded by infected apoptotic macrophages, infected apoptotic epithelioid macrophages as 

well as foam and giant cells. Epithelioid macrophages and macrophages surround the inner part of the 

granuloma, shielding it to the outside. In the outer part Neutrophils, NK cells and dendritic cells can be found. 

The outer part of the granuloma is surrounded by T and B cells. (Reprinted with permission, according to L. 

Ramakrishnan 2012 [14] 
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During the delayed induction of adaptive immune response, macrophages are recruited to the 

site of infection and build up granulomas around infected macrophages. Mature granulomas 

are complex structures that are built up by epithelioid macrophages, foam cells and giant cells 

that contain Mycobacterium tuberculosis inside the granuloma and control the infection, and 

at the same time prevent the immune system from killing the mycobacteria [14]. Within these 

granulomas, mycobacteria can replicate and eventually disseminate inside the lung causing 

the development of new granulomas as well as the spread through aerosols. 

 

1.1.2. Mycobacterium avium complex 

 

Among opportunistic mycobacteria, members of the Mycobacterium avium complex (MAC) 

are the most prevalent species that causes NTM lung disease (NTM-LD). Most of the patients 

in Germany, that fall ill to NTM-LD, are above the age of 55 and suffer from either chronic 

lower respiratory diseases, COPD or immunosuppression[15]. Because of the high frequency 

of MAC among NTM-LD, pulmonary infection with MAC is called MAC lung disease (MAC-LD). 

The main causative agents of MAC-LD are Mycobacterium avium and Mycobacterium 

intracellulare. Bacteria of the Mycobacterium avium complex are usually found in soil and 

water. MAC species can colonize the human respiratory tract without causing disease. 

However notification of NTM-LD and especially MAC-LD is increasing in recent years [16, 17]. 

If left untreated, MAC-LD can develop into a severe obstructive pulmonary disease.  

  

1.1.3. Mycobacterium bovis bacille Calmette-Guérin (BCG) 

 

Mycobacterium bovis bacille Calmette-Guérin (BCG) is a live attenuated vaccine that has been 

developed in order to protect against tuberculosis. The French scientists Albert Calmette and 

Camille Guérin discovered that certain weakened animal tuberculosis strains administered as 

vaccines were able to confer protection against human tuberculosis. They cultured a virulent 

Mycobacterium bovis strain over 230 passages on a beef bile and potato and tested the 

vaccine to be avirulent in guinea-pigs, monkeys and calves but provides protection to 

vaccinated calves. They also tested their vaccine in a newborn baby that was just born to a 

mother that died because of a tuberculosis infection and was at high risk to develop 

tuberculosis as well. After inoculation of the vaccine the boy developed healthy without any 
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signs of tuberculosis and the scientists decided to test the vaccine in more children with a 

great success reducing mortality to TB in the first year of life dramatically in various national 

studies [18]. Currently BCG is administered as a vaccine to nearly 80% of all children in 

countries with national vaccination programs. It is one of the most widely used vaccines 

worldwide showing very high efficiency to protect against childhood TB [19]. Unfortunately 

BCG vaccination efficacy towards adult pulmonary disease is very variable and has been shown 

to be between 0% [20] and 80% [21]. So far this variability in effectiveness has not been 

understood. Various live attenuated, killed and recombinant BCG-derived vaccines are 

currently being investigated in clinical studies that try to improve the immunogenicity towards 

adult pulmonary TB. [22] 

 

1.2. Discovery of a genetic predisposition to mycobacterial infections 

 

A genetic predisposition of humans to intracellular pathogens has first been proposed by Levin 

et al. in 1995. A Maltese family had been identified, where 6 children fell ill with disseminated 

infections, caused by a range of environmental and non-pathogenic mycobacteria [23]. 

Antibiotic treatment could not eliminate the infections and 3 of the children succumbed to 

the infection whereas the surviving children remained chronically infected. Analysis of the 

cellular responses of affected patients and their parents revealed an incapability of blood 

mononuclear cells to produce IFN-γ upon stimulation with mycobacterial antigens. 

Phylogenetic analysis of the Family pointed towards a mendelian transmission of the disease 

indicating a single gene being responsible for the predisposition to the infection .The 

phenotype of the cells of the affected patients was similar to observations made previously in 

mice. In these studies, susceptibility to mycobacterial infection has been linked, by different 

groups, to genes called Lsh/Ity/Bcg which have been found to confer protection to the 

intracellular pathogens Leishmania donovani [24], Salmonella typhimurium [25] and BCG [26], 

respectively. The Lsh/Ity/Bcg gene locus was later identified through gene disruption 

experiments as the Nramp1 (natural resistance associated macrophage protein 1) gene [27] 

that is now known as Solute carrier family 11 member a1 (SLC11A1) [28]. Production of 

SLC11A1/NRAMP1 in macrophages can be induced by IFN-γ mediated induction of interferon 

regulatory factor-8 (Irf-8) gene expression [29, 30].  
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1.2.1. Mendelian susceptibility to mycobacterial disease (MSMD) 

 

Since the discovery of the link between SLC11A1/NRAMP1 and susceptibility to intracellular 

pathogens, mutations in 11 different genes have been linked to susceptibility to non-

pathogenic mycobacterial infections such as BCG. This selective susceptibility to non-

pathogenic mycobacteria in healthy individuals is called mendelian susceptibility to 

mycobacterial disease (MSMD) [31]. MSMD is a rare genetic condition with a prevalence of 

under 1:1000000 patients. The onset of the disease is usually during early childhood and 

occurs upon vaccination with BCG [32, 33] or due to exposure to environmental mycobacteria. 

