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Abstract 

 

Interleukin (IL)-10 is an immunosuppressive cytokine that plays a crucial role in 

preventing inflammatory and autoimmune pathology. The dysregulation of IL-10 

during infection can lead to either an over-exuberant response damaging the host, 

or conversely ineffective pathogen clearance. Macrophages are important players in 

inflammatory responses and produce IL-10 in response to Toll-like receptor (TLR) 

ligation along with protective pro-inflammatory cytokines. The collective regulation of 

these cytokines is central to the generation of an effective but balanced immune 

response. We observed that type I IFN is one factor that leads to differential 

production of IL-10 and pro-inflammatory cytokines in TLR4 stimulated C57BL/6 and 

BALB/c macrophages. The effects of type I IFN on pro-inflammatory cytokine 

production were IL-10 dependent and independent. Hence, we further investigated 

how type I IFN regulates IL-10 production and showed that type I IFN acts as a 

transcriptional regulator of Il10 mRNA via activation of ERK1/2, and additionally 

stabilises Il10 mRNA transcripts in TLR4 stimulated macrophages. Using an assay 

for transposase-accessible chromatin with high throughput sequencing we further 

unravelled how type I IFN regulates Il10 transcription. We were able to demonstrate 

that type I IFN increases chromatin accessibility and augments the recruitment of the 

transcription factors ATF3 and JUNB to the Il10 locus in macrophages upon LPS 

stimulation. These findings highlight key pathways responsible for the type I IFN-

dependent regulation of IL-10, and may provide valuable information for the 

development of immunomodulatory treatments of inflammatory diseases. 
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1.1 The innate immune response and its interaction with the 

adaptive immune system 

The immune response is composed of an innate and an adaptive component. While 

the innate immune system is invoked by the activation of germ-line encoded 

receptors for microbial moieties, the adaptive immune system is activated by antigen 

presenting cells of the innate immune system.  

 

The effector mechanisms of innate immunity, which include antimicrobial peptides, 

phagocytes, and the alternative complement pathway, are activated immediately 

after a pathogen penetrates the physical barriers and provides a rapid, non-specific 

response that acts against a broad range of different pathogens (1). The function of 

the innate immune system is to recognise and actively remove invading pathogens, 

as well as to activate the adaptive immune system. Phagocytic cells such as 

macrophages and DCs are particularly important in the recognition of infection as 

they express pattern recognition receptors (PRRs). PRRs are germ-line encoded and 

recognise highly conserved structures that are present in large groups of 

microorganisms but not in vertebrates (2), so called pathogen-associated molecular 

patterns (PAMPs). Hence, innate immunity can very effectively recognise pathogens 

as ‘non-self’. After macrophages and neutrophils recognised an infection, they 

directly kill the microorganism and initiate an inflammatory response leading to the 

recruitment of new phagocytic cells and circulating effector cells to the site of 

infection. The stimulation of macrophages and DCs by some of these receptors leads 

to their maturation resulting in the production of co-stimulatory molecules, cytokines 
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and chemokines which recruit and activate other immune cells to the site of infection, 

and also initiate the adaptive immune response (2).  

 

Upon activation, antigen presenting cells (APCs, which include DCs and 

macrophages) express co-stimulatory molecules such as CD80 and CD86 together 

with major histocompatibility complex (MHC) class II proteins. MHC class II proteins 

then present microbial peptides leading to the activation of CD4+ T cells (3, 4). 

However, the recognition of an antigen in the absence of CD80 or CD86 leads to 

permanent inactivation or apoptosis of the T cell. In the presence of different innate 

cytokines and of co-stimulation, CD4+ T cells expand and differentiate into distinct T 

helper (TH) subsets, each with specialised effector functions (5). TH1 cells express 

the master transcription factor (TF) TBET and produce IFN-γ as a hallmark cytokine. 

TH1 cells play an important role in the immune defence against intracellular 

pathogens (6-9), while TH2 cells are central in immune responses against parasitic 

helminths. Their master TF is GATA3 and they produce cytokines such as 

interleukin- (IL-) 4, IL-5 and IL-13 (7, 10, 11). TH17 cells express the master TF 

RORγT and produce IL-17A and IL-17F. TH17 cells play a role in the immune 

response against fungal infections and extracellular bacteria (12, 13). Regulatory T 

(Treg) cells express FOXP3 and have an important role in regulating immune 

responses to maintain immunological tolerance and homeostasis (14, 15). In the 

context of antigen presentation by MHC class I, CD8+ T cells are activated and can 

mediate the killing of infected cells through their cytotoxic functions, but also produce 

cytokines such as IFN-γ that further activates innate immune cells to control the 

infection (16). Additionally, B cells form a critical part of the adaptive immune system 

through the production of antibodies and the formation of memory cells (17).  
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Thus, the immune response is a complex network of many different cells, whose 

activity has to be carefully coordinated to ensure effective pathogen clearance but 

minimal damage to the host. Cytokines, such as IL-12, IL-10 and type I interferons, 

contribute to the orchestration of many of these processes and are regulated on 

various different levels. 

 

1.2 Macrophages and their role within the immune system 

Macrophages are a heterogeneous group of hematopoietic cells that are part of the 

innate immune system and therefore crucial in the early phase of immune responses 

(2). The majority of tissue-resident macrophages in healthy tissue arise from 

embryonic precursors and are seeded prenatally. Tissue-resident macrophages self-

maintain locally and are self-sufficient and independent from further hematopoietic 

input (18-22). Depending on the anatomical location, different tissue resident 

macrophages are known including lung alveolar macrophages, liver Kupffer cells, 

spleen red pulp macrophages, skin Langerhans cells, central nervous system 

microglial cells and intestine, heart, kidney and peritoneal macrophages (22). Tissue-

resident macrophages exhibit substantial heterogeneity, which evolves through the 

different tissue microenvironments (23, 24). Moreover, in pathological, but also 

homeostatic and inflammatory settings circulating monocytes derived from the bone 

marrow can give rise to inflammatory macrophages that infiltrate the tissues. In 

general, these monocyte-derived macrophages display a limited life span (18-22). In 

addition to the tissue specific classifications, functional classifications such as that of 

M1 and M2, have also been suggested. M1 macrophages are considered to be 

‘classically’ activated by toll-like receptor (TLR) ligands (such as LPS) and IFN-γ (25). 
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They produce high levels of pro-inflammatory cytokines, including IL-12, and are 

important in immune defence, although they may have pathogenic roles in 

autoimmune conditions (25). The production of nitric oxide is another hallmark of M1 

macrophages that is very important in microbial killing (26). M1 macrophages 

metabolise arginine to nitric oxide and citrulline via the enzyme nitric oxide synthase, 

whereas M2 macrophages metabolise arginine to ornithine and urea, having an 

importance for cellular proliferation and tissue repair (26). M2 macrophages, or so 

called alternatively activated macrophages, result from macrophage activation by 

TH2 associated cytokines such as IL-4 or IL-13 (27). The expression of Arginase-1 is 

a key feature of M2 macrophages and they play important roles in tissue repair (27) 

and immune defence against helminths (28). 

 

Macrophages contribute to host defence by phagocytosis and neutralisation of 

cellular debris and potentially hazardous agents, including pathogens. They form the 

first line of defence during infection and assist in promoting immune tolerance in 

steady state (20, 23, 29). However, they are also involved in tissue remodelling, 

metabolism, homeostasis and sense tissue damage and orchestrate tissue-repair 

responses and have tissue specific functions (30). Macrophages exert their function 

mostly by secreting pro-inflammatory cytokines such as TNF-α, IL-1β and IL-6 as 

well as antimicrobial molecules such as nitric oxide (20, 23, 29). This cytokine 

secretion leads to an increased endothelium permeability leading to recruitment of 

other innate immune cells such as neutrophils and monocytes (20). They also 

produce IL-12 and IL-23 that lead to the differentiation and expansion of TH1 and 

TH17 cells respectively that help to drive inflammatory responses (29). Additionally, 

these cytokines stimulate resident DCs to leave the tissue, move to the draining 
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lymph node and activate the adaptive immune response. Macrophages also load 

extracellular antigens on MHC class II molecules and therefore contribute to the 

differentiation of regulatory and effector CD4+ T cells (20). Presentation of antigens 

on MHC class I by macrophages can also lead to activation of CD8+ T cells. A crucial 

role of macrophages is also the clearance of apoptotic cells and pathogens by 

phagocytosis, which is facilitated by opsonins, host products of the acute-phase 

response and the complement system (2).  

 

Macrophages recognise a wide range of PAMPs and danger-associated molecular 

patterns (DAMPs) via a variety of PRRs such as TLR, NOD-like receptors (NLRs), 

retinoic acid inducible gene-1 (RIG-I) family, lectins and scavenger receptors, AIM2-

like receptors (ALRs) and intracellular DNA sensors such as cyclic GMP-AMP 

synthase (cGAS), which trigger the early immune response (discussed in depth in 

chapter 1.3) (31-33). They are also activated by IFN-g which is produced by some 

innate cells as well as CD4+ TH1 cells and CD8+ T cells (2). Through the expression 

of these sensors macrophages are responsive to changes in their environment. 

However, if the inflammatory response of macrophages is not controlled, it can lead 

to chronic inflammation or autoimmune diseases (29). Therefore, macrophages 

undergo apoptosis or switch into an anti-inflammatory or suppressive phenotype 

(34), characterised by the production of the anti-inflammatory cytokine IL-10, to 

prevent excessive inflammation (35). These silencing programs most likely set 

tissue-specific thresholds for their activation and allow the cells to gradually respond 

and assess the quality and intensity of the stimulus (19). 
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Accordingly, with such a broad array of essential functions, macrophages are also 

reported to be important contributors to various pathological conditions that reflect 

the dysregulation of their functions. In this context, macrophages have been 

described to play a critical role in atherosclerosis, osteoporosis, obesity and type 2 

diabetes, fibrosis and cancer (29, 30). 

 

1.3 Detection of infectious agents and signalling by pattern 

recognition receptors 

1.3.1 Non-TLR PRRs  

Invading microorganisms or cellular damage in tissues are initially recognised by the 

innate immune system through PRRs that are germline encoded and show a broad 

specificity for conserved and invariant features of microorganisms, PAMPs and 

DAMPs. According to protein structure and domain function, six families of PRRs 

can be distinguished: 

 

(i) TLRs are a family of membrane-bound proteins that will be discussed 

in more detail in chapter 1.3.2. 

 

(ii) C-type lectins (CTLs) are membrane-bound carbohydrate receptors 

that consist of two types: type I CTLs (such as DEC-205 and MMR), 

and type II CTLs (including dectin 1, dectin 2, Mincle, DC- SIGN, 

DNGR-1) (36, 37). An additional member of the CTL family is the 

soluble carbohydrate receptor mannose-binding lectin. Dectin-1 for 

example recognises mycobacterial motifs (38), fungal β-glucans (39) 
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and the pure β-glucan, Curdlan (40). Intracellularly, CTLs trigger a 

pathway that is dependent on the kinase SYK and phospholipase C. 

 

(iii) NLRs are expressed in the cytoplasm and recognise various microbial 

and non-microbial stimuli including the muramyl dipeptide motif of 

peptidoglycan present within most types of bacteria, and bacterial and 

viral RNA. The NLR family includes NOD1, NOD2 and NLRP1-10 (41). 

Upon stimulation NOD1 and NOD2 lead to the activation of NF-kB and 

MAP kinase signalling (42). It has also been shown that NOD2 can 

activate interferon regulatory factor (IRF) 5 (43) as well as IRF3 (44). 

Other members of this family initiate the formation of the 

inflammasome complex, the best characterised of which is the NLPR3 

inflammasome (45). The inflammasome recruits and activates the 

enzyme caspase 1, which mediates the proteolytic cleavage and 

maturation of IL-1 family cytokines (e.g. IL-1β, IL-18) into their 

biologically active forms (46). 

 

(iv) RIG-I-like receptors (RLRs), including RIG-I, melanoma 

differentiation-associated gene 5 (MDA-5) and laboratory of genetics 

and physiology 2 (LGP2) (47), are cytoplasmic sensors of RNA. Upon 

activation, these receptors signal to the mitochondrial anti-viral 

signalling protein (MAVS) to induce an IRF3- and IRF7-mediated type 

I IFN response (48). 
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(v) ALRs are cytoplasmic DNA sensors. Some of these sensors, including 

IFI-16 and DAI, signal through the endoplasmic reticulum-associated 

adapter STING to initiate downstream signal transduction. Others, 

such as AIM2, are capable of forming an inflammasome (49). 

 

(vi) OAS-like receptors (OLRs) are a recently identified group of 

cytoplasmic innate sensors of nucleic acids. Members of this family 

are the oligoadenylate synthase (OAS) proteins and cGAS. These 

PRRs are unique in their signal transduction mechanisms because 

they produce 20–50-linked second messenger molecules that initiate 

downstream antiviral immune responses (50). 

 

Upon exposure of immune cells to ligands of these receptors, intracellular signalling 

pathways are triggered and lead to the induction of innate immune responses by 

producing inflammatory cytokines, type I IFNs and other mediators (2, 32, 33). Some 

receptors can be activated by similar ligands, and initiate the same signalling and 

effector modules, thereby inducing a complex and multi- faceted immune response 

(51). 

 

1.3.2 TLR signalling 

One of the PRRs are TLRs, which are evolutionarily conserved trans-membrane 

receptors, where the extracellular part consists of a leucin-rich repeat motif. The 

intracellular part is comprised of a conserved region of around 200 amino acids and 

is known as the Toll/Interleukin-1 receptor (TIR) domain as it shows high similarity to 
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that of the IL-1 receptor family (31, 32, 52). However, the extracellular portions of 

TLRs and the IL-1R are structurally unrelated (31). Ten different TLRs (TLR1-10) 

were characterised in human and twelve (TLR1-9, TLR11-13) in mouse with each 

TLR recognising specific patterns of microbial components (Table 1.1).  

 

Some TLRs are localised on the cell surface (TLR1, 2, 4, 5, 6, 10, 11, 12) recognising 

bacterial motifs such as lipopolysaccharide (LPS) (TLR4) or peptidoglycan (TLR2), 

while others are expressed in the endosomal membrane (TLR3, 7, 8, 9, 13) and 

detect mainly nucleic acids from viruses or internalised bacteria (Table 1.1). For 

instance, TLR3 recognises viral double-stranded RNA, small interfering RNAs and 

self-RNAs from damaged cells, while TLR9 recognises bacterial and viral DNA that 

is rich in un-methylated CpG-DNA motifs (31, 33, 53).  

 

TLRs are synthesised in the endoplasmic reticulum, traffic to the Golgi and from there 

are recruited to the cell surface or intracellular compartments. TLRs are expressed 

on many different immune cells such as macrophages, neutrophils, DCs, NK cells, 

mast cells, B cells, subtypes of T cells and even on non-immune cells such as 

fibroblasts and epithelial cells. The expression of TLRs is dynamic and is modulated 

rapidly in response to pathogens, a variety of cytokines and environmental stress 

(33). TLR signalling in macrophages leads to recruitment of the same molecules as 

used for IL-1R signalling and initiates the production of pro-inflammatory cytokines 

and type I IFNs, but also to the secretion of the anti-inflammatory cytokine IL-10. 
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Table 1.1 The TLRs and their ligands 

Adapted from Takeda, Akira et al. (52) and Kumar et al. (53). * only expressed in 
human, # only expressed in mouse. 
 

TLR Location of  
expression 

PAMPs 
recognised 

Signalling 
adapter 

TLR1:2 Plasma membrane Triacyl lipopeptides, 

Pam3CSK4 

(synthetic) 

TIRAP, 

MyD88 

TLR2:6 
(CD36) 

Plasma membrane  Diacyl lipopeptides, 

zymosan 

TIRAP, 

MyD88 

TLR3 Endosome ssRNA, dsRNA, 

Poly I:C (synthetic) 

TRIF 

TLR4  
(LBP/CD14/MD-2) 

Plasma membrane LPS, Mannan, 

envelope proteins 

TIRAP, 

MyD88, 

TRAM, TRIF 

TLR5 Plasma membrane Flagellin MyD88 

TLR7 Endosome ssRNA, 

R848 (synthetic) 

MyD88 

TLR8* Endosome ssRNA, 

R848 (synthetic) 

MyD88 

TLR9 Endosome CpG DNA motif, 

dsDNA 

MyD88 

TLR10* Plasma membrane Unknown MyD88 

TLR11# Plasma membrane Profilin, Flagellin MyD88 

TLR12# Plasma membrane Profilin  unknown 

TLR13# Endosome Bacterial 23S 

ribosomal RNA 

unknown 

 

 

Upon microbial recognition TLRs homo-dimerise, except for TLR2, which is shown 

to hetero-dimerise with TLR1 (54) or TLR6 (55). Dimerisation of TLRs triggers the 

activation of signalling pathways, which originate from the TIR domain. In the 
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signalling pathways, downstream of the TIR domain, a TIR domain–containing 

adaptor, myeloid differentiation primary-response protein 88 (MyD88) (56-58), was 

first shown to be essential for induction of inflammatory cytokines such as TNF-α and 

IL-12 through all TLRs except for TLR3. However, subsequent studies have 

demonstrated that individual TLR signalling pathways are divergent, and there are 

MyD88-dependent and TIR domain-containing adaptor-inducing IFN-β (TRIF)-

dependent pathways (52, 59) (Figure 1.1).  

 

 

Figure 1.1 Summary of TLR signalling in macrophages.  

TLR2, 4 and 5 are localised on the cell surface recognising bacterial motifs such as 
lipopolysaccharide (TLR4) or peptidoglycan (TLR2), while TLR3, 7 and 9 are 
expressed in the endosomal membrane and detect mainly nucleic acids from viruses 
or internalised bacteria. Upon stimulation TLR5, 7 and 9 recruit MyD88, TLR2 
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recruits MyD88 and TIRAP, TLR3 signals through the adaptor protein TRIF and 
TLR4 as an exception signals via MyD88, TIRAP, TRAM and TRIF, leading to distinct 
and overlapping signalling downstream of these adaptors. Adapted from Kawai et al. 
(60), Takeda et al. (52) and Ikushima et al. (61). 
 

 

1.3.2.1 MyD88-dependent TLR signalling 

MyD88 possesses a C-terminal TIR domain and a N-terminal death domain, and 

associates with the TIR domain of TLRs with exception of TLR3 (Figure 1.1). Upon 

stimulation of the TLR, the death domain of MyD88 recruits IL-1 receptor-associated 

kinase (IRAK) proteins (Figure 1.1 and Figure 1.2). IRAK1 is recruited to the complex 

and phosphorylated by IRAK4 (62, 63). The IRAK family members are differentially 

involved between the human and mouse TLR pathways. In mouse, TLR signalling is 

dependent primarily on IRAK4 and IRAK2, while IRAK1 only plays a little or no role. 

However, in human macrophages TLR signalling and pro-inflammatory cytokine 

production is depended on IRAK1 (64). The E3 ligase TNF receptor-associated 

factor 6 (TRAF6) is then recruited to the receptor complex (Figure 1.1 and Figure 

1.2) where it associates with phosphorylated IRAK1 or IRAK2 (60). Phosphorylated 

IRAK1 and TRAF6 then form a complex with transforming growth factor β activating 

kinase (TAK) 1, TAK1 binding protein (TAB) 1 and TAB2 at the plasma membrane, 

which induces the phosphorylation of TAB2 and TAK1. IRAK1 is degraded at the 

plasma membrane, and the remaining TRAF6/TAK1/TAB1/TAB2 complex 

translocates to the cytosol leading to the ubiquitination of TRAF6, and activation of 

TAK1 (63). This is leading to the activation of distinct signalling pathways.  
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Figure 1.2 Activation of MAPK pathways following TLR stimulation. 

Upon TLR ligation MyD88 is activated and interacts with IRAK4, leading to the 
formation of a complex with IRAK1/2 and TRAF6. TAB1 and 2 then recruit TAK1 to 
TRAF6, triggering the activation of the ERK1/2, p38 and JNK1/2 pathways. Adapted 
from Arthur et al. (65). 
 

 

Activated TAK1 triggers the NF-κB pathway through the activation of the IκB kinase 

(IKK) complex (66) (Figure 1.1). Activated TAK1 modulates IKKβ of the IKK complex 

which induces phosphorylation and subsequent degradation of IκB, leading to 

translocation of the TF NF-κB to the nucleus (31, 66, 67). The IKK complex also 

mediates the activation of tumour progression locus-2 (TPL-2), a MAP 3-kinase, 
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through proteolysis of the inhibitory NF-κB precursor protein p105 (68). Once 

activated, TPL-2 phosphorylates the MAP 2-kinases, MEK 1 and 2, which in turn 

activate the MAP kinases extracellular-signal-regulated kinase (ERK) 1 and 2 (Figure 

1.2) (69). This TPL-2/ERK1/2 dependent pathway is important in the regulation of 

several cytokines including TNF-α and IL-10 but also negatively regulates IL-12 and 

IFN-β (69-72). Bouhamdan et al. showed that ERK1/2 can also be activated 

independently of MEK1 in the presence of IL-10 and retinoic acid leading to a 

negative regulation of IL-12, but positively regulates IL-10 production (73).  

 

TAK1 also activates the MAP kinase kinase MKK3/6-p38α/β/γ/δ signalling cascade 

(Figure 1.2), leading to cAMP response element binding (CREB) nuclear 

transcription factor activation. Furthermore, it triggers the MKK4/7-Jun N-terminal 

kinase (JNK) (Figure 1.2) mediated activation of the TF activator protein-1 (AP-1) 

composed of dimers from the Fos, Jun, activating transcription factor (ATF) and Jun 

dimerising partner (JDP) protein families (63, 74). 

 

In addition, multiple IRFs are also recruited to the MyD88 and/or TRAF6 complex 

(Figure 1.1).  Members of the IRF protein family, initially identified as transcriptional 

regulators of the type I IFN system, have been shown to play an important role in the 

signalling of PRRs. The IRF family consists of nine members, IRF1–9 (61). IRF5 is 

an important TF for pro-inflammatory gene induction downstream of the MyD88-

dependent signalling pathway (75). It interacts with MyD88 and TRAF6 and 

translocates to the nucleus and binds to ISREs within promoters of target genes such 

as Il12b. Indeed, the induction of pro-inflammatory cytokines, such as IL-12, TNF-α, 

and IL-6, is impaired in Irf5−/− macrophages after stimulation with Poly I:C, LPS, 
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flagellin, ssRNA, and CpG (75). However, IRF5 interacts with the central region of 

MyD88, causing the competition with IRF4, which also forms a complex with MyD88 

(76). As IRF4 binds to the same region of MyD88 as IRF5, TLR-induced IRF4 

competes with and inhibits the sustained activity of IRF5. Hence, IRF4 negatively 

regulates TLR signalling, as TLR-induced pro-inflammatory cytokines are enhanced 

in Irf4−/− cells (76, 77). IRF4 is also suggested as a negative regulator of TLR-

mediated NF-κB activation (77). Another IRF family member, IRF1, directly interacts 

with MyD88 (78) and induces IL-12 downstream of TLR4 in macrophages (79). IFN-

γ strongly induces IRF1. However, IFN-γ signalling itself is not sufficient to fully 

activate IRF1. Rather, the stimulation of TLR9 leads to post-translational 

modifications of MyD88-associated IRF1 and its migration into the nucleus (78). 

IRF8, another IRF family member, modulates inflammatory cytokine production in 

response to LPS (80). Although IRF8 does not bind to MyD88, it does interact with 

TRAF6 (80), suggesting that IRF8 functions in the cytosol. The role of IRFs in the 

TRIF-dependent pathway, will be discussed below.  

