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Lysosomal delivery through chaperone-mediated autophagy occurs independently of vesicle 

formation [4]. Substrate proteins, containing a KFERQ-like pentapeptide motif, are selectively 

recognized by the heat shock-cognate protein of 70 kDa (Hsc70)-containing 

chaperone-complex and targeted to the lysosomal membrane. Substrate-mediated 

multimerization of the lysosome-associated membrane protein type 2A (LAMP-2A) facilitates 

the substrate translocation into the lysosomal lumen for its degradation.  

Cytoplasmic content is also trapped in vesicles which are directly formed through the 

invagination of the lysosomal membrane [5]. This non-selective degradation pathway, called 

microautophagy, represents the least understood type of autophagy.  

In contrast, macroautophagy is the most prevalent form of autophagy in eukaryotic cells and 

was intensively studies during the last two decades [6, 7]. A membrane sac, called isolation 

membrane, initially sequesters the cytoplasmic constituents. Further elongation of the 

isolation membrane generates the phagophore. The phagophore ultimately closes and results 

in a double-membraned compartment called autophagosome. Fusion with lysosomes to 

autolysosomes finally enables lysosomal degradation of the autophagic content.  

 

1.2 MACROAUTOPHAGY  
 
 
The present study focuses on mammalian macroautophagy, which is hereafter referred as 

autophagy, and reviews the molecular mechanism as well as the physiological function of 

autophagy in more detail. 

 

1.2.1 THE MO LE CU LAR COR E MA C HI NER Y  

 

Deciphering of the molecular mechanisms underlying autophagy was primarily based on the 

discovery of autophagy-related (ATG) genes in yeast and mammalians.  

Focusing on mammalian homologues, an essential subset of ATG proteins regulates the initial 

steps of autophagosome formation and is thus referred as the molecular core machinery [8].  

Upon amino acid deprivation, as classical stimulus for canonical autophagy, distinct 

multimeric protein complexes mediate the initiation of autophagosome formation. Besides 

the UNC51-like kinase (ULK) and class III phosphatidylinositol 3-kinase (PI3P) complexes [9, 

10], two ubiquitin-like conjugation systems were discovered to be essentially required for 

elongation of the pre-autophagosomal membrane (Figure 1-2).  
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FIGURE 1-2:  UBIQUITIN-LIKE CONJUGATION SYS TEMS INVOLVED IN AUTOPHAGOSOME BIOGENESIS  (MODIFIED FROM 

[11]) 

Elongation of the autophagic isolation membrane requires two ubiquitin-like conjugation systems, the 

ATG12-ATG5-ATG16L1 conjugation complex and the LC3-PE conjugation system. See text for more details. 

ATG - autophagy-related protein, LC3 - microtubule-associated protein 1 light chain 3, 

PE - phosphatidylethanolamine 

 

At first, localization of the ATG12-ATG5-ATG16L1 complex to the isolation membrane 

participates in autophagosome formation [12]. In detail, ATG7-dependent activation of the 

ubiquitin-like protein ATG12 subsequently leads to the transfer of ATG12 to the E2 ubiquitin 

conjugating enzyme-like protein ATG10 [13]. This mechanism facilitates the covalent binding 

of ATG12 to ATG5, which finally conjugates with the autophagy-related protein 16 like 1 

(S. cerevisiae) (ATG16L1) to form an 800-kDa multimeric complex [12, 14]. Recently it was 

reported that recruitment of this multimeric complex to the isolation membrane is obtained 

by the direct binding of ATG16L1 to the WD-repeat phosphatidylinositol 3-phosphate effector 

protein 2b (WIPI2b) [15]. Acting in an E3 ubiquitin ligase-like manner, the 

ATG12-ATG5 ATG16L1 complex subsequently defines the site of conjugation for the second 

ubiquitin-like conjugation system by promoting lipidation of the microtubule-associated 

protein 1 light chain 3 (LC3) [16]. Synthesized as precursor, LC3 is proteolytically cleaved by 

ATG4 into its cytosolic form, namely LC3-I [17]. Similar to ATG12, LC3-I is activated by the E1 

ubiquitin activating enzyme-like protein ATG7 and transferred to an E2 ubiquitin conjugating 

enzyme-like protein, in this case ATG3 [18]. Finally, LC3-I is conjugated to 

phosphatidylethanolamine (PE) and thus converted in its membrane-bound form LC3-II 

which specifically localizes to the autophagosomal double-membrane [19]. Depletion of 

either ATG7 or one of the components of the ATG12-ATG5-ATG16L1 complex results in an 

impaired conversion of LC3 meaning a strong accumulation of LC3-I with a concurrent 

absence of LC3-II [20-22].  
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Upon completion of the autophagosome formation, the ATG12-ATG5-ATG16L1 complex and 

the outer-membrane associated LC3-II dissociates from the autophagic membrane [12, 19]. 

However, following the autophagosome-lysosome fusion, lysosomal hydrolytic enzymes 

degrade intra-autophagosomal LC3-II. Thus, the turnover over of LC3-I to LC3-II is a well-

established marker to investigate the autophagic flux in mammalian cells [23].  

 

1.2.2 SE LE CT IV E AUT OP HA G Y  B Y S PE CI F IC CAR G O RE C EP TOR S  

 

Whereas autophagy, in response to nutrient deprivation, is a non-selective bulk degradation 

of cytosolic material, several forms of selective autophagy have been identified upon other 

stresses like removal of aggregated proteins (aggrephagy), damaged organelles e.g. 

mitochondria (mitophagy) or invading bacteria e.g. Salmonella enterica (xenophagy) [24]. 

Autophagic selectivity is conferred by autophagy cargo receptors which bind the cargo 

earmarked with degradation signals [25]. In mammalians, Lys63-linked poly-ubiquitination is 

the most prevalent degradation signal and can be bound by the ubiquitin-binding domain 

(UBD) of the cargo receptors [26]. Additionally, these receptors commonly possess a LC3 

interacting region (LIR) to bridge the captured cargo, targeted for degradation, to the 

autophagosomal membrane. Sequestosome-1 (SQSTM1, hereafter referred as p62) was the 

first identified adaptor protein which directly binds LC3 to facilitate degradation of 

ubiquitinated protein aggregates [27]. Importantly, p62 also has other functions (see 5.2.4). 

Following the discovery of p62, several other selective autophagy receptors such as neighbor 

of BRCA1 gene 1 protein (NBR1) [28] and nuclear dot protein 52 kDa (NDP52) [29] were 

discovered. As reported for p62-/- mice, absence of autophagy cargo receptors results in 

hyper-accumulation of insoluble Lys63-ubiquitinated proteins [30].  

Most of the autophagic receptors undergo constant degradation even in an unloaded state. 

Activation of these receptors is mainly regulated on transcriptional level. Besides amino acid 

depletion, activation of TLR4 and TLR2/6, for example, strongly induces the expression of 

p62 [31, 32]. On the other hand, cellular localization and spatial organization have an impact 

on their activation. In this case, oligomerization of p62 and NBR1 triggers sequestration and 

clustering of the autophagic cargo [28, 33]. Although autophagic receptors lack a unique 

specialization, cooperation between them is important for the selectivity of a specific cargo.  

 

1.2.3 AUTOP HA GY AND I T S P HY S IO LO G ICA L FU NCT IO NS  

 

Based on its various cellular functions in adaptive responses to starvation, quality control of 

proteins and organelles as well as elimination of invading pathogens, impaired autophagy has 

been implicated in a wide range of human diseases [34]. In this context, in vivo studies in mice 
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enlightened the multifaceted functions of autophagy in physiological processes and gave first 

insights in the complex phenotypic consequences caused by the impairment of autophagy. 

Mice deficient in components of the ULK or PI3P complex, initiated upstream of the two 

ubiquitin-like conjugation systems in autophagosome biogenesis, die early in embryogenesis 

[35, 36]. Interestingly, mouse models harboring a constitutive homozygous knock-out of 

essential autophagy-related genes, such as Atg7, Atg5 or Atg16l1, were born at the expected 

Mendelian frequency [20-22]. However, neonatal lethality of these mice demonstrated the 

physiological relevance of autophagy during the early neonatal starvation period. In contrast, 

mice deficient in Lc3b, one of the two isoforms of Lc3, did not show any phenotypic 

abnormalities [37]. 

Conditional mouse models lacking Atg genes in the particular tissue revealed a crucial role for 

autophagy in cell differentiation. Besides increased mortality at the age of 8-14 weeks and a 

severe anemia, mice with a conditional depletion of Atg7 in hematopoietic cells showed a 

significant decrease in T and B lymphocyte counts [38]. T cell-specific knock-out of either 

Atg5 or Atg7 resulted in reduced numbers of peripheral T cells and enhanced apoptosis of 

mature T lymphocytes presumably based on impaired mitophagy [39, 40]. Similarly, studies 

in mice lacking Atg5 in B cells displayed a role for autophagy in B cell development in the 

bone marrow and B cell survival in the periphery [41].  

Studies in mice deficient for Atg genes in terminally differentiated cell types additionally 

implied a substantial role for autophagy in tissue homeostasis. Tissue-specific ablation of 

Atg5 or Atg7 e.g. in liver and brain caused severe phenotypes characterized by hepatic 

dysfunctions [21, 42] and neurodegeneration associated with accumulation of ubiquitinated 

proteins [43, 44], respectively. Within the intestinal epithelium, homeostasis of particularly 

Paneth cells is strongly dependent on an intact autophagic machinery [45]. 

In accordance with the intracellular removal of invading pathogens via the autophagosomal 

pathway, mice particularly lacking Atg5 or Atg7 in myeloid cells showed an increased 

susceptibility to infections with Mycobacterium tuberculosis [46, 47] but also Candida albicans 

[48] or Toxoplasma gondii [49]. 

 

1.3 THE AUTOPHAGY PROTEIN  ATG16L1   
 
The Atg16l1 gene (human: 3411base pairs (bp), RefSeq. NM_030803; mouse: 3149bp, 

RefSeq. NM_029846) is located on chromosome 2 on position 37.1. The encoding protein was 

originally obtained in a yeast-two hybrid screen as a potential interaction partner of yeast 

atg12 [50]. However, detailed studies demonstrated that yeast atg16 (previously known as 

apg16) directly interacts with atg5 via its N-terminal coiled-coil domain being indirectly 

associated with atg12. Absence of atg16 hinders the recruitment of the atg12-atg5 conjugate 
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respiratory rate but also an altered mental status. However, clinical manifestations of sepsis 

exhibit great interindividual variations depending on patient factors like age, gender, 

underlying health state and genetic predisposition [84, 87]. On the other hand, load and 

virulence of the causative organism but also the initial site of infection play a decisive role in 

the course of disease. Sepsis complicated by acute organ dysfunction and finally multiple 

organ dysfunction is further clinically classified as severe sepsis and septic shock, 

respectively [85, 86]. 