So far each of the identified genes has been shown to be involved in the regulation, sensing 

or signal transduction of IFN-γ signaling (Fig.2).  

 

Figure 2: Overview of proteins in which MSMD-causing mutations have been found 

Crosstalk between dendritic cells/phagocytes and T cells/NK cells is the basis of protective immunity against 

mycobacteria. Depicted are proteins, that are linked to IFN-γ signaling and have been associated with MSMD. 

Mutations in proteins, that are depicted in black, can cause MSMD (SPPL2a, gp91phox,NEMO, ISG15, IL12p35, 

IL23p40, IFN-γR1, IFN-γR2 and IL-12Rβ1). Proteins, marked by vertical lines (RORγ, JAK1) are associated with 
syndromic forms of MSMD. Proteins, that have been depicted with crossed lines, can cause either MSMD or 

syndromic MSMD (IRF8, STAT1 and TYK2). (Reprinted with permission, according to Rosain et al. 2018 [31]) 

 

 

Mutations that impair the production of IFN-γ have been found in interferon-stimulated gene 

15 (ISG15), interleukin-12 subunit β (IL12B), interleukin-12 receptor subunit β 1 (IL12RB1) and 

human tyrosine kinase 2 (TYK2). Mutations that impair the sensing of IFN-γ and downstream 

signaling have been identified in IFN-γR1, IFN-γR2, signal transducer and activator of 

transcription 1 (STAT1), inhibitor of nuclear factor kappa-B kinase subunit gamma (IKBKG or 
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NEMO), interferon regulatory factor 8 (IRF8), Cytochrome B subunit beta (CyBB or Nox2) and 

SPPL2A signal peptidase-like 2B (SPPL2B). Interestingly a complete deficiency in IFN-γ has not 

been reported so far. A common single nucleotide polymorphism (SNP) in the IFN-γ gene 

(IFNG +874 T/A) however, has been linked to susceptibility to tuberculosis. In that particular 

case, the T-allele correlates with high IFN-γ expression and increased resistance to 

tuberculosis whereas the A-allele correlated with low IFN-γ expression and higher 

susceptibility to active tuberculosis [34]. It is likely that new mutations that contribute to the 

development of MSMD will be discovered specially when the sequencing of human genomes 

will become cheaper and easily available to more people. So far MSMD has been reported in 

501 individuals from 57 different countries [31].  

 

1.3. The discovery of IFN-γ is linked to resistance against mycobacterial infection 

 

IFN-gamma has initially been described as an interferon-like virus-inhibitor induced in Human 

Leukocytes by Phytohemagglutinin” [35]. Wheelock et al. demonstrated that this interferon-

like virus-inhibitor was able to interfere with Sindbis virus infection. This study already 

demonstrated alternate physicochemical properties of IFN-γ and type-I interferons that where 

induced by Newcastle Disease Virus (NDV) Infection. As opposed to NDV induced interferons, 

Phytohemagglutinin induced interferon has been shown to be sensitive to high temperatures 

(>56°C) as well as to low (£2) and high (³10) pH. 

At the same time, a substance called macrophage migration inhibitory factor (MIF) has been 

discovered in guinea pigs immunized with antigens from Mycobacterium Tuberculosis. [36-

38]. These studies identified lymphocytes as the main MIF producing cell type. Furthermore, 

it was postulated, that macrophages where affected by MIF stimulation. 

Shortly after the discovery of both factors, a study of Mycobacterium bovis BCG (in the paper 

referred to as Mycobacterium tuberculosis BCG) infected mice revealed overlapping kinetics 

of interferon and MIF production as well as similar physicochemical properties of the both 

molecules. Furthermore the two factors could not be separated by passaging of mouse plasma 

indicating already that the described MIF and interferon could be the same molecule [39]. 

In 1973, Youngner and Salvin gave the antigen-specific interferon that is induced after old 

tuberculin (OT) challenge the name type-II interferon as opposed to type-I interferons that are 

induced upon antigen independent induction. In this study, they were able to show that type-
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II interferons where antigenically distinct from type-I interferons as antibodies against type-I 

interferons where unable to inhibit type-II interferon function[40]. Approximately 10 years 

later, several groups discovered antimicrobial activities of the now called IFN-γ on 

macrophages [41, 42]. Specifically, the growth inhibition of Mycobacteria has been studied in 

detail. Ex vivo experiments of murine macrophages incubated with inhibitors of nitric oxide 

(NO) inhibitors proposed NO as an important effector molecule of IFN-γ induced resistance to 

mycobacterial infection [43, 44]. The initial in vivo evidence of the significance of IFN-γ 

signaling during mycobacterial infection has been shown with the analysis of IFN-γ knockout 

(gko) mice [45-47]. Mice deficient for IFN-γ where highly susceptible to infection with BCG as 

well as to M. tb. (Erdman strain) infected either intravenously or intrapulmonary. 

Simultaneously to the analysis of gko mice, IFN-γR1-/- mice were generated [48]. As expected, 

these mice were also highly susceptible to infection with BCG [49]. 