 

In TLR2 and 4 stimulated macrophages the TIR domain-containing adaptor protein 

(TIRAP)/MyD88-adaptor-like (Mal), has been shown to be essential for the MyD88-

dependent signalling pathway (81) (Figure 1.1). Furthermore, the MyD88-dependent 

pathway is also activated downstream of the IL-1 receptor (57). 

 

1.3.2.2 TRIF-dependent TLR signalling 

Kawai et al. (59) identified a MyD88-independent pathway leading to NF-κB 

activation in TLR4 stimulated Myd88-/- macrophages – the TRIF-dependent pathway. 
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This pathway is unique to TLR3 and 4 signalling and promotes an alternative 

pathway that leads to the activation of IRF3, NF-κB, and MAPKs for induction of type 

I IFN and inflammatory cytokine genes downstream of these receptors (31, 33, 82) 

(Figure 1.1). TRIF recruits TRAF3, which forms a signalling complex with the IKK 

proteins TANK-binding kinase 1 (TBK1) and IKKi/IKKɛ (83-85). TBK1 and IKKi/IKKɛ 

are members of the non-canonical IκB kinases that directly activate IRF3 (86), which 

subsequently forms a dimer and translocates into the nucleus and induces the 

production of type I IFN in TLR3 and 4 stimulated APCs (87) (Figure 1.1). TRIF is 

essential for TLR3- and TLR4-mediated IRF3 activation, whereas TRIF-related 

adaptor molecule (TRAM) is additionally needed as a linker between TRIF and TLR4 

to lead to activation of IRF3 via TLR4 (82, 83, 88) (Figure 1.1). In the case of TLR4, 

TRAF3 is also recruited to MyD88 and the subsequent degradation of TRAF3 is 

important for MAP kinase activation and pro-inflammatory cytokine production (89). 

TRIF also binds TRAF6 (90), and together with TNFR-associated death domain 

protein, receptor interacting protein-1 and the E3 ubiquitin ligase Pellino-1, forms a 

multiprotein signalling complex that activates TAK-1 (60). Subsequently, the late 

production of cytokines through NF-κB and MAP kinase pathways is activated (60) 

(Figure 1.1). 

 

TLR ligation additionally to NF-κB, MAPK and IRF activation also triggers the 

mammalian target of rapamycin (mTOR) pathway downstream of MyD88 and TRIF 

(91) (Figure 1.1). This occurs via activation of the Phosphatidylinositol 3-kinase 

(PI3K)/AKT pathway, in which PI3K becomes activated and recruits the kinase AKT. 

AKT is then activated by phosphorylation which leads to the downstream inhibition 

of tuberous sclerosis complex protein 1/2 (TSC2-TSC1), an inhibitor of mTOR 
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complex 1 (mTORC1) (92). In macrophages, monocytes and mDCs, inhibition of 

mTORC1 modulates the production of pro- and anti-inflammatory cytokines, 

confirming its role in innate immune responses (91, 93, 94). Recently Rab8a, a small 

GTPase, has been shown as a novel regulator of the AKT/mTOR pathway 

downstream of endosomal TLRs (95). 

 

1.3.2.3 Specificities of TLR4 signalling 

TLR4 was the first member of the TLR family to be characterized functionally (96) 

and it is the only TLR that uses all four adaptor proteins leading to the activation of 

two distinct signalling pathways — one pathway is activated by the adaptors TIRAP 

and MyD88, and the second pathway is activated by the adaptors TRIF and TRAM 

(Figure 1.1) (52). Recently, SLP adaptor and C-terminal Src kinase (CSK)-interacting 

membrane protein (SCIMP), a non-TIR-containing adaptor, has been described to 

promote selective pro-inflammatory cytokine responses by direct modulation of TLR4 

(97). TLR4 is essential for LPS signalling (98, 99). However, in order to sense LPS 

from bacteria and promote TLR4 signalling, TLR4 requires a multi-receptor complex 

comprised of LPS-binding protein (LBP), CD14, and MD-2. LPS binds to LBP which 

then forms a complex with a glycosylphosphatidylinositol–anchored molecule, CD14. 

CD14 then transfers LPS to TLR4-bound MD-2, a secreted protein that associates 

with the extracellular portion of TLR4 (100) leading to dimerisation of TLR4 and 

subsequent signalling (101, 102). Firstly, ligand engagement of TLR4 at the plasma 

membrane induces the TIRAP–MyD88 pathway which is followed by endocytosis of 

the TLR4 into the endosomes where it engages the TRAM–TRIF pathway (103) 

(Figure 1.1). 
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CD14 is important for this pathway as it was shown to control endocytosis and the 

internalisation of TLR4 from the plasma membrane into endosomes (104-106) and 

therefore TLR4-mediated type I IFN production. CD14-dependent internalisation of 

TLR4 is dependent on immunoreceptor tyrosine-based activation motif (ITAM) 

adaptors, the tyrosine kinase Syk, PLCγ2, and the IP3 receptor (104-107). In 

conjunction with or independently of CD14, factors such as Rab11a and Arf6 have 

been shown to regulate TLR4 trafficking (108, 109). TLR4 signalling and adaptor 

engagement are sequential. The movement of LPS to the TLR4 is dependent on 

CD14 and subsequently leads to the initiation of TIRAP/MyD88 signalling. 

Consequently, the receptor becomes internalised in a CD14-dependent manner and 

TRAM/TRIF signalling from endosomes is activated (104). However, MyD88-

dependent signalling is only CD14-dependent at low LPS concentrations, whereas 

activation of the TRIF pathway requires CD14 at all LPS concentrations (110). 

 

Another factor, CD300b has recently been identified as a LPS-binding receptor (111). 

CD300b together with its adaptor DAP12 associated with TLR4 upon LPS binding 

leading to the recruitment of Syk and PI3K. Subsequently, ERK1/2 and NF-κB 

signalling pathways are inhibited, resulting in reduced IL-10 production in CD300b+ 

macrophages (111).  

 

 

 



Chapter 1 General introduction 

39 

 

1.4 The role of IL-12 in the immune response 

IL-12, a heterodimeric protein of two subunits (p35 – Il12a, p40 – Il12b), was first 

described as natural killer cell stimulating factor (NKSF) by Kobayashi et al. in 1989 

(112) due to its ability to induce cytotoxic activity, IFN-γ production, and to enhance 

phytohaemagglutinin (PHA)-induced proliferation of human peripheral blood 

lymphocytes (112). Independently, Stern and colleagues reported the finding of 

cytotoxic lymphocyte maturation factor (CLMF) (113), which was later proposed to 

be called IL-12 and found to be identical with NKSF (114). IL-12 is secreted 

predominantly by macrophages, monocytes, DCs and granulocytes in response to 

microbial products (115-117). 

 

The subunit Il12a is constitutively transcribed at low levels. However, translation is 

blocked until cells get stimulated with microbial products like LPS (118). Furthermore, 

interferon regulatory factors (IRFs) such as IRF1 and IRF8 can increase Il12a mRNA 

expression through binding to appropriate response elements in the p35 DNA 

sequence (79, 119, 120). The common subunit IL-12p40 (Il12b) is highly induced by 

microbial stimuli such as LPS (121). Regulation of IL-12p40 production mainly occurs 

on the transcription level. The p40 promotors contain a number of binding sites for 

several TFs such as NF-kB and ETS (122-124). Kobayashi et al. (125) also 

demonstrated a role for nuclear factor, interleukin 3 regulated (NFIL3) as a negative 

regulatory TF in macrophages, controlling IL-12p40 production induced by bacterial 

products and the enteric microbiota (125). The activation of most TLRs leads to the 

induction of IL-12p40, while IL-12p35 expression is mainly induced upon TLRs 3, 4 

and 8 ligation (119, 126, 127). Moreover, IFN-g can maintain high levels of IL-12p70 

by both DCs and macrophages in the course of an immune response (128). 
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Furthermore, IL-12 production of DCs can be augmented by interaction of T cells 

with APCs via CD40/CD40L (129, 130). The co-expression of both subunits, p35 and 

p40, yields to the formation of the biologically active p70 compound (112). This 

differential regulation also contributes to balancing the secretion of the different 

members of the IL-12 family (131) which additionally to IL-12 also includes IL-23, IL-

27 and IL-35 (132). All cytokines in this family are heterodimeric, and subunits are 

shared between family members. For example, p40 is also a component of IL-23 

when bound to p19 (133), and p35 is a component of IL-35 when bound to Ebi3 (134, 

135). Ebi3 additionally dimerises with p28 to form IL-27 (136). 

 

Activated T and NK cells are the main cell types that express the IL-12 receptor and 

therefore respond to this cytokine (137). The IL-12 receptor is composed of two 

subunits, IL-12Rβ1 and IL-12Rβ2 (138).  Signalling via the IL-12R depends on janus 

kinase (JAK) 2 and tyrosine kinase (TYK) 2 (139) and leads to the activation of STAT 

family members STAT1, STAT3, STAT5 and, in particular, STAT4 (140, 141). STATs 

are phosphorylated by JAK2 and are then able to form homo- or heterodimers and 

translocate to the nucleus where they can regulate gene expression (139, 141) 

mainly of IFN-g in T and NK cells (142). STAT4 plays a very central and non-

redundant role in the IL-12 signalling cascade as has been demonstrated in different 

animal models. For instance, STAT4 deficient mice lack IL-12-mediated TH1 

differentiation, IFN-g induction or NK cytolytic function (143, 144).  

 

The action of IL-12 on T cells and NK cells has several effects. IL-12 promotes 

differentiation of naive CD4 T cells into IFN-γ–producing TH1 cells. (116, 145, 146). 

Importantly, the synergy of IL-12 with other activation signals such IL-2 and in the 



Chapter 1 General introduction 

41 

 

case of T cells, T cell receptor/CD3 and CD28 signalling, ensures robust IFN-γ 

production from these cells (147). Additionally, IL-12 promotes NK cell and CD8+ 

cytotoxic T lymphocyte proliferation and cytotoxic potential by stimulating production 

of granzymes and perforins. IL-12 can also drive IFN-γ production from NK cells 

(112) (148). Moreover, B cells are prompted to particularly secrete antibody isotypes 

associated with TH1 responses in response to IL-12 signalling (147). On the other 

hand, IFN-γ is a potent activator of macrophages (149), which possess many 

antimicrobial effector functions (23). This results in an enhancement of phagocytic 

function and local inflammation (150). Thus, this network forms a positive feedback 

loop where macrophage or DC derived IL-12 drives the differentiation of TH1 cells to 

produce IFN-γ which further activates effector mechanisms of the innate immune 

system. Consistent with these implications in mainly cellular immune responses, 

mice where IL-12p35 or IL-12p40 genes have been deleted, display greater 

susceptibility to infections with intracellular pathogens such as Toxoplasma gondii 

(151, 152) and Listeria monocytogenes (153) or the acid-fast bacillus Mycobacterium 

tuberculosis (154) than wild-type (WT) mice. Interestingly, there is evidence that the 

immune defect in p40-deficient animals is more pronounced than in p35 deficient 

counterparts, which matches to the appearance of p40 as constituent of both IL-12 

and IL-23 (150). Additionally, mutations in the IL-12/IFN-γ axis in humans have been 

shown to increase susceptibility to tuberculosis (155). However, in comparison to 

intracellular bacterial and parasitic infections, IL-12 may have less of an important 

role in generating protective immune responses against viral infections. In a murine 

model of flu, IL-12p40 blockade reduced IFN-γ production, but only at early time 

points (156). In a model of murine lymphocytic choriomeningitis virus (LCMV) 

infection, IL-12p35 deficient mice had no defect in the generation of anti-viral 
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responses (157). Furthermore, in experimental models of intestinal inflammation 

members of the IL-12 family play a central role (158). In this context, Ustekinumab, 

a therapeutic agent targeting p40 and hence, both IL12 and IL-23, was recently 

approved to treat psoriasis and psoriatic arthritis, and related agents are in clinical 

testing for a variety of inflammatory disorders. The difference in IL-12– and IL-23–

dependent signalling is due in part to the preferential activation of STAT4 by IL-12 

and of STAT3-dependent target genes by IL-23 (159). 

 

Taken together, IL-12’s hallmark is the induction of IFN-g production, therefore 

enhancing immune system activation, bridging both innate and adaptive cell-

mediated immune responses. However, pro-inflammatory immune responses, 

including those driven by IL-12, can be harmful to the host and give rise to infection 

induced immunopathology or autoimmunity if not appropriately regulated (160). It is 

therefore critical that these pathways are controlled in order to provide protection to 

the host.  
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1.5 The role of IL-10 in the immune response 

1.5.1 Cellular sources of IL-10 

IL-10 was first characterised by Fiorentino et al. as a ‘cytokine synthesis inhibitory 

factor’ (CSIF) which was secreted from a murine TH2 clone and inhibited the 

synthesis of several TH1 cytokines such as IFN-γ (161). IL-10 was then found to also 

inhibit pro-inflammatory cytokine production from macrophages (162) and to mediate 

its inhibitory effect through the dampening of APC activity (163, 164). IL-10 is now 

considered an anti-inflammatory cytokine with a crucial role in limiting the immune 

response to pathogens and preventing immune pathology (165). It is a homo-dimeric 

cytokine and the founding member of the IL-10 family of cytokines including IL-19, 

IL-20, IL-22, IL-24, IL-26, IL-28A, IL-28B and IL-29. IL-10 is the only member of the 

IL-10 family with a clearly established anti-inflammatory activity (166). IL-10 has been 

shown to be produced by many cells of the innate as well as the adaptive immune 

system such as macrophages, myeloid DCs (but not plasmacytoid DCs) (71, 167, 

168) and natural killer cells, neutrophils, eosinophils, mast cells as well as CD4+ TH1, 

TH2, TH17, Treg cells, CD8+ T cells and B cells (160, 165, 169, 170). The recognition 

of PAMPs through TLRs on APCs results into the production of IL-10 and will be 

further discussed in chapter 1.6. The interaction of Treg cells, B cells and neutrophils 

with DCs then promotes IL-10 production by these cells and thereby suppressing the 

immune response (171). IL-10 has a short half-life and short range of activity (170).  
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1.5.2 IL-10 signalling and gene targets of IL-10 

IL-10 mediates its anti-inflammatory properties via the IL-10 receptor which is 

expressed on most haematopoietic cells. The highest level of expression is on 

macrophages and DCs (172), resulting in the highest effect on these cells. The IL-

10 receptor consists of IL-10R1 (173) and IL-10R2 (174) subunits. IL-10R1 is specific 

for the binding of IL-10 and its expression is restricted mainly to immune cells and 

particularly highly on monocytes and macrophages (175), whereas IL-10R2 is widely 

expressed and binds IL-10 only after IL-10 binds to the IL-10R1 (176). However, IL-

10R2 is critical for the signal transduction (174). IL-10R2 is also used in the signalling 

of IL-22, IL-26, IL-28A, IL-28B and IL-29 (166). Binding of IL-10 to IL-10R1 leads to 

conformational changes in IL-10 allowing its association with the IL-10R2 forming the 

IL-10/ IL-10R complexes (176).  

 

IL-10 signalling leads to the activation of JAK1 and TYK2 receptor associated 

tyrosine kinases and subsequent activation of STAT3, which is known to be essential 

for all known functions of IL-10 (160). Other STATs can be activated downstream of 

the IL-10 receptor (160), such as STAT1 in human monocytes (177), however STAT3 

is considered most important for the immunosuppressive activity of IL-10 (178, 179). 

Phosphorylated STATs translocate as homodimers or heterodimers into the nucleus 

and regulate the expression of a number of different genes. Additionally, IL-10 can 

also activate the PI3K-AKT-GSK-3 signalling pathway which leads to the 

suppression of inflammatory gene expression (180).  

 

Importantly, in macrophages and DCs IL-10 regulates only subsets of genes induced 

by TLR ligation primarily at the level of transcription (172, 179, 181). For example, in 
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human monocytic cells, it was demonstrated that IL-10 can inhibit TNF-a production 

by binding either to the 5’ promoter region (transcriptional mechanism) or the 3’ UTR 

(post-transcriptional mechanism) (182). More recently, in human macrophages, 

Smallie et al. showed that IL-10 inhibits TNF-a production by inhibiting the elongation 

of the Tnf transcript (183). IL-10 also inhibits the transcription of Il12b (IL-12p40) via 

the TF NFIL3 (184, 185) and Il12a (IL-12p35) (185). Additionally, it was shown that 

histone deacetylation on the Il12b promoter by HDAC3 was IL-10 driven in 

macrophages (186). Other downstream targets of IL-10 that may be involved in 

mediating its anti-inflammatory effects are the transcriptional repressors Ets variant 

3 (ETV3) and Strawberry notch homologue 2 (SBNO2) (187). Hutchins et al. 

proposed in a genome-wide study over 40 additional transcription factor targets of 

IL-10 signalling (188). Furthermore, there is also evidence that IL-10 regulates target 

genes post-transcriptionally as IL-10 mediated expression of microRNA-187 has 

been shown to directly negatively regulate TNF-α production in human monocytes 

(189). Recently, Ip et al. showed that mTORC1 inhibition by IL-10 is required for the 

autophagic clearance of dysfunctional, ROS-producing mitochondria. Therefore, IL-

10 signalling prevents the accumulation of dysfunctional mitochondria in 

macrophages which would result in the activation of the NLRP3 inflammasome and 

production of IL-1b (190). 

 

1.5.3 General role of IL-10 

As a potent immunosuppressive cytokine, IL-10 exerts its inhibitory function at 

different levels by acting directly and indirectly on both the innate and adaptive arms 

of the immune response (170). IL-10 primarily leads to a down-regulation of activator 
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function of macrophages and DCs (160, 162-164). Indirectly, this mechanism inhibits 

the adaptive immune response including T cell responses. By acting on DCs and 

macrophages IL-10 inhibits the development of TH1- and TH2-type responses. IL-10 

also leads to an increased differentiation of IL-10 producing Treg cells forming a 

positive feedback loop for its production (165, 172, 181). It was also shown that IL-

10 can act directly on different CD4+ T cell subsets. TH17 cells were found to express 

the IL-10 receptor, and inhibition of IL-10 receptor activity specifically on these cells 

leads to an increase in pro-inflammatory IL-17A expressing effector T cells (191). It 

also has been shown that IL-10 acts on Treg cells (192, 193) whose function is 

promoted by IL-10 through maintenance of their FOXP3 expression. However, 

positive effects of IL-10 such as the activation of mast cells, NK cells and CD8+ T 

cells have also been shown (160, 165). Furthermore, IL-10 can promote the humoral 

immune responses by enhancing class II expression on B cells in mouse and man 

and inducing immunoglobulin (Ig) production, particularly in the human system (160, 

170). 

 

1.5.4 The role of IL-10 in disease 

IL-10 is expressed by many different cells types and also exerts various different 

effects. Consistent with this notion, IL-10 has many implications in disease. IL-10 can 

be beneficial to the host in the case of an exuberant pro-inflammatory immune 

response which might lead to damage of the host such as in septic shock, where 

inflammatory mediators can drive multi-organ failure and even death during severe 

bacterial infections (194). It was demonstrated that IL-10–deficient mice have an 

enhanced susceptibility to septic shock (195) while the treatment of mice with IL-10 
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protects them from LPS-induced shock (196). Additionally, IL-10 was shown to 

prevent immunopathology during infections with Plasmodium chabaudi chabaudi 

(197), and T. gondii (198, 199) with IL-10 from TH1 cells being the source of 

protection (200, 201). Furthermore, a protective effect of IL-10 against 

immunopathology was also seen in Trypanosoma cruzi (202) and Helicobacter 

hepaticus infections (203). IL-10 also plays a role in the protection against 

inappropriate inflammatory responses to commensal microorganisms in the gut. In 

humans, polymorphisms in the Il10 locus as well as mutations in genes encoding the 

IL-10 receptor chains (Il10ra and Il10rb) confer increased risk for inflammatory bowel 

disease, including ulcerative colitis and Crohn’s disease (204, 205) (206). IL-10-

deficient mice develop colitis (207) due to an increased TH1 response (208). In line, 

it was shown that T cells are an important source of protective IL-10 in this context 

(209). Last but not least, IL-10 may also have a protective role in allergic asthma 

(210).  

 

However, not every immune response has the potential to cause damage. Hence, 

the inappropriate production of IL-10 can inhibit an adequate clearance of an 

infection. In the mouse model of L. monocytogenes (211) and M. tuberculosis (212) 

infection, IL-10 deficiency enhanced protection to the infection. In line, Moreira-

Teixeira et al. showed recently that IL-10, derived from T cells, renders mice more 

susceptible to M. tuberculosis infection (213). Additionally, L. major infected, IL-10-

deficient mice were able to completely clear infection whereas WT mice developed 

a chronic infection (214, 215). In the context of vaccination, the generation of a strong 

immune response is also anticipated; hence, the production of IL-10 during 

vaccination may be disadvantageous (216). In support of this idea, Pitt et al. showed 
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that blockade of IL-10 signalling at the time of BCG vaccination could enhance 

vaccination efficacy, with a subsequent reduction in the bacterial load after M. 

tuberculosis challenge (217). 

 

IL-10 has also been shown to play a role in autoimmune diseases. On the one hand 

IL-10 may be protective in rheumatoid arthritis (218), psoriasis (219) and multiple 

sclerosis (220, 221). On the other hand, IL-10 has been suggested to promote 

systemic lupus erythematosus (SLE) (222) and in humans, IL-10 polymorphisms 

have been associated with the development of SLE (223).  

 

The role of IL-10 in anti-tumour immune responses is unclear and the heterogeneity 

of cancer as a disease may contribute to varying roles of IL-10 in anti-tumour immune 

responses (216).  
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1.6 Regulation of IL-10 production in macrophages 

Cells within the innate immune system require activation of PRRs to produce IL-10 

(165). IL-10 production by macrophages, amongst other cytokines, is induced by 

TLRs via the MyD88-dependent and TRIF-dependent pathways (Figure 1.3) (167). 

Stimulation of TLR4 leads to an activation of both signalling pathways and, 

importantly, optimal IL-10 production through TLR4 signalling requires the activation 

of both, the MyD88 and TRIF-dependent pathways (Figure 1.3) (167).  

 

The Il10 gene is located within the Il10 gene family cluster on Chromosome 1 (224). 

It is flanked upstream by Il19, Il20 and Il24, other members of the IL-10 family of 

cytokines. Downstream of the Il10 gene is the Mapkapk2 (Mitogen–activated protein 

(MAP) kinase-activated protein kinase 2) gene. The Il10 gene itself spans around 5 

kb in total and consist of 5 exons and 4 introns which are followed by a 3’ untranslated 

region (UTR). Human and mouse Il10 gene loci are highly homologous with a 

number of conserved non-coding sequences (224). 

 

IL-10 production is regulated at different stages such as chromatin remodelling at the 

Il10 locus, transcriptional regulation of Il10 mRNA expression and post-

transcriptional regulation of Il10 mRNA. Some characteristics of Il10 gene regulation 

are conserved between various immune cell types, while others are cell type- or 

stimulus-specific. Here, we outline, how, Il10 expression is regulated at the level of 

signal transduction, chromatin remodelling, transcription factor binding and gene 

activation in macrophages (165). 
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1.6.1 The induction of IL-10 production by PRRs in macrophages 

TLR signalling via MyD88 and/or TRIF leads to activation of MAPKs, PI3K/AKT and 

NF-κB as well as IRFs (Figure 1.3) (31, 60). It has been shown that the activation of 

ERK1/2 is critical for the production of IL-10 in TLR2, 4 and 9 activated macrophages 

and mDCs (70, 71, 225, 226), and in M. tuberculosis infected macrophages and 

monocytes (72). This is in line with studies showing that differences in IL-10 

production in macrophages, mDCs and pDCs correlate with their level of ERK1/2 

activation in response to a common TLR-ligand (71). This is supported as well by the 

fact that macrophages deficient in TPL-2 (71) or NF-κB (70), upstream activators of 

ERK1/2, show lower IL-10 expression compared to WT macrophages. However, NF-

κB regulates IL-10 via ERK-dependent and independent mechanisms (70).  