Even after centuries of research, sepsis remains worldwide the leading cause of death in 

critically ill patients [84-86]. The overall mortality rate varies from 30 % up to 50 % in 

elderly patients [88]. In Germany, a prevalence of 12.4 % for sepsis and 11.0 % for severe 

sepsis was determined in intensive care units [89]. In 2010, the worldwide incidence was 

estimated up to 19 million cases per year emphasizing the immense medical and health 

economic burden due to sepsis [90]. 

The most common infectious diseases causing sepsis are pneumonia followed by 

intra-abdominal and urinary tract infections as well as primary infections of the blood stream 

[88]. Moreover, clinical data demonstrate a number of long-term consequences for survivors 

of (severe) sepsis [91, 92]. Besides cognitive and physical impairments, survivors also show 

an increased susceptibility to sequelae like ischemic stroke and myocardial infarction [93].  

As discussed in the following chapters, investigations of initiating microbial components, the 

regulatory role of innate immune cells and their secreted inflammatory mediators as well as 

underlying molecular mechanisms of innate immune receptor signaling achieved great 

advances in the understanding of the immunopathogenesis of sepsis. However, sepsis still 

remains a major challenge in medicine and the development of new effective therapeutical 

approaches is necessary to increase the survival rate following (severe) sepsis. 

 

1.5 MYELOID CELLS -  THE FIRST LINE OF DEFENSE  
 

In adult mammalians, the bone marrow acts as the predominant reservoir of hematopoietic 

stem cells (HSCs) giving continuously rise to all types of blood cells: erythrocytes, leukocytes 

and platelets [94]. Classification of leukocytes is typically based on their hematopoietic 

lineage (Figure 1-3). Natural killer (NK) cells as well as T and B lymphocytes derive from a 

common lymphoid progenitor (CLP) [95]. Myeloid cells arise from a common myeloid 

progenitor (CMP) [96] and comprise granulocytes, monocytes, macrophages and dendritic 

cells [97]. 
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as viruses, bacteria and fungi. Besides specific tissue expression patterns and distinct cellular 

localizations, PRRs recognize a broad spectrum of ligands subsequently inducing specific 

intracellular signaling pathways and downstream gene expression to initiate an appropriate 

immune response.  

One of the major subfamilies of PRRs is represented by mammalian Toll-like receptors 

(TLRs). However, the first Toll protein was originally discovered in 1985 by the group of 

Christiane Nüsslein-Vollhard who reported the involvement of Toll in the dorsoventral 

polarity of the developing Drosophila melanogaster embryo [136]. Although the homology 

between the cytosolic domain of Toll and the human interleukin 1 receptor (IL1R) was 

already predicted in 1991 [137], the impact of Drosophila Toll in host defense was still 

unsolved as the molecular mechanism by which the IL1R presumably signals was still 

unclear. One of the important steps in this research field was the characterization of the plant 

N protein in 1994 [138]. Besides an N-terminal domain homolog to the cytosolic Toll and 

IL1R domain, the plant N protein was described to mediate the resistance against the tobacco 

mosaic virus. This finding provided one of the first evidences for a crucial role of proteins 

containing the evolutionarily conserved Toll-IL1 receptor (TIR) domain in host defense. Due 

to their structural relation, the mammalian Toll homologues were called Toll-like 

receptors [139]. In the meantime, ten TLR genes in humans (TLR1-10) and 12 murine Tlr 

genes (Tlr1-9, Tlr11-13) were identified [140].  

Mammalian TLRs have now been studied for over 20 years and their complex signaling 

network is well-understood [140-142] (Figure 1-4). Mammalian TLRs are type I 

transmembrane receptors exhibiting an extracellular domain containing leucine-rich repeats 

(LRRs), a single membrane-spanning segment and the above mentioned intracellular TIR 

domain [143]. They can be broadly subdivided by their cellular localization. TLR1, TLR2, 

TLR4, TLR5, TLR6 and TLR11 are exclusively expressed at the cell surface and mainly 

recognize bacterial components like flagellin [144] and bacterial lipopeptides [145, 146]. On 

the other hand, TLR3, TLR7,TLR8, TLR9 and TLR13 are located in endosomes sensing non-

self nucleic acids like double-stranded (ds) and single-stranded (ss) viral RNA [147, 148] but 

also CpG-rich hypomethylated bacterial DNA [149]. Neither a ligand nor a role for TLR10 has 

been reported so far [141, 150]. Activation of mammalian TLRs is initiated by ligand binding 

to their ectodomain followed by the formation of homo- or hetero-dimers [151]. The 

rearranged TIR domains subsequently act as scaffold for the recruitment of TIR 

domain-containing signaling adaptors that bridge TLRs to proteins of the downstream 

signaling cascades. Interestingly, TLRs as well as members of the IL1R family signal in part 

through identical components like the adaptor molecule myeloid differentiation primary-

response protein 88 (MyD88) [152], the downstream activated interleukin 1 receptor-
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3 MATERIAL AND METHODS  
 

3.1 MATERIAL  
 

All materials used including buffers, media, kits, reagents, devices and consumables are listed 

in the appendix (chapter 8). Antibodies and primers are listed in the appropriate 

methodological chapters. 

 

3.2 METHODS  
 

3.2.1 ANI MA L-HOU SI NG  
 
Mice were housed under specific-pathogen-free (SPF) conditions in individual ventilated 

cages (IVCs) under a 12 h light-dark cycle. Food and water were provided ad libitum and 

environmental conditions were maintained at 21 °C ± 2 °C with 60 % ± 5 % humidity. 

 

3.2.2  GEN ERA TI ON O F AT G16L1  COND ITI ONA L K NO CK -O UT M IC E  

 

The conditional Atg16l1 knock-out mouse line was generated in collaboration with GenOway 

(Lyon, France) using the Cre/lox technology [67]. Briefly, the Cre/lox system is based on a 

recombination mechanism in P1 bacteriophages with two components: (i) a Cre recombinase 

and (ii) loxP sites [212]. LoxP sites are specific 34 bp sequences flanking the gene region in 

which the Cre-mediated recombination takes place. The tissue-specific knock-out is achieved 

by expressing the Cre recombinase under the control of a tissue-specific promoter.  

The generated conditional Atg16l1 knock-out mouse line includes a single distal loxP site 

upstream of the first exon, within the promoter region of the Atg16l1 gene as well as a loxP 

site together with an FRT flanked neomycin selection cassette within intron 1 (Figure 3-1). 

Breeding with deleter-mice constitutively expressing the Flp recombinase removed the 

neomycin selection cassette and consequently generated the conditional Atg16l1 knock-out 

mouse line in which exon 1 of the Atg16l1 gene is flanked by loxP sites (Atg16l1fl/fl). 

Translation of all isoforms of the Atg16l1 gene is disrupted by a Cre-mediated excision of 

exon 1. To obtain a specific Atg16l1 knock-out model in myeloid cells means macrophages 

and granulocytes (Atg16l1LysM), Atg16l1fl/fl mice, backcrossed onto C57BL/6J mice (Jackson 

Laboratory, Bar Harbour, USA), were bred with LysMcre mice (B6.129P2-Lyz2tm1(cre)Ifo/J; 

Jackson Laboratory, Bar Harbour, USA) expressing the Cre recombinase under the control of 

the endogenous Lysozyme 2 (Lyz2) promoter [213].  
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was performed in MOTHUR with the following parameters: method = Wang, k-mer size = 8, 

iteration = 100 and cutoff = 60. Sequences deemed to be originated from eukaryotes, 

chloroplasts or mitochondria were excluded from subsequent phylotype based analysis. Good 

quality classified bacterial sequences were binned in genus level phylotypes (label = 1). In 

order to display shared and unique phylotypes in samples and groups, MOTHUR based 

make.shared command was implemented to generate a count table. This table contained the 

number of sequences of each phylotype in a given sample. Diversity of the microbial 

populations was assessed using the non-parametric Shannon´s index. 

 

3.2.8 IS OL ATI ON A ND CU LTIV ATI ON O F C EL L S  

3.2.8.1 IS OL ATI ON  O F LA M INA  PROPRIA AN D INT E ST INA L EP IT HE L I AL FR AC TIO N S  

FRO M T HE S MA LL INT E S TIN E  

Lamina propria cells and intestinal epithelial cells were isolated using the Lamina Propria 

Dissociation Kit for mouse (Miltenyi BioTech, Bergisch Gladbach, Germany). Preparation of 

the small intestine and isolation of the two distinct cell fractions was performed according to 

the manufacturer´s protocol. In brief, intestinal epithelial cells were isolated by disruption of 

the structural integrity of the epithelium using ethylenediaminetetraacetic acid (EDTA) and 

dithiothreitol (DTT). Beside mechanical disruption the remaining lamina propria tissue was 

further enzymatically dissociated into a single cell suspension using collagenase. 

3.2.8.2 MAGN ET IC-ACT IV AT ED CE LL S ORTI N G (MACS)  FOR I SO LAT IO N O F CD11B +  

CE LL S D ERIV ED FRO M T HE LA M IN A PRO PRIA   

The positive selection of CD11b+ from the lamina propria fraction of the small intestine was 

performed using CD11b MicroBeads (human and mouse) from Miltenyi BioTec (Bergisch 

Gladbach, Germany). Briefly, the principle of this method relies on a specific separation of 

CD11b+ cells by magnetic beads labelled with antibodies against CD11b. By loading the cell 

suspension in a magnetic field, the magnetically labeled CD11b+ cells were retained in the 

magnetic column and can be separately eluted. In this study, a total number of 0.4-1 x 106 

cells were used for the isolation of CD11b+ cells using a 30 µm pre-separation filter followed 

by a magnetic MS column. To increase the purity of isolated CD11b+ cells the labeled fraction 

was again passed over a second magnetic MS column. Purity of isolated CD11b+ cells was 

analyzed by flow cytometry (see 3.2.19).  
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3.2.8.3 IS OL ATI ON AND D IF F ERE N TI ATI ON O F  BON E MAR R OW-D ERIV ED 

MACR OP HA GE S  

All ex vivo experiments were performed with littermates at the age of 7-26 weeks. Mice were 

sacrificed by cervical dislocation. Femur and tibia were removed and temporarily stored in 

ice-cold DMEM medium (Invitrogen, Darmstadt, Germany). Bones were opened under sterile 

conditions. Bone marrow was flushed out with ice-cold BMDM medium (see chapter 8.1) 

using a syringe and a 26G needle. After disaggregation of the cells by gently pipetting several 

times within a 50 mL tube, cells were additionally passed through a 70 µm cell strainer. 

Finally, bone marrow cells were placed in a 15 cm petri dish in a total volume of 30 mL 

BMDM medium supplemented with 20 ng/mL macrophage colony-stimulating factor (mCSF) 

and cultured at 37 °C with 5 % (w/v) CO2 and 100 % (w/v) humidity for seven days. 