 

1.4. The IFN-γ signaling pathway 

 

To understand the underlying mechanisms that lead to the susceptibility to mycobacterial 

infection, it is important to understand how IFN-γ induces downstream signals. IFN-γ can 

induce context and target cell dependently two different pathways: A canonical and a non-

canonical pathway. The canonical pathway is usually activated during inflammation and is 

characterized by a rapid JAK/STAT mediated response. In order to activate IFN-γR signaling, 

IFN-γ has to dimerize and bind to two IFN-γR1 chains. The functional IFN-γR is consisting of 

two ligand binding IFN-γR1 chains (also known as α-chain) and two signal transducing IFN-γR2 

chains (also known as β-chain) [50-53]. Fluorescence transfer experiments revealed that the 

IFN-γR can be found pre-assembled on the surface of cells [54]. IFN-γ binding induces a 

conformational change that enables downstream signaling [55]. In the first step of signal 

transduction, Janus kinase 1 (JAK1) and JAK2 are recruited to cell membrane and bind to IFN-

γR1 and IFN-γR2 respectively. Upon the conformational change, that is induced by the binding 

of the dimeric IFN-γ molecules, a tyrosine residue at position 457 (Tyr-457) of the α-chain 

becomes exposed and phosphorylated [56, 57]. This phosphorylation enables binding of the 

transcription factor, signal transducer and activator of transcription 1 (STAT1), to the receptor. 

Subsequently, STAT1 becomes phosphorylated by JAK1 and JAK2. Phosphorylated STAT1 

(pSTAT1) dimerizes and translocates to the nucleus where it binds γ-interferon-activated sites 
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(GAS) on the DNA. Binding of pSTAT1 to GAS induces the transcription of interferon-stimulated 

genes (ISGs) like iNOS [58]. Upregulation of iNOS results in a NO production, that has been 

linked to resistance to intracellular pathogens [44, 59, 60]. 

In addition to the classical, canonical pathway, IFN-γ mediated transcription can be induced in 

a non-canonic way. The activation of non-canonical pathways is a slower process than the 

STAT1 dependent activation. It requires the recruitment of adaptor molecules such as MyD88 

adaptor-like (Mal), to the IFN-γR/JAK complexes. The activation of Mal-dependent 

downstream signaling, seems to be very important for the induction of protective immunity 

towards pathogenic mycobacteria. A genetic variation in the adaptor molecule Mal, has been 

linked to reduced IFN-γ responsiveness of M. tb. infected macrophages [61]. Activation of the 

Mal-dependent IFN-γ signaling cascade, has been shown to induce the activation of P38 

mitogen-activated protein kinase (MAPK) [62]. Stimulation of this STAT1-independent 

pathway leads to the induction of autophagy, that has been shown to be important, in the 

clearance of intracellular bacteria [63-65]. 
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Animal Welfare Statement: 

All animals were handled in accordance with German animal welfare law and experiments 

were approved by the Niedersächsisches Landesamt für Verbraucherschutz und 

Lebensmittelsicherheit (Oldenburg, Germany, identification number 33.19-42502-04-

15/1802). Upon infection, mice were inspected on a daily basis and wellbeing was assessed 

based on a previously defined 1-5 scale (as defined in the animal grant). Furthermore, mice 

were weighed on a weekly basis to assess food and water intake. If mice showed first signs of 

disease (i.e. a score of 3 was detected for more than 48 hours, or a score of 4 was detected), 

mice were sacrificed. Animals, that did not develop signs of disease were identified as 

survivors. 
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5. Summary 

5.1. Publication I: Impaired IFN-γ-Signaling and Mycobacterial Clearance in IFN-γR1 

Deficient Human iPSC-Derived Macrophages 

 

A central part of the immune reaction towards mycobacterial infection is the induction of  

IFN-γ signaling in infected macrophages. The importance of IFN-γ signaling in mycobacterial 

infection is most apparent in patients suffering from mendelian susceptibility to mycobacterial 

disease (MSMD). MSMD is a disease that is characterized by severe infection with non-

pathogenic or environmental mycobacteria including e.g. the tuberculosis vaccine Bacillus 

Calmette-Guérin (BCG) and Mycobacterium avium. The disease is caused by human 

deficiencies in genes that belong to the IFN-γ signaling cascade. The most severe forms of 

MSMD are autosomal recessive (AR), complete IFN-γR1 or IFN-γR2 deficiency. Those patients 

have to receive hematopoietic stem cell transplantation (HSCT) since the current form of 

treatment, which consists of antibiotics in combination with IFN-γ therapy, is ineffective. 

Unfortunately, the high IFN-γ serum levels and recurrent infections limit the success rate of 

this therapy, even though the HSCT has been successfully applied to multiple patients. In order 

to develop new therapy options for MSMD, our cooperation partners in the group of Dr. Nico 

Lachmann established an induced pluripotent stem cell (iPSC) based disease-modeling 

platform based on peripheral blood isolated from a patient with autosomal recessive IFN-γR1 

deficiency. 

The donor blood for the disease-modeling platform was compound heterozygous with two 

mutated alleles of the IFN-γR1. One allele harbored a 4 bp deletion in exon 5 that resulted in 

a frameshift mutation and a premature stop-codon. The other allele (c.373+1G > T), that the 

patient shared with her sister, has a deletion of the complete exon 3. Prior to the blood 

donation, the patient received a HSCT from her heterozygous sister and had a stable 50%-60% 

chimerism with improved clinical symptoms. Because of this chimerism, heterozygous as well 

as compound heterozygous iPSC lines could be established from the blood of one patient. The 

iPSC lines where generated by lentiviral reprogramming of CD34+ cells using a “4 in 1” all-in-

one lentiviral vector containing the classical Yamanaka factors (Oct4, Klf4, Sox2, c-Myc). The 

expression of stem cell surface markers and the morphology of the heterozygous as well as 

the compound heterozygous iPSC lines was similar to those of the human stem cell line H9. 