 

Saraiva et al. showed an NF-κB binding site at HSS −4.5 kb upstream of the Il10 

TSS and recruitment of the NF-κB subunit p65 in TLR4 stimulated macrophages 

(227), while Chakrabarti et al. reported an additional site in the Il10 promoter in 

dsRNA stimulated macrophages (228). Additionally, p105 (70) as well as p50 (229) 

have also been shown to promote IL-10 production in macrophages.  

 

The MAP kinase p38 has also been shown to positively regulate IL-10 production in 

LPS and CpG stimulated macrophages (Figure 1.3) which involves the activation of 

downstream kinases MSK1 and MSK2 (230). As both, ERK and p38, contribute to 

the activation of MSK1 and MSK2, which in turn promote IL-10 production in 

macrophages, ERK and p38 may also cooperate in their regulation of IL-10 

production (Figure 1.3) (230). ERK1/2 and p38-dependent IL-10 production is 

furthermore negatively regulated by IFN-γ, as IFN-γ induces the release of glycogen 
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synthase kinase 3 (GSK-3) by blocking phosphoinositide 3-kinase (PI3K)-Akt 

activation. GSK-3 then antagonises the binding of activator protein1 (AP1) and 

CREB to the Il10 promoter (231, 232). p38 activation also increases Il10 mRNA 

transcript stability upon TLR4 ligation by protecting it from rapid degradation induced 

by the RNA binding protein tristetraprolin (233, 234).  

 

Not much is known about the role of the third MAP kinase, JNK, but there are reports 

suggesting a positive effect on IL-10 production in TLR stimulated macrophages and 

monocytes (231) (228). 

The PI3K-AKT pathway was additionally proposed to contribute to IL-10 production 

in macrophages, monocytes and mDCs (Figure 1.3) (93, 94, 235). PI3K activates 

ERK and therefore might promote IL-10 production (235). However, PI3K also 

inhibits GSK-3β in macrophages (94, 236), which inhibits the production of IL-10 by 

antagonising the DNA binding activity of CREB (232). Furthermore, the PI3K-AKT 

pathway also leads to the activation of mammalian target of rapamycin (mTOR) (93, 

94) as well as the activation of mTOR by p38 (237), which also promotes IL-10 

production. However, recently Hayashi et al. (238) showed a negative role of the 

subunit p85a of PI3K in the production of IL-10 in intestinal macrophages in the DSS-

induced acute colitis model using BALB/c mice as well as in LPS stimulated BMDMs.  

Additionally, IL-10 itself feeds back to dual-specificity protein phosphatase 1 

(DUSP1), which negatively regulates p38 phosphorylation and therefore modulates 

the activity of the TTP leading to a decrease in IL-10 production (239, 240). On the 

other hand, IL-10 positively feeds back to up-regulate Tpl2 expression (179).  
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Figure 1.3 Signalling molecules involved in the regulation of IL-10 production in 
macrophages 

Il10 mRNA expression is induced downstream of PRRs like TLRs and depends on 
MyD88 and TRIF adaptor proteins which collectively lead to the activation of the NF-
κB pathway, MAP kinases (ERK1/2, p38), the PI3K/AKT/mTOR pathway and IRFs 
(not shown here). Importantly, several of these pathways also lead to the induction 
of pro-inflammatory cytokines. Adapted from Gabrysova et al. (241). 
 

 

1.6.2 The involvement of chromatin modifications in the regulation of IL-10  

Changes in chromatin structure at the Il10 gene locus are fundamental to the 

regulation of its production (227, 242). The initial event leading to Il10 transcription 

is chromatin remodelling. Remodelling of the Il10 locus occurs following TLR ligation 

(227). Additional signals are then necessary to allow increased IL-10 production. 
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Factors that influence the accessibility of chromatin include DNA methylation, 

nucleosome remodelling and covalent histone modification such as acetylation or 

methylation mediated by histone acetyl transferases (HATs), histone deacetylases 

(HDACs) or histone methyl transferases (HMTs). These enzymes alter histone ‘tails’ 

to form repressive or active marks, remodelling the chromatin from high density 

transcriptionally inactive heterochromatin to low density transcriptionally active 

euchromatin and vice versa thus governing gene expression (243). Histone 

modifications have been reported to be associated with various functional elements 

such as promoters or distal regulatory elements (enhancers or insulators) (244). In 

IL-10 producing macrophages, an increased level of epigenetic imprinting, measured 

by histone acetylation, was demonstrated (227). It was observed that histones of 

macrophages producing high levels of IL-10 show highly acetylated H4 (active mark) 

(227). Along with that, it was shown that HDAC11 gets recruited to the Il10 promoter 

to negatively regulate its expression (245). In contrast, HDAC6 is required for Il10 

transcriptional activation in APCs and physically interacts with HDAC11 leading to 

dynamic changes in the expression of Il10 (246). Additionally, histones at the Il10 

locus were also reported to be hyper-phosphorylated (247, 248) and ERK dependent 

phosphorylation of serine 10 on histone H3 correlates with high IL-10 production 

(247). These histone modifications enhance the accessibility of the Il10 promoter, 

providing a permissive chromatin structure for the binding of TFs such as SP1 (247, 

248). In macrophages five DNaseI hypersensitivity sites were found at positions 

−4.5, −2, −0.12 kb upstream and +1.65 and +2.98 kb downstream of the Il10 TSS, 

however just one regulatory element (HSS-4.5) was macrophage- and DC-specific 

(Figure 1.4) (227). 

 



Chapter 1 General introduction 

54 

 

 

Figure 1.4 Regulation of Il10 expression in macrophages on the molecular level: 
Il10 locus and promoter. 

Representation of the mouse Il10 locus and promoter on chromosome 1 with DNase 
hypersensitivity sites (HSS) (grey bars) and transcription factor binding sites (black 
bars). HSS-4.5 contains an NF-κB binding site. Direct transcription factor binding has 
not yet been shown for all of the indicated motifs. Adapted from Saraiva et al. (165) 
and Gabrysova et al. (241). 
 

 

1.6.3 Involvement of transcription factors in the regulation of IL-10 

The enhancement or silencing of Il10 transcription also depends on various TFs 

(165). TFs so far shown to be involved in the positive regulation of IL-10 in 

macrophages and DCs include SP1 (249), SP3 (250), CREB-1 and ATF-1 (230, 

251), c-Fos (71), c-Maf (252), STAT1, STAT3 (253) and NF-κB (229) (as described 

before in 1.6.1) (Figure 1.4). 

 

In TLR stimulated macrophages and mDCs, the TF c-FOS has been associated with 

the ERK-dependent positive regulation of IL-10 (71, 225, 231). C-FOS is a member 

of the activator protein 1 (AP-1) family which is composed of dimers of Fos, Jun, Jun 
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dimerising protein (JDP) and activating TF (ATF) members (74). In line with these 

findings, an AP-1 consensus binding site has been shown within a conserved non-

coding sequence ~1 kb downstream of the Il10 gene in T cells (Figure 1.4) (254). 

 

In addition to the activation of AP-1 in macrophages, ERK-dependent 

phosphorylation of histone H3 at sites across the Il10 promoter (247, 248) leads to 

increased accessibility of the Il10 promoter, allowing the binding of TFs such as the 

constitutively expressed specific protein 1 (SP-1) (Figure 1.4) (247, 248). SP-1 was 

shown to be a central mediator in the IL-10 production in LPS stimulated 

macrophages (249). SP-3 has also been reported to bind at the Il10 promoter and 

leading to a positive regulation of Il10 mRNA transcription in the Drosophila SL2 cell 

line (250). However, in a TLR4 stimulated human monocytic cell line, p38 was shown 

to regulate LPS-induced activation of Sp1, but not ERK1/2, which was important to 

regulate the transcription of the hIL-10 gene in this system (255). Additionally, 

downstream of p38, the pre-B cell leukaemia homeobox 1 (PBX1) and PBX-

regulating protein 1 (PREP1) are implicated in the expression of IL-10 production in 

response to apoptotic cells (256).  

 

The TFs cyclic adenosine monophosphate (cAMP) response element-binding 

protein (CREB) and ATF1 have been shown to be activated by MSKs in LPS 

stimulated macrophages and were found to bind the Il10 promoter (Figure 1.4) (230). 

This has been confirmed in a cAMP-treated human monocytic cell line, where CREB 

and ATF1 bound at the Il10 gene locus and activated the Il10 promoter (251). 

Furthermore, the complexing of NF-kB p50 homodimers with the coactivator CREB-
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binding protein (CBP) further enhances Il10 promoter activity (229). Other NF-kB 

subunits are involved in Il10 gene regulation and have been discussed in 1.6.1. 

 

Another kinase, mTOR, also increases the production of IL-10 via the activation of 

the TF STAT3 (93), which binds at a STAT consensus site within the proximal Il10 

promoter, important for activation of the Il10 gene (Figure 1.4) (253). However, 

STAT3 activation also occurs downstream of the IL-10 receptor (172) and a direct 

role for STATs was suggested, as IL-10 induces its own expression in human 

monocyte-derived macrophages in an autocrine manner through the activation of 

STAT3 (257). Therefore, STAT3 might regulate IL-10 downstream of PRR 

stimulation in an mTOR-dependent manner, or/and downstream of autocrine IL-10 

signalling. 

 

Another TF that has been implicated in the positive regulation of Il10 gene expression 

is c-MAF (Figure 1.4) (252). c-MAF is upregulated upon LPS and IL-4 stimulation in 

monocytes/macrophages and binds at the Il10 promoter and enhances IL-10 

production (252). Furthermore, the Il10 promoter harbours several CCAAT/enhancer 

binding protein (C/EBP) sites (Figure 1.4) (258) to which C/EBPs can bind as homo- 

or heterodimers. Roles for C/EBPβ and C/EBPδ in cooperation with Sp1, have also 

been identified in the regulation of Il10 mRNA in a murine macrophage cell line 

stimulated with TLR4 agonist (259). The ligand-activated TF aryl hydrocarbon 

receptor (AHR) was also reported to be required for maximal production of IL-10 in 

TLR4 but not TLR9 stimulated macrophages (260). 
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In contrast, MHC class II transactivator (CIITA) was shown to have a negative 

regulatory effect on expression on the Il10 promoter in a mouse macrophage cell line 

(261). Furthermore, IRF5 has been shown to be recruited to the IL-10 promoter and 

directly negatively regulate IL-10 production in human monocytes (262).  

 

1.6.4 Modulation of IL-10 by autocrine and paracrine factors 

IL-10 is regulated by autocrine and paracrine regulatory loops. As already described 

in 1.6.1, IL-10 can inhibit its own production by inducing the production of the dual 

phosphatase DUSP1 (239), as well as the production of TTP which destabilises Il10 

mRNA (263, 264). However, IL-10 can also induce the production of Tpl2, which 

leads to an increase in Il10 mRNA transcription (70, 71).  

 

Recently, Lee et al. (265) identified a novel regulator of IL-10 production in 

macrophages, the selenoprotein MsrB1. MsrB1-/- macrophages show reduced Il10 

mRNA expression upon LPS stimulation. It was postulated that MsrB1 function is 

based on its reductase activity.  

 

It has further been reported that IL-27 is important for the maximal induction of IL-10 

in response to type I IFN in TLR4 stimulated murine macrophages (266). However, 

another study reported that resting murine macrophages are unresponsive to IL-27 

(267). Furthermore, in our study (268) as well as in the study by McNab et al. (269), 

no effect of IL-27 on IL-10 production in macrophages was observed. Thus, the role 

of IL-27 in the regulation of IL-10 remains incompletely understood. In contrast, in 

TLR2 stimulated human macrophages, IFN-γ has been shown to inhibit the 
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production of IL-10 through the inhibition of the PI3K/AKT pathway (231). This led to 

the enhancement of GSK-3β activity and therefore to a suppression of the TFs AP-

1 and CREB activity (231). 

 

Furthermore, endogenous and exogenous type I IFNs can enhance IL-10 production 

from macrophages and DCs. This was first shown in LPS stimulated human 

monocytes where the addition of high concentrations of IFN-α enhanced IL-10 

production (270). Subsequently, it was shown that type I IFN signalling is important 

for maximal IL-10 production in LPS stimulated macrophages (271) as well as in M. 

tuberculosis infected macrophages (269, 272) and as recently reported for TLR-

activated microglia (273). Potential mechanisms of how type I IFN enhances IL-10 

production in PRR stimulated cells have been described. Guarda et al. demonstrated 

that the activation of STAT1 downstream of the type I IFN receptor in LPS stimulated 

macrophages leads to an increase in IL-10 (274), while in human DCs Wang et al. 

showed the activation of the PI3K/AKT pathway leads to the inhibition of GSK-3β 

and subsequent increase in IL-10 (275). Furthermore, in human B cells binding of 

IRF1 and STAT3 to the Il10 promoter was reported (276). 
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1.7 The role of type I IFN in the immune system 

Type I IFNs consist of many different IFNs with structural homology such as IFN-α 

(13 different subtypes in human, 14 in mice), IFN-β and other type I IFNs that are 

less well characterised such as IFN-δ, IFN-ε, IFN-κ, IFN-τ, IFN-z and IFN-ω. IFN-δ 

and IFN-τ are only described in pigs and cattle and do not have a homologue in 

humans (277). Type II IFN (IFN-γ) and type III IFNs (IFN-λ1, IFN-λ2, IFN-λ3, IFN-λ4 

(278)) also contribute to the broader family of IFNs (277).  

 

1.7.1 Cellular sources and targets of type I IFN 

A diverse range of cells produces type I IFNs, including most immune cells (279). All 

type I IFNs bind to a common heterodimeric transmembrane receptor, the type I IFN 

receptor that is composed of 2 distinct subunits: the IFNAR1 and IFNAR2. IFNAR1 

is constitutively associated with TYK2, while IFNAR2 is associated with JAK1 (Figure 

1.5). Upon ligation of the receptor these kinases get auto-phosphorylated. Activated 

JAK1 and TYK2 subsequently phosphorylate STAT molecules that are present in the 

cytosol. STATs that are activated in response to type I IFNs are STAT1, 2, 3 and 5 

(280). After phosphorylation activated STAT1 and STAT2 form heterodimers and 

translocate to the nucleus where they initiate transcription of IFN-stimulated genes 

(ISGs) (280). The most important transcriptional complex that is induced is the 

STAT1-STAT2-IRF9 complex, known as IFN-stimulated gene factor 3 (ISGF3) 

(Figure 1.5). This complex then binds to IFN-stimulated response elements (ISREs) 

to initiate gene transcription. This leads to the expression of several hundred ISGs, 

a large number of which function to induce an antiviral state within the cell (280). 

Wang et al. (281) recently reported a novel phosphorylation site of STAT2 on T387 
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which leads to a negative regulation of this response and is constitutively 

phosphorylated in untreated cells. Upon type I IFN stimulation other additional STAT 

complexes, specifically STAT1 homodimers, can form (Figure 1.5), translocate to the 

nucleus and bind to γ-activated sequences within DNA to regulate gene expression 

(282). In addition to JAK/STAT signalling, MAPKs are activated downstream of the 

type I IFN receptor including ERK2 (283) and p38 (284), although the first has been 

less well documented (Figure 1.5). p38 can generate IFN-mediated signals 

independent of STATs (284). Type I IFNs also activate PI3K signalling downstream 

of JAKs in an IRS-dependent but STAT-independent manner leading to activation of 

mTOR (Figure 1.5) (280).  

 

 

Figure 1.5 Type I IFN signalling. 
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Various downstream signalling pathways are induced upon the binding of type I IFN 
to its receptor leading to the transcription of interferon inducible genes (ISGs). The 
IFN-stimulated gene factor 3 (ISGF3) complex binds to IFN-stimulated response 
elements in gene promoters, leading to induction of a large number of ISGs. 
Additionally, type I IFNs can also signal through STAT1 or other STAT homodimers. 
Independent of the JAK/STAT activity, type I IFN signalling activates p38, ERK2 and 
PI3K pathways. Adapted from McNab et al. (285). 
 

 

This diversity of signalling pathways leads to the transcription of a wide range of 

genes including genes that encode cytokines and chemokines, antibacterial 

effectors, pro-apoptotic and anti-apoptotic molecules, and molecules involved in 

metabolic processes (286). Hence, the type I IFN response has several intracellular 

‘‘check-points’’ and the regulation of its pathway is achieved by targeting signalling 

pathways leading to its expression, the transcription of ISGs, and the function of IFN-

regulated proteins that they encode (287). Mechanisms involved in these processes 

including the induction of the regulatory proteins suppressor of cytokine signalling 

(SOCS) (288) and ubiquitin specific peptidase (USP)18 (289, 290). SOCS proteins 

are known to target the JAK/STAT pathway, thereby inhibiting STAT receptor binding 

and subsequent block of downstream signalling (288). USP18 is involved in the 

process of deISGlyation (290) and was recently shown to bind to the intracellular 

domain of the IFNAR2, therefore inhibiting JAK1 binding and downstream IFN-a 

signalling (289).  

 

1.7.2 The role of type I IFN in immune responses and in disease 

Type I IFNs induce a program of gene transcription interfering with multiple stages 

of viral replication but also influence the innate and adaptive immune response to 

various pathogens (279, 285). The ability of type I IFNs to restrict viral replication is 
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largely due to ISGs which are either expressed constitutively in cells in response to 

low levels of type I IFN in the microenvironment or most importantly different ISGs 

are activated or repressed depending on the pathways triggered upon IFNAR 

activation. Several ISGs such as Irf1, Ifitm3 and Oasl, have been shown to inhibit 

viral replication (291). It was reported that Ifnar1–/– mice are susceptible to vesicular 

stomatitis virus, Semliki forest virus, vaccinia virus and lymphocytic chorio- 

meningitis virus. However, susceptibility to influenza virus infection is dependent on 

type I IFN as well as type III IFN (292-295). However, a detrimental role for type I 

IFN in mouse models of intracellular bacterial infections including L. monocytogenes 

(72, 296) and M. tuberculosis (72, 297) has been shown. Type I IFN has been shown 

to promote lymphocyte apoptosis and subsequent dampening of the innate immune 

response which is in part due to the induction of IL-10 production by phagocytic cells 

in L. monocytogenes infection (298). Additionally, type I IFN mitigates 

responsiveness to IFN-γ in L. monocytogenes infected macrophages (299). In the 

context of M. tuberculosis infection, type I IFN mediated the inhibition of the 

protective cytokine IL-1 (272). Furthermore, type I IFN was shown to induce IL-10 as 

well as block the responsiveness to IFN-γ for IL-12 production and bacterial killing in 

M. tuberculosis infected macrophages (269). In humans, a type I and type II IFN 

related gene expression signature in the blood has been shown to correlate with the 

radiological extent of disease (300). Nevertheless, type I IFNs can also have 

protective effects in bacterial infections such as Chlamydia trachomatis, Chlamydia 

pneumoniae, Legionella pneumophila, Shigella flexneri and Salmonella enterica 

(285). 
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Type I IFN also plays a role in autoimmune diseases such as SLE through the over-

production of ISGs in active disease (301), Sjögren’s syndrome and rheumatoid 

arthritis (302). Conversely, type I IFN has been used as a therapy in the treatment of 

multiple sclerosis (303). Patients treated with IFN-β, demonstrate an increase in Il10 

mRNA levels (304) and IL-10 has been linked to the suppression of experimental 

autoimmune encephalitis (EAE), the mouse model for multiple sclerosis (220, 221). 

IFN-a therapy is used to treat some chronic viral infections and cancers (305). 

 

1.7.3 The regulation of type I IFN production in macrophages  

Innate immune cell types such as macrophages produce type I IFN in response to 

the stimulation of PRRs by microbial products (279). In macrophages, TLR3 and 4 

induce Ifnb1 mRNA expression via the TRIF-dependent pathway (82). However, in 

other cell types, mostly pDCs, the ligation of TLR7, 8 and 9 can activate pathways 

leading to type I IFN production (279). However, the induction of a positive feedback 

loop is necessary to induce the expression of Ifna genes (306). Therefore, IFN-β 

signals through the type I IFN receptor to activate IRF7 which subsequently promotes 

the expression of Ifna genes, with exception of IFN-α4 (306). Other PRRs such as 

the RLR RIG-I and melanoma differentiation-associated gene 5 (MDA5), are the 

main cytosolic receptors and induce robust type I IFN production in response to viral 

nucleic acids through the activation of IRF3, IRF7, NF-κB and MAPKs (47, 307). The 

cytosolic molecular sensors NLRs NOD1 and NOD2 have also been shown to induce 

type I IFN in response to Helicobacter pylori (308) and M. tuberculosis infection (309) 

as well as the receptor cytosolic GAMP synthase (cGAS) (310, 311). Furthermore, 

other DNA motifs in the cytosol can be recognised by the DNA-dependent activator 
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of IFN-regulatory factors (DAI) and the DEAD box and DEAH box (DEXD/H box) 

helicases, and lead to the induction of type I IFN production (307, 312). All these 

signalling pathways converge on a few signalling molecules, such as the IRF family 

of TFs, leading to the transcription of genes encoding type I IFNs. The Ifnb1 gene 

contains consensus binding sites for IRFs, NF-κB TFs as well as AP-1 sites (313). 

In line, co-operation between these factors in the induction of Ifnb1 mRNA 

expression was reported (314). ATF3, a member of the AP-1 family was found to 

regulate IFN-b via direct binding distal to the Ifnb1 promoter and act as a 

transcriptional repressor in macrophages. Yet, ATF3 itself is induced by type I IFN 

(315). However, IRF3 and IRF7, in most cases the fundamental IRFs, are activated 

by upstream kinases such as IKKε and TBK1 (60). RIG-I and MDA5 use the adaptor 

MAVS to activate TBK1, whereas TLR3 and TLR4 use the adaptor molecule TRIF. 

TLR7 and TLR9 signals rather via MyD88 than TRIF (316, 317).  

 

However, a negative regulatory mechanism also exists, which can attenuate the 

production of type I IFN. In TLR4 and TLR9 stimulated macrophages, the IFN-β 

production is negatively regulated by the TPL-2/ERK pathway (71, 318), which might 

depend on the TF c-FOS (71).  
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1.8 C57BL/6 and BALB/c as strains of different disease 

susceptibilities 

Mouse models are often the organism of choice for immunologists due to the breadth 

of tools available. Two of the most commonly used inbred mice strains are C57BL/6 

and BALB/c mice. As they differ significantly in their immune responses, they have 

been used as models to study susceptibility or resistance to various pathogens 

(Table 1.2). C57BL/6 mice are considered more resistant than BALB/c mice to 

Burkholderia pseudomallei (319) and L. major infection (320) as well as to infection 

with Listeria spp. (321) and M. avium (322) (Table 1.2). BALB/c mice have been 

shown to be more resistant than C57BL/6 mice to T. gondii (323) and Helicobacter 

spp. infections (324) (Table 1.2). Differences in resistance and susceptibility are also 

evident in Il10-/- mice in the C57BL/6 and BALB/c background. The deficiency in IL-

10 leads to spontaneous onset of enterocolitis dependent on the presence of the gut 

flora (325). However, C57BL/6 mice were less susceptible to the onset of disease 

than BALB/c mice (208).  