Additional 15 mL BMDM medium supplemented with 20 ng/mL mCSF were added on day 

four. As differentiated bone marrow-derived macrophages (BMDMs) attach to the petri dish 

undifferentiated cells were gently removed with warm PBS (Gibco, Darmstadt, Germany) and 

further cultivated in a 10 mL petri dish in BMDM medium. On day seven, differentiated 

BMDMs were scraped off with ice-cold PBS and transferred into a 50 mL tube. After 

centrifugation at 300 x g for 10 min at 4 °C, the supernatant was discarded and cells were 

resuspended in 5 mL BMDM medium. Cells were counted using an automatic cell counter 

(Cellometer Auto T4 Plus, PeqLab, Erlangen, Germany) and plated on either 6-well plates 

(1 x 106 cells/well), 12-well plates (0.5 x 106 cells/well), 96-well flat-bottom plates 

(2.5-4 x 104 cells/well) or 10 mL petri dishes (3-5 x 106 cells/well). 

3.2.8.4 MACS  FOR IS O LAT ION OF H E M AT OP OI ET IC ST E M C EL L S FR O M S PL E EN  

Spleens of Atg16l1fl/fl and Atg16l1LysM mice (n=5) were collected and temporarily stored in 

DMEM medium (Invitrogen, Darmstadt, Germany) on ice. To obtain cell suspensions each 

spleen was carefully grinded through a 40 µm cell strainer and splenocytes were counted as 

described in chapter 3.2.8.3. Differentiated splenocytes were removed using the Lineage Cell 

Depletion kit for mouse (Miltenyi BioTec, Bergisch Gladbach, Germany). Lineage negative 

(lin-) cells were stained for specific stem cell markers and analyzed by flow cytometry (see 

3.2.19). 

 

3.2.9 PROT E IN E XTR ACT ION AN D PRO TE IN A S SA Y  

 
0.5-1 x 106 BMDMs were washed once with PBS (Gibco, Darmstadt, Germany) and lyzed with 

30-40 µL 1 x denaturing lysis buffer (DLB) freshly supplemented with protease and 

phosphatase inhibitor (Thermo Scientific, Darmstadt, Germany). Cell lysis was performed by 

heating the samples at 95 °C for 5 min followed by sonication for 5 sec. Lysates were 

centrifuged at 16,000 x g for 10 min at 4 °C and the protein containing supernatant was 
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transferred into a new 1.5 mL tube. Protein concentrations were determined using DCTM 

Protein Assay (Bio-Rad, Munich, Germany) according to the manufacturer´s protocol. Briefly, 

the colorimetric assay is based on the Lowry method [218]. Hereby, proteins first react with 

copper in an alkaline medium following an immediate reduction by Folin reagent by the 

copper-treated-proteins. Absorbance was measured at 750 nm using the microplate reader 

Infinite M200 Pro (Tecan, Männedorf, Switzerland) and the associated software i-controlTM 

1.9 (Tecan, Männedorf, Switzerland). Protein lysates were stored at -80 °C.  

 

3.2.10 SOD IUM DOD EC YL SU L F AT E P O LYA CRY LA M IDE GE L E L EC TROP HOR E SI S   

 
For protein analysis, 10 - 15 µg of total protein was used. Lysates were supplemented with 

5 X SDS loading dye and heated at 95 °C for 5 min. Proteins were separated using a 3 % 

stacking gel and a 10 %, 12 % or 15 % separation gel (Table 4). Electrophoresis was 

performed in 1 x Tris/Glycine/SDS (TGS) buffer and carried out at 15 mA for 30 min and at 

30 mA for additional 60 min.  

 

TABLE 4: COMPOSITION OF STACKING AND SEPARATION GEL FOR PROTEIN SEPARATION BY SDS-PAGE 

Components of 
separation gel 

10 % 
separation 
gel 

12 % 
separation 
gel 

15 % 
separation 
gel 

Components of 
stacking gel 

3 % 
stacking 
gel 

Distilled water 4.15 mL 3.5 mL 2.5 mL Distilled water 1.95 mL 

Separation 
buffer 

2.5 mL 2.5 mL 2.5 mL 
Stacking 
buffer 

0.75 mL 

30 % Bis-
acrylamide 
(35.7:1) 

3.35 mL 4 mL 5 mL 
30 % Bis-
acrylamide 
(35.7:1) 

0.3 mL 

TEMED 10 µL TEMED 3 µL 

10 % (w/v) 
APS 

100 µL 
10 % (w/v) 
APS 

30 µL 

 
 

3.2.11 WE ST ERN B LO T AND PR OT E IN D ET ECT I ON  

 
For further analysis, separated proteins were transferred onto a polyvinylidene difluoride 

(PVDF) membrane using a semi-dry immunoblotting technique with a discontinuous buffer 

system of one cathode buffer and two anode buffers at 0.1 A for 45 min. After blocking the 
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3.2.16 IM MUN OF LU ORE SC EN CE  

 
BMDMs were seeded on cover slips overnight. Following a washing step with PBS, cells were 

fixed in 4 % (w/v) paraformaldehyde for 30 min at room temperature. Cell were washed 

three times with PBS and permeabilized for 3 min at room temperature using 1 % (v/v) 

Trititon X-100 in PBS supplemented with 5 % (w/v) BSA. Unspecific binding sites were 

blocked with 5 % (v/v) goat serum for at least 60 min at room temperature. Incubation with 

the primary antibody against p62 (also see Table 5) was performed using a dilution of 1:500 

over night at 4 °C. Following three washing steps with PBS, incubation with the second 

antibody goat anti-guinea pig conjugated with Alexa Fluor-488 (Life Technologies, Darmstadt, 

Germany, #A-11073) for 45 min at room temperature. Cells were washed for three times 

with PBS following a washing step with aqua dest and subsequently embedded in mounting 

medium (Roth, Karlsruhe, Germany). Stainings were analyzed using the confocal laser 

scanning microscope TCS SP5 (Leica, Wetzlar, Germany) and the appropriate software Leica 

Application Suite Advanced Fluorescence (Leica, Wetzlar, Germany). 

 

3.2.17 IM MUN OH I STO CH E MI ST RY  

3.2.17.1 T IS SU E PR OC ES S IN G  

Murine tissues were directly fixed in 10 % (w/v) formalin for at least 24 h at 4 °C. In terms of 

bones a decalcification step was performed in cooperation with the Prof. Wolfram Klapper´s 

laboratory (Department of Pathology, Haematopathology Section and Lymph Node Registry, 

University Hospital Schleswig-Holstein, Campus Kiel, Germany). Dehydration was achieved 

by incubation in ascending ethanol and xylene series. Tissues were embedded in paraffin and 

dissected in 3.5 - 4.5 µm sections using the RM2255 microtome (Leica, Wetzlar, Germany).  

3.2.17.2 HE MAT O XY L IN AND EO S IN  (H&E)  STA IN IN G  

Samples were rehydrated in decreasing xylene and ethanol series following additional 

washing steps with distilled water. Slides were stained for 2 - 5 min in hematoxylin. Nuclei 

were blued-up by incubation for approximately 10 min under running water. Counterstaining 

of the cytoplasm was performed using 1 % (v/v) eosin solution for 2 min. For further 

analysis, slides were again dehydrated and embedded in Roti-Histokitt mounting medium 

(Roth, Karlsruhe, Germany). Slides were analyzed with a transmitted light microscope (Axio 

Imager Z1, ZEISS, Oberkochen, Germany) and the AxioVision Rel 4.9 software (ZEISS, 

Oberkochen, Germany). 
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3.2.17.3  3,3´-D IA MI NOB EN Z IDI NE (DAB)  ST AIN IN G  

Rehydration of the slides and slide analysis was performed as described in chapter 3.2.17.2. 

Antigen retrieval was achieved by boiling slides for up to 20 min in citrate buffer (pH 6.0). 

Blocking of unspecific binding sites and inactivation of naturally occurring peroxidases was 

achieved using 5 % (v/v) goat serum in PBS and 3 % hydrogen peroxide treatment, 

respectively. Incubation times were individually adapted with respect to the primary 

antibody. Antibody incubation and DAB staining was performed according to the 

manufacturer´s protocol of the Vectastain Elite ABC Kit (Vector Labs, Peterborough, United 

Kingdom). In brief, primary antibody signaling was maximized by incubation with a 

biotinylated second antibody. Colorimetric reaction of 3,3´-Diaminobenzidine (DAB) was 

achieved by a second incubation step using a horseradish peroxidase-conjugated streptavidin 

antibody, which allows DAB to get oxidized and gives a dark-brown color. Used antibodies 

and working dilutions are listed in Table 14. 

 

TABLE 14:  LIST OF ANTIBODIES USED FOR IMMUNOHISTOCHEMISTRY 

Antibody  Working dilution Company Article number 

Ki67  1:500 
BD Biosciences 

(Heidelberg, Germany) 
556003 

IBA-1 1:1000 
Abcam (Cambridge, United 

Kingdom) 
ab107159 

MPO  not diluted GeneTex (Irvine, USA) Gtx15484 

p62 1:500 
Progen Biotechnik 

(Heidelberg, Germany) 
GP62-C 

 

3.2.17.4  TERM INA L D EO XY NUC LE OT IDY L TRA NS F ERA S E D UTP  NIC K E ND LA BEL IN G  

(TUNEL) 

Slides were rehydrated as described in chapter 3.2.17.2. Apoptotic cells were stained using 

the ApopTag® Plus Peroxidase In Situ Apoptosis Detection Kit (Merck Millipore, Darmstadt, 

Germany) according to the manufacturer´s protocol. In brief, terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) is an enzymatic reaction to detect apoptotic cells 

by labeling terminal ends of DNA fragments. Stained slides were analyzed as described in 

chapter 3.2.17.2. 
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3.2.19.2  FLOW C YT O ME TRY A NA LY S I S O F BL OOD  

Blood was stored in EDTA tubes at room temperature. A mixture of 7 µL of the indicated 

fluorochrome-labeled antibody combination as well as the particular isotype control was 

prepared in a 96-well V-bottom plate. Avoiding direct light, 15 µL of the collected blood was 

added and incubated for 10 min at room temperature. For lysis of the red blood cells, 200 µL 

1 x BD FACS Lysing Solution (BD Biosciences, Heidelberg, Germany) was added. Following a 

15 min incubation at room temperature, cells were centrifuged at 300 x g for 5 min. The 

washing step was performed in 150 µL FWB and followed by an additional centrifugation at 

300 x g for 5 min. Stained cells were resuspended in 80 µL FWB and directly analyzed by flow 

cytometry. 

3.2.19.3 FITC-DE XTRAN ENDO C YTO S I S  A SS AY  

Endocytosis assay was performed by incubating 2.5 x 104 cells per well seeded in a 12-well 

plate with 1 mg/mL FITC-Dextran (Sigma Aldrich, Munich, Germany) for 60 min by 37 °C. 

Following three washing steps with 1 mL ice-cold PBS (Gibco, Darmstadt, Germany), cells 

were finally resuspended in 100 µL FWB and analyzed by flow cytometry. 