Summary 

 

 54 

Furthermore, the patient-derived iPSC lines where pluripotent, as they were able to 

differentiate into cells of the three germ layers. This differentiation was shown by 

immunofluorescence staining as well as by teratoma assays.  

To elucidate on the functionality of IFN-γ signaling in MSMD patients, macrophages were 

differentiated from the previously generated iPSC lines. Macrophages are the major effector 

cells during mycobacterial infections and IFN-γR1 signaling has to be induced in macrophages 

in order to induce intracellular killing of mycobacteria. To generate macrophages out of the 

iPSC clones, myeloid-cell-forming complexes (MCFCs) that continuously produced 

macrophages were harvested weekly and terminally differentiated. The heterozygous as well 

as compound heterozygous iPSCs gave rise to macrophages that showed no difference in their 

morphology or in macrophage specific marker expression to differentiated WT macrophages. 

Even the phagocytic activity, that was evaluated by the ability to take up latex beads, was 

similar to that of WT cells. Finally, the impact of the IFN-γR1 mutations on downstream 

signaling events was evaluated. IFN-γR1 surface expression was absent in compound 

heterozygous and reduced in heterozygous macrophages as shown by antibody staining. 

When downstream signaling was tested, compound heterozygous cells where not responsive 

to IFN-γ stimulation, whereas heterozygous macrophages where still capable of inducing 

pSTAT, IRF-1, IDO1 and MHC-II upregulation. To elaborate on the mycobactericidal activity of 

the macrophages, a mycobacterial killing assay was performed. In this experiment the 

reduction of intracellular bacteria, in a timeframe of 24 hours, in IFN-γ stimulated 

macrophages was assessed. Bactericidal activity of compound heterozygous macrophages 

was significantly decreased compared to heterozygous as well as WT macrophages after  

IFN-γ stimulation. 

Thus IFN-γR1 deficiency of MSMD patients was mimicked by the described in vitro test system. 

This protocol offers the opportunity to develop and test new therapies, on patient-derived 

material, without the need of repeated sample collection. 
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5.2. Publication II: Hematopoietic stem cell gene therapy for IFN-γR1 deficiency protects 

mice from mycobacterial infections 

 

In order to establish a new treatment option for MSMD patients with IFN-γR1 deficiency, a 

hematopoietic stem cell gene therapy (HSCGT) was developed. The objective was the 

production of functional IFN-γR1 molecules, in cells that carry a homozygous AR complete IFN-

γR1 deficiency. To facilitate this, three third-generation self-inactivating lentiviral vectors have 

been developed each harboring the cDNA of IFN-γR1 and an internal ribosome entry site (IRES) 

coupled green fluorescent protein (GFP). To analyze the effect of global IFN-γR1 

reconstitution, IFN-γR1 expression in the first vector was induced under the control of the 

constitutive active spleen focus forming virus (SFFV) promotor. Upon transduction of lineage-

negative hematopoietic stem/progenitor cells (HSPCs), isolated from IFN-γR1-/- mice, with the 

lentiviral vector, surface expression of IFN-γR1 was observed that was absent in IFN-γR1-/- 

cells. The expression levels of the macrophage differentiation markers CD11b, CD200R and 

F4/80 as well as the morphology of the differentiated macrophages was comparable to control 

macrophages. To test the therapeutic effect of IFN-γR1 reconstitution, the responsiveness of 

macrophages to IFN-γ stimulation has been analyzed. Upon reconstitution of IFN-γR1, 

transduced macrophages where again fully responsive to IFN-γ stimulation. Cellular responses 

to IFN-γ stimulation was shown by the upregulation of MHC-II and CD86 as well as by Stat1 

phosphorylation and the expression of the IFN-γ target genes Irf1, Nos2 and Ido1. The 

functionality of the transformed macrophages was furthermore analyzed by the restoration 

of IFN-γ uptake. The uptake of IFN-γ by transfected macrophages had a similar kinetic to 

control macrophages. 

Additionally, the bactericidal activity of the transfected macrophages was assessed by the 

ability to kill intracellular mycobacteria. Transfection of hematopoietic stem cells restored the 

antimicrobial activity against M. avium as well as BCG in differentiated macrophages.  

The anti-mycobacterial activity is mainly conferred by macrophages that are activated by  

IFN-γ. To test whether reconstitution of IFN-γR1 in macrophages is sufficient to protect against 

mycobacterial infection, we also created two lentiviral vectors containing cDNA of the IFN-γR1 

that are under the control of two separate myeloid specific promotors, miR223 and myeloid 

specific promotor (MSP). Transduction of those vectors also led to a reconstitution of IFN-γR1 

expression in IFN-γR1-/- cells. The surface expression was even enhanced when we used the 
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MSP driven IFN-γR1 expression. Analysis of downstream signaling revealed full responsiveness 

to IFN-γ stimulation after transduction with the lentiviral vectors. This responsiveness was 

again evaluated by MHC-II and CD86 upregulation as well as Irf1 and iNos induction. Also,  

IFN-γ uptake was enhanced after transduction with both vectors. A restored mycobacterial 

killing activity towards BCG infection was observed as well. 