 

Thus, C57BL/6 and BALB/c mice show different immunological responses in various 

contexts and these differences have been studied in order to better understand the 

underlying mechanisms. C57BL/6 mice have been correlated to a dominant TH1 

response, while BALB/c mice are associated with a dominant TH2 response but only 

in L. major infections (326). Other mechanisms leading to their distinct phenotypes 

have been raised such as differential production of nitric oxide due to increased IFN-

b-depentent iNOS expression in C57BL/6 cells in comparison with BALB/c cells (327) 

or differences in abundance of respiratory chain complexes and lysosomal proteins 
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as well as differential regulation of components belonging to various antioxidant 

stress systems in C57BL/6 and BALB/c macrophages (328). Furthermore, we 

recently demonstrated that C57BL/6 macrophages stimulated with LPS, Pam3CSK4 

or B. pseudomallei produce high levels of IL-10 and low levels of pro-inflammatory 

cytokines such as IL-12, TNF-a, and IL-1b while BALB/c macrophages showed a 

reciprocal pattern of cytokine production (268). In B cells the reduced surface 

expression of TLR4 in BALB/c cells accounts for the low response of these B cells 

to LPS (329). Although some immunological factors have been found to explain the 

differences in disease outcome between C57BL/6 and BALB/c macrophages, the 

mechanisms underlying these traits are complex and only partially understood.  

 

Table 1.2 Differences in resistance and susceptibility in the context of infectious 
diseases in C57BL/6 and BALB/c mice strains 

Pathogen More resistant strain 

Burkholderia pseudomallei C57BL/6 

Leishmania major C57BL/6 

Listeria spp. C57BL/6 

Mycobacterium avium C57BL/6 

Toxoplasma gondii BALB/c 

Helicobacter species BALB/c 
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1.9 Overview 

Data from the O’Garra laboratory showed that macrophages from C57BL/6 mice 

produce high levels of IL-10 and low levels of pro-inflammatory cytokines such as IL-

12, IL-1b and TNF-a upon stimulation with different TLR ligands, whereas 

macrophages from BALB/c mice showed a reciprocal cytokine profile (data now 

published (268)). In addition, it was found that type I IFN production was higher in 

C57BL/6 macrophages compared to BALB/c macrophages. Hence, we hypothesised 

that type I IFN via various mechanisms regulates the production of IL-10 and pro-

inflammatory cytokines in TLR stimulated C57BL/6 and BALB/c macrophages. 

Firstly, we aimed to use microarray analyses to investigate in an unbiased way 

pathways that are involved in the differential IL-10 and pro-inflammatory cytokine 

production in TLR stimulated C57BL/6 and BALB/c macrophages. Furthermore, we 

explored mechanisms leading to differences in type I IFN production between 

C57BL/6 and BALB/c stimulated macrophages. To evaluate the context specificity of 

the type I IFN mediated effect we stimulated macrophages with various TLR ligands 

and investigated mechanisms of how type I IFN mediates the regulation of IL-10 

using kinase inhibitors. Using ATAC-sequencing, we explored in further detail the 

effects of type I IFN on chromosome accessibility and transcription factor recruitment 

to the Il10 locus in LPS stimulated macrophages. Thus, this study described here in 

this thesis will shed light on the type I IFN-mediated regulation of IL-10 in LPS 

stimulated C57BL/6 macrophages and contribute to the understanding of how IL-10 

expression is controlled which is critical in the design of immune intervention 

strategies. 
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2.1 Mice strains 

C57BL/6 wild-type (WT), BALB/c WT, C57BL/6 Ifnar1-/-, C57BL/6 Tlr4-/- and C57BL/6 

Nfil3-/- mice were bred and maintained at The Francis Crick Institute, Mill Hill 

Laboratory and the Francis Crick Institute under specific pathogen-free conditions in 

accordance with the Home Office, U.K., Animal Scientific Procedures Act, 1986. 

C57BL/6 Ifnar1-/- breeders were provided by B&K Universal (Hull, U.K.). C57BL/6 

Tlr4-/- breeding pairs were kindly given to us by Prof. S. Akira (Osaka University, 

Osaka, Japan). C57BL/6 Nfil3-/- mice were provided by Andreas Wack. C57BL/6N 

and BALB/cAnN Myd88-/- mice were purchased from Oriental BioService Inc. and 

appropriate WT controls were ordered from Taconic (Taconic Farms Inc.). All mice 

used were female, between 8-16 weeks of age. 

 

2.2 Reagents 

2.2.1 Cell culture medium 

For all in vitro experiments the following culture medium was used (referred to as 

cRPMI): RPMI 1640; 5% heat-inactivated FCS (Gibco, Thermo Scientific); 0.05 mM 

2-Mercaptoethanol (Sigma); 10 mM HEPES buffer; 100 U/ml penicillin; 100 μg/ml 

streptomycin; 2 mM L-glutamine; 1 mM sodium pyruvate. Unless otherwise stated, 

all components were purchased from BioWhittaker. 
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2.2.2 PRR ligands, heat-killed bacteria and recombinant cytokines 

Cells were stimulated, unless otherwise stated, with either cRPMI culture medium 

(control), Salmonella Minnesota LPS (Alexis) at a final concentration of 10 ng/ml, 

Pam3CSK4 (InvivoGen) at a final concentration of 200 ng/ml, heat-killed B. 

pseudomallei 576 (from DSTL, Porton Down) at a final concentration of 500 HkBps : 

1 BMDM, CpG1668 (TriLink Biotech) at a final concentration of 0.5 µM, Poly I:C 

(InvivoGen) at a final concentration of 50 µg/ml. When indicated, cells were 

additionally treated with recombinant murine IFN-β or IFN-a (PBL) at a final 

concentration of 2 or 20 ng/ml. Doses have been established in the laboratory 

beforehand. Duration of stimulations are indicated in figure legends. 

 

2.2.3 Inhibitors 

Kinase inhibitor stocks were diluted in DMSO (DMSO vehicle control was included 

in every experiment) and used at the following final concentrations: 0.1 µM BIRB0796 

(p38 inhibitor), 0.5 µM SB203580 (p38 inhibitor), 0.1 µM PD0325901 (MEK1 

inhibitor), 1 µM U0126 (MEK1/2 inhibitor), 1 µM Arry142886 (MEK1/2 inhibitor), 

0.125 µM rapamycin (mTOR inhibitor, InVitrogen), 0.03 µM PI-103 (PI3K inhibitor) 

and 1 µM CT99021 (GSK-3 inhibitor). BIRB0796, SB203580, PD0325901, PI-103, 

U0126, Arry142886 and CT99021 were kind gifts of Philip Cohen (University of 

Dundee). Inhibitors were added to BMDM cultures 1 h prior or 2 h after stimulation 

with PRR ligands as indicated in the figure legends. The doses were based on 

recommendations by Cohen et al. for maximal efficiency with minimal off-target 

effects (330, 331) as well as by the Kinase Profiling Inhibitor Database 
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(http://www.kinase-screen.mrc.ac.uk/kinase-inhibitors). Data from this database 

have been generated by the International Centre for Kinase profiling within the MRC 

Protein Phosphorylation Unit at the University of Dundee. Concentrations were 

confirmed by titration experiments using BMDMs (Figure 4.9).  

 

2.3 Differentiation of bone marrow-derived macrophages 

Bone marrow was flushed from tibias and femurs and cultured (37°C, 5% CO2) in 9 

cm Petri dishes (Sterilin Ltd.) at 0.5x106 cells/ml in 8 ml cRPMI supplemented with 

10% FCS and 20% L929-cell conditioned medium, containing M-CSF. L929-cell 

conditioned medium was generated from the L929 cell line with the assistance of 

Jackie Wilson (Large Scale Laboratory Facility, National Institute for Medical 

Research). On day 4, 10 ml cRPMI supplemented with 10% FCS and 20% L929-cell 

conditioned medium was added to the culture. On day 6, non-adherent cells were 

removed and adherent cells were harvested by gentle flushing with cold PBS (Gibco, 

Invitrogen). Cells were seeded in either 48-well tissue culture plates (Corning Inc.) 

at 0.5x106 cells/well or 6-well tissue culture plates (Corning Inc.) at 4x106 cells/well 

in cRPMI and rested for 18 – 24 h prior to stimulation. 

 

2.4 Enzyme-linked immunosorbent assay 

2.4.1 Quantification of cytokine concentrations 

Supernatants were collected from cell cultures and cytokine concentrations 

quantified by sandwich enzyme-linked immunosorbent assay (ELISA). Maxisorp 96-

well plates (Nunc, Thermo Scientific) were used for the assay. IFN-β and IFN-a were 
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quantified using a commercially available ELISA kit (PBL) following the 

manufacturer’s instructions. Matched-pair sandwich ELISAs were used to measure 

IL-10 and IL-12p40 concentrations. Details are summarised in Table 2.1. ELISA 

plates were read on a Safire2 microplate reader (TECAN). Standard curve calculation 

and cytokine concentration were determined using Magellan software. 

 

Table 2.1 IL-10 and IL-12p40 ELISA details 
Cytokine Standard Coating 

antibody 

Detection 

(biotinylated) 

antibody 

HRP-

streptavidin 

Developing 

substrate 

Detection 

limit 

IL-10 Recombinant 

IL-10 (R&D) 

JES5-2A5 

5 µg/ml 

(eBio) 

 

SXC-1 

0.25 µg/ml 

(BD 

Biosciences) 

1 µg/ml 

(Jackson 

Immuno 

Research) 

TMB 50 pg/ml 

IL-12p40 Recombinant 

IL-12p40 

(R&D) 

C15.6.7 

5 µg/ml 

(DNAX) 

C17.8 

0.5 µg/ml 

(DNAX) 

1 µg/ml 

(Jackson 

Immuno 

Research) 

ABTS 50 pg/ml 

 

 

2.4.2 Quantification of the activity of interferon regulatory factor 3  

Nuclear extracts of 2 h heat-killed B. pseudomallei stimulated BMDMs (500:1 B. 

pseudomallei:BMDM) were prepared using the Nuclear Extract Kit and analysed with 

the TransAM IFN regulatory factor (IRF) 3 kit for mouse (both from Active Motif) 

according to the manufacturer’s instructions. Plates were read on a Safire2 microplate 

reader (TECAN). Specificity of the assay was tested using wild type consensus 

oligonucleotides or mutated oligonucleotides as provided by the kit (Figure 7.1). 
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2.5 Real-time polymerase chain reaction 

Supernatants from the cell culture were discarded at the indicated time points and 

cells washed with pre-warmed PBS. Cells were then lysed with RLT buffer (Qiagen) 

containing 1% b-Mercaptoethanol (Sigma). Lysates were stored at -80°C. RNA was 

harvested and isolated according to the manufacturer’s instructions using RNeasy 

Mini Kit (QIAGEN) with an on-column DNase digestion step to remove contaminating 

DNA (RNase-Free DNase kit, Qiagen). Purified RNA concentration was determined 

with a Nanodrop spectrophotometer (NanoDrop1000, Thermo Scientific).  

 

cDNA was synthesised using High Capacity cDNA Reverse Transcription kit (Applied 

Biosystems), following the manufacturer’s instructions. Subsequently, samples were 

treated for 30 min at 37°C with RNase H (Promega) to degrade leftover RNA.  

 

Il10, Il12a, Ifnb1, Oas1g, Stat1, Stat3, Irf7 and Irf9 gene expression were quantified 

by real-time PCR (7900HT, Applied Biosystems and QuantStudio3, ThermoFisher) 

using the TaqMan assay system and normalised to Hprt1 mRNA. A no-cDNA 

template control and water only control was always included to ensure that reagents 

were not contaminated. The primer-probes used are summarised in Table 2.2. 

 

For the quantification of un-spliced Il10 mRNA transcripts, TaqMan primer/probe 

pairs were designed so that the forward (sense) primer and TaqMan probe annealed 

within an exon sequence (in this case exon 3 of the 5 Il10 exons), and the reverse 

(antisense) primer annealed within an intron sequence (in this case intron 4). Primers 

were designed by Ashleigh Howes using Primer Express 2.0 software and were 
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custom made by Applied Biosystems. Primer sequences are summarised in Table 

2.3.  

 

Table 2.2 TaqMan primer probes for qRT-PCR 

Target gene Applied Biosystems code 

Il10 Mm00439616_m1 

Il12a Mm00434165_m1 

Ifnb1 Mm00439552_s1 

Oas1g Mm01730198_m1 

Stat1 Mm_00439518_m1 

Stat3 Mm_01219775_m1 

Irf7 Mm_00516793_g1 

Irf9 Mm_00492679_m1 

Hprt1 Mm_00446968_m1 

 

 

Table 2.3 Un-spliced Il10 mRNA primer probe sequences 

Forward primer 5’-AGCATGGCCCAGAAATCAAG-3’  

TaqMan probe 5’-CTCAGGATGCGGCTGA-3’  

Reverse primer 5’-AGAACGCATCTGCTACTCACACA-3’  

 

 

The gene expression value, expressed in relative units (RU), for each sample was 

determined and normalised to the house-keeping gene Hprt1 using the delta Ct (ΔCt) 

calculation: ΔCtgene = 1.8(CtHprt1-Ctgene) x 100,000. 
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2.6 Determination of mRNA stability 

BMDMs were stimulated with LPS or LPS and IFN-β. 1 h post stimulation 

Actinomycin D from Streptomyces sp. (Sigma-Aldrich, 10 μg/ml) was added to the 

cultures (t = 0) to inhibit RNA synthesis. 30, 60, and 90 min later mRNA was isolated, 

reverse transcribed into cDNA, and Il10 mRNA quantified as described in 2.5. 

 

2.7 Immunoblotting 

In experiments where phosphorylation of proteins was evaluated, BMDMs were 

rested in 1% FCS for 20 h prior to stimulation in order to reduce the background 

signal caused by serum response. In all other cases BMDMs were rested as 

described before (2.3). Cells were stimulated as indicated, after which supernatant 

was removed and cells washed with PBS and lysed in RIPA buffer composed of 50 

mM Tris HCl (Sigma), pH 8; 150 mM NaCl (Sigma); 2 mM EDTA (Sigma); 2 mM 

sodium pyrophosphate (Sigma); 50 mM sodium fluoride (Sigma); 0.1% SDS 

(BioRad); 1% NP-40 (Fluka); 0.5% deoxycholate acid (Sigma); 100 mM vanadate 

(Sigma); complete EDTA-free protease inhibitor cocktail (Roche) or in Triton X-100 

lysis buffer (for IRF3 Western blots) composed of 50 mM Tris HCl (Sigma), 1mM 

EGTA (Sigma), 1mM EDTA (Sigma), 1 mM vanadate (Sigma); 50 mM sodium 

fluoride (Sigma); 5 mM sodium pyrophosphate (Sigma); 10 mM Sodium 

glycerophosphate (Sigma), 270 mM Sucrose (Sigma); 1% Triton X-100 (Sigma); 

0.1% b-Mercaptoethanol (Sigma) and complete EDTA-free protease inhibitor 

cocktail (Roche). For the separation of cellular and nuclear extracts the Nuclear 

Extract Kit from Active Motif was used. 
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Protein concentration was measured using a reducing agent compatible 

Bicinchoninic Acid (BCA) Protein Assay Kit according to the manufacturer’s 

instructions (Thermo Scientific). 

 

Proteins were denatured in SDS sample buffer (5 min, 95 °C), and resolved on a 10 

or 12.5% SDS-polyacrylamide gel and subsequently transferred to polyvinylidene 

difluoride membranes (Millipore). Membranes were probed with antibodies against 

phospho-p38 (T180/Y182), total p38 (both Cell Signaling), phospho-ERK1/2 

(T185/Y187), total ERK1/2 (both Invitrogen), phospho-IRF3 (S396, 4D4G) (Cell 

Signaling), total IRF3 (Santa Cruz Biotechnology), phospho-STAT1 (Y701), total 

STAT1, phospho-TBK1 (S172), total TBK1 (both Cell signaling), phospho-GSK-3a/b 

(S21/9) , total GSK-3a/b (both from Cell signaling), JUNB (Cell signaling), ATF3 

(Atlas antibodies), cJUN (Santa Cruz Biotechnology), BATF (Cell signaling) and 

GAPDH (FL-335), heat shock protein 90a/b (H-114) (Santa Cruz Biotechnology), 

actin (Calbiochem) or aTubulin (Abcam) followed by HRP-conjugated rabbit anti-

goat IgG, goat anti-rabbit IgG (SouthernBiotech), or goat anti-mouse IgM 

(Calbiochem). For visualisation, the membrane was incubated with Pierce ECL 

Western blotting substrate (Thermo Scientific) and exposed to X-ray film (SLS).  

 

2.8 Flow cytometry analysis 

BMDMs were stimulated with LPS for 0, 10, 30 and 90 min, washed twice with PBS, 

and blocked with anti-CD16/CD32 Ab. Subsequently, BMDMs were stained with 

APC-labelled anti-mouse CD14 (SA14-2, BioLegend), PE-labelled anti-mouse TLR4 

(SA15-21; BioLegend) or isotype control (Rat IgG2a, κ) for 30 min at 4 ̊C and 
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acquired using a BD LSR II (BD Biosciences). Data were analysed by FlowJo 

software. 

 

2.9 Processing of microarray samples and analysis of 

microarray data set 

2.9.1 Microarray processing 

BMDMs were stimulated with LPS, heat-killed B. pseudomallei 576 or media (control) 

at 1x106 cells/ml in a 48-well plate (500 ul cells/well) for 0.5, 1, 3, 4 and 6 h. RNA 

was isolated and purified as described in 2.5. These steps were carried out by 

Ashleigh Howes. I then confirmed RNA quality (RNA integrity number, range 9 – 10) 

using an Agilent 2100 Bioanalyzer (Agilent Technologies) and prepared RNA for 

microarray using the Illumina®TotalPrep-96 RNA Amplification kit. RNA 

concentration was determined using a Nanodrop1000 (Thermo Scientific) and quality 

checked again using an Agilent 2100 Bioanalyzer (Agilent Technologies). 1500 ng 

cRNA was loaded onto 6 sample Illumina BeadChip Arrays (MouseWG-6 v2). 

BeadChips were then incubated for 16 – 20 h in hybridisation chambers to allow 

sample hybridisation. The following day, BeadChips were washed, blocked, treated 

with streptavidin Cy-3 to ‘stain’, washed, allowed to dry, and stored away from the 

light until scanned. BeadChips were scanned by an Illumina iSCAN array scanner. 

Intensity values were generated and background signal subtracted using BeadStudio 

software (Illumina). Microarray processing was done with the assistance of Dr. 

Christine Graham (Anne O’Garra laboratory) and Dr. Harsha Jani (Division of 

Systems Biology, NIMR, London).  
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2.9.2 Microarray data analysis 

Further analysis of microarray data was done using GeneSpring GX version 12.6.1 

or 14.5 (Agilent Technologies). All data shown was subjected to the following data 

processing and normalisation steps: lower threshold of signal intensity of 10. The 

expression values were log transformed (base 2) and scaled to the 75th percentile of 

all samples. Following this, the expression value of each gene probe was normalised 

to the median expression of that gene probe across all samples. After normalisation, 

all gene probes were quality filtered for those present (p < 0.01) in at least one 

sample, with 19,191 gene probes having remained. Prior to further analysis, a quality 

control evaluation was carried out to ensure the integrity of the data. All samples 

from the experiment were hierarchically clustered according to condition using 

GeneSpring software. Replicates within experimental groups clustered together 

demonstrating their similarity. A comparable observation was made using principal 

component analysis. 

 

If additional statistical analysis has been done, it is defined in the relevant figure 

legends. Using the Ingenuity Pathway Analysis (IPA) software (QIAGEN Inc., 

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis), 

canonical pathway analysis was conducted. Expression data conform to the 

minimum information about a microarray experiment standards for microarray 

analysis. Microarray data have been deposited under accession number GSE79809 

in the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/). Parts 

of the dataset used in Figure 5.2 has not been published and is therefore not 

deposited. 
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2.10  Assay for transposase accessible chromatin (ATAC) - 

library preparation and computational analysis of 

sequencing data 

2.10.1 ATAC library preparation 

BMDMs were plated in a 48-well plate at 500,000 cells/well, rested for 20 h and then 

stimulated as indicated in figure legend. ATAC-library preparation was performed as 

described in Buenrostro et al. (332, 333) with slight adaptations. At indicated times 

cells were washed twice with PBS and lysis buffer containing 10 mM Tris-HCl (pH 

7.4), 10 mM NaCl, 3 mM MgCl2 and 0.1% IGEPAL CA-630 (Fluka) was added to the 

plate. 50,000 cells were pelleted and nuclei re-suspended in transposition reaction 

mix (25 µL 2x TD Buffer, 2.5 µL Tn5 Transposes (Illumina), 22.5 µL nuclease-free 

H2O) for 2 h at 37°C. This transposition time was chosen after a time course analysis 

from 30 min to 2 h and evaluation of the fragment size (Figure 7.2). DNA was purified 

using the Qiagen PCR purification MinElute Kit and eluted in 10 µL elution buffer 

included in the kit. Transposed DNA fragments were then amplified via PCR (Table 

2.4) using the following cycles: (1) 72°C, 5 min; (2) 98°C, 30 sec; (3) 98°C, 10 sec; 

(4) 63°C, 30 sec; (5) 72°C, 1 min; (6) repeat steps 3-5, 11x; (7) hold at 4°C. Primers 

used are summarised in Table 2.5.   
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Table 2.4 PCR mix 

Reagent Volume [µl] 

Nuclease free H2O 10 

25 µM PCR Primer 1 (universal = Ad1_noMx) 2.5 

25 µM PCR Primer 2 (any from Ad2) 2.5 

NEBNext High-Fidelity 2x PCR Master Mix (New England Labs) 25 

Transposed DNA 10 

 

 

After amplification of transposed DNA fragments, the library was purified using the 

Qiagen PCR purification MiniElut kit followed by an additional clean up step with 

AMPure beads (Beckman Coulter). Beads were incubated with the library 

preparation for 5 min at room temperature, followed by two washing steps with 80% 

ethanol. DNA was eluted with 0.1x Tris-EDTA (Sigma) and stored at -20°C. The sizes 

of the library fragments were evaluated using the Bioanalyzer (Agilent Technologies). 