3.2.19.4 REC EPT OR IN TER NAL I Z AT I ON A S SAY  

For internalization assays 2.5 x 104 cells per well were seeded in a 12-well plate and grown 

over night. Cells were stimulated with either 100 ng/mL LPS (E.coli F515) or 1 µg/mL CD95 

Ligand (BD Biosciences, Heidelberg, Germany) for the indicated time points. Receptor 

internalization was stopped by washing with 1 mL ice-cold PBS (Gibco, Darmstadt, Germany). 

Staining of the remaining receptors at the cell surface was performed as described in chapter 

3.2.19.1.  

 

3.2.20 STAT I STI CA L ANA LY S I S  

 
All data were analyzed with a two-tailed unpaired or paired Student´s t-test [219] using the 

software GraphPad Prism 5 (GraphPad Software). Data are shown as mean ± standard 

deviation (S.D.). Statistical significance of the survival analysis was performed by a log-rank 

test. A p-value of < 0.05 was considered as significant (*) whereas a p-value of < 0.01 was 

considered as strongly significant (**), a p-value of < 0.001 as highly significant (***) and a 

p-value of < 0.0001 as extremely significant (****). 
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4.3 CHARACTERIZATION OF T HE ATG16L1LYSM  MOUSE MODEL  
 

4.3.1 ATG16L1LY SM  MI CE D EV E LO P A M ULT I FAC ET E D SP ONTA NE OU S PH EN O TYP E  

 

After confirmation of the successful tissue-specific knock-out of Atg16l1, the basal phenotype 

of the Atg16l1LysM mouse model was studied.  

Atg16l1LysM mice were born viable and at the expected Mendelian 1:2:1 ratio (Table 1).  

 

TABLE 20:  NUMBER OF MICE OF VARIOUS GENOTYPES OBTAINED BY THE ATG16L1FL/LYSM  INTERCROSS  
 Atg16l1fl/fl Atg16l1fl/LysM Atg16l1LysM 

Observed number of mice 93 181 99 

Expected number of mice (ratio 1:2:1) 93.25 186.5 93.25 

 

Analysis of the body weight did not reveal differences between Atg16l1LysM and Atg16l1fl/fl 

littermates (Figure 4-5 A).  

 

FIGURE 4-5:  BASAL PHENOTYPE OF HE MATOPOIETIC ORGANS OF THE ATG16L1LYSM MOUSE MODEL 

Body weight (A, n=22), spleen weight (B, n=24-26), lymph node size (C), liver weight (D, n=7-8) and bones (E) of 

Atg16l1LysM mice at the age of 7-26 weeks were compared to Atg16l1fl/fl littermates. Data are shown as 

mean ± S.D. and statistical significance was evaluated with an unpaired Student´s t-test. ** p < 0.01, **** p < 0.0001 

 

In contrast, gross examination of the tissues of untreated Atg16l1LysM mice showed a 

spontaneous increase in spleen (splenomegaly, Figure 4-5 B), lymph nodes 

(lymphadenopathy, Figure 4-5 C) and liver size (hepatomegaly, Figure 4-5 D). Further, the 

bones were characteristically brighter in Atg16l1LysM mice than in Atg16l1fl/fl animals 

(Figure 4-5 E). Quantification of the gastrointestinal tract revealed a significant elongation of 

the small intestine (Figure 4-6 A) whereas colon length and caecum weight were unaltered 

(Figure 4-6 B and C). 
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FIGURE 4-6:  BASAL PHENOTYPE OF THE GASTROINTESTINAL TRACT IN THE ATG16L1LYSM MICE 
The gastrointestinal tract of Atg16l1fl/fl and Atg16l1LysM littermates (n=5) was investigated. Length of small 

intestine (A) and colon (C) as well as caecum weight (B) are graphically depicted. Statistical significance was 

tested by an unpaired Student´s t-test. * p < 0.05 

 

Next, the affected tissues of Atg16l1LysM mice were analyzed by histology. Liver and lung 

showed a spontaneous infiltration of immune cells (Figure 4-5). Spleen and mesenteric lymph 

nodes (MLNs) displayed a disordered architectural structure, which was characterized by the 

loss of a clear differentiation between the red and white pulp as well as the germinal center 

(gc) and corona (c) (Figure 4-5). Dissection of the small intestine revealed an augmented size 

and number of aggregated lymphoid nodules, called Peyer´s patches (pp), in the submucosa 

of Atg16l1LysM mice compared to Atg16l1fl/fl mice (Figure 4-5 ileum). No obvious 

abnormalities were seen in the morphology of the colon (data not shown). 

In summary, the basal phenotype of Atg16l1LysM mice is characterized by the development of 

a spontaneous hepatosplenomegaly, lymphadenopathy and elongated small intestine 

accompanied by a massive immune cell infiltration in distinct tissues like spleen, lymph 

nodes, liver and lung compared to Atg16l1fl/fl littermates. 
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After gating on living cells (R1), analysis of HSCs showed a significant increase in 

Sca-1+/c-Kit+ cells in the spleen of Atg16l1LysM mice compared to Atg16l1fl/fl mice (Figure 

4-8 B). Histological staining of the proliferation marker Ki67 revealed an augmented number 

of proliferative cells in the spleen of Atg16l1LysM mice (Figure 4-8 C). 

To investigate whether the increased proliferation rate also resulted in an increased 

turnover, apoptotic cells were immunohistochemically analyzed (Figure 4-9). Microscopic 

analysis of TUNEL+ cells revealed no differences in the number of apoptotic splenic cells 

between both, Atg16l1fl/fl and Atg16l1LysM animals. 

 

FIGURE 4-9:  EQUAL NUMBERS OF APOPTOTIC TUNEL+  CELLS IN THE SPLEEN OF ATG16L1FL/FL  AND ATG16L1LYSM 

MICE  

Formalin-fixed and paraffin-embedded splenic sections of Atg16l1fl/fl and Atg16l1LysM littermates (n=3) were 

stained for apoptotic cells with ApopTag® Plus Peroxidase In Situ Apoptosis Detection Kit (Merck Millipore, 

Darmstadt, Germany) (A). Scale bars represent 100 µm. Images were analyzed by transmission light microcopy. 

Counting of TUNEL+ cells (brown) was performed in a blinded fashion with 5 images per mouse. Mean ± S.D. of 

TUNEL positive cells is graphically depicted (B). Statistical significance was calculated using an unpaired Student´s 

t-test. 

 

Bone marrow was microscopically analyzed, because Atg16l1LysM mice showed a splenic 

expansion of extramedullary hematopoiesis which is characterized by an increased number 

of HSCs and proliferative cells. In contrast, bone marrow of Atg16l1LysM mice was slightly 

hyperplastic compared to C57BL/6J wild type mice but did not show any indications for a 

hematologic disorder or specific inflammatory alteration (Figure 4-10). 

 
 

 
 
 
 
 
 
 
FIGURE 4-10:  INTACT HEMATOPOIESIS IN BONE MARROW 

OF  ATG16L1LYSM MICE  
Formalin-fixed bones of Atg16l1LysM and C57BL/6J wild 
type mice (n=2) were decalcified and afterwards 
paraffin-embedded. Sections were stained for H&E and 
analyzed by transmission light microscopy. Scale bars 
represent 100 µm. 
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4.3.3 LOS S O F AT G16L1  IN  M YE LO ID C E LL S A LT ER S C OM PO S ITI ON O F SP LE N O CYT E S  

 

Since the spleen was the most affected organ in Atg16l1LysM mice this study first focused on 

the splenic immune cell composition. Flow cytometry analysis included stainings for CD3+ 

T cells, CD19+ B cells, CD11c+ dendritic cells, CD11b+ macrophages as well as CD11b+/Ly6G+ 

neutrophils and dot plots are representatively depicted in Figure 4-11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

FIGURE 4-11:  GATING STRATEGY OF 

IMMUNE CELL POPULATIONS IN THE 

SPLEEN OF ATG16L1LYSM MICE 
Dot plots depicting forward scatter 

(FSC) and sideward scatter (SSC) were 

used to exclude dead cells and 

erythrocytes by gating. Analysis of CD3+ 

T cells (R2), CD19+ B cells (R3), 

CD11b+/Ly6G+ neutrophils (R4), 

CD11b+ macrophages (R5) and CD11c+ 

dendritic cells (R6) are exemplarily 

shown in dot plots. 
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FIGURE 4-12:  ALTERED IMMUNE CELL COMPOSITION IN THE SPLEEN OF ATG16L1LYSM MICE 
Splenocytes were isolated from Atg16l1fl/fl and Atg16l1LysM littermates (n=3) and stained for the indicated cell 

type-specific antigens and the particular isotype control combinations and analyzed by flow cytometry. 

Percentage of the individual cell population was corrected for the particular isotype control. Data are shown as 

mean ± S.D. Statistical significance was calculated by an unpaired Student´s t-test. * p < 0.05 

 

Dead cells, cell debris and red blood cells were excluded from further analysis by gating 

(Figure 4-11, R1). Atg16l1LysM mice showed a significantly decreased number of CD3+ T cells 

whereas CD11b+/Ly6G+ neutrophils where significantly elevated compared to Atg16l1fl/fl 

animals (Figure 4-12). CD19+ B cells were slightly decreased whereas the number of CD11c+ 

dendritic cells was markedly upregulated. CD11b+ macrophages were only slightly increased 

in the spleen of Atg16l1LysM mice. In line, expression analysis of cell type-specific antigens in 

the spleen of Atg16l1LysM and Atg16l1fl/fl mice showed significantly diminished mRNA 

expression of Cd3e and Cd4 for T cells as well as Cd19 for B cells (Figure 4-13) which further 

strengthened the observed reduction of adaptive immune cells within the spleen of 

Atg16l1LysM mice compared to Atg16l1fl/fl animals (Figure 4-12). Moreover, flow cytometry 

analysis detected upregulation of CD11b+ splenocytes could be confirmed on mRNA 

expression level (Figure 4-13). Expression of Cd11c did not show differences between 

Atg16l1LysM and Atg16l1fl/fl mice (Figure 4-13).  

 

FIGURE 4-13:  CHANGED EXPRESSION OF CELL TYPE-SPECIFIC MARKERS IN THE SPLEEN OF ATG16L1LYSM MICE  

Spleens of Atg16l1fl/fl and Atg16l1LysM mice (n=5) were frozen in liquid nitrogen and mortared. RNA extracts were 

reverse transcribed into cDNA. Expression levels of the indicated cell-type specific genes were analyzed by SYBR® 

green qPCR and normalized to Gapdh. Data are shown as mean ± S.D. and statistical significance was calculated 

with an unpaired Student´s t-test. ** p < 0.01, *** p < 0.001  
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Thus, splenomegaly in Atg16l1LysM mice was associated with an increased number of innate 

immune cells whereby adaptive immune cells are significantly downregulated. Next, the 

activation status of adaptive and innate immune cells was investigated by flow cytometry 

(Figure 4-14). 