Taking the restored anti-mycobacterial activities in transduced macrophages with the 

constitutively active SSFV promotor as well as the MSP into account, a HSCGT approach was 

tested to prevent disseminated BCG infection in IFN-γR1-/- mice. To this end, lineage-negative 

cells from IFN-γR1-/- mice, were transduced with one of the two lentiviral vectors. Afterwards, 

transduced cells were transplanted into lethally irradiated mice in order to facilitate bone 

marrow engraftment. Upon infection with BCG, mice that received a bone marrow 

transplantation with transduced cells, were able to control the infection and survival of the 

mice was significantly enhance. The control of infection was in line with reduced serum IFN-γ 

levels. Mice that received bone marrow transplantation with restored IFN-γR1 expression also 

showed improved organ integrity in the spleen and in the lung. IFN-γR1-/- mice develop a 

splenomegaly with increased bacterial loads and a granulomatous inflammation that results 

in the disruption of the splenic organ integrity. After bone marrow transplantation with 

corrected cells, spleen to bodyweight ratio and bacterial loads where reduced to WT levels 

and the histological sections were comparable those of WT spleen sections. Finally, the lungs 

of infected mice where inspected. A restored organ integrity after bone marrow 

transplantation with lentiviral corrected cells was evident through histological analysis as well 

as light sheet microscopy. Furthermore, bacterial burden in the lung was reduced to WT levels 

after HSCGT. 

Taken together, results of this study indicate, that a hematopoietic stem cell gene therapy 

that can be applied to prevent severe mycobacterial infection in a mouse model of MSMD. 

 

 

 

 

 



Summary 

 

 57 

5.3. Publication III: Tolerogenic Transcriptional Signatures of Steady-State and 

Pathogen-Induced Dendritic Cells 

 

Microbes that enter the human body are recognized by cells of the innate immune system and 

induce either tolerance or antimicrobial immunity. This discrimination is very important 

because we are living in a symbiotic relationship with a variety of different microbial entities. 

During our co-evolution with the microbial symbionts, several tolerance mechanisms towards 

certain microbes have developed. Some tolerance mechanisms can be facilitated by 

specialized APCs. Those DCs are the link between the innate and the adaptive immune system: 

DCs present antigens, derived from the microbes they encounter, to cells of the adaptive 

immune system such as T cells. Additionally, DCs have been shown to shape the immune 

response of T cells by the production of tolerance-inducing molecules. Such transcriptional 

profiles have been well described by several studies in steady-state migratory DCs (ssmDCs).  

To study whether mycobacteria and other well adapted pathogens can use tolerance 

induction as a method of immune evasion, publicly available transcriptional data of ssmDCs 

with non-tolerogenic DC subsets such as resident DCs (resDCs) or plasmacytoid DCs (pDCs) 

was compared. Correlation of the transcriptional datasets, identified common tolerogenic 

signatures in ssmDCs that differed from transcriptional signatures of resDCs and pDCs.  

To evaluate similarities in the tolerogenic transcriptional profiles between human and murine 

DCs, human monocyte-derived DCs (moDCs) and murine bone marrow-derived DCs were 

compared. Transcriptional profiles of the human and murine cell-types upon stimulation with 

the inflammatory stimuli cholera toxin (CT), tumor necrosis factor (TNF) and 

lipopolysaccharide (LPS) were aligned. Interestingly, four tolerogenic molecules IDO1, SLAM, 

inhibin A and IL-12b were identified within the top 14 of upregulated genes among all stimuli 

in both species. This shows that, even under pro-inflammatory conditions, tolerogenic 

molecules are induced and a balancing of the immune response can be fulfilled.  

Additionally, transcriptional profiles of tolerogenic ssmDCs with pathogen-induced DCs were 

aligned. DCs maturated in the presence of M. tb., upregulated 5 tolerogenic markers including 

3 markers that were also induced in tolerogenic ssmDCs. The commonly induced genes where 

RELB, CD83 and IDO1. Specifically expressed genes upon maturation in the presence of  

M. tb. where IL-27 and HLA-G. 
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Tolerogenic molecules that are induced in dendritic cells upon maturation in the presence of 

pathogenic mycobacteria like M. tb can be an explanation for tolerogenic T cells in 

mycobacterial infection. 
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6. Discussion 

 

6.1. Evaluation of lentiviral vectors for hematopoietic stem cell gene therapy 

 

In this study we have evaluated hematopoietic stem cell gene therapy (HSCGT) as a novel 

treatment option for AR complete IFN-γR1 deficiency. Furthermore, we have shown that we 

can restore IFN-γR1 mediated functions of macrophages after transformation with a lentiviral 

vector expressing a corrected IFN-γR1. To express the coding sequence of the IFN-γR1 gene in 

target cells, we used 3 different Promotors. First, we used the promotor of the spleen focus 

forming virus (SFFV). This Promotor had been successfully used in previous gene therapy 

approaches as a constitutive promotor with high expression levels of the target genes [66]. 