Libraries were then quantified using the Qubit and checked for adapters by ECO real 

qPCR before being run on the HiSeq2500 (PE50, 1 sample per lane, ~ 400 million 

reads per sample). Quality control and sequencing of the library were performed by 

the High Throughput Sequencing facility at the Francis Crick Institute. 
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Table 2.5 Primer sequences used for ATAC libraries 

Primer name Primer sequence 

Ad1_noMX: AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGTG 

Ad2.1_TAAGGCGA CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGGAGATGT 

Ad2.2_CGTACTAG CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGGAGATGT 

Ad2.3_AGGCAGAA CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGGAGATGT 

Ad2.4_TCCTGAGC CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGGAGATGT 

Ad2.5_GGACTCCT CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGGGCTCGGAGATGT 

Ad2.6_TAGGCATG CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGGCTCGGAGATGT 

Ad2.7_CTCTCTAC CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCGGAGATGT 

Ad2.8_CAGAGAGG CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGGCTCGGAGATGT 

Ad2.9_GCTACGCT CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTGGGCTCGGAGATGT 

Ad2.10_CGAGGCTG CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTCTCGTGGGCTCGGAGATGT 

Ad2.11_AAGAGGCA CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTCTCGTGGGCTCGGAGATGT 

Ad2.12_GTAGAGGA CAAGCAGAAGACGGCATACGAGATTCCTCTACGTCTCGTGGGCTCGGAGATGT 

Ad2.13_GTCGTGAT CAAGCAGAAGACGGCATACGAGATATCACGACGTCTCGTGGGCTCGGAGATGT 

Ad2.14_ACCACTGT CAAGCAGAAGACGGCATACGAGATACAGTGGTGTCTCGTGGGCTCGGAGATGT 

Ad2.15_TGGATCTG CAAGCAGAAGACGGCATACGAGATCAGATCCAGTCTCGTGGGCTCGGAGATGT 

Ad2.16_CCGTTTGT CAAGCAGAAGACGGCATACGAGATACAAACGGGTCTCGTGGGCTCGGAGATGT 

Ad2.17_TGCTGGGT CAAGCAGAAGACGGCATACGAGATACCCAGCAGTCTCGTGGGCTCGGAGATGT 

Ad2.18_GAGGGGTT CAAGCAGAAGACGGCATACGAGATAACCCCTCGTCTCGTGGGCTCGGAGATGT 

Ad2.19_AGGTTGGG CAAGCAGAAGACGGCATACGAGATCCCAACCTGTCTCGTGGGCTCGGAGATGT 

Ad2.20_GTGTGGTG CAAGCAGAAGACGGCATACGAGATCACCACACGTCTCGTGGGCTCGGAGATGT 

Ad2.21_TGGGTTTC CAAGCAGAAGACGGCATACGAGATGAAACCCAGTCTCGTGGGCTCGGAGATGT 

Ad2.22_TGGTCACA CAAGCAGAAGACGGCATACGAGATTGTGACCAGTCTCGTGGGCTCGGAGATGT 

Ad2.23_TTGACCCT CAAGCAGAAGACGGCATACGAGATAGGGTCAAGTCTCGTGGGCTCGGAGATGT 

Ad2.24_CCACTCCT CAAGCAGAAGACGGCATACGAGATAGGAGTGGGTCTCGTGGGCTCGGAGATGT 
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2.10.2 Analysis of ATAC-sequencing data 

All data shown were subjected to the following data processing and normalisation 

steps. Quality and integrity of the sequenced library was determined using FastQC 

v0.11.5, a quality control tool for high throughput sequence data developed by the 

Bioinformatics Group at the Babraham Institute, UK. Subsequent, reads were quality 

trimmed (Trimmomatic 0.36) using the following parameters: 

ILLUMINACLIP:NexteraPE-PE.fa:2:30:10, SLIDINGWINDOW:3:20 and 

MINLEN:35, and quality was checked again using FastQC. Reads were mapped to 

the GRCm38.83 (mm10) genome from UCSC using Bowtie2 (2.2.9-foss-2016b) with 

--sensitive-local parameters (-D 15 -R 2 -N 0 -L 20 -i S,1,0.75) as well as -X 2000 to 

increase the default of maximum fragment length for valid paired-end alignments 

from 500 to 2000. Duplications were removed using SAMtools (1.3.1-intel-2016b; 

rmdup) and artefact regions that tend to show artificially high signal were filtered out 

using the DAC blacklist for mm10, a comprehensive empirical blacklist identified by 

the ENCODE and modENCODE consortia (334). Before calling peaks with MACS2 

(2.1.1.20160309-foss-2016b-Python-2.7.12) (https://github.com/taoliu/MACS; 

(335)), the read start sites were adjusted to represent the centre of the transposon 

binding event as Tn5 transposase was shown to bind as a dimer and inserts two 

adapters separated by 9 bp (336). Hence, reads aligning to the + strand were off-set 

by +4 bp, and reads aligning to the – strand were off-set −5 bp. To assess the 

similarity of biological repeats, DeepTools(337) and the R Bioconductor package 

DiffBind (338, 339) were used. DiffBind was also used to identify significantly 

different peaks between groups. For motif finding, significant peaks determined with 

DiffBind, were input for HOMER package motif finder algorithm 

findMotifGenome.pl(340).  
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2.11 Chromosome immune-precipitation – polymerase chain 

reaction (ChIP-PCR) 

BMDMs were stimulated with LPS and at indicated time points supernatant was 

removed and cells washed with PBS. Cells were crosslinked in 1% 

paraformaldehyde for 8 min at room temperature. Glycine was added to a final 

concentration of 0.125 M and incubated at room temperature for 8 min. After three 

PBS wash steps cells were scraped off and the pellet snap frozen at -80°C. This step 

aids the lysis and therefore improves sonication. The defrosted pellet was lysed in 

100 µl/106 cells of lysis buffer containing 1% SDS (Affymetrix Inc.), 10 mM EDTA 

(Sigma), 50 mM Tris-HCl pH 8.0 (Sigma) and 1 mM protease inhibitor cocktail 

(Roche). The lysate was incubated for 10 min on ice in a tube rotator before being 

sonicated for 40 min (30 sec on, 30 sec off on high setting; Diagenode Bioruptor). 

Sonication time was established by a previous sonication time course (Figure 7.3). 

After sonication 30 – 100 µl of the samples were frozen at -20°C as input. 5x106 cells 

were used per immunoprecipitation and diluted 1:10 in dilution buffer (0.01% SDS 

(Sigma), 1.1% Triton-X 100 (Sigma), 1.2 mM EDTA (Sigma), 16.7 mM Tris-HCl pH 

8.0 (Sigma),167 mM NaCl (Sigma), 1 mM protease inhibitor cocktail (Roche)). 5 µg 

of antibody (anti-Atf3 Ab, polyclonal, Atlas Antibodies; Rabbit IgG, polyclonal, Isotype 

Control, Abcam) or a dilution of 1:150 for anti-Junb Ab (monoclonal (C37F9), Cell 

signalling) was incubated at 4°C in a tube rotator overnight. 50 µl of beads, pre-

treated with 2 mg/ml BSA for at least 2 h, were added per sample and incubated on 

a rotator at 4°C for 4 h. Beads were washed once with low salt buffer (0.1% SDS 

(Affymetrix Inc.), 1% Triton-X 100 (Sigma), 2 mM EDTA (Sigma), 150 mM NaCl 

(Sigma), 20 mM Tris-HCl pH 8.0 (Sigma)), once with high salt buffer (0.1% SDS 
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(Affymetrix Inc.), 1% Triton-X 100 (Sigma), 2 mM EDTA (Sigma), 500 mM NaCl 

(Sigma), 20 mM Tris-HCl pH 8.0 (Sigma)), once with Lithium Chloride Immune wash 

(0.25 M LiCl (Sigma), 1% IGEPAL CA-630 (Fluka), 1% Sodium deoxycholate 

(Sigma), 1 mM EDTA (Sigma), 10 mM Tris-HCl pH 8.0 (Sigma)) and twice with Tris-

EDTA (Sigma). Samples were eluted into 200 µl elution buffer (1% SDS (Affymetrix 

Inc.), 100 mM NaHCO3 (Sigma)) and incubated at room temperature for 15 min, 

followed by 15 min at 65 °C. The supernatant was collected, 8 µl of a 5 M NaCl 

solution added and incubated overnight at 65 °C to reverse the crosslinking. Inputs 

were defrosted, volume made up to 200 µl with Tris-EDTA, 8 µl of a 5 M NaCl solution 

added and samples were incubated at 65 °C overnight. To digest leftover RNA and 

proteins within the sample, Rnase A was added to a final concentration of 100 µg/ml 

(Invitrogen) and incubated for 1 h at 37 °C followed by 1 h incubation at 55 °C with 

Proteinase K (Thermo Scientific) (8 µl Tris-HCl (pH 6.5 1 M, Sigma), 4 µl EDTA (0.5 

M, Sigma), 0.8 µl Proteinase K (20 mg/ml)). The Zymo Chip Clean and concentrate 

kit (Zymo Research) was used according to manufacturer’s instructions to 

concentrate and clean the sample. qRT-PCR was performed using SYBRE Green 

and primers as listed in Table 2.6. 

 

Table 2.6 Primers to detect Junb and Atf3 binding sites within the IL-10 TAD 
No. TF  Gene, Start site Forward primer Reverse primer 

6 Junb IL-10 intron 3 
GTGGGAGTGACTTTGAGGC

A 

TGGAGAGAGAGGGGAGTA

GC 

7 Junb 
IL10 TAD, intergenic, start 

130997835 

TCCTGTCCAGCCAGTCTCT

A 

AGAGTGTTCCCTCAGTGCT

C 

10 Junb 
IL10 TAD, intergenic, start 

131026049 

GTGGGTGGGAGCTGACAA

G 
GCTTCCCACTTCCTTCCGAT 
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12 Junb 
IL10 TAD, intergenic, start 

131038102 
TGGCCGCATTTCCATTATGT 

AGTGACCAGAAACTCAATTA

GCAG 

14 Junb 
IL10 TAD, intergenic, start 

131038246 
GCTTCCCCTCTTTGGTTCCT 

CTCCATGCCTCCTGAACTC

C 

16 Junb 
IL10 TAD, intergenic, start 

131094756 

CTGGAAGTGTGTGCGTGAC

T 

TCTGGTAGATGCTGTCACC

CT 

17 Atf3 
IL10 TAD, intergenic, start 

130997603 

CATGCGTCCTGTGTGAGAG

A 

TCTCAGGCAAAAGGAGTAG

CC 

18 Atf3 
IL10 TAD, intergenic, start 

130999023 

GAGAGACCAAGGTTGGATT

GG 

GTCACAAGAGCCTGACCTA

CT 

19 Atf3 
IL10 TAD, intergenic, start 

131001090 

CTGAAGGAAAACCCTGTGT

TGC 

GCTCTGACCCAAACCCTAG

A 

22 Atf3 
IL10 TAD, intergenic, start 

131025876 

ACTGACTTCTGCCTGGGGT

A 

CCCCTTATCCTCAAAGTCAC

GA 

23 Atf3 
IL10 TAD, intergenic, start 

131029822 

GACTCCACTCTCTAAGGGC

AAA 

TGTGTTGTCACCAAGAAAA

GAACAA 

24 Atf3 
IL10 TAD, intergenic, start 

131029850 

CCCCTGGGCATATATATAG

GTTTC 

CAGACTGGGCTAAGTAAGT

CTCC 

25 Atf3 
IL10 TAD, intergenic, start 

131030006 

TGGGGCCATGGATAGAGGT

AT 

AGCTGCTGGTGTTGTCAAG

T 

26 Atf3 
IL10 TAD, intergenic, start 

131038047 

CGGGATGTTATGACTTTGTT

GAA 

CACATAATGGAAATGCGGC

CA 

28 Atf3 
IL10 TAD, intergenic, start 

131105759 

TGTCAGAGCCCACGATGCT

A 

TTCCCTCCCTTGAGTCACC

G 

29 Atf3 
IL10 TAD, intergenic, start 

131005847 
AGCTGGCAACTCCATGGTC TTTTGGTTCCTCATGGGCCT 

31 Atf3 IL-10 intron 3 
GTGTCGGGTCTCTTGCTCA

T 

ATCTTCACGTGTGAGTGCC

T 

33 Atf3 
IL10 TAD, intergenic, start 

131094759 

GAAGTGTGTGCGTGACTCA

G 

TGCTCTGGTAGATGCTGTC

AC 
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ChIP-qPCR results were normalised using the Percent Input Method as this includes 

normalisation for both background levels and input chromatin going into the ChIP. 

First the dilution factor x of the input was calculated and log transformed (logx,2). 

This factor was subtracted from the input Ct value and forms the adjusted input Ct 

value, which gets averaged between the 3 technical replicates (average adjusted 

input Ct). The percentage of the input for a particular antibody or mock (IgG) was 

calculated as follows: 100 x 2(average adjusted input Ct – Ct IP). 

 

2.12 Statistics 

All data analysis was performed using GraphPad Prism software 7 (GraphPad 

Software, San Diego, CA). Statistical test and significance values for each 

experiment are indicated in the figure legends. 
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3.1 Background 

During an infection PRRs detect microbial products and prompt signals that induce 

cytokine production, which then shapes the immunological response (52, 60). IL-12, 

TNF-a, and IL-1b are pro-inflammatory cytokines, which are crucial for resistance 

against infection. However, when produced at high levels they may contribute to 

immunopathology (341). In contrast, IL-10 is an immunosuppressive cytokine, which 

dampens pro-inflammatory responses, yet, it can also lead to defective pathogen 

clearance (160, 342). Therefore, the regulation of these cytokines is fundamental in 

order to allow the generation of an effective but balanced immune response. 

 

C57BL/6 and BALB/c mice show significant differences in their immune responses, 

which leads to distinct outcomes of infection. Therefore, they are often used for 

studying susceptibility or resistance to various pathogens (320, 321, 323). We 

recently showed that C57BL/6 macrophages stimulated with LPS (TLR4), 

Pam3CSK4 (TLR2) and B. pseudomallei (TLR2 and 4) produce low levels of IL-12, 

TNF-a, and IL-1b, but high levels of IL-10 (268). In contrast, BALB/c macrophages 

show a reciprocal pattern in the production of these cytokines (268).  

 

PRRs such as TLR2 and 4 are localised on the cell surface recognising bacterial 

motifs such as peptidoglycan (TLR2) or LPS (TLR4) (31, 52, 53). Upon TLR ligation 

adaptor molecules containing a TIR domain such as myeloid differentiation primary-

response protein 88 (MyD88) and Toll/IL-1 receptor domain- containing adaptor 

(TRIF) are recruited (31, 32, 53). MyD88 is recruited to TLR2 and 4, while the TRIF-

dependent pathway is used by TLR4 but not TLR2, and is critical for IFN-β production 

downstream of this receptor (31, 82). In macrophages, IL-10 production is induced 
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by TLRs via the MyD88-dependent and TRIF- dependent pathways (167). 

Stimulation of TLR4 leads to activation of both signalling pathways and, importantly, 

maximal IL-10 production requires the activation of MyD88 and TRIF (167). Although 

TLR4 is essential for the signalling of LPS, the response to LPS requires several 

additional molecules, one of them being CD14. CD14 is a 

glycosylphosphatidylinositol–anchored molecule preferentially expressed on 

monocytes/macrophages and neutrophils and is critically involved in the recognition 

of LPS together with TLR4. CD14 chaperones LPS molecules to the TLR4-MD-2 

signalling complex and hence controls the trafficking and signalling functions of TLR4 

(101, 104). Nevertheless, the signalling via MyD88 is CD14- dependent only at low 

LPS concentrations, whereas signalling through the TRIF pathway requires CD14 at 

low and high LPS concentrations (110). 
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3.2 Aims 

Data from our laboratory showed that C57BL/6 macrophages produce higher levels 

of IL-10 compared to BALB/c macrophages upon stimulation of TLR2 and 4. The 

opposite trend for pro-inflammatory cytokines was observed. Therefore, we 

hypothesise that pathways leading to IL-10 and pro-inflammatory cytokine 

production downstream of TLR2 and 4 have to be differentially regulated in C57BL/6 

and BALB/c macrophages.   

 

In order to test this hypothesis, we aimed to:   

 

• Investigate molecular pathways that are associated with the differential 

expression of IL-10 and pro-inflammatory cytokines in C57BL/6 and BALB/c 

macrophages using microarray analysis. 

 

• Explore identified pathways.  
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3.3 Results 

3.3.1 Type I IFN signalling as one major difference between C57BL/6 and 

BALB/c macrophages 

To investigate the mechanism underlying the difference in cytokine production by 

C57BL/6 and BALB/c macrophages we took advantage of an existing model – the 

gram negative bacterium B.pseudomallei. C57BL/6 and BALB/c mice show differing 

resistance and susceptibility to B.pseudomallei infections (Table 1.2). Additionally, 

infections with B.pseudomallei serve as an important clinical and experimental 

example of gram negative sepsis. Hence, we stimulated macrophages with heat-

killed B. pseudomallei for 3 and 6 h and undertook an unbiased microarray analysis. 

At 3 h post B. pseudomallei stimulation, 790 genes were found to be differentially 

regulated in C57BL/6 and BALB/c macrophages (Figure 3.1 A). Of these genes, most 

of them were upregulated by B. pseudomallei stimulation in macrophages of both 

strains of mice. The expression of the majority of these up-regulated genes was more 

strongly up-regulated in C57BL/6 compared to BALB/c macrophages. 

Downregulated genes in B. pseudomallei stimulated C57BL/6 macrophages were 

also downregulated in BALB/c macrophages. These down-regulated genes were 

either more highly or more weakly down-regulated in BALB/c macrophages in 

comparison to C57BL/6 macrophages. At 6 h post B. pseudomallei stimulation, 2246 

genes were differentially regulated in C57BL/6 and BALB/c macrophages (Figure 3.1 

A), suggesting a reinforcement of differential gene expression over time. Additionally, 

the difference in expression of these 2246 genes between C57BL/6 and BALB/c 

macrophages was increased compared to the 3 h time point (Figure 3.1 A). 
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To better understand the biological relationship between the differentially regulated 

genes in C57BL/6 and BALB/c macrophages upon B. pseudomallei stimulation, 

transcripts that were identified at 3 and 6 h post stimulation were subjected to 

canonical pathway analysis (IPA). The top 10 identified pathways at each time point 

were found to mainly relate to type I IFN- mediated processes (Figure 3.1 B). These 

included, at the 3 h time point, IFN signalling, JAK/STAT signalling, activation of IRF 

by cytosolic PRRs, and role of JAK1, JAK2, TYK2 in IFN signalling. Pathways that 

are related to type I IFN signalling at the 6 h time point are: the activation of IRF by 

cytosolic PRRs, role of PKR in IFN induction and antiviral response, and IFN 

signalling (Figure 3.1 B). Genes related to these pathways together with their fold 

change expression are listed in Table 7.1.  

 

The induction of most of the differentially regulated genes within these type I IFN–

related pathways was higher in C57BL/6 compared to BALB/c macrophages (Table 

7.1). To validate genes of these pathways which had low log FC values (Table 7.1) 

including Oas1g, Stat1, Stat3, Irf7, and Isgf3g (Irf9), macrophages were stimulated 

with B. pseudomallei for 3 and 6 h and expression of these genes was evaluated by 

qRT-PCR (Figure 3.2). Stat3 and Irf9 expression was significantly increased in 

C57BL/6 macrophages 3 h post B. pseudomallei stimulation compared to BALB/c 

macrophages (Figure 3.2 A). Oas1g, Stat1 and Irf7 expression was not significantly 

different between C57BL/6 and BALB/c macrophages 3 h post B. pseudomallei 

stimulation (Figure 3.2 A). Nevertheless, there was a trend of increased transcription 

in stimulated C57BL/6 macrophages. Six hours post B. pseudomallei stimulation this 

trend was enhanced and Oas1g, Stat1 and Irf7 expression was significantly 



Chapter 3 How is type I IFN differentially regulated in C57BL/6 vs. BALB/c macrophages? 

 

93 

 

increased in stimulated C57BL/6 compared to BALB/c macrophages as was the 

expression of Stat3 and Irf9 (Figure 3.2 B).  

 

 

Figure 3.1 Type I IFN related pathways are more up-regulated in C57BL/6 versus 
BALB/c macrophages upon stimulation with Burkholderia pseudomallei.  

C57BL/6 and BALB/c macrophages were stimulated with heat-killed B. pseudomallei 
(HkBps) for 3 or 6 h in triplicate cultures. Total RNA was isolated and processed for 
microarray analysis as described in 2.9.1 (A) Genes significantly differentially 
regulated by B. pseudomallei stimulation in C57BL/6 and BALB/c macrophages were 
identified by two-way ANOVA analysis (p < 0.01, Benjamini–Hochberg false 
discovery rate) and genes selected that were significantly different due to both 
stimulation and strain. Genes significantly changed due to stimulus alone or strain 
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alone were excluded from the analysis. Expression level of individual genes (black 
dots, C57BL/6; grey dots, BALB/c) are shown as log2 fold change over 
corresponding media control samples and ordered according to their C57BL/6 
expression level. (B) Top 10 IPA pathways significantly associated with the genes 
differentially regulated by B. pseudomallei stimulation in C57BL/6 and BALB/c 
macrophages at each time point are shown. The x-axis represents the percentage 
of overlap between input genes and annotated genes within the pathway. Colours 
within bars denote genes that are more highly expressed in C57BL/6 (red) or BALB/c 
(blue) macrophages. Benjamini–Hochberg (B-H) corrected –log (p value) represents 
pathway association. *Type I IFN–related pathway. Data curated in collaboration with 
Ashleigh Howes. 
 

 

Our results show that type I IFN signalling pathways as well as type I IFN inducible 

genes are significantly increased in B. pseudomallei stimulated macrophages from 

C57BL/6 compared to BALB/c mice. In line with these data, we have shown that 

mRNA levels of type I IFN are also increased upon B. pseudomallei and LPS 

stimulation in C57BL/6 macrophages compared to BALB/c macrophages 1 h after 

stimulation (data not shown here, Howes, Taubert et al., Figure 3 A in published 

manuscript) (268). In concordance, type I IFN protein levels are increased in 

C57BL/6 macrophages compared to BALB/c macrophages, with its peak 3 h post 

stimulation (data not shown here, Howes, Taubert et al., Figure 3 B in published 

manuscript) (268). 

 

These data suggest that type I IFN production and consequently type I IFN signalling 

are a major difference in the responses of C57BL/6 and BALB/c macrophages to B. 

pseudomallei and LPS. These data in part explain the differential expression profile 

of IL-10 and pro-inflammatory cytokines in C57BL/6 and BALB/c macrophages, as 

we demonstrated in Howes, Taubert et al. (268). 
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Figure 3.2 Type I IFN inducible genes are increased in C57BL/6 versus BALB/c 
macrophages following Burkholderia pseudomallei stimulation. 

C57BL/6 and BALB/c macrophages were stimulated with B. pseudomallei (Bps) for 
(A) 3 h or (B) 6h. Gene expression was determined by qRT-PCR and expression 
values were normalised to Hprt1 mRNA expression. All graphs show means ± SD of 
triplicate cultures. *p < 0.05, **p < 0.01, ***p < 0.001, ns – not significant as 
determined by two-way ANOVA (Bonferroni multiple comparison test). 
Representative of three independent experiments. 
 



Chapter 3 How is type I IFN differentially regulated in C57BL/6 vs. BALB/c macrophages? 

 

96 

 

3.3.2 Expression and endocytosis of TLR4 and CD14 are similar in C57BL/6 

and BALB/c macrophages  

The mechanism of why type I IFN expression and signalling is different between 

these two mouse strains is not understood. Zanoni et al. (104) and Rajaiah et al. 

(110) reported that CD14 is required for LPS-/Escherichia coli-induced TLR4 

internalisation into endosomes and that the activation of the TRIF pathway required 

CD14 at different LPS concentrations. CD14 leads to internalisation of the TLR4 

complex into endosomes whereupon TRIF-mediated signalling in macrophages is 

activated, resulting in type I IFN production (104). To determine if CD14 expression 

on C57BL/6 and BALB/c macrophages is different and might therefore lead to an 

increased type I IFN expression and signalling in C57BL/6 macrophages, cells were 

stained with an anti-CD14 antibody and analysed by flow cytometry. The expression 

of CD14 was higher on C57BL/6 compared to BALB/c macrophages at steady state 

(Figure 3.3 A) and 90 min post LPS stimulation (Figure 3.3 B). CD14 expression over 

a time course of 90 min followed similar kinetics in C57BL/6 and BALB/c 

macrophages, although CD14 expression was always lower in BALB/c macrophages 

(Figure 3.3 C).  

 

As CD14 is important in TLR4 endocytosis leading to the activation of the TRIF 

pathway and the production of type I IFN, we aimed to investigate TLR4 expression 

and endocytosis on these macrophages upon LPS stimulation. Therefore, we 

stimulated macrophages with LPS and undertook cell surface staining to evaluate 

the expression of TLR4 presentation at steady state and during LPS stimulation on 

the surface of C57BL/6 and BALB/c macrophages. At steady state TLR4 surface 

expression was similar on C57BL/6 and BALB/c macrophages (Figure 3.3 D). Also, 
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at 10, 30 and 90 min post LPS stimulation TLR4 expression was similar between 

C57BL/6 and BALB/c macrophages (Figure 3.3 E, F). The expression of TLR4 

decreased over the time course of stimulation on both, C57BL/6 and BALB/c 

macrophages, indicating the endocytosis of the receptor upon stimulation (Figure 3.3 

F). Hence, the rate of TLR4 endocytosis was not significantly different between 

C57BL/6 and BALB/c macrophages even though CD14 levels varied. Additionally, in 

support of these data, in Howes, Taubert et al. (268) we demonstrated that there is 

no difference in Tlr4 mRNA expression between C57BL/6 and BALB/c macrophages 

at steady state. 