 

FIGURE 4-14:  INCREASED NUMBER OF ACTIVATED  MYELOID CELLS BUT NOT T  CELLS IN ATG16L1LYSM SPLEEN 
Splenocytes were isolated from Atg16l1fl/fl and Atg16l1LysM littermates (n=3) and stained for the indicated 

antigen combinations or particular isotype controls and analyzed by flow cytometry. Percentage of activated 

T cells (A) or macrophages (B) was corrected for the particular isotype control. Data are shown as mean ± S.D. An 

unpaired Student´s t-test was performed to evaluate the statistical significance. ** p < 0.01 

 

Equal numbers of CD3+/CD25+ and CD4+/CD95+ T cells were observed in the spleen of 

Atg16l1LysM and Atg16l1fl/fl mice (Figure 4-14 A) whereas the number of activated CD11b+ 

myeloid cells characterized by MHCII, CD14 and CD95 was significantly higher in 

Atg16l1LysM animals compared to Atg16l1fl/fl littermates (Figure 4-14 B). 

 

4.3.4 MYE LO ID D ERIV ED -SU PPRE S SOR CE L L (MDSC)-LI K E PH EN OT YP E  IN TH E 

SP L EEN OF AT G16L1LY SM  MI CE  
 

Myeloid derived suppressor cells (MDSCs) are described to exert a high immunosuppressive 

function on T cell proliferation and response [221]. Thus, the spleen of Atg16l1fl/fl and 

Atg16l1LysM mice was analyzed for specific MDSC markers (Figure 4-15). Atg16l1LysM mice 

displayed a prominent expression of inducible nitric oxide synthase (iNOS), a hall mark of 

MDSC expansion [221], which was completely absent in the spleen of Atg16l1fl/fl mice (Figure 

4-15 A). Moreover, significantly increased mRNA expression levels of myeloperoxidase (Mpo), 

S100 calcium binding protein A8 (S100a8) and S100 calcium binding protein A9 (S100a9) were 

detected in spleens of Atg16l1LysM mice when compared to Atg16l1fl/fl mice (Figure 4-15B). 

In agreement with these results histological spleen sections of Atg16l1LysM mice, showed 

markedly elevated numbers of clustered MPO+ cells compared to Atg16l1fl/fl mice (Figure 

4-13 C) which further supports the findings of an increased CD11b+/Ly6G+ population 

detected by flow cytometry (Figure 4-12). 
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FIGURE 4-15:  IDENTIFICATION OF MDSC  ATTRIBUTES IN THE SPLEEN OF ATG16L1LYSM MICE  

Snap frozen spleens of Atg16l1fl/fl and Atg16l1LysM mice were mortared and RNA was extracted. cDNA synthesis 

was performed. Splenic levels of iNOS were determined by end-point PCR in four littermate pairs (A). Gapdh level 

served as loading control. Splenic levels of Mpo as well as S100a8 and S100a9 were determined in five littermate 

pairs by TaqMan Assay and SYBR® green qPCR, respectively (B). Expression of the indicated targets was 

normalized to Gapdh. Formalin-fixed and paraffin-embedded splenic sections (n=3) were stained for MPO (brown) 

and analyzed by transmission light microcopy (C). Scale bars represent 100 µm. iNOS: inducible nitric oxide 

synthase, MPO: myeloperoxidase 

 

4.3.5 EXPR E S SI ON O F C YT OK I N E S IN  TH E  S PL E EN O F ATG16L1LYS M  M IC E  

 

To further investigate whether the observed increase in myeloid cells and their 

hyper-activation influences the cytokine profile in the spleen of Atg16l1LysM mice, mRNA 

expression analysis of distinct cytokines and chemokines was performed (Figure 4-16).  

Expression levels of the pro-inflammatory cytokines interleukin 1 beta (Il1b), Il6 and tumor 

necrosis factor alpha (Tnfa) as well as the anti-inflammatory cytokines Il10 and Il4 were 

equally determined in Atg16l1fl/fl and Atg16l1LysM mice. In contrast, the pro-inflammatory 

cytokines Il1a and interferon gamma (Ifng) revealed a slight upregulation on mRNA level in 

Atg16l1LysM mice. The pro-inflammatory neutrophil attracting chemokine (C-X-C motif) 

ligand 1 (Cxcl1) was significantly increased whereas expression of the pro-inflammatory 

cytokine Il18 and the autocrine T cell-mediated cytokine Il2 was significantly diminished.  

 

     S100a9

ta
rg

et
/G

a
p

d
h

0.00

0.05

0.10

0.15
________**

Atg16l1fl/fl

Atg16l1LysM

C

Mpo

ta
rg

et
/G

a
p

d
h

0.0

0.1

0.2

0.3

0.4

0.5

_________*

     S100a8

ta
rg

et
/G

a
p

d
h

0

1

2

3

________**

B

iNOS

Gapdh

Atg16l1: fl/fl fl/fl fl/fl fl/flLysM LysM LysM LysM

A

Atg16l1fl/fl

Atg16l1LysM

anti-MPO









 

62 

 

FIGURE 4-20:  INCREASED NUMBER OF MPO+  CELLS IN MLN, LIVER AND LUNG OF ATG16L1LYSM  MICE 
Tissues of Atg16l1fl/fl and Atg16l1LysM mice (n=3) were formalin-fixed and paraffin-embedded. Sections of MLN, 

liver and lung were stained for MPO (brown) and analyzed by transmission light microcopy. White arrows 

exemplarily indicate MPO+ cells. Scale bars represent 50 µm. MLN: mesenteric lymph node; MPO: myeloperoxidase 

 

In line, staining of macrophages using the pan-macrophage marker ionized calcium-binding 

adapter molecule 1 (IBA-1) [223] showed an increased infiltration of IBA-1+ macrophages in 

MLN and liver of Atg16l1LysM mice compared to their Atg16l1fl/fl littermates (Figure 4-21). 

Besides an elevated number, Atg16l1LysM mice revealed larger irregularly shaped IBA-1+ 

cells suggesting an increased pseudopodia formation and thus activation of IBA-1+ cells in the 

liver [224, 225]. In contrast, similar numbers of IBA-1+ microglia were observed in brain 

sections of Atg16l1LysM and Atg16l1fl/fl mice. IBA-1+ microglia exhibited the characteristic 

ramified shape pointing to quiescent microglia populations and thus an intact blood-brain 

barrier in both genotypes [226]. 
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FIGURE 4-21:  ELEVATED INFILTRATION OF IBA-1+  MACROPHAGES IN MLN, LIVER AND BRAIN OF ATG16L1LYSM  

MICE 
MLN, liver and brain tissues of Atg16l1fl/fl and Atg16l1LysM mice (n=3) were formalin-fixed and paraffin-

embedded. Sections were stained for IBA-1 (brown) and analyzed by transmission light microcopy. Scale bars 

represent 50 µm. IBA-1: ionized calcium-binding adapter molecule 1; MLN: mesenteric lymph node 

 

4.3.10 NEU TROP HI L IA I N TH E B LO OD O F AT G16L1LYS M  M IC E  

 

In order to study whether the phenotype of CD11b+ cells is restricted to tissue-resident 

macrophages of the spleen, leukocyte populations in the blood of Atg16l1LysM mice were 

analyzed using flow cytometry (Figure 4-22).  

Dead cells and cell debris were excluded similarly as described for splenic cells (Figure 4-11, 

R1). No alterations were observed in the distribution of CD3+ and CD19+ immune cells, 

whereas CD11b+ and CD11c+ cells were slightly elevated in the blood of Atg16l1LysM mice 

compared to Atg16l1fl/fl littermates (Figure 4-22 A). Atg16l1LysM mice showed a significantly 

increased CD11b+/Ly6G+ population as seen in the spleen (see chapter 4.3.3). In addition, 
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FIGURE 4-24:  BODY AND ORGAN WEIGHT OF ATG16L1FL/FL AND ATG16L1LYSM MICE AFTER ANAKINRA THERAPY  

Atg16l1fl/fl and Atg16l1LysM mice were daily treated with 200 µg Anakinra (n=8) or 200 µL NaCL (n=4-5) for 14 d. 

Body weight loss was daily recorded (A). After a two week period of treatment, spleen (B) and liver weight (C) 

were assessed. Data represent mean ± S.D. and statistical significance was calculated with an unpaired Student´s 

t-test. ** p < 0.01 

 

Histological analysis of the spleen of Anakinra-treated Atg16l1fl/fl and Atg16l1LysM mice did 

not show differences in the morphology compared to appropriate NaCl-treated control mice 

(Figure 4-25). Thus, inhibition of IL1R signaling did not restore the architectural disorder in 

the spleen of Atg16l1LysM mice. 

 

 
 

 

 

 

FIGURE 4-25:  HISTOLOGICAL ANALYSIS 

OF THE SPLENIC MORPH OLOGY IN 

ATG16L1LYSM MICE AFTER ANAKINRA 

TREATMENT 
After the two weeks treatment of 200 µg 

Anakinra (n=8) or 200 µL NaCl (n=4-5) 

per day, spleens of Atg16l1fl/fl and 

Atg16l1LysM mice were formalin-fixed 

and paraffin-embedded. Splenic sections 

were stained with H&E and analyzed by 

transmission light microscopy. Scale bars 

represent 100 µm. 
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The impact of the IL1 cytokine family was further determined on cellular and molecular 

levels analyzing the cellular composition and activation status in the spleen of 

Anakinra-treated Atg16l1fl/fl and Atg16l1LysM mice (Figure 4-26).  

 

FIGURE 4-26:  INHIBITION OF IL1R  SIGNALING DID NOT RESCUE THE ALTERED LEUKOCYTE COMPOSITION IN THE 

SPLEEN OF ATG16L1LYSM MICE  

Atg16l1fl/fl and Atg16l1LysM mice (n=4) were daily administered with 200 µg Anakinra for 14 d. Splenocytes were 

stained with the indicated antibodies or appropriate isotype controls and analyzed by flow cytometry. Cellular 

composition (A) as well as numbers of activated T cells (B) and macrophages (C) were depicted as percentage of 

leukocytes corrected for the particular isotype control. Data are shown as mean ± S.D. Evaluation of statistical 

significance was performed with an unpaired Student´s t-test. * p < 0.05, ** p < 0.01 

 

 

After 14 d of Anakinra treatment, Atg16l1LysM mice still showed a significant decrease of 

CD3+ T cells and CD19+ B cells whereas CD11b+ macrophages and CD11b+/Ly6G+ neutrophils 

were significantly upregulated compared to Anakinra-treated Atg16l1fl/fl mice (Figure 

4-26 A). Splenic T cells of Atg16l1LysM mice demonstrated a diminished cell surface 

expression of CD25 and CD95 compared to Atg16l1fl/fl mice (Figure 4-26 B). As expected from 

these results, CD11b+ splenocytes of Anakinra-treated Atg16l1LysM mice still displayed an 

enhanced cell surface expression of the activation markers MHCII, CD14 and CD95 (Figure 

4-26 C). 

To determine whether IL1R inhibition has an influence on the altered cytokine expression in 

the spleen of Atg16l1LysM mice, mRNA expression analysis were performed (Figure 4-27). 