For our studies, we utilized this promotor as a proof-of-principle because under its control, 

the IFN-γR1 would be expressed very strongly in all cells derived from the transplanted 

hematopoietic stem cells Indeed we saw a higher expression level of IFN-γR1 in iPSC-derived 

macrophages that where transduced with the lentiviral vector that contained the SFFV 

promotor compared to WT macrophages. Additionally, higher MFIs of MHC-II and CD86 were 

detected in transduced macrophages upon stimulation with IFN-γ. Such an enhanced 

expression of the IFN-γR1 could have implications on the IFN-γ signaling cascade as more  

IFN-γR complexes could be preassembled on the surface of transduced cells [54]. Our results 

did not support this hypothesis because no enhanced IFN-γ clearance from the medium was 

observed in the IFN-γ uptake assays. Moreover, no enhanced bacterial clearance in the 

bacterial killing assays was detectable. This poorly enhanced IFN-γ uptake may be due to a 

limited turnover capacity the IFN-γR in macrophages. Enhanced expression of the α-chain of 

the IFN-γR alone should not have any effect on cells that do not express the β-chain as 

downstream signals can not be induced. However some detrimental effects for IFN-γ signaling 

on the engraftment of hematopoietic stem cells have been described previously [67-69] In 

order to restrict IFN-γR1 expression to myeloid cells, we made use of two additional 

promotors. The promotor fragment of the human miR223 gene has previously been used in 

two therapeutic lentiviral vectors for the treatment of chronic granulomatous disease and the 

expression of the target genes has been shown to be restricted to granulocytes and 

macrophages [70]. The second myeloid specific promotor (MSP) used was a fusion of the 
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previously published myeloid specific promotor SP146 [71] and a minimal promotor sequence 

from the gp91phox locus [72]. Both have been shown to restrict target gene expression to 

myeloid cells with a specifically high expression in macrophages. In our experiments we 

detected the highest expression of IFN-γR1 in macrophages transduced with the lentiviral 

vector harboring the synthetic MSP promotor. The expression of IFN-γR1 under the control of 

the miR223 was comparable to WT macrophages. Analysis of downstream signals of the IFN-

γ signaling cascade revealed a restoration of Irf1 and iNOS expression upon stimulation with 

IFN-γ. The relative expression of both downstream molecules was, however, intermediate 

between WT and IFN-γ-/- macrophages. This is most likely due to a mixed population of IFN-γ-

/-and transduced macrophages in the experiments. Sorting of the cells before determination 

of the expression levels could be applied to test if WT levels of IFN-γ expression would be 

reached with the transformation of the lentiviral vectors. 

Furthermore, it is worth investigating if the ifn-γr1 promotor and enhancer element 

sequences could be incorporated in the vectors. This can, however, be a challenging task as 

enhancing elements can be far away into the genome and difficult to identify. So far, one 

promoter, 2 downstream, as well as 2 upstream enhancer regions have been predicted [73]. 

Before testing those vectors in an animal model, the disease modeling platform can be 

applied. Transduction of patient-derived iPSCs and testing of downstream signaling cascades 

as well as intracellular killing of mycobacteria might indicate the functionality of therapeutic 

vectors. Besides the importance of the functional reconstitution of IFN-γR1 in patients with 

MSMD , the safety consideration of lentiviral vectors in gene therapy is also critical. In our 

reconstitution study we have used a 3rd generation self-inactivating vector system that carries 

the packaging information on 3 separate plasmids and lacks several essential genes for 

replication of the virus. To develop these vectors further towards clinical use, several groups 

are discussing safety aspects including integration events and upstream enhancing abilities of 

lentiviral vectors [74, 75]. Using the iPSC-based disease modeling platform, integration events 

and upstream enhancing abilities can be easily tested and might reveal the consequences of 

the gene therapy in differentiated macrophages. 
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6.2. Development of mouse models for IFN-γR1 deficiency 

 

To establish a gene therapy for IFN-γR1 deficiency we have used macrophages that we have 

differentiated from IFN-γR1 knockout mice carrying a neomycin-resistance cassette inserted 

into exon 5 of the Ifn-γr1 gene. This insertion results in disruption of the Ifn-γr1 locus and a 

premature translation stop in exon 5 [48]. In cells derived from this mutant mouse strain, IFN-

γR1 is not detectable on the surface due to a lack of the transmembrane domain. We have 

shown that Ifn-γr1 expression can be restored in corrected macrophages under a constitutive, 

as well as, under a myeloid specific promotor. By re-expression of a functional IFN-γR1, we 

were able to reconstitute macrophage function in terms of phagocytic activity and induction 

of downstream signaling pathways. There are 40 different mutations so far described in the 

human IFN-γR1 gene [76]. Mutations that lead to a premature stop codon in the extracellular 

domains (Exon 1-5) result in a lack of surface expression and are autosomal recessive. Most 

of the de novo mutations appear in exon 6 of the IFN-γR1 [76]. Mutations that result in a 

premature stop codon in exon 6 have been described as autosomal-dominant as the 

mutations lead to a protein that is expressed on the cell-surface, can interact with the IFN-γR2 

and can bind IFN-γ but lacks the intracellular signaling domain. It is likely that hematopoietic 

stem cell gene therapy can be successfully applied for autosomal recessive patients as the IFN-

γR1 can be re-expressed on the cell surface of transduced macrophages. Whether autosomal-

dominant mutations can be treated by the applied therapeutic approach needs to be tested 

in a separate study. So far 4 targeted mutations in mouse models with mutations in the IFN-