 

In all experiments LPS was added at a final concentration of 10 ng/ml as at this dose 

IL-10 production was induced in both C57BL/6 and BALB/c macrophages. 

Additionally, upon stimulation with 10 ng/ml LPS differences in cytokine levels were 

distinct in C57BL/6 and BALB/c macrophages (titration previously carried out in the 

O’Garra laboratory). As Zanoni et al. (104) as well as Rajaiah et al. (110) used higher 

doses of LPS in their experiments, we repeated our experiments with 1 µg/ml of LPS 

(Figure 3.4). An increased CD14 expression on C57BL/6 compared to BALB/c 

macrophages at steady state as well as 90 min post LPS stimulation was confirmed 

(Figure 3.4 A). However, CD14 endocytosis over a time course of 90 min followed 

similar kinetics in C57BL/6 and BALB/c macrophages. Nevertheless, TLR4 

expression and its endocytosis were not significantly different between C57BL/6 and 

BALB/c macrophages upon stimulation with 1 µg/ml LPS (Figure 3.4 B) confirming 

our previous finding using LPS at a concentration of 10 ng/ml (Figure 3.3). Thus, this 

mechanism could not account for differential cytokine production in C57BL/6 and 

BALB/c macrophages. 
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Figure 3.3 TLR4 expression and TLR4 endocytosis are similar upon LPS 
stimulation in C57BL/6 and BALB/c macrophages. 
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C57BL/6 and BALB/c macrophages were stimulated with LPS for the indicated times 
and CD14 (A-C) and TLR4 (D-F) expression was analysed by flow cytometry. 
Histogram (A, B, D, E) are representative of three independent experiments. (C, F) 
Graphs show percentage ± SEM of three independent experiments. **p < 0.01, ns – 
not significant as determined by two-way ANOVA (Bonferroni multiple comparison 
test). Representative of three independent experiments. 
 

 

 

Figure 3.4 Increased dose of LPS does not reveal a difference in TLR4 expression 
on C57BL/6 and BALB/c macrophages. 

C57BL/6 and BALB/c macrophages were stimulated with a high dose of LPS (1 
µg/ml) for the indicated times and (A) CD14 and (B) TLR4 expression was analysed 
by flow cytometry as in Figure 3.3. Graphs show percentage ± SEM of two 
independent experiments. ***p < 0.001, ns – not significant as determined by two-
way ANOVA (Bonferroni multiple comparison test). Representative of two 
independent experiments. 
 

 

Altogether, these data suggest that there are no major differences in CD14 and TLR4 

expression and endocytosis upon LPS stimulation in C57BL/6 and BALB/c 

macrophages that could explain the difference in type I IFN production by these cells. 
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3.3.3 TRIF signalling: TBK1 and IRF3 are more activated in stimulated 

C57BL/6 macrophages compared to BALB/c macrophages 

LPS stimulates TLR4 resulting in the activation of two different downstream adapter 

molecules, MyD88 and TRIF (52). TRIF activates IRF3, a master transcription 

controller of antiviral responses that leads to the production of type I IFNs (52). 

Therefore, we investigated if any downstream targets of TRIF are differentially 

activated in C57BL/6 and BALB/c macrophages upon LPS stimulation. 

 

The activation of TRIF leads to the recruitment and phosphorylation of TBK1 on 

Ser172 (343, 344) via TRAF3, which then phosphorylates the cognate upstream 

adaptor protein. IRF3 binds to the phosphorylated TRIF, and becomes 

phosphorylated by TBK1. Phosphorylated IRF3 (S396) subsequently dissociates 

from the adaptor protein and dimerizes before translocating into the nucleus to 

induce type I IFNs (345).  

 

To investigate if the activation of TBK1 is different in LPS stimulated C57BL/6 and 

BALB/c macrophages, we blotted for TBK1 (pS172) in this system. Phosphorylation 

of TBK1 (S172) was reduced in BALB/c macrophages upon LPS stimulation 

compared to C57BL/6 macrophages (Figure 3.5 A). As this experiment has only been 

done once, this is a preliminary observation. Nevertheless, in accordance with a 

decrease in TBK1 (S172) phosphorylation we showed a significant difference in IRF3 

activity/(S396) phosphorylation using two different methods (ELISA - Figure 3.5 B; 

western blotting - Figure 3.5 C) in C57BL/6 and BALB/c macrophages upon B. 

pseudomallei and LPS stimulation.  
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Figure 3.5 TBK1 and IRF3 phosphorylation is increased in C57BL/6 compared to 
BALB/c macrophages stimulated with Burkholderia pseudomallei or LPS. 

(A) C57BL/6 and BALB/c macrophages were stimulated with LPS for the indicated 
time points. Whole-protein extracts were generated and analysed by Western blot 
for total and phosphorylated TBK1, and HSP90 as loading control. (B) C57BL/6 and 
BALB/c macrophages were stimulated with B. pseudomallei (Bps) for 2 h, and 
nuclear extracts were analysed for active IRF3 by ELISA. Graph shows means ± SD 
of triplicate cultures. ***p < 0.001 as determined by two-way ANOVA (Bonferroni 
multiple comparison test). (C) C57BL/6 and BALB/c macrophages were stimulated 
with LPS for 2 h. Whole-protein extracts were generated and analysed by Western 
blot for total and phosphorylated IRF3 and GAPDH as loading control. 
Representative of one (A), two (B) or three independent experiments (C).  
 

 

In agreement with increased TBK1 and IRF3 activation and higher production of type 

I IFN in C57BL/6 macrophages, we additionally demonstrated an increased 
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phosphorylation of STAT1 (Y701) in LPS stimulated C57BL/6, BALB/c, and C57BL/6 

Ifnar1-/- macrophages (data not shown here, Howes, Taubert et al., Figure 3 C, D in 

published manuscript) (268). The phosphorylation of STAT1 (Y701) 2 h post 

stimulation was reduced in BALB/c macrophages compared to C57BL/6. Therefore, 

the amount of type I IFN produced by BALB/c macrophages is lower compared to 

C57BL/6 macrophages but is sufficient to activate STAT1. The activation of STAT1 

is due to type I IFN signalling as the phosphorylation of STAT1 (Y701) in LPS 

stimulated C57BL/6 Ifnar1-/- macrophages is absent (Howes, Taubert et al., Figure 3 

C, D) (268). 

 

3.3.4 MyD88 signalling does not account for differences in type I IFN 

production of C57BL/6 and BALB/c macrophages stimulated with LPS 

or B. pseudomallei 

Our data demonstrate that TBK1 and IRF3 are more activated in C57BL/6 compared 

to BALB/c macrophages as well as downstream type I IFN signalling even though 

TLR4 expression and endocytosis are similar. As shown in many co-stimulation 

studies, MyD88- and TRIF-activating TLR ligands lead to synergistic cytokine 

production in innate immune cells (346, 347), indicating cross-talk between the 

MyD88 and TRIF pathways. Moreover, Liu et al. showed that TRIF-induced IRF1 can 

be suppressed by the MyD88 pathway, controlling the magnitude and timing of 

cytokine expression (348) adding to the complexity of the outcome of these signalling 

pathways.  
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We investigated if signalling through the cytosolic adapter protein MyD88 plays a 

role in the difference in IFN-b production in C57BL/6 and BALB/c macrophages. 

C57BL/6 and BALB/c WT and MyD88-/- macrophages were stimulated with LPS and 

B. pseudomallei and the production of IFN-b quantified by ELISA (Figure 3.6). The 

production of IFN-b increased significantly in C57BL/6 MyD88-/- compared to WT 

macrophages with both stimuli (Figure 3.6). Although, the deletion of MyD88 in 

BALB/c macrophages did not lead to an increase in IFN-b production when 

stimulated with LPS, the production of IFN-b increased significantly upon B. 

pseudomallei stimulation (Figure 3.6). Nevertheless, IFN-b levels were not elevated 

in BALB/c MyD88-/- macrophages to the levels of WT C57BL/6 macrophages. 

 

 

Figure 3.6 Differential production of IFN-b by stimulated C57BL/6 and BALB/c 

macrophages is independent of MyD88 signalling. 
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C57BL/6 and BALB/c WT and MyD88-/- macrophages were stimulated with LPS and 
B. pseudomallei (Bps) for the indicated times. IFN-b protein levels in supernatants 
were determined by ELISA. Graphs show means ± SD of triplicate cultures. ***p < 
0.001, ns – not significant as determined by two-way ANOVA (Bonferroni multiple 
comparison test). Representative of two independent experiments. 
 

 

Although MyD88 signalling inhibits IFN-b production in C57BL/6 macrophages, our 

data suggest that the differential cytokine production in C57BL/6 versus BALB/c 

macrophages was not due to inhibition of the TRIF pathway by MyD88-dependent 

signalling. 
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3.4 Discussion 

Balancing pro- and anti-inflammatory immune responses is necessary to guarantee 

effective but safe pathogen clearance. C57BL/6 and BALB/c mice show significant 

differences in their immune responses leading to distinct outcomes of infection (320, 

323) such as in B. pseudomallei infection, where C57BL/6 mice show enhanced 

resistance compared to BALB/c mice (349, 350). The higher production of pro-

inflammatory cytokines in BALB/c mice has been associated with exacerbated 

pathology (349, 351, 352). However, it is unclear whether this exacerbated pathology 

is due to the cytokine storm or decreased control of the bacteria. Nevertheless, in 

vivo infection models show a high degree of complexity. Therefore, it is difficult to 

completely dissect the mechanisms that underlie the differential production of 

cytokines in these two strains of mice. Therefore, in Howes, Taubert et al. (268), we 

showed in an in vitro setting that C57BL/6 macrophages produce low levels of IL-12, 

TNF-a and IL-1b, but high levels of IL-10 in response to TLR4 and TLR2 ligands 

while BALB/c macrophages show a reciprocal cytokine production (268).  

 

To study the underlying mechanisms of the differential cytokine production by 

stimulated C57BL/6 and BALB/c macrophages, we undertook a comparative 

microarray analysis of temporal gene expression in B. pseudomallei stimulated 

C57BL/6 and BALB/c macrophages. This analysis revealed major differences of type 

I IFN–responsive genes and type I IFN pathway genes, including Oas1g, Stat1, Stat3, 

Irf7, and Irf9 in C57BL/6 compared with BALB/c macrophages. These differences 

are in accordance with a higher IFN-b production in B. pseudomallei stimulated 

C57BL/6 macrophages compared with BALB/c macrophages (268). These findings 

demonstrate that fundamental differences in type I IFN induction and signalling in 
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C57BL/6 and BALB/c macrophage responses may contribute to their differential 

cytokine production. These findings go in hand with findings by Oliveira et al. showing 

that defective TLR4 signalling for IFN-β expression is responsible for the decreased 

production of nitric oxide in BALB/c compared to C57BL/6 macrophages in response 

to LPS (327). 

 

Type I IFNs play a critical role in innate and adaptive immunity during infection with 

viruses, bacteria, parasites and fungi (285). As well as for other cytokines, the tight 

regulation of type I IFN is necessary to keep the right balance between an IFN 

response that is sufficient while limiting tissue damage (285, 287). In most cell types, 

type I IFN is induced in response to activation of PRRs (285). In macrophages type 

I IFN is produced amongst others in response to TLR3 and 4 activation. Type I IFN 

production via TLR4 ligation is dependent on the TRIF pathway (31, 82) and requires 

CD14 at different LPS concentrations, leading to internalisation of the TLR4 complex 

into endosomes whereupon TRIF is recruited (110). CD14 expression was increased 

on C57BL/6 macrophages compared to BALB/c macrophages at steady state and 

90 min post LPS stimulation. However, this variance did not lead to a difference in 

TLR4 endocytosis. Hence, the differential production of IFN-b by C57BL/6 and 

BALB/c macrophages observed in our study was not due to differential TLR4 

expression or differences in the endocytosis rate.  

 

Nevertheless, further downstream of the TLR4-TRIF axis TBK1 activation seems to 

be increased in LPS stimulated C57BL/6 compared to BALB/c macrophages. These 

data are supported by increased IRF3 activation/(S396) phosphorylation post LPS 

or B. pseudomallei stimulation in C57BL/6 compared to BALB/c macrophages. 
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These data suggest that signalling events affecting the TBK1-IRF3 axis, which are 

critical for the induction of type I IFN downstream of TLR4 (313), may be responsible 

for the enhanced production of type I IFN in C57BL/6 macrophages compared to 

BALB/c macrophages.  

 

To exclude the possibility of cross-talk between the MyD88 and TRIF pathway and 

a possible inhibition of IRF3 activation in BALB/c macrophages as shown by Liu et 

al. (348) for IRF1, we evaluated IFN-b levels in C57BL/6 and BALB/c MyD88-/- 

macrophages. MyD88 signalling significantly inhibited IFN-b production in LPS- and 

B. pseudomallei stimulated C57BL/6 macrophages as well as in B. pseudomallei 

stimulated BALB/c macrophages. However, we found the differential production of 

IFN-b by stimulated C57BL/6 and BALB/c macrophages to be independent of MyD88 

signalling. Sugiyama et al. showed that the stimulation of TLR3 and TLR4 pathways 

in SMAD2/3-/- macrophages lead to enhanced IFN-b production and STAT1 

phosphorylation compared with WT macrophages. SMAD2 and SMAD3 were found 

to directly inhibit IRF3, resulting in reduced IFN-b production (353). It needs to be 

investigated if SMAD2/3 levels and activation are significantly different in C57BL/6 

and BALB/c macrophages upon LPS stimulation and whether these might explain 

the difference in IRF3 activation and the type I IFN induction in these mouse strains. 

Furthermore, Zanoni et al. reported in DCs that TLR4 internalisation and IRF3 

activation is mediated by PLC-γ2 and Syk (104). Further studies are required to 

investigate whether this pathway is existent in macrophages and differentially 

activated in C57BL/6 and BALB/c macrophages. 
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Recently, Wang et al. reported a new phosphorylation site of STAT2 on T387 that is 

constitutively phosphorylated in different untreated cancer cell lines and negatively 

regulates the signal transduction from the type I IFN receptor (281). We hypothesised 

that BALB/c macrophages might show a higher phosphorylation of STAT2 on T387 

resulting in reduced type I IFN signalling and a lower production of ISGs. The 

antibody described and used in the publication by Wang et al. was kindly given to us 

to test this hypothesis. However, preliminary results were not clear as the antibody 

used was raised against human STAT2 and cross-reactivity was not tested by Wang 

et al.. Hence, further studies are required. 

 

In summary, type I IFN production and type I IFN signalling are a major difference in 

B. pseudomallei- and LPS stimulated macrophages from C57BL/6 and BALB/c mice. 

This difference is associated with an increased TBK1 (S172) and IRF3 (S396) 

phosphorylation in stimulated C57BL/6 macrophages compared to BALB/c 

macrophages which suggests differential signalling downstream of TLR4 may play 

an important role and may in part explain the different susceptibilities of these two 

mouse strains in infection.   
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Chapter 4.  
Effects of type I IFN on IL-10 and IL-12p40 

upon stimulation with different TLR agonists 
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4.1 Background 

Leading on from our results that type I IFN production and consequently type I IFN 

signalling are a major difference in the responses of C57BL/6 and BALB/c 

macrophage to B. pseudomallei and LPS and the fact that macrophages produce IL-

10 in a type I IFN dependent manner in response to TLR4 stimulation but not upon 

TLR2 ligation (268), we wanted to investigate the role of type I IFN in the production 

of IL-10 as well as IL-12p40 in the context of different TLR ligations.  

 

TLR2 and 4 are localised on the cell surface and recognise bacterial motifs such as 

LPS (TLR4) or peptidoglycan (TLR2). TLR3 and 9 are expressed in the endosomal 

membrane. TLR3 detects viral double-stranded RNA, small interfering RNAs and 

self-RNAs from damaged cells, while TLR9 recognises bacterial and viral DNA that 

is rich in un-methylated CpG-DNA motifs (31, 33, 53). Upon TLR ligation all TLRs 

with the exception of TLR3 recruit MyD88. TLR2 and 4 additionally need TIRAP, a 

sorting adaptor, for the recruitment of MyD88. Furthermore, TRAM is only recruited 

to TLR4 and acts as a linker between TRIF and TLR4 (33). The TRIF-dependent 

pathway is unique to TLR3 and 4 signalling and is critical for IFN-β production 

downstream of these receptors (31, 33, 82).  

 

The effects of type I IFN on cytokine production are diverse. Mechanisms whereby 

type I IFN regulates distinct pro-inflammatory cytokines are as yet unclear (269, 274, 

354-356). In the context of IL-10, type I IFN has been shown to promote the IL-10 

production from murine macrophages (271, 357), human B cells (276) and human 

dendritic cells (275). Although much is known about how IL-10 is regulated 

downstream of TLRs, there is an incomplete understanding of how type I IFN 
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regulates IL-10 production in macrophages. Some reports suggest roles for STAT1 

(274), the PI3K pathway (275) or IL-27 (266) in the regulation of IL-10 by type I IFN. 

However, a systematic analysis of the pathways and TFs required for type I IFN to 

regulate IL-10 has not yet been conducted. Therefore, we addressed the signalling 

pathways induced by type I IFN that are involved in the regulation of IL-10 in TLR 

activated macrophages. 
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4.2 Aims 

We hypothesised that the regulation of IL-10 and IL-12p40 production through type I 

IFN in macrophages is context specific. The understanding of how type I IFN 

regulates IL-10 and pro-inflammatory cytokines in the setting of different TLR 

signalling pathways is important in the background of various bacterial and viral 

infections as these activate different TLRs and often type I IFN.  

 

In order to address this hypothesis, we aimed to:   

 

• Investigate the effect of type I IFN on IL-10 and IL-12p40 production in 

response to various TLR stimuli in macrophages. 
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4.3 Results 

4.3.1 Type I IFN is produced by TLR3 and 4 stimulated macrophages 

To address the role of type I IFN on IL-10 and IL-12p40 production, we first aimed to 

determine TLR signalling pathways that lead to the production of type I IFN in 

macrophages. We chose to work with four different TLR agonists, Pam3CSK4, Poly 

I:C, LPS and CpG, each of them stimulating different TLRs with a specific 

combination of adapter molecules. In the following, macrophages were stimulated 

with Pam3CSK4 (TLR2 – MyD88/TIRAP), Poly I:C (TLR3 -TRIF), LPS (TLR4 – 

MyD88/TIRAP, TRIF/TRAM) and CpG (TLR9 – MyD88) and IFN-b protein as well as 

Ifnb1 RNA were analysed at different time points (Figure 4.1). TLR2 and 9 signalling 

did not lead to detectable production of IFN-b protein (Figure 4.1 A), but small 

amounts of Ifnb1 mRNA were transcribed in macrophages over the evaluated time 

course of stimulation (Figure 4.1 B). However, the stimulation with LPS (TLR4) and 

Poly I:C (TLR3) resulted in IFN-b protein production (Figure 4.1 A) and Ifnb1 mRNA 

expression with a weaker response in LPS stimulated macrophages (Figure 4.1 B). 

The mRNA expression peaked 1 h post LPS stimulation (Figure 4.1 B), and in 

accordance, protein levels were the highest 3 – 6 h post stimulation (Figure 4.1 A). 

In Poly I:C stimulated macrophages, Ifnb1 mRNA expression peaked at 2 h post 

stimulation and was induced again after 3 h of stimulation with its expression 

increasing constantly (Figure 4.1 B). This was accompanied by a continuous 

increase in IFN-b protein levels (Figure 4.1 A). 
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Our results demonstrate the production of type I IFN upon TLR3 and 4 signalling, but 

not TLR2 and 9 activation in macrophages. This is in line with what has been 

previously published (52). 

 

 
Figure 4.1 TLR3 and TLR4 but not TLR2 and 9 stimulation lead to type I IFN 
production in macrophages. 

Macrophages were generated from C57BL/6 WT mice. (A) Cells were stimulated 
with LPS, Poly I:C, Pam3CSK4 or CpG for 3, 6 and 24 h and IFN-β protein was 
measured in supernatant by ELISA. (B) Cells were stimulated with LPS, Poly I:C, 
Pam3CSK4 or CpG for 1, 2, 3, 4, 6 and 12 h and Ifnb1 mRNA was measured by 
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qRT-PCR and normalised to Hprt1 mRNA. Graphs show means ± SD of triplicate 
cultures. Representative of two (B) or three (A) independent experiments. 
 

 

4.3.2 Regulation of IL-10 and IL-12 production by autocrine type I IFN  

4.3.2.1 Autocrine type I IFN increases IL-10 protein levels upon TLR3 and 4 

stimulation 

Positive regulation of IL-10 by type I IFN has been shown in macrophages stimulated 

with LPS (357) or infected with Listeria monocytogenes or Mycobacterium 

tuberculosis (72, 269, 271, 272, 357). To address the potential role of type I IFN on 

IL-10 production upon stimulation of various TLRs in macrophages, we compared 

IL-10 protein production in C57BL/6 WT and Ifnar1-/- macrophages after a 3, 6 and 

24 h stimulation with Pam3CSK4 (TLR2), Poly I:C (TLR3), LPS (TLR4) and CpG 

(TLR9). Il10 mRNA expression was also measured 1, 2, 3, 4, 6 and 12 h post 

stimulation. As shown in Howes, Taubert et al. (268), autocrine type I IFN led to an 

increase of IL-10 protein production upon stimulation with LPS (TLR4) (Figure 4.2 

A). The initial induction of Il10 mRNA transcription led to similar amounts of Il10 

mRNA after LPS in WT and Ifnar1-/- macrophages, and was only slightly affected in 

the absence of type I IFN signalling (Figure 4.2 B). After 3 h of stimulation of 

macrophages with LPS, however, a second peak of induction of Il10 mRNA 

transcription was initiated, which was completely dependent on type I IFN, as this 

second peak was absent in macrophages lacking the IFNabR (Figure 4.2 B), in 

keeping with data from Howes, Taubert et al. (268). In Poly I:C stimulated 

macrophages, significantly lower levels of IL-10 protein were detected in 

supernatants from Ifnar1-/- macrophages compared to WT macrophages 24 h post 
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stimulation (Figure 4.2 A). Accordingly, TLR3 stimulation led only to a small increase 

of Il10 mRNA at 1 h, which was abrogated by the lack of type I IFN signalling and a 

second peak of induction of high levels of Il10 mRNA transcription was seen after 3 

h of TLR3 stimulation, which again was completely dependent on type I IFN as it was 

absent in the Ifnar1-/- macrophages (Figure 4.2 B). After TLR2 and 9 ligation, no 

significant effects of autocrine type I IFN on IL-10 protein levels were observed 

(Figure 4.2 A). Upon TLR2 stimulation, the initial production of IL-10 protein was 

slightly lower in Ifnar1-/- compared to WT macrophages. However, after 6 h of 

stimulation IL-10 production was slightly increased upon TLR2 ligation in the 

absence of type I IFN (Figure 4.2 A). The kinetics of Il10 mRNA transcription was 

similar in WT and Ifnar1-/- macrophages stimulated with either Pam3CSK4 or CpG 

(Figure 4.2 B). However, Il10 mRNA levels were continuously lower in stimulated 

Ifnar1-/- macrophages in response to these ligands. The induction of a second peak 

of Il10 mRNA detected in LPS and Poly I:C stimulated macrophages, was however 

missing in TLR2 and 9 stimulated cells (Figure 4.2 B).  
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Figure 4.2 Autocrine type I IFN increases IL-10 expression in TLR stimulated 
macrophages. 

Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. (A) Cells were 
stimulated with LPS, Poly I:C, Pam3CSK4 or CpG for 3, 6 and 24 h and IL-10 protein 
was measured in supernatant by ELISA. (B) Cells were stimulated with LPS, Poly 
I:C, Pam3CSK4 or CpG for 1, 2, 3, 4, 6 and 12 h and total RNA was harvested and 
isolated. Il10 transcript levels were determined by qRT-PCR and normalised to Hprt1 
mRNA. Graphs show means ± SD of triplicate cultures. Data are representative of 
three to four (A) or two (B) independent experiments. ***p < 0.001, ns – not significant 
as determined by two-way ANOVA (Bonferroni multiple comparison test). 
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4.3.2.2 IL-12 production is dependent on type I IFN upon TLR ligation 

Type I IFN has also been reported to modulate the levels of IL-12 production in 

various contexts (72, 269, 354-356). Hence, to determine the role of type I IFN on 

IL-12 production in macrophages in the context of various TLR ligations, we 

stimulated C57BL/6 WT and Ifnar1-/- macrophages with Pam3CSK4 (TLR2), Poly I:C 

(TLR3), LPS (TLR4) and CpG (TLR9) and measured IL-12p40 protein in the 

supernatant after 3, 6 and 24 h stimulation and Il12b mRNA expression 1, 2, 3, 4, 6 

and 12 h post stimulation (Figure 4.3). IL-12p40 protein production was most highly 

induced in CpG stimulated WT macrophages (Figure 4.3 A), correlating with the 

highest Il12b mRNA expression levels in these cells (Figure 4.3 B). CpG stimulated 

WT macrophages produced significantly more IL-12p40 protein compared to Ifnar1-

/- macrophages. Correspondingly, CpG stimulated WT macrophages also expressed 

significantly higher levels of Il12b mRNA compared to Ifnar1-/- macrophages, with the 

peak of expression at 6 h post stimulation (Figure 4.3 B). In Pam3CSK4, Poly I:C 

and LPS stimulated macrophages, IL-12p40 protein as well as Il12b mRNA levels 

were significantly higher in WT macrophages as compared to Ifnar1-/- macrophages 

(Figure 4.3). Il12b transcription peaked at 3 – 4 h for LPS and Poly I:C stimulated 

WT macrophages (Figure 4.3 B) resulting in a peak of protein levels at 6 h post 

stimulation (Figure 4.3 A). Cells stimulated with Pam3CSK4 showed highest Il12b 

mRNA levels 6 h post stimulation (Figure 4.3 B) with a peak in protein production at 

24 h (within the time frame of investigation) (Figure 4.3 B).  

 

In summary, autocrine type I IFN affects IL-10 production in macrophages only upon 

TLR3 and 4 stimulation (Figure 4.2) which is in accordance with type I IFN being 

produced only upon these stimulations (Figure 4.1). However, in regard to the IL-12 
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production in TLR stimulated macrophages, type I IFN signalling is important, as IL-

12 production is impaired in Ifnar1-/- macrophages upon all stimulations tested even 

though macrophages do not produce type I IFN detectable by ELISA upon TLR2 and 

9 activation (Figure 4.3). This might suggest that tonic type I IFN is important for 

maximal IL-12 production by TLR activated macrophages. 

 

 

Figure 4.3 IL-12p40 production is dependent on type I IFN signalling upon TLR2, 
3, 4 and 9 stimulation. 
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Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. (A) Cells were 
stimulated with LPS, Poly I:C, Pam3CSK4 or CpG for 3, 6 and 24 h and IL-12p40 
protein was measured in supernatant by ELISA. (B) Cells were stimulated with LPS, 
Poly I:C, Pam3CSK4 or CpG for 1, 2, 3, 4, 6 and 12 h and total RNA was harvested 
and isolated. Il12b transcript levels were determined by qRT-PCR and normalised to 
Hprt1 mRNA. Graphs show means ± SD of triplicate cultures. Data are 
representative of three to four (A) or two (B) independent experiments. ***p < 0.001 
as determined by two-way ANOVA (Bonferroni multiple comparison test). 
 

 

4.3.3 The role of exogenous type I IFN in IL-10 and IL-12 production upon TLR 

ligations  

4.3.3.1 Exogenous type I IFN increases IL-10 production upon TLR2, 3 and 4 

stimulation, but decreases its production upon TLR9 ligation 

Since in an in vivo situation, a diverse range of cells produce type I IFN which could 

act in concert with TLR ligation on macrophages in a paracrine fashion, we wanted 

to evaluate the effect of exogenous type I IFN on IL-10 and IL-12 production in 

concert with stimulation of the different TLRs. To evaluate whether the addition of 

type I IFN could augment the production of IL-10 upon all TLR ligations, we treated 

C57BL/6 WT macrophages with exogenous IFN-b or IFN-a in the presence of 

Pam3CSK4, Poly I:C, LPS and CpG and measured IL-10 protein in the supernatant 

24 h post stimulation (Figure 4.4). Treatment with IFN-b in the absence of PRR 

stimulation only induced minimal amounts of IL-10 production by macrophages even 

when high IFN-b concentrations were used (Figure 4.4 A). Similar results were 

obtained with addition of IFN-a alone (Figure 4.4 B). In Pam3CSK4 stimulated cells, 

the addition of IFN-b or IFN-a greatly enhanced IL-10 production in macrophages. In 

comparison, only a small increase of IL-10 was observed when IFN-α or IFN-β was 

added to LPS- and Poly I:C stimulated macrophages (Figure 4.4), as expected, since 
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these cells already produced type I IFN themselves upon LPS and Poly I:C 

stimulation (Figure 4.1). Surprisingly, no increase in IL-10 protein production was 

seen upon TLR9 ligation in the presence of IFN-a or IFN-b (Figure 4.4), despite the 

fact that we could detect no IFN-β production from these macrophages (Figure 4.1). 

In fact, a decrease in IL-10 production was observed upon type I IFN addition. 

Therefore, macrophages are able to produce increased levels of IL-10 in response 

to IFN-a/b in addition to most TLR ligations, while the addition of IFN-a/b to TLR9 

stimulated cells decreased IL-10 production by macrophages.  

 

Our data indicate that type I IFN increases IL-10 production via the induction of a 

second peak of Il10 mRNA transcription in response to TLR4. We wanted to 

investigate if this induction is dependent on the specific TLR signalling pathway or if 

the presence of type I IFN irrespective of the type of TLR pathway activated is 

sufficient to induce this second wave of Il10 mRNA transcription. Therefore, we 

stimulated cells with Pam3CSK4 together with IFN-b at the same time and evaluated 

IL-10 protein levels as well as Il10 mRNA over a time course (Figure 4.5). The 

simultaneous stimulation of macrophages with Pam3CSK4 and IFN-b significantly 

increased IL-10 protein production by these cells over time (Figure 4.5 A). This 

increase was due to an induction of a second wave of Il10 mRNA transcription by 

IFN-b (Figure 4.5 B) as seen upon TLR4 stimulation (Figure 4.2). Comparing IL-10 

protein levels of LPS and Pam3CSK4 + IFN-b stimulated cells, similar levels could 

be observed (Figure 4.5 C). In accordance with these data, kinetics of Il10 mRNA 

are also alike (Figure 4.5 D). Hence, a second wave of Il10 transcription can be 

induced by type I IFN independent of the TLR signalling pathway activated. 
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Figure 4.4 Exogenous type I IFN increases IL-10 production by macrophages 
following TLR2, 3 and 4 stimulation. 
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Macrophages were generated from C57BL/6 WT mice. Cells were stimulated with 
LPS, Poly I:C, Pam3CSK4 or CpG for 24 h and either IFN-β (A) or IFN-α (B) added 
at time of stimulation. IL-10 protein in supernatant was measured by ELISA. Graphs 
show means ± SD of triplicate cultures. Representative of 3 independent 
experiments. **p<0.01, ***p<0.001 as determined by One-Way ANOVA (Tukey's 
multiple comparisons test). 
 

  

 

Figure 4.5 Addition of IFN-b induces a second wave of Il10 mRNA transcription, 

leading to increased IL-10 in Pam3CSK4 stimulated macrophages. 

Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. (A, C) Cells were 
stimulated with Pam3CSK4 + IFN+b or LPS as control for 3, 6 and 24 h and IL-10 
protein was measured in supernatant by ELISA. (B, D) Cells were stimulated with 
Pam3CSK4 + IFN+b or LPS as control for 0.5, 1, 1.5, 2, 3, 4 and 6 h and total RNA 
was harvested and isolated. Il10 transcript levels were determined by qRT-PCR and 
normalised to Hprt1 mRNA. Graphs show means ± SD of triplicate cultures. Data are 
representative of three independent experiments. *p < 0.05, ***p < 0.001, ns – not 
significant as determined by two-way ANOVA (Bonferroni multiple comparison test). 
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4.3.3.2 Exogenous type I IFN decreases IL-12 production in TLR stimulated 

macrophages  

Our previous findings demonstrated that IL-12p40 protein and Il12b mRNA are 

dependent on autocrine type I IFN signalling following all investigated TLR ligations. 

We wanted to extend these observations by investigating the effect of the addition of 

exogenous IFN-a/b on IL-12 production. To test this, we treated WT macrophages 

with exogenous IFN-b (Figure 4.6 A) or IFN-a (Figure 4.6 B) in the presence of PRR 

ligation by LPS, Poly I:C, Pam3CSK4 and CpG. Treatment with neither IFN-b nor 

IFN-a in the absence of PRR stimulation induced IL-12p40 production by 

macrophages (Figure 4.6). However, the addition of IFN-b or IFN-a significantly 

reduced IL-12p40 levels following stimulation via TLR2 and 9. IL-12p40 production 

was decreased to a lesser extent in TLR4- and Poly I:C stimulated macrophages 

(Figure 4.6), possibly because type I IFN was already present in these cultures as 

produced by macrophages themselves (Figure 4.1). 

 

As described before by the O’Garra laboratory by McNab et al. (269) and ourselves, 

Howes, Taubert et al. (268) the inhibitory effects of type I IFN on IL-12 production in 

macrophages are largely dependent on IL-10. Therefore, in the remaining part of this 

thesis, only the mechanism of how type I IFN is regulating IL-10 will be evaluated 

further. Furthermore, we will focus on macrophages stimulated with LPS to 

investigate this interaction. TLR4 and TLR3 ligation are the only signalling pathways 

leading to detectable type I IFN production in vitro. Hence, addition of exogenous 

type I IFN was not needed. Furthermore, since TLR4 signalling gives higher IL-10 

protein levels compared to Poly I:C stimulated macrophages the in-depth mechanism 

was subsequently investigated using TLR4 ligation. 
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Figure 4.6 Exogenous type I IFN decreases IL-12p40 production in macrophages 
stimulated with TLR2, 3, 4 and 9 agonists. 
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Macrophages were generated from C57BL/6 WT mice. Cells were stimulated with 
LPS, Poly I:C, Pam3CSK4 or CpG for 24 h and either IFN-β (A) or IFN-α (B) added 
at time of stimulation. IL-12p40 protein in supernatant was measured by ELISA. 
Graphs show means ± SD of triplicate cultures. Representative of 3 independent 
experiments. *p<0.05, **p<0.01, ***p<0.001 as determined by One-Way ANOVA 
(Tukey's multiple comparisons test). 
 

 

4.3.4 Autocrine type I IFN acts as a transcriptional regulator and stabilises 

Il10 mRNA upon TLR4 stimulation 

In Howes, Taubert et al., we showed that LPS stimulated C57BL/6 WT macrophages 

expressed an initial Il10 mRNA peak at 30 min followed by a second peak at 4 h 

(data not shown here, Howes, Taubert et al., Fig. 5A in published manuscript (268), 

also repeated in Figure 4.2 of this chapter). C57BL/6 Ifnar1-/- macrophages 

expressed the initial peak of Il10 mRNA, which was mostly unaffected by the 

absence of type I IFN signalling. However, Ifnar1-/- macrophages completely lacked 

the second peak of Il10 mRNA (Howes, Taubert et al., Fig. 5A; also repeated in 

Figure 4.2 B of this chapter), suggesting that a late transcriptional wave of Il10 mRNA 

expression is activated by autocrine type I IFN. This observation was supported by 

the presence of a second peak of un-spliced Il10 mRNA, indicative of active 

transcription, in LPS stimulated C57BL/6 WT but not Ifnar1-/- macrophages, as we 

reported in Howes, Taubert et al. (Figure 5 B in published manuscript, (268), (also 

repeated in Figure 4.7 of this chapter). Therefore, we postulated that the regulation 

of IL-10 by type I IFN is at the level of transcription.  
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Figure 4.7 Autocrine type I IFN as transcriptional regulator of Il10 mRNA in 
macrophages upon TLR4 stimulation. 

Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. Cells were 
stimulated with LPS for 15, 30, 45min, 1, 1.5, 2, 3, 4, 6 and 12 h and total RNA was 
harvested and isolated. Il10 un-spliced mRNA transcript levels were determined by 
qRT-PCR and normalised to Hprt1 mRNA. Graph shows means ± SD of triplicate 
cultures. Data are from 1 experiment. Data curated as repeat of Ashleigh Howes 
experiment (268). ***p < 0.001 as determined by two-way ANOVA (Bonferroni 
multiple comparison test).  
 

 

By adding Actinomycin D, a RNA synthesis inhibiting agent, to WT and Ifnar1-/- 

macrophages stimulated for 1 h with LPS or LPS + IFN-b, we investigated whether 

type I IFN has an additional effect on Il10 mRNA stability. We showed that upon 

TLR4 stimulation Il10 mRNA levels decay faster over time in macrophages lacking 

the IFNab receptor compared to WT macrophages (Figure 4.8). The addition of IFN-

β to WT macrophages led to similar Il10 transcription levels compared to the control 

(Figure 4.8), possibly due to production of type I IFN by macrophages upon LPS 

stimulation, to a level required for Il10 mRNA stabilisation and already saturating the 

culture media. This suggests that autocrine type I IFN, in addition to inducing a 

second peak of transcription, can also stabilise Il10 mRNA expression. 
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Figure 4.8 Autocrine type I IFN stabilises Il10 mRNA in TLR4 stimulated 
macrophages. 

C57BL/6 and C57BL/6 Ifnar1-/- macrophages were stimulated with LPS for 1 h +/- 
IFN-b and treated with actinomycin D (ActD). Il10 mRNA was harvested and 
quantified by qRT-PCR, normalised to Hprt1 mRNA levels. Graph shows means ± 
SD of triplicate cultures. Data are representative of three independent experiments. 
***p < 0.001, ns – not significant as determined by two-way ANOVA (Bonferroni 
multiple comparison test). 
 

 

4.3.5 The role of MAPKs in the type I IFN dependent regulation of IL-10 in LPS 

stimulated macrophages 

Several studies investigating the molecular mechanisms of IL-10 regulation in 

macrophages have shown important roles for the TPL-2/ERK (70, 71, 225, 226), p38 

(358), PI3K/AKT (92, 94) and NF-κB (227, 229, 359) pathways in the positive 

regulation of IL-10 production. We therefore wanted to determine whether any of 

these kinases are involved in the induction of the second, type I IFN dependent peak 

of Il10 mRNA transcription.  

 

Firstly, we aimed to validate these finding in our in vitro system. We made use of the 

Kinase Profiling Inhibitor Database (http://www.kinase-screen.mrc.ac.uk/kinase-
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inhibitors) as well as publications (330, 331) to define the specific inhibitor and the 

correct concentration for maximal efficiency with minimal off-target effects. Initially 

we titrated different inhibitors for p38 (BIRB0796), MEK1/2 (PD0325901), PI3K (PI-

103), mTOR (rapamycin) and GSK-3 (CT99021) to determine the optimal 

concentration for their use. The inhibitor or DMSO (used as vehicle control) was 

added 1 h before the 24 h-stimulation of WT macrophages with LPS as previously 

performed in the laboratory during optimisation of these assays. IL-10 protein 

production was measured in the supernatant by ELISA and an appropriate 

concentration for each inhibitor was chosen (Figure 4.9, red squares). 

Concentrations selected were then used for subsequent experiments. As published, 

inhibitors of p38, MEK1/2 (234) and mTOR (93) resulted in decreased IL-10 

production in response to LPS. In contrast, inhibition of GSK-3 resulted in an 

increase in IL-10. The effect on IL-10 production by the PI3K inhibitor PI-103 is not 

clear, as only the addition of specific concentrations inhibits IL-10 production.  

 

Comparing IL-10 production in macrophages treated with different kinase inhibitors 

at optimal concentrations 24 h post LPS stimulation, we showed a strong decrease 

in IL-10 levels upon MEK1/2, p38 and mTOR inhibition. The effect was less 

pronounced in PI3K inhibited LPS stimulated macrophages. Upon inhibition of GSK-

3, IL-10 production increased greatly. All in all, these results are in keeping with 

previous literature (Figure 4.9, Figure 4.10) (93, 94, 230, 232). 
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Figure 4.9 Optimal inhibitor concentration of MAPK inhibitors. 
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Macrophages were generated from C57BL/6 WT mice. Cells were pre-incubated with 
the inhibitor for 1 h and then stimulated with LPS for 24 h. IL-10 protein in supernatant 
was measured by ELISA. Red squares indicate chosen concentration. Graphs show 
means ± SD of triplicate cultures. Data are representative of one - two independent 
experiments. PD0325901 and BIRB0796 titration done by Ashleigh Howes. 
 

 

 

Figure 4.10 MEK1/2, p38, PI3K and mTOR inhibition decreases IL-10 production, 
while GSK-3 inhibition increases IL-10 levels. 

Macrophages were generated from C57BL/6 WT mice. Cells were pre-incubated with 
the inhibitor for 1 h and then stimulated with LPS for 24 h. IL-10 protein in supernatant 
was measured by ELISA. Graphs show means ± SD of triplicate cultures. **p < 0.01, 
***p < 0.001 as determined by two-tailed Student’s t-test. Data are representative of 
three to four independent experiments.  
 

 

To assess whether these kinases play a role during the induction of the second, type 

I IFN-dependent, peak of Il10 mRNA transcription observed 3 h after LPS stimulation 

in macrophages, kinase inhibitors were added to cultures either 1 h prior to, or 2 h 

post stimulation. Thereby, it was possible to distinguish, whether these kinases play 

a role in the induction of the first or second peak of Il10 mRNA transcription, or in 

both (Figure 4.11 A). 
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Upon p38 inhibition Il10 mRNA expression levels were significantly lower when the 

inhibitor was added 1 h prior to as well as 2 h post stimulation (Figure 4.11 B, C). 

However, kinetics of Il10 mRNA expression were similar between DMSO and p38 

inhibited cells. The addition of the MEK1/2 inhibitor PD0325901 at either time point, 

did not interfere with the transcription of the first peak of Il10 mRNA but the second 

peak of Il10 mRNA transcription was absent compared with the DMSO control 

(Figure 4.11 B, C). Blocking mTOR and PI3K 1 h prior to stimulation with LPS led to 

significantly lower levels of Il10 mRNA at the time points analysed (Figure 4.11 B). 

Nevertheless, the kinetics of Il10 mRNA transcription were similar in control and 

inhibitor treated cells. Inhibition of mTOR and PI3K 2 h post stimulation did not alter 

Il10 mRNA transcription (Figure 4.11 C). Independently of the time point of addition 

of the GSK-3 inhibitor to the cultures, a significant increase in Il10 mRNA 

transcription was detected from 3 h after stimulation (Figure 4.11 B, C). 
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Figure 4.11 IFNβ-mediated increase in Il10 transcript levels appears to be 
dependent on p38 and ERK1/2 signalling and is negatively regulated by GSK-3 
upon LPS stimulation. 
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(A) Model of the experiment. (B, C) Macrophages were generated from C57BL/6 WT 
mice. Cells were stimulated with LPS and either pre-incubated with the inhibitor for 
1 h (B) or the inhibitor was added 2 h (C) post stimulation. Total RNA was harvested 
1, 3 and 6 h post stimulation and isolated. Il10 transcript levels were determined by 
qRT-PCR and normalised to Hprt1 mRNA. Graphs show means ± SD of triplicate 
cultures. *p < 0.05, **p < 0.01, ***p < 0.001, ns – not significant as determined by 
two-way ANOVA (Bonferroni multiple comparison test). Data are representative of 
three to four independent experiments. 
 

 

Since p38, MEK1/2 and GSK-3 inhibition led to a significant change in Il10 mRNA 

transcription if added 2 h post stimulation, these data suggested that these pathways 

might play a role in the type I IFN dependent regulation of IL-10 (Figure 4.11 C). To 

evaluate if the activity of these kinases is changed by type I IFN, macrophages from 

WT and Ifnar1-/- macrophages were stimulated with LPS for 1, 3 and 6 h and 

phosphorylation of these kinases determined (Figure 4.12). Phosphorylation of p38 

at T180/Y182 was similar in WT and Ifnar1-/- macrophages at the evaluated time 

points (Figure 4.12 A). Phosphorylation of GSK-3a/b (S21/9) was likewise not 

different between WT and Ifnar1-/- macrophages (Figure 4.12 B). However, Ifnar1-/- 

macrophages showed reduced ERK1/2 (T185/Y187) phosphorylation at 1, 3 and 6 

h post LPS stimulation compared to their WT counterparts (Figure 4.12 C).  

 

In accordance with these data, we showed that IFN-b itself is able to phosphorylate 

ERK1/2 (T185/Y187) in WT but not in Ifnar1-/- macrophages, demonstrating the 

specificity of the IFN-b activation of ERK1/2 through the type I IFN receptor (Figure 

4.13). 
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Figure 4.12 Type I IFN signalling increases the phosphorylation of ERK1/2 in LPS 
stimulated macrophages. 

C57BL/6 WT and Ifnar1-/- macrophages were stimulated with LPS for the indicated 
time points. Whole-protein extracts were generated and analysed by Western blot 
for total and phosphorylated p38 (A), GSK-3a/b (B) and ERK1/2 (C) and GAPDH as 
loading control. Data are representative of two (A, B) or four (C) independent 
experiments. 
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Figure 4.13 IFN-b alone leads to phosphorylation of ERK1/2. 

C57BL/6 WT and Ifnar1-/- macrophages were stimulated with 20 ng/ml IFN-b for 30 
min. Whole-protein extracts were generated and analysed by Western blot for total 
and phosphorylated ERK1/2 and GAPDH as loading control. The two blots are from 
the same gel, with same exposure time. Data are representative of three 
independent experiments. 
 

 

To demonstrate that the regulation of IL-10 via type I IFN was mediated by ERK1/2 

activation, WT and Ifnar1-/- macrophages were pre-treated for 1 h with either DMSO 

as vehicle control or the MEK1/2 inhibitor PD0325901 before being stimulated with 

LPS for 24 h. As shown before (Figure 4.10), the inhibition of MEK1/2 led to a 

significant decrease in IL-10 production in LPS stimulated WT macrophages. The 

level of IL-10 produced in MEK1/2 inhibited LPS stimulated WT cells was similar to 

the level of IL-10 produced by LPS stimulated Ifnar1-/- macrophages. Upon inhibition 

of MEK1/2 in LPS stimulated Ifnar1-/- macrophages, no further reduction in IL-10 

levels were achieved (Figure 4.14), confirming that type I IFN signalling through 

ERK1/2 activation accounted for the increased type I IFN dependent IL-10 production 

observed. This result was validated using two different MEK1/2 inhibitors (Figure 7.4).  
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Figure 4.14 ERK1/2 signalling is required for type I IFN mediated IL-10 production 
in LPS stimulated C57BL/6 macrophages. 