Inhibition of IL1R signaling did neither change expression of the IL1 family members Il1a and 

Il1b nor Tnfa, Il10 and Il6. In contrast, a slight decrease in Il18 expression was seen in 

Anakinra-treated Atg16l1fl/fl and Atg16l1LysM mice compared to the appropriate NaCl-treated 
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Atg16l1fl/fl BMDMs while a further accumulation of p62 was observed in Atg16l1LysM 

macrophages compared to the appropriate untreated cells (Figure 4-35 A). The initially 

detected differences in p62 levels of untreated Atg16l1fl/fl and Atg16l1LysM macrophages 

were preserved in presence of LPS supporting the findings on protein levels determined by 

immunoblot (Figure 4-34) which might point to a physiological role of p62 aggregate 

formation in response to LPS.  

 

 

FIGURE 4-35:  IN VITRO  AND IN VIVO  AGGREGATES OF P62 IN ATG16L1-DEFICIENT MACROPHAGE S 

BMDMs derived from Atg16l1fl/fl and Atg16l1LysM mice were left unstimulated or treated with 25 ng/mL LPS 

(E.coli F515) for 24 h and stained for p62 (green) using the immunofluorescence technique (A). Scale bars 

represent 5 µm. Representative images from at least 3 independent experiments are shown. Splenic sections from 

Atg16l1fl/fl and Atg16l1LysM mice were immunohistochemically stained for p62 (brown) (B). Scale bars represent 

100µm. Images are representative for four independent littermate pairs. 
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4.5.6 REACT IV E O X Y GE N SP EC I E S AM PL I FY  BUT  DO  NO T CAU S E LPS- INDUC ED  HY PER -
ACTIV ATI ON IN AT G16L1LYSM  BMDMS  

 
Recent studies suggested an immunoregulatory role for autophagy in NLRP3 activation via 

reactive oxygen species (ROS) due to impaired clearance of damaged mitochondria [22, 72, 

227]. For this reason, the impact of Atg16l1 deficiency in macrophages on ROS production 

and a putative role in the observed LPS-mediated hyper-activation was investigated.  

Analysis of Mitotracker staining using flow cytometry revealed a similar membrane potential 

of mitochondria in Atg16l1LysM BMDMs compared to Atg16l1fl/fl BMDMs (Figure 4-42 A). 

Similar results were also seen for ROS production under basal conditions (Figure 4-42 B). 

 

FIGURE 4-42:  ATG16L1  DEFICIENCY DOES NOT ALTER MITOCHONDRIAL MEMBRANE POTENTIAL AND ROS 

PRODUCTION IN MACROPHAGES  
Untreated Atg16l1fl/fl and Atg16l1LysM BMDMs were stained with either 1 µM Mitotracker Red (A) or 5 µM 
CellROX Deep Red (B) for 30 min at 37 °C and analyzed using flow cytometry. Representative histograms out of 
three independent experiments are displayed. 

 

To investigate whether increased ROS production might be responsible for the observed 

phenotype in macrophages lacking Atg16l1 BMDMs were stimulated with LPS alone or in 

combination with the ROS inhibitor diphenyleneiodonium (DPI) [243]. First, inhibitory 

properties of DPI regarding LPS-mediated ROS production was confirmed by flow cytometry 

(Figure 4-43). 

 

 

FIGURE 4-43:  INHIBITION OF LPS-INDUCED PRODUCTION OF REACTIVE OXYGEN SPECIES IN BMDMS  

Atg16l1fl/fl and Atg16l1LysM BMDMs were treated for 24 h with 25 ng/mL LPS (E.coli F515) alone or in 

combination with 2 µM DPI that was administered 1 h prior to LPS. Cell were stained with 5 µM CellROX Deep Red 

for 30 min at 37°C and analyzed by flow cytometry. Representative histogram out of three independent 

experiments is depicted. DPI: Diphenyleneiodonium 
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4.6 ROLE OF ATG16L1  IN TLR4  SIGNALING IN VIVO  USING THE 

ENDOTOXIN SHOCK MODEL  
 

The in vivo impact of Atg16l1-deficiency on TLR4 signaling was further analyzed by 

challenging Atg16l1fl/fl and Atg16l1LysM mice with a sublethal dosage of LPS (E. coli KPM53) 

for 72 h. In this setting, four out of seven Atg16l1LysM mice died within the first 24 h of LPS 

treatment whereas all Atg16l1fl/fl mice survived (Figure 4-46). 

 
 
FIGURE 4-46:  SURVIVAL CURVE DURING 

SUBLETHAL ENDOTOXIN SHOCK  
Atg16l1fl/fl and Atg16l1LysM mice (n=7) 

received an intraperitoneal injection of 

5 mg/kg LPS (E.coli KPM53) or 5 µL/g 

PBS as control. Survival was monitored 

for 72 h and depicted in a Kaplan-Meier 

curve. Statistical significance was 

calculated using a log-rank test. 

* p < 0.05 

 

 

Validation of the organ weight after 72 h of LPS administration revealed a 

hepatosplenomegaly in Atg16l1fl/fl mice comparable to PBS- or LPS-treated Atg16l1LysM mice 

(Figure 4-47 A and B). Spleen and liver weight of Atg16l1LysM mice did not increase further 

by LPS treatment. 

 

FIGURE 4-47:  ORGAN WEIGHT AFTER 72 HOURS OF AN ENDOTOXIN-INDUCED SEPTIC SHOCK 
Spleen weight (A) and liver weight (B) of Atg16l1fl/fl and Atg16l1LysM mice (n=3-7) were assessed 72 h after an 

intraperitoneal injection of a sublethal dosis of 5 mg/kg LPS (E.coli KPM53) or 5 µL/g PBS as a control. Data 

represents mean ± S.D. and statistical significance was evaluated using an unpaired Student´s t-test. * p < 0.05, 

** p < 0.01, *** p < 0.001, **** p < 0.0001 

 

Analysis of the cytokine response within the first 6 h of LPS treatment showed markedly 

elevated levels of pro-inflammatory cytokines in the serum of Atg16l1LysM mice when 

compared to Atg16l1fl/fl mice (Figure 4-48).  
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FIGURE 4-49:  BODY WEIGHT LOSS DURING ANTIBIOTIC TREATMENT  
8-12 week-old Atg16l1fl/fl and Atg16l1LysM mice (n=5) were treated with an antibiotic cocktail administered via 

drinking water for 4 weeks. The control groups (n=3) received water without treatment. Neomycin was removed 

from the antibiotic cocktail at day 7. Body weight was monitored every day and is depicted in a graph as mean ± 

S.D. ABx: antibiotics 

 

Fecal microbial populations were analyzed using the non-parametric index of Shannon 

diversity that takes presence and absence as well as bacterial abundance into account (Figure 

4-50). Microbial populations were diminished from day 7 up to day 28 in the feces of both, 

Atg16l1fl/fl and Atg16l1LysM mice indicating a successful microbial depletion.  

 

FIGURE 4-50:  SUCCESSFUL MICROBIAL DEPLETION IN THE FECES OF ANTIBIOTIC-TREATED MICE  

An antibiotic cocktail was administered via drinking water to Atg16l1fl/fl and Atg16l1LysM mice (n=5) over a 

period of 4 weeks. Feces were collected every 7 days. Bacterial DNA was isolated and 16SrDNA sequencing was 

performed using the MiSeq sequencer (Illumina, San Diego, USA). Diversity of microbial populations in feces of 

Atg16l1fl/fl mice (A) and Atg16l1LysM mice (B) was assessed using the non-parametric Shannon's index. 

 

Organ weight of Atg16l1fl/fl and Atg16l1LysM mice was analyzed after 4 weeks of antibiotic 

treatment (Figure 4-51). As described, pathological indicators appear as a result of a 

diminished intestinal microbial community [244]. Thus, antibiotic treatment resulted in 

reduced spleen weight and enlarged ceca in mice of both genotypes (Figure 4-51 A and B).  

A B
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FIGURE 4-53:  EXPRESSION OF CELL TYPE SPECIFIC MARKERS IN THE SPLEEN AFTER ANTIBIOTIC TREATMENT  

Atg16l1fl/fl and Atg16l1LysM mice were left untreated (n=3) or treated for 4 weeks with an antibiotic cocktail 

(n=5). RNA from liquid nitrogen frozen spleens was extracted and transcribed into cDNA. Expression levels of the 

indicated cell type specific markers were measured by SYBR® green qPCR and normalized to Gapdh. Expression 

of Mpo was measured by TaqMan Assay. Data represent mean ± S.D. and statistical analysis was performed with 

an unpaired Student´s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, ABx: antibiotics 

 

On the other hand, microbial depletion normalized Cd11b expression in Atg16l1LysM to 

expression levels in untreated as well as antibiotic-treated Atg16l1fl/fl mice. Antibiotic 

treatment resulted in diminished expression of the neutrophil marker Mpo in the spleens of 

both, Atg16l1fl/fl and Atg16l1LysM mice, which was further confirmed by 

immunohistochemistry (Figure 4-54). 
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FIGURE 4-54:  MICROBIAL DEPLETION RESULTS IN REDUCED NUMBERS OF SPLENIC MPO+  CELLS IN ATG16L1LYSM 

MICE 
Atg16l1fl/fl and Atg16l1LysM mice were left untreated (n=3) or treated with an antibiotic cocktail for 4 weeks 

(n=5). Spleens were formalin-fixed and paraffin-embedded and stained for MPO+ cells. Representative images 

analyzed by transmission light microscopy are shown. Scale bars represent 50 µm. MPO: myeloperoxidase 

 

As the spleen weight of untreated Atg16l1LysM mice varied from two to ten times larger 

when compared to their Atg16l1fl/fl littermates (Figure 4-5 B), interpretation whether the 

spleen weight was specifically reduced based on the use of antibiotics remains speculative. 

Suggesting that adult Atg16l1LysM mice with an age of 8-12 weeks already developed a very 

prominent phenotype, a second preventive antibiotic treatment was performed starting 

during the prenatal phase until the age of 3 weeks. 
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Gross examination of Atg16l1LysM mice at the age of 3 weeks showed neither an increased 

small intestine length nor liver weight compared to Atg16l1fl/fl mice (Figure 4-55). However, 

even at the age of 3 weeks Atg16l1LysM mice developed a significant splenomegaly, which 

was completely rescued by inhibition of the microbial colonization after birth. A successful 

microbial depletion was determined by the significantly increased caecum weight serving as 

a pathological indicator in antibiotic-treated mice [244].  

 

 

FIGURE 4-55:  ORGAN WEIGHT AND LENGTH AFTER PREVENTIVE ANTIBIOTIC TREATMENT  

Spleen (A), liver (B) and caecum weight (C) as well as small intestine length (D) were analyzed after control 

sucrose treatment (n=12-16) and preventive antibiotic treatment (n=3-8) of 3-week old Atg16l1fl/fl and 

Atg16l1LysM mice. Data are shown as mean ± S.D. and statistical significance was evaluated by an unpaired 

Student´s t-test. * p < 0.05, **** p < 0.0001, ABx: antibiotics, Ctrl: control 

 

Analysis of the splenic cell composition revealed an attenuated T cell population in 

Atg16l1LysM mice after preventive antibiotic treatment (Figure 4-56 A).  