γR1 have been published [48, 77-79]. As described previously, the first mouse model that was 

used to study the effect of IFN-γ receptor signaling on mycobacterial infections had a 

neomycin cassette insertion in exon 5 leading to a premature stop codon and a lack of surface 

expression [48, 49]. Additional to this mouse line, two conditional alleles have been developed 

simultaneously. Lee et al. created a transgenic allele that harbors loxP sites around exons 3 

and 4. Cre mediated recombination results in excision of the exons 3 and 4 of the IFN-γR1 

gene. This excision leads to a lack of surface expression [77]. Kreutzfeldt et al. simultaneously 

developed a murine allele of the Ifn-γr1 gene that carries loxP sites flanking exon 4 and 6. Cre 

mediated recombination results in excision of exon 4, 5 and 6 and to a lack of surface 

expression. After recombination, both alleles resemble human mutations that have an 

autosomal recessive phenotype. The fourth mutant allele of IFN-γR1 harbors an amino acid 
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exchange from tyrosine to phenylalanine at position 441. This mutation removes a binding 

site for the suppressor of cytokine signaling-1 (SOCS-1) protein which results in a lack of 

receptor inhibition and thereby prolonged IFN-γ signaling. This allele would resemble a 

dominantly positive mutation in humans because the receptor is still expressed on the surface 

of cells however, its activity is enhanced. So far, no human mutation has been reported to 

resemble this mutation. In order to test the feasibility of this HSCGT approach in patients with 

a dominant positive mutation a new mouse model of autosomal dominant IFN-γR1 deficiency 

should be established. A deletion of exon 6 is likely to resemble the human autosomal 

dominant mutation as the signaling domain and the domain that is essential for the recycling 

of the receptor [57, 80-83] would be affected while the surface expression would be 

sustained.  

 

6.3. Development of novel treatment options for MSMD patients 

 

Although we have shown that the transplanted hematopoietic stem cells were able to 

populate the bone marrow and differentiate into lung resident cells, bone marrow transplants 

in patients suffering from MSMD might still be challenging. In accordance with our findings in 

the mouse, MSMD patients with autosomal-recessive IFN-γR1 deficiency show elevated levels 

of serum IFN-γ when infected with mycobacteria [84]. These high serum IFN-γ levels have 

been shown to interfere with hematopoietic stem cell transplantation which results in graft-

vs-host disease or even graft rejection [68, 85]. One possible therapeutic approach would be 

to combine the stem cell gene therapy with antimycobacterial treatment as well the 

application of an IFN-γ neutralizing antibody. There have been two IFN-γ neutralizing 

antibodies tested so far in clinical studies. A humanized antibody, Fontolizumab has been used 

in patients with psoriasis [86] with only mild effects. A clinical study where patients with 

Crohn’s disease have been treated with Fontolizumab nevertheless showed increased rates of 

clinical responses and remissions [87, 88].However, the antibody has not reached market 

approval yet. A second fully human antibody, Emapalumab or NI-0501, has already been 

tested in clinical studies and was approved by the Food and Drug Administration for the 

American market in 2018 as a treatment for primary hemophagocytic lymphohistiocytosis 

(HLH) [89]. HLH is a rare syndrome and affected patients develop hyperactive macrophages 

and lymphocytes which eventually induce cytokine hyperproduction and organ failure [90]. 
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Depletion of IFN-γ from the serum of HLH patients with Emapalumab has been shown to be 

well tolerated and the reduced serum IFN-γ levels enhanced the success rate of hematopoietic 

stem cell transplantation (HSCT) [91]. Depletion of serum IFN-γ by Emapalumab treatment 

was even tested in patients with severe infections under antiviral, antifungal and antimicrobial 

treatment [92]. The use of an IFN-γ neutralizing antibody in combination with 

antimycobacterial treatment can open a therapeutic window for a HSCGT approach. 

An antibody independent approach, that could be used in order to treat mycobacterial 

infections, would be the transplantation of iPSC-derived, gene corrected, macrophages. The 

application of iPSC-derived macrophages into the lungs of sick mice, has already been tested 

in the treatment of hereditary pulmonary alveolar proteinosis (PAP) [93, 94]. Transplantation 

of human iPSC-derived macrophages or macrophage progenitors, into the lungs of humanized 

PAP-model mice, conferred protection to the development of PAP. Additionally to the 

treatment of PAP, iPSC-derived macrophages were shown to be protective in a model of 

pulmonary Pseudomonas aeruginosa infection [95]. In this study, a bioreactor-based 

production of iPSC-derived macrophages was performed with a yield of 1-3 x 107 macrophages 

per week. These iPSC-derived macrophages have the potential to be used as a treatment 

option for MSMD and should be evaluated in the mouse model, that was described in this 

thesis, to treat disseminated BCG infections. 

 

6.4. IFN-γ signaling induces anti-mycobacterial pathways in infected macrophages 

 

The importance of the IFN-γ signaling pathway for the defense against mycobacteria is 

supported by the impact single mutations, in parts of the IFN-γ signaling cascade, have on the 

development of MSMD. Deficiencies in most members of the IFN-γ signaling pathway have 

been linked to mycobacterial disease (reviewed in [31, 96]). Stimulation of human as well as 

murine macrophages clearly shows that IFN-γ mediated activation of macrophages is needed 

to kill intracellular mycobacteria such as M. avium and BCG. This intracellular killing is 

facilitated by a couple of mechanisms that work together in order to reduce the bacterial load. 