 

FIGURE 4-56:  SPLENIC CELL COMPOSITION AFTER PREVENTIVE ANTIBIOTIC TREATMENT  

Splenic cell composition of 3 week old Atg16l1fl/fl and Atg16l1LysM mice preventively treated with an antibiotic 

cocktail (n=3-5) or 2 % sucrose (n=5) as control was analyzed by flow cytometry. Percentage of the individual 

adaptive (A) and innate (B) immune cell population was corrected for the particular isotype control. Data are 

shown as mean ± S.D. Statistical significance was calculated by an unpaired Student´s t-test. * p < 0.05, ** p < 0.01, 

ABx: antibiotics, Ctrl: control 
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Although increased populations of CD11b+ and CD11c+ cells persisted in Atg16l1LysM mice, 

the number of CD11b+/Ly6G+ cells was markedly decreased in both, antibiotic-treated 

Atg16l1fl/fl and Atg16l1LysM mice (Figure 4-56 B). A similar pattern was observed for the 

activation status of innate and adaptive immune cells (Figure 4-57). Whereas the decreased 

T cell activation was restored in Atg16l1LysM mice after microbial depletion (Figure 4-57 A), 

CD11b+ cells of Atg16l1LysM mice continuously expressed increased activation markers at 

their cell surface compared to antibiotic-treated Atg16l1fl/fl mice (Figure 4-57 B). 

 

FIGURE 4-57:  ACTIVATION STATUS OF SPLENIC IMMUNE CELLS AFTER PREVENTIVE ANTIBIOTIC TREATMENT  
Atg16l1fl/fl and Atg16l1LysM mice were preventively treated with an antibiotic cocktail (n=3-5) or 2 % sucrose 

(n=5) as control. Splenocytes were isolated and stained for the indicated antigen combinations or particular 

isotype controls and analyzed by flow cytometry. Percentage of the indicated T cell activation markers (A) or 

myeloid cell activation markers (B) was corrected for the particular isotype control. Data are shown as mean ± S.D. 

An unpaired Student´s t-test was performed to evaluate statistical significance. * p < 0.05, ** p < 0.01, 

ABx: antibiotics, Ctrl: control 

  

Since preventive antibiotic treatment ameliorated the suppressed T cell phenotype of 

Atg16l1LysM mice, expression of MDSC-associated genes was analyzed (Figure 4-58). 

Antibiotic-treated Atg16l1LysM mice demonstrated a significant reduction of Mpo, S100a8 

and S100a9 expression in the spleen compared to the appropriate control group. 
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FIGURE 4-58:  ATTENUATED EXPRESSION OF MDSC-ASSOCIATED GENES IN THE SPLEEN OF  ATG16L1LYSM MICE 

AFTER PREVENTIVE ANTIBIOTIC TREATMENT  

Spleens of Atg16l1fl/fl and Atg16l1LysM mice preventively treated with an antibiotic cocktail (n=3-5) or 2 % 
sucrose as control were snap frozen and mortared. RNA extraction and cDNA synthesis were performed. 
Expression of the indicated targets was analyzed by SYBR® green qPCR and normalized to Gapdh. Expression of 
Mpo was analyzed by TaqMan Assay. Data show mean ± S.D. Statistical significance was calculated with an 
unpaired Student´s t-test. * p < 0.05, *** p < 0.001, ABx: antibiotics, Ctrl: control, Mpo: myeloperoxidase 
 

Taken together, inhibition of the colonization of the commensal microbial community in 

Atg16l1LysM mice partially attenuated the spontaneous phenotype by rescuing the 

splenomegaly as well as the suppressed T cell phenotype. 
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5 DISCUSSION  
 

Autophagy plays a decisive role in maintaining the cellular homeostasis of eukaryotic cells 

through degradation and recycling of proteins and organelles [6]. Imbalance of this sensitive 

homeostasis as a result of genetic variants in autophagy-related genes is associated with 

numerous human diseases like inflammatory bowel disease [64], asthma [245] and various 

types of cancer [246-249]. For this reason, molecular functions of the individual autophagic 

components in inflammatory processes were intensively studied during the last years but 

still remain incompletely understood. Because macrophages represent the first line of 

defense in the immune response, the aim of the present study was to investigate the impact of 

ATG16L1 on inflammatory signaling pathways and cytokine production in myeloid cells. 

Using a myeloid-specific knock-out mouse model the results obtained in the study presented 

here combines for the first time in vivo as well as ex vivo data showing a vital role for 

ATG16L1 in immunoregulatory processes. 

 

5.1 CHARACTERIZATION OF T HE ATG16L1LYSM  MOUSE MODEL  
 

5.1.1 SPO NTAN EOU S S Y STE M I C IN FL AM MA TI ON I N AT G16L1LYSM  M IC E  

 
In contrast to Atg16l1 chimeric mice [22], the present study demonstrated that mice lacking 

Atg16l1 in the myeloid lineage develop a multifaceted spontaneous phenotype characterized 

by systemic inflammatory symptoms. Gross examination of Atg16l1LysM mice displayed a 

hepatosplenomegaly and lymphadenopathy. In detail, Atg16l1LysM mice showed an extensive 

extramedullary hematopoiesis in the spleen accompanied by increased numbers of myeloid 

cells in spleen, lymph nodes, liver and peripheral blood. Although these abnormalities at first 

sight resemble clinical symptoms of a chronic myeloid leukemia (CML) in humans [250], bone 

marrow of Atg16l1LysM mice did not reveal any histological anomalies in myeloid 

differentiation. These findings exclude CML as cause of the spontaneous phenotype seen in 

Atg16l1LysM mice. Similarly, an equal numbers of myeloid cells were detected in the bone 

marrow of Atg5LysM and Atg5fl/fl control mice [46]. However, Atg16l1LysM mice exhibited 

significantly elevated serum levels of pro-inflammatory cytokines and significantly 

upregulated numbers of activated CD11b+ myeloid cells in the peripheral blood and lymphoid 

organs.  

Surprisingly, the basal inflammatory phenotype of mice lacking other Atg genes in the 

myeloid lineage appears less prominent. Both, Atg5LysM and Atg7LysM mice solely develop a 

spontaneous inflammation in the lung [46, 251, 252]. Similar to the cytokine expression 

profile observed in the spleen of Atg16l1LysM mice, Atg5LysM and Atg7LysM mice show 
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increased pulmonary expression levels of various pro-inflammatory cytokines like Il1a and 

Tnfa. Further, increased mRNA levels of the neutrophil-attracting chemokine Cxcl1 coincides 

with a substantial infiltration of CD11b+/Ly6G+ neutrophils in the lung of Atg5LysM and 

Atg7LysM mice recapitulating the observed inflammatory characteristics in the spleen of 

Atg16l1LysM mice. In line with the presented findings in Atg16l1-deficient CD11b+ cells of the 

spleen, untreated Atg5-deficient alveolar macrophages demonstrated an inflammatory 

phenotype characterized by upregulation of activation markers like MHCII [46]. In contrast to 

Atg7-deficient macrophages showing an increased cell surface expression of inflammation 

inhibitory receptors such as macrophage scavenger receptor 1 (MSR1), protein levels of 

MSR1 were comparable between BMDMs of Atg16l1LysM and Atg16l1fl/fl mice. Bonilla and 

colleagues reported a less efficient depletion of Atg7 in splenic macrophages corresponding 

with a less prominent phenotype in Atg7LysM mice which could explain the distinct 

phenotypes in autophagy-deficient mouse models [47]. 

Summing up, loss of Atg16l1 in the myeloid lineage leads to a complex inflammatory 

phenotype in mice under physiological conditions whose individual aspects are discussed in 

more detail below. 

 

5.1.2 MYE LO ID-DER IV ED  S UPPRE S S OR C EL L-LI K E C E LL PO PUL ATI ON  IN  

ATG16L1LYS M  M IC E  

 

CD11b+/Ly6G+ cells account for less than 5 % in the spleen under healthy conditions and are 

absent in lymph nodes [253]. However, Atg16l1LysM mice showed significantly increased 

numbers of CD11b+/Ly6G+ myeloid cells in the spleen and the peripheral blood. Beside 

differentiated neutrophils, a second cell type, namely myeloid-derived suppressor cells 

(MDSCs), are described to co-express CD11b and Ly6G [254] and exhibit a potent 

immunosuppressive function on T cells [221]. MDSCs expand in blood, spleen and lymph 

nodes under pathological conditions, e.g. infections, inflammation and cancer [221]. Although 

myeloid cells of Atg16l1LysM mice demonstrated a strong inflammatory phenotype, the 

overall number of T cells was significantly diminished. In line with the proposed 

immunosuppressive function of CD11b+/Ly6G+ myeloid cells on T cells, the number of 

activated CD3+/CD25+ and CD4+/CD95+ T cells remained unaffected in Atg16l1LysM mice. 

The inhibitory capacity of MDSCs is mainly mediated by two mechanisms: (I) depletion of the 

conditionally essential amino acid L-arginine from the extracellular environment by 

arginase-1 and (II) production of nitric oxide (NO) and reactive oxygen species (ROS) by 

inducible nitric oxide synthase (iNOS) [221, 255]. Indeed, iNOS was strongly upregulated in 

the spleen of Atg16l1LysM mice suggesting that iNOS could contribute to T cell suppression in 

these mice. Increased MPO levels are another hallmark of MDSCs [256] but MPO is also stored 
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FIGURE 5-1:  PROPOSED MECHANISM FOR THE 

IMPACT OF THE COMMENSAL MICROBIOTA ON 

THE MANIFESTATION OF THE ATG16L1LYSM  

PHENOTYPE 
Loss of Atg16l1 in the myeloid lineage results in 

an inflammatory conditions partially mediated 

by the hyper-sensitivity to the commensal 

intestinal microbiota. Postnatal colonization of 

the commensal microbiota might be involved in 

the appearance and activation of a myeloid-

derived suppressor cell (MDSC)-like cell 

population. Subsequent MDSC-dependent 

cytokine production triggers the expansion and 

migration of MDSC-like cells into lymphoid 

organs and the peripheral blood and thus 

facilitates the T cell suppression via the 

expression of inducible nitric oxide synthase 

(iNOS).  

 

In line with findings in Atg16l1LysM mice presented here, a one-week intranasal antibiotic 

therapy of 2 week-old Atg7LysM mice reduced the levels of pro-inflammatory cytokines as 

well as neutrophil infiltration in the lung [251]. Moreover, preventive antibiotic treatment 

from prenatal stage to 3 weeks of age rescued the lung phenotype of Atg7LysM mice [251]. 

Thus, the postnatal microflora seems to act as crucial trigger for the spontaneous 

inflammation in mouse models lacking autophagy-related genes in the myeloid lineage. 

However, Atg5LysM and Atg7LysM mice as well as Atg16l1 chimeric mice demonstrated 

increased numbers of CD4+ T cells and regulatory T cells [22, 46, 251]. A conceivable 

explanation for the distinct phenotypes, might be the individual cellular functions of Atg 

proteins in various autophagy-independent processes like secretion of hormones and 

cytokines [261]. On the other hand, differences within microbial communities might give 

reason for dissimilarities in the presence of MDSC-like cell populations and T cell numbers in 

autophagy-deficient mouse models. Recent studies reported the capability of bacterial 

components, like the TLR-ligands LPS [262] and Flagellin [263], to elicit MDSCs. In this 

context, analysis of the microbial composition would enable the identification of specific 

MDSC-associated microbial communities. However, the research field of MDSC development, 

mobilization and expansion is still poorly understood and controversially discussed. Thus, 

further analysis is required and subject of ongoing studies. 

On the other hand, (activated) CD11b+ myeloid cells did not show reduced numbers after 

prenatal antibiotic treatment. Since antibiotic treatment strongly decreases but do not 
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8 APPENDIX  
 

8.1 BUFFERS AND MEDIA  
 
TABLE 21:  LIST OF USED BUFFERS AND APPROPRIATE COMP OSITION  

Buffer Composition Company 

10 x TAE buffer 0.4 M Tris-acetate, 0.1 M EDTA Roth (Karlsruhe, Germany) 

10 x TBS 200 mM Tris (pH 7.6), 1,37 M NaCl -  

10 x TGS buffer 25 mM Tris (pH 8.3), 192 mM glycine, 

0.1 % SDS 

BioRad (Munich, Germany) 

2 x DLB buffer 20 mM Tris (pH 7.4), 2 % (w/v) SDS -  

5 x SDS loading 

dye 

250 mM Tris (pH 6.8), 10 % (w/v) SDS, 

50 % (v/v) glycerol, 500 mM DTT 

-  

Anode buffer 1 30 mM Tris, 20 % (v/v) methanol -  

Anode buffer 2 300 mM Tris, 20 % (v/v) methanol -  

Cathode buffer 25 mM Tris , 40 mM 6-aminocaproic acid, 

20 % (v/v) methanol 

-  

Citrate buffer 11 mM Citric acid (pH 6.0) -  

EMSA buffer 1 10 mM HEPES (pH 7.9), 10 mM KCl, 0. mM 

EDTA, 1 mM DTT 

-  

EMSA buffer 2 20 mM HEPES (pH 7.9), 0.4 M NaCl, 0.2 

mM EDTA, 1 mM DTT 

-  

FACS washing 

buffer (FWP) 

0.5 % (w/v) BSA in PBS -  

Phosphat-

buffered saline 

(PBS) 

1 mM KH2PO4, 155 mM NaCl, 3 mM 

Na2HPO4-7H2O 

Gibco (Darmstadt, Germany) 

Separation 

buffer 

1.5 M Tris (pH 8.8), 0.4 % (w/v) SDS -  

Stacking buffer 0.5 M Tris (pH 6.8), 0.4 % (w/v)SDS -  

Stripping 

buffer 

2 % (w/v) SDS, 62.5 mM Tris (pH 6.8) -  

TTBS 1 x TBS, 0.1 % (v/v) Tween20 -  
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TABLE 25:  LIST OF USED REAGENTS   

Reagents Company 

1 % Eosin solution Roth (Karlsruhe, Germany) 

10 % Formalin Sigma Aldrich (Munich, Germany) 

10 x BD FACS Lysing Solution BD Biosciences (Heidelberg, Germany) 

10 x SYBR® Safe DNA gel stain Life Technologies (Darmstadt, Germany) 

30 % Bis-acrylamide (37.5:1) Bio-Rad (Munich, Germany) 

30 % Hydrogen peroxide (H2O2) Sigma Aldrich (Munich, Germany) 

5 x Green GoTaq® Reaction Buffer Promega (Mannheim, Germany) 

6-aminocaproic acid Sigma Aldrich (Munich, Germany) 

Agarose Biozym (Hessisch Oldendorf, Germany) 

Ammonium persulfate (APS) Sigma Aldrich (Munich, Germany) 

Bafilomycin A Enzo Life Sciences GmbH (Lörrach, Germany) 

Blotting grade blocker (non-fat dry milk) Bio-Rad (Munich, Germany) 

Bovine serum albumin (BSA) Roth (Karlsruhe, Germany) 

Brefeldin A Sigma Aldrich (Munich, Germany) 

CD11b MicroBeads (human and mouse) Miltenyi BioTec (Bergisch Gladbach, Germany) 

CD95L ( Jo2) BD Biosciences (Heidelberg, Germany) 

CellROX Deep Red Life Technologies (Darmstadt, Germany) 

Citric acid Roth (Karlsruhe, Germany) 

Cycloheximide (CHX) Sigma Aldrich (Munich, Germany) 

Deoxynucleotide triphosphates (dNTPs) Thermo Scientific (Darmstadt, Germany) 

Dimethyl sulfoxide (DMSO) Sigma Aldrich (Munich, Germany) 

Diphenyleneiodonium (DPI) Sigma Aldrich (Munich, Germany) 
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8.4 DEVICES  
 
TABLE 26:  LIST OF USED DEVICES  

Devices Company 

100-1000 µL pipette  Eppendorf (Hamburg, Germany) 

10-100 µL pipette Eppendorf (Hamburg, Germany) 

10-200 µL multi-channel pipette Eppendorf (Hamburg, Germany) 

1-10 µL pipette Eppendorf (Hamburg, Germany) 

7900HT Fast Real Time PCR System  Applied Biosystems (Darmstadt, Germany) 

Agarose gel chamber wide mini sub-cell 

GT 

Bio-Rad (Munich, Germany) 

Automatic developer machine Curix 60 Agfa (Mortsel, Belgium) 

Axio Imager Z1 ZEISS (Oberkochen, Germany) 

Balance  PeqLab (Erlangen, Germany) 

Cell Counter (Cellometer Auto T4 Plus) Heraeus (Hanau, Germany) 

Centrifuge Fresco21 Centrifuge Heraeus (Hanau, Germany) 

Centrifuge Megafuge 16 Bio-Rad (Munich, Germany) 

ChemiDoc XRS Biometra (Göttingen, Germany) 

Confocal laser scanning microscope TCS 

SP5 

Leica (Wetzlar, Germany) 

Electrophoresis chamber Multigel G44 Tecan (Männedorf, Switzerland) 

ELISA plate shaker Thermo Scientific (Darmstadt, Germany) 

ELISA washer Columbus plus BD Biosciences (Heidelberg, Germany) 

Embedding station STP120  Applied Biosystems (Darmstadt, Germany) 

FACSCaliburTM BD Biosciences (Heidelberg, Germany) 

GeneAmp PCR System 9700 Sartorius (Göttingen, Germany) 

Incubator Tecan (Männedorf, Switzerland) 
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Magnetic stirring plate Severin (Sundern, Germany) 

Microplate reader Infinite M200 Pro Illumina (San Diego, USA) 

Microwave PeqLab (Erlangen, Germany) 

MiSeq sequencer  Miltenyi BioTec (Bergisch Gladbach, Germany) 

NanoDrop spectrometer ND1000  Biometra (Göttingen, Germany) 

OctoMACS Leica (Wetzlar, Germany) 

Power Supply PP 3000 Bandelin (Berlin, Germany) 

RM2255 microtome  Heraeus (Hanau, Germany) 

Sonificator Sonopuls Eppendorf (Hamburg, Germany) 

Sterile bench Herasafe KS12 Bio-Rad (Munich, Germany) 

Thermomixer compact ZEISS (Oberkochen, Germany) 

TransBlot Turbo Transfer System  Stuart Scientific (Chelmsford, United Kingdom) 

Tube rotator SRT6 GFL (Burgwedel, Germany) 

Vortex Genie 2 Scientific Industries (New York, USA) 

Water bath 1013 GFL (Burgwedel, Germany) 

 
 

8.5 CONSUMABLES  
 
TABLE 27:  LIST OF USED CONSUMABLES  

Consumables Company 

0.5 mL/1.5 mL/2.0 mL tubes Sarstedt (Nümbrecht, Germany) 

1.5 mL/2.0 mL safe seal tubes Sarstedt (Nümbrecht, Germany) 

10 mL syringe BD Biosciences (Heidelberg, Germany) 

1-10 µL/10-100 µL/100-1000 µL pipette 

(filter) tips 

Sarstedt (Nümbrecht, Germany) 

15 cm/10 mL petri dish Sarstedt (Nümbrecht, Germany) 
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15 mL/50 mL tubes Sarstedt (Nümbrecht, Germany) 

18G/20G/26G needles BD Biosciences (Heidelberg, Germany) 

1 mL syringe BD Biosciences (Heidelberg, Germany) 

384-well plates Life Technologies (Darmstadt, Germany) 

40 µm/70 µm cell strainer BD Biosciences (Heidelberg, Germany) 

5 mL/10 mL/25 mL pipettes Sarstedt (Nümbrecht, Germany) 

6-well/12-well/96-well plate (flat 

bottom) 

Sarstedt (Nümbrecht, Germany) 

96-well V-bottom plate BD Biosciences (Heidelberg, Germany) 

cell scraper Sarstedt (Nümbrecht, Germany) 

coversplips (24x50mm) Geyer (Renningen, Germany) 

FACS tubes Greiner (Frickenhausen, Germany) 

EDTA tubes Sarstedt (Nümbrecht, Germany) 

Lithium-heparin tubes Sarstedt (Nümbrecht, Germany) 

MACS MS columns Miltenyi BioTec (Bergisch Gladbach, Germany) 

Nunc Lab-Tek II Chamber Slide 8-wells Thermo Scientific (Darmstadt, Germany) 
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10 SUPPLEMENTS  
 

10.1 LIST OF ABBREVIATIONS  
 
(RT)-PCR Reverse transcription PCR 

ABx antibiotics 

ALS amyotrophic lateral sclerosis  

AP-1 activator protein-1  

aPKC atypical protein kinase C  

APS ammonium persulfate 

ARE AU-rich elements  

ASC 
pyrin domain of apoptosis-associated speck-like protein containing a 

CARD 

ATG autophagy-related 

ATG16L1 autophagy-related protein 16 like 1 (S. cerevisiae) 

AU adenylate/uridylate  

BafA Bafilomycin A 

BMDMs bone marrow-derived macrophages  

BrefA Brefeldin A 

BSA bovine serum albumin  

c corona 

CD cluster of differentiation 

CD95L anti-CD95 ligand  

cDNA complementary DNA  

CHX cycloheximide  

c-Kit proto-oncogene c-Kit 

CLP common lymphoid progenitor  

CMP common myeloid progenitor  

Ct cycle threshold  

CXCL1 (C-X-C motif) ligand 1  

CYLD cylindromatosis (turban tumor syndrome) 

DAB 3,3´-Diaminobenzidine  

DC dendritic cell 

DLB denaturing lysis buffer  

DNA deoxyribonucleic acid 

dNTPs deoxynucleotide triphosphates  

DPI diphenyleneiodonium  
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