IFN-γ has been shown to induce antimicrobial peptides and reactive oxygen- and nitrogen-

species in murine and human macrophages. Additionally, IFN-γ signaling has been shown to 

induce apoptosis as well as autophagy [61]. Furthermore, we have observed upregulation of 

the macrophage activation markers MHC-II and CD86 in murine as well as human 
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macrophages that was dependent on IFN-γR1 expression. This MHC-II and CD86 upregulation 

in macrophages increases the antigen-presentation and can induce a stimulation of the 

adaptive immune system that can mount a pro-inflammatory response. 

 

6.5. IFN-γ can induce tolerance mechanisms that protects pathogenic mycobacteria 

from cellular immunity 

 

Pathogenic mycobacteria like M. tuberculosis have developed a variety of ways to escape the 

cellular immune response (reviewed in [97]). One mechanism is the prevention of a proper 

adaptive immune response. This suppression can be facilitated by tolerogenic molecules 

expressed by dendritic cells (DCs). In our analysis of transcriptional signatures in steady-state 

and pathogen-induced DCs, we found tolerogenic molecules being equally upregulated in 

steady-state migratory DCs and dendritic cells incubated with M. tb. Among the most 

upregulated genes IDO1 was induced in both steady-state migratory DCs and M. tuberculosis 

exposed DCs. IDO1 is induced upon IFN-γ stimulation and can be expressed by infected 

dendritic cells [98]. It encodes for the indoleamine-2,3-digoxigenase (IDO1) and has been 

shown to suppress T cell immunity by a metabolic inhibition of T cell proliferation by L-

tryptophan catabolism [99, 100]. While T cell immunity is inhibited, M. tuberculosis 

upregulates its own tryptophan synthesis that can rescue the mycobacteria from tryptophan 

starvation [101]. This mechanism shows a developed evading strategy of mycobacteria to 

escape IFN-γ mediated immune response, whereas non-pathogenic and environmental 

mycobacteria are usually controlled and only develop disease when a deficiency in IFN-γ 

signaling is present. 
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8. Abbreviations 
 

16s rRNA   Ribosomal ribonucleic acid 

AR    Autosomal recessive 

BCG    Mycobacterium bovis bacilli Calmuette-Guérin 

BM-DC    Bone marrow derived dendritic cells 

bp    Base pair 

CD    Cluster of differentiation 

cDNA    Complementary DNA 

CT    Cholera Toxin 

CyBB    Cytochrome B subunit beta 

DC    Dendritic cell 

GFP    Green fluorescent protein 

gko    Interferon-gamma knockout 

Gp91phox   Glycosylated protein 91 a subunit of the phagocyte NADPH 

    oxidase 

HIV    Human immunodeficiency virus 

HLH    Primary hemophagocytic lymphohistiocytosis 

HSCT    Hematopoietic stem cell transplantation 

HSPC    Hematopoietic stem/progenitor cell 

IDO1    Indoleamine-pyrrole 2,3-dioxygenase 

iNOS    Inducible NO synthase 

IFN-γ    Interferon-gamma 

IFN-γR    Interferon-gamma receptor 

IFN-γR1   Interferon-gamma receptor subunit 1/alpha 

IFN-γR2   Interferon-gamma receptor subunit 2/beta 

IRES    Internal ribosome entry site 

IKBKG    Inhibitor of nuclear factor kappa-B kinase subunit gamma 

IL    Interleukin 

iPSC    Induced pluripotent stem cell 

IRF    Interferon regulatory factor 

ISG    Interferon stimulated gene 

LPS    Lipopolysaccharide 

M. avium   Mycobacterium avium 

M. leprae   Mycobacterium leprae 

M. tb.    Mycobacterium tuberculosis 

MAC    Mycobacterium avium complex 

MAC-LD   Mycobacterium avium complex-lung disease 

Mal    MyD88 adaptor-like 

MCFCs    Myeloid-cell-forming complexes- 

MDR-TB   Multidrug resistant Mycobacterium tuberculosis 

MFI    Mean fluorescence intensity 

MHC-II    Major histocompatibility complex class 2 

MIF    Migration inhibitory factor 

miR223   Micro ribonucleic acid 223 

moDC    Monocyte-derived dendritic cell 

MSMD    Mendelian susceptibility to mycobacterial disease 
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MSP    Myeloid specific promotor 

NDV    Newcastle disease virus 

NEMO    NF-kappa-B essential modulator 

NO    Nitric oxide 

Nramp1   Natural resistance-associated macrophage protein 1 

NTM    Nontuberculous mycobacteria 

NTM-LD   Nontuberculous mycobacteria-lung disease 

OT    Old tuberculin 

PAP    Pulmonary alveolar proteinosis 

pDC    Plasmacytoid dendritic cell 

pSTAT    Phosphorylated signal transducer and activator of transcription 

resDC    resident dendritic cells 

SFFV    Spleen focus forming virus 

SLAM    Signaling lymphocytic activation molecule 

SLC11A1   Solute carrier family 11-member a1 

SNP    Single nucleotide polymorphism 

SOCS1    Suppressor of cytokine signaling-1 

SP146    Synthetic promotor 146 

SPPL2A   Signal peptidase-like 2A 

SPPL2B   Signal peptidase-like 2B 

ssmDC    Steady-state migratory DCs 

STAT1    Signal transducer and activator of transcription 1 

TB    Tuberculosis 

TNF    Tumor necrosis factor 

TYK2    Tyrosine kinase 2
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