C57BL/6 WT and Ifnar1-/- macrophages were treated with PD0325901 or DMSO as 
vehicle control 1 h prior to stimulation with LPS for 24h. IL-10 production was 
quantified by ELISA. Graphs show means ± SD of triplicate cultures. ***p < 0.001, 
ns – not significant as determined by two-way ANOVA (Bonferroni multiple 
comparison test). Data are representative of three independent experiments. 
 

 

To control for non-specific effects of the inhibitors, particularly inhibition of kinases 

downstream of the type I IFN receptor, IFN-b production was evaluated after inhibitor 

addition. Macrophages were pre-incubated with the inhibitor for 1 h and then 

stimulated with LPS. IFN-b protein (Figure 4.15 A) and Ifnb1 mRNA (Figure 4.15 B) 

were measured. The inhibitors PI-103 (PI3K) and Rapamycin (mTOR) show no 

effects on IFN-b production, while PD0325901 (MEK1/2), BIRB0796 (p38) and 

CT99021 (GSK-3) led to an increase in IFN-b production (Figure 4.15 A). None of 

the inhibitors led to a significant change of Ifnb1 mRNA transcription at 1 h post 

stimulation (Figure 4.15 B).  
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Figure 4.15 Kinase inhibition does not decrease IFN-b production by LPS 

stimulated macrophages. 

C57BL/6 WT macrophages were pre-incubated with the inhibitor for 1 h and then 
stimulated with LPS. (A) IFN-b protein in supernatant was measured 6 h post 
stimulation by ELISA. (B) Ifnb1 mRNA was harvested 1 h post stimulation and 
quantified by qRT-PCR and normalised to Hprt1 mRNA levels. Graphs show means 
± SD of triplicate cultures. *p < 0.05, **p < 0.01, ***p < 0.001, ns – not significant as 
determined by two-tailed Student’s t-test. Data are representative of two independent 
experiments. 
 

Additionally, we checked if STAT1 activation as well as transcription of various ISGs 

downstream of the type I IFN receptor were affected after addition of the inhibitors. 

We stimulated WT macrophages with LPS and added the inhibitors 1 h prior to 

stimulation. STAT1 phosphorylation (Y701) was determined 1 h post LPS stimulation 

and showed no difference in DMSO compared to inhibitor treated macrophages 

(Figure 4.16 A). To evaluate possible changes in the expression of Irf7 and Mx1, WT 

macrophages were treated with DMSO as vehicle control or the respective inhibitor 

for 1 h, before stimulated with LPS. mRNA was harvested at 1, 3 and 6 h post 

stimulation. There was no significant difference in Irf7 and Mx1 expression upon 

kinase inhibition with the stated inhibitors (Figure 4.16 B, C). However, upon 

inhibition of mTOR Irf7 was slightly decreased 6 h post LPS stimulation (Figure 4.16 

B). 
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Figure 4.16 MAPK inhibition does not alter type I IFN signalling. 
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(A) C57BL/6 WT macrophages were pre-incubated with the inhibitor for 1 h and then 
stimulated with LPS for 1 h. Whole-protein extracts were generated and analysed by 
Western blot for total and phosphorylated STAT1 (Y701) and actin as loading control. 
(B, C) C57BL/6 WT macrophages were pre-incubated with the inhibitor for 1 h and 
then stimulated with LPS for the indicated time points. Total RNA was harvested and 
isolated. Irf7 (B) and Mx1 (C) transcript levels were determined by qRT-PCR and 
normalised to Hprt1 mRNA. Graphs show means ± SD of triplicate cultures. **p < 
0.01, ns – not significant as determined by two-way ANOVA (Bonferroni multiple 
comparison test). Data are representative of two independent experiments. 
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4.4 Discussion 

4.4.1 Regulation of IL-10 by type I IFN 

In our study, Howes, Taubert et al. (268), we showed that C57BL/6 macrophages 

produce higher levels of IL-10 compared to BALB/c macrophages in response to 

bacterial products and that type I IFN plays an important role in mediating this 

phenotype. Other studies have shown complex immunoregulatory roles for these 

cytokines. Type I IFN has been shown to increase IL-10 production from murine 

macrophages in a TRIF dependent manner (271), from human B cells (276), and 

from human dendritic cells (275). How type I IFN regulates IL-10 and in which context 

it is important for IL- 10 production is not fully understood. Thus, our initial studies 

examined the role of type I IFN signalling in the production of IL-10 following various 

TLR-stimulations of C57BL/6 macrophages. 

 

Analysis of IL-10 protein levels produced by macrophages following stimulation with 

various TLR ligands such as Pam3CSK4 (TLR2), Poly I:C (TLR3), LPS (TLR4) and 

CpG (TLR9), showed that IL-10 is produced in different amounts following these 

stimulations. Autocrine type I IFN increased the expression of IL-10 upon LPS and 

Poly I:C stimulation, but not post Pam3CSK4 and CpG stimulation, as no type I IFN 

was detected upon these 2 stimulations. 

 

A detailed kinetics of Il10 mRNA expression demonstrated two peaks of Il10 mRNA 

transcription upon stimulation with LPS (as described already in Howes, Taubert et 

al. (268)) and Poly I:C. The presence of two peaks of Il10 mRNA upon TLR4 ligation 

and the late, highest expression of Il10 mRNA upon Poly I:C stimulation is suggestive 
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of an autocrine loop to maintain IL-10 production. As previously shown in our study 

by Howes, Taubert et al. (268), the second peak of Il10 mRNA expression upon 

stimulation with LPS (TLR4) is dependent on type I IFN signalling as the second 

induction of Il10 mRNA was absent in macrophages deleted for the IFNαβR. The 

abrogation of the second Il10 mRNA peak resulted in significantly reduced IL-10 

protein levels. In keeping with these findings, we showed that IL-10 production is 

also abrogated in Ifnar1-/- macrophages upon TLR3 ligation at the protein and mRNA 

level. Pam3CSK4 or CpG stimulated WT and Ifnar1-/- macrophages only expressed 

the first peak of Il10 mRNA. In general, Il10 mRNA levels seem to be lower in Ifnar1-

/- macrophages upon TLR2 and 9 activation, however, kinetics were similar over time. 

Teixeira-Coelho et al. (234) demonstrated that both TLR2 and TLR9 lack the 

activation of the TRIF-signalling cascade and subsequently failed to sustain the 

stability of Il10 mRNA. They proposed type I IFN as a possible candidate for an 

indirect role of TRIF in this process. This hypothesis is supported by the fact that we 

were able to demonstrate a stabilising effect of autocrine type I IFN on Il10 mRNA 

expression following LPS stimulation. This effect was not observed when IFN-β was 

added to the culture after LPS stimulation, suggesting that maximal effects are 

obtained by the autocrine levels of type I IFN. These experiments would need to be 

repeated with Pam3CSK4 and CpG stimulated macrophages to prove the hypothesis. 

However, McNab et al. also demonstrated a stabilising effect of IFN-b on Il10 mRNA 

in M. tuberculosis infected macrophages (269). 

 

The observation that the first Il10 mRNA peak upon LPS stimulation is unaffected by 

the absence of type I IFN signalling, and that the second Il10 mRNA peak occurs at 

the relatively late time point of 3 – 4 h post stimulation, suggest that type I IFN 
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produced during the response is important for the induction of the second Il10 mRNA 

peak but not for the first one. This is in agreement with the findings of Pattison et al. 

where the absence of type I IFN only affected Il10 mRNA expression at later time 

points (357). Supporting this hypothesis, we were able to show that type I IFN added 

to Pam3CSK4 stimulated macrophages, which themselves do not produce 

detectable levels of type I IFN, led to the induction of a second peak of Il10 mRNA 

transcription and to increased amounts of IL-10 protein, comparable to LPS 

stimulated macrophages.  

 

These findings are supported by previous reports showing that type I IFN is important 

for the production of IL-10 in LPS stimulated macrophages (271) and that the TRIF 

pathway, which induces type I IFN downstream of TLR4 (60) and 3 (33), contributes 

to IL-10 production (167, 271). In accordance with the literature, we only observed 

type I IFN production in LPS and Poly I:C stimulated macrophages, which was 

reported to be dependent on the TRIF pathway (60). Pam3CSK4 and CpG stimulated 

macrophages do not produce IFN-b protein detectable by ELISA; nevertheless, small 

amounts of Ifnb1 mRNA could be measured. IFN-β and other type I IFNs are 

constitutively secreted at low amounts to maintain homeostasis and to prime cells to 

a rapid and robust innate and adaptive immune response to subsequent challenge 

(360). We postulated that the lack of detectable type I IFN protein in Pam3CSK4 and 

CpG stimulated macrophages was responsible for similar IL-10 production in WT and 

Ifnar1-/- macrophages.  

 

As in an in vivo setting, type I IFN are produced by many other cells in addition to 

macrophages, we wanted to test the responsiveness to type I IFN following ligation 
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of different TLRs. IL-10 protein levels increased upon IFN-α and IFN-β addition when 

macrophages where stimulated with Pam3CSK4, Poly I:C and LPS. However, a 

largely significant increase in IL-10 levels was only detected upon TLR2 stimulation, 

possibly because macrophages do not produce type I IFN themselves following 

TLR2 ligation. The addition of either IFN-α or IFN-β to TLR9 stimulated macrophages 

did not lead to an increase of IL-10 protein levels, rather to a decrease under some 

conditions, despite their inability to themselves produce type I IFN. It needs to be 

investigated if the addition of type I IFN to CpG stimulated macrophages, leads to 

the induction of a second peak of Il10 mRNA transcription, similar to what we showed 

in Pam3CSK4 stimulated macrophages. However, IL-10 production upon TLR9 

stimulation seems to be independent of type I IFN. Yet, it would need to be tested if 

type I IFN addition to TLR9 stimulated macrophages leads to STAT1 (Y701) 

phosphorylation and ISGs induction. Although macrophages have the ability to 

produce more IL-10 following type I IFN addition after TLR3 and 4 stimulation, it was 

to a much lower extent, likely due to the already high levels of type I IFN produced 

in response to these TLR ligands. Thus, since macrophages produce IFN-β 

themselves following TLR3 and 4 ligation, type I IFN signalling may therefore already 

have reached saturation through endogenous levels of type I IFN.  

 

To assess how type I IFN affects IL-10 production upon TLR3 and 4 ligation we first 

compared spliced and un-spliced Il10 mRNA kinetics. We were able to demonstrate 

that the expression profiles closely correlate to those observed in LPS stimulated 

macrophages. Both showed two peaks of Il10 mRNA transcription while the 

expression of the spliced RNA was shifted by roughly 15 min. However, the 

experimental procedure would need to be refined, as un-spliced Il10 RNA was 
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measured from RNA extracted from the whole cell and not specifically from the 

nucleus. Nevertheless, the general assumption can be made that un-spliced RNA is 

located mostly in the nucleus and therefore no contamination of cytosolic RNA 

should occur (361). Furthermore, the primers were designed to detect only un-

spliced RNA (reverse primer located in intron 4). Despite that, our data led us to the 

conclusion that type I IFN promotes IL-10 production by a transcriptional mechanism, 

supported by the fact that addition of IFN-b to Pam3CSK4 stimulated macrophages 

was able to induce a second peak of Il10 mRNA transcription. Nevertheless, type I 

IFN also shows a stabilising effect on Il10 mRNA as discussed above.  

 

Overall, our data indicate that type I IFN positively regulates IL-10 production in 

macrophages following TLR2, 3 and 4 stimulation, although while enhanced IL-10 

levels observed after TLR3 and 4 stimulation depend on autocrine type I IFN, in the 

case of TLR2 stimulation an external source of type I IFN is required. Type I IFN acts 

as transcriptional regulator as well as stabiliser of Il10 mRNA. In contrast, type I IFNs 

have no effect on IL-10 production upon TLR9 signalling.  
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4.4.2 Regulation of IL-12 by type I IFN 

In the context of pro-inflammatory cytokine production, type I IFN has various effects. 

Mechanisms whereby type I IFN regulates distinct pro-inflammatory cytokines are as 

yet unclear (269, 274, 354). In some settings, IFN-α/β-mediated signalling has been 

shown to be necessary for IL-12 production by DCs following PRR stimulation (355). 

However, high but physiological levels of IFN-α/β strongly inhibit IL-12 production 

during murine cytomegalovirus (MCMV) and LCMV infections (356, 362) as well as 

in M. tuberculosis-infected macrophages (269). 

 

Our data showed that macrophages produce high amounts of IL-12p40 upon TLR9 

stimulation compared to LPS-, Poly I:C- and Pam3CSK4 stimulated macrophages, 

which goes along with high mRNA transcription upon stimulation of these pathways. 

IL-12p40 protein and mRNA production was significantly lower in Ifnar1-/- compared 

to WT macrophages demonstrating a requirement for type I IFN signalling for IL-12 

production in TLR2, 3, 4 and 9 stimulated macrophages. McNab et al. (269) 

previously described that low levels of basal type I IFN, which lead to tonic type I IFN 

signalling, are required for optimal IL-12p40 production by macrophages. Hence, we 

postulated that this may contribute to poor IL-12p40 production in Ifnar1-/- 

macrophages, as tonic type I IFN signalling is absent from C57BL/6 Ifnar1-/- 

macrophages. These results are in agreement with a study by Gautier et al., where 

they show that type I IFN signalling was required for IL-12 production following TLR 

activation (355). Together these data suggest that maximal IL-12 production by 

macrophages upon TLR2, 3, 4 and 9 activation requires tonic type I IFN signalling. 
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In contrast to these findings, however, the addition of IFN-a or IFN-b significantly 

inhibited IL-12p40 production upon Pam3CSK4 and CpG stimulation. In the case of 

LPS- or Poly I:C, production of IL-12p40 did decrease, but levels were relatively low 

already in the control cells, potentially because of autocrine IFN-b production upon 

TLR3 and 4 signalling. These data suggest that type I IFN does have the capacity to 

inhibit IL-12p40 production in these systems. These results are in agreement with a 

number of studies showing suppression of IL-12 by type I IFN in viral and bacterial 

models (354, 356, 363, 364). Furthermore, as described in McNab et al. (269), IL-

10-deficient C57BL/6 macrophages showed increased IL-12 production in M. 

tuberculosis stimulated macrophages compared to WT macrophages. These levels 

were reduced by the addition of IFN-b. However, IL-12 levels did not decrease to the 

same extent as if IFN-b was added to M. tuberculosis-infected WT macrophages. 

Hence, IL-12 production is regulated by exogenous type I IFN through IL-10 

independent but often IL-10 dependent mechanisms (269). 

 

Our investigation into different TLR ligations revealed type I IFN to be a central 

mediator of IL-12p40 production in C57BL/6 macrophages. While tonic type I IFN 

signalling is necessary for IL-12p40 expression upon all stimulations tested, 

exogenous type I IFN accounted for the reduced levels of IL-12 observed in C57BL/6 

WT macrophages. 

 

During this study, only IL-12p40 protein and Il12b mRNA were measured. As p40 is 

also a component of IL-23 when bound to p19 (133) and is often more abundant in 

the cells it would be important to repeat the experiment evaluating IL-12p70 and Il12a. 
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4.4.3 MAPKs and their role in type I IFN dependent IL-10 regulation 

As shown in the literature, many different kinases such as p38 (226, 230, 255), 

ERK1/2 (70, 71, 225), PI3K/Akt, mTOR (92, 94) and GSK-3 (231, 232) are activated 

upon TLR ligation and have been suggested to regulate the induction of IL-10. By 

treating macrophages with selective inhibitors for these kinases, we have also 

observed that p38, MEK1/2 (ERK1/2), PI3K and mTOR activation are required for 

optimal IL-10 production in LPS stimulated macrophages while GSK-3 activation 

leads to a decrease in IL-10 levels, as reported in the literature. 

 

Additionally, type I IFN has been reported to activate MAPKs downstream of the type 

I IFN receptor including ERK2 in a multiple myeloma cell line (283) and the protein 

kinase p38 in lymphoblastic cell lines (284). Type I IFNs have also been shown to 

activate PI3K signalling downstream of JAKs in an IRS-dependent manner leading 

to activation of mTOR in T lymphoblasts (280). We could not detect any significant 

differences in Il10 mRNA levels in macrophages upon inhibition of PI3K and mTOR 

pathways 2 h after LPS stimulation. Pre-treatment with the inhibitor led to a general 

reduction in mRNA levels but not in a loss of the second peak of Il10 mRNA 

transcription. Effects of mTOR and PI3K on IL-10 production was mostly reported in 

monocytes and DCs and mainly established at the protein level (93, 94), hence our 

results are in keeping with published reports. 

 

Inhibition of p38 activation preceding LPS stimulation resulted in decreased Il10 

mRNA expression at all time points. This is in accordance with Teixeira-Coelho et al. 

(234), which reported that TLR4 signals protected Il10 mRNA from rapid degradation, 

due to the activation of TRIF and enhanced p38 signalling. Additionally, Tudor et al. 
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described a mechanism whereby p38 signalling inhibits tristetraprolin (TTP)-directed 

decay of Il10 mRNA (233). Hence, the inhibition of p38 leads to decreased inhibition 

of TTP and therefore a decrease in Il10 mRNA stability upon LPS stimulation in 

macrophages (233). However, in our study the type I IFN–dependent second peak 

of Il10 mRNA remained present in the absence of p38 signalling. Also, the inhibition 

of p38 at 2 h post-stimulation had no significant effect on Il10 mRNA levels. 

Additionally, we showed by western blot that the activation of p38 (T180/Y182) was 

not different in WT and Ifnar1-/- macrophages upon LPS stimulation at later time 

points. This suggests that p38 does not increase IL-10 levels in a type I IFN 

dependent manner. 

 

When we blocked GSK-3 1 h prior or 2 h post stimulation we detected an increase 

in Il10 mRNA expression after 3 h of LPS stimulation, suggesting inhibition of the 

second peak of induction of Il10 mRNA by GSK-3. Studies from Wang et al. (275) 

already showed that GSK-3a/b plays a role in regulating IFN-β mediated IL-10 

production in human DCs via CREB. However, activation of GSK-3a/b (S21/9) was 

not affected in Ifnar1-/- macrophages upon LPS stimulation at later time points. 

Hence, GSK-3 might not play a role in type I IFN dependent IL-10 regulation. 

 

Interestingly, inhibition of ERK1/2 signalling had no effect on the first peak of Il10 

mRNA independently of the time point of inhibitor addition, whereas it completely 

abrogated the second peak of Il10 mRNA transcription independently of the time 

point when the inhibitor was added. This result was confirmed using two additional 

specific MEK1/2 inhibitors, indicating that type I IFN is acting via ERK1/2 activation 

to induce a second peak of Il10 mRNA transcription. In support of these findings, 
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ERK1/2 (T185/Y187) phosphorylation was induced in C57BL/6 macrophages upon 

treatment with recombinant IFN-b and this was not observed in C57BL/6 Ifnar1-/- 

macrophages, demonstrating the specificity of the IFN-b activation of ERK1/2 and 

that this was not through activation of any PRR. Furthermore, ERK1/2 activity was 

reduced in Ifnar1-/- macrophages compared to WT macrophages upon LPS 

stimulation at later time points. Additionally, in LPS stimulated C57BL/6 Ifnar1-/- 

macrophages, ERK1/2 inhibition had no further effect on the reduction of IL-10 

protein levels (268). These data show a requirement for ERK1/2 in the induction of 

type I IFN-dependent Il10 mRNA expression in C57BL/6 macrophages stimulated 

with LPS. This hypothesis is underpinned by the fact that Liu et al. showed that type 

I IFN modulates TLR-mediated IL-10 production in B cells via ERK1/2 (365). 

 

It has to be stated that JAK/STAT signalling is also involved in type I IFN dependent 

IL-10 regulation. It was demonstrated by Guarda et al. that the activation of STAT1 

downstream of the type I IFN receptor in LPS stimulated macrophages leads to an 

increase in IL-10 (274). Additionally, the binding of IRF1 and STAT3 to the Il10 

promoter was reported in human B cells (276). However, we aimed to explore new 

pathways and therefore only used p38, MEK1/2, mTOR, PI3K and GSK3 inhibitors 

and no JA/STAT inhibitors. 

 

In summary, TLR4 ligation of macrophages leads to IL-10 and type I IFN production, 

which is initiated via the adapter molecules MyD88/TIRAP/TRAM and TRIF. Type I 

IFN produced upon TLR ligation then positively feeds back via the type I IFN receptor, 

which leads to an increase in type I IFN production itself. Based on our results we 

hypothesise that type I IFN then reinforces IL-10 production via ERK1/2 activation. 
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5.1 Background 

We showed that type I IFN leads to the induction of a second wave of Il10 mRNA 

transcription via the activation of ERK1/2 in LPS stimulated macrophages (chapter 

4.3 and (268)). However, the underlying mechanism in macrophages is not well 

understood. Type I IFN promotes IL-10 production transcriptionally (Figure 4.7 and 

(268)), perhaps through the recruitment of IRF1 and STAT3 to the Il10 promoter as 

it has been reported in the human B lymphocyte cell line RPMI 8226 (276) or by 

activating STAT1 in murine macrophages (274). A number of transcription family 

members, including SP1 (249, 255), STATs, IRFs (276), AP-1 (74), CREB (230, 

251), C/EBP (258, 366), c-MAF (252), and NF-κB (229), have been reported as 

essential for IL-10 regulation. However, the mechanisms involved in the 

transcriptional regulation of IL-10 by type I IFN have not been investigated. Using 

microarray analysis and an assay for transposase-accessible chromatin with high 

throughput sequencing (ATAC-seq) we aimed to further unravel how type I IFN 

regulates Il10 gene regulation by investigating chromatin accessibility and TF 

recruitment to the Il10 regulatory region in macrophages upon LPS stimulation. 
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5.2 Aims 

In chapter 4.3.4, we demonstrated that type I IFN transcriptionally regulates IL-10 

production by activated macrophages. Additionally, we showed that in LPS 

stimulated macrophages, type I IFN leads to a second induction of Il10 mRNA 

transcription via ERK1/2 activation (chapter 4.3.5). We hypothesised that type I IFN 

leads to a change in chromatin accessibility and/or differential TF recruitment at the 

Il10 locus in LPS stimulated macrophages. 

 

In order to address this hypothesis, we aimed to:   

 

• Identify candidate transcription factors correlating with Il10 mRNA expression 

in response to type I IFN post LPS stimulation in macrophages using 

microarray analysis. 

 

• Investigate if type I IFN changes chromatin accessibility at the Il10 regulatory 

region in macrophages upon LPS stimulation using ATAC-sequencing. 

 

• Determine whether different transcription factors bind Il10 regulatory regions 

in C57BL/6 WT and Ifnar1-/- macrophages 4 h post LPS stimulation using 

ATAC-sequencing and ChIP-PCR. 
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5.3 Results 

5.3.1 Investigation of transcription factors positively correlating with Il10 

mRNA in response to type I IFN 

To evaluate which TFs might play a role in type I IFN dependent Il10 gene regulation, 

we performed microarray analysis comparing RNA from macrophages from WT and 

Ifnar1-/- mice stimulated with LPS or media for 0, 0.5, 1, 3, 4 and 6h. To ensure that 

the Il10 mRNA expression by microarray analysis showed the same kinetic profile as 

in our previous experiments by qRT-PCR, Il10 mRNA expression levels in WT and 

Ifnar1-/- macrophages at steady state and after LPS stimulation were extracted from 

the data set and plotted over time (Figure 5.1). In keeping with our previous results, 

we were able to demonstrate a second peak of induction of Il10 mRNA transcription, 

initiated after 3 h post stimulation in macrophages from WT mice in the microarray 

dataset. Moreover, the second peak of induction of Il10 mRNA was abrogated in 

macrophages from Ifnar1-/- mice (Figure 5.1).  
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Figure 5.1 Il10 mRNA expression in WT and Ifnar1-/- macrophages after LPS 
stimulation (microarray analysis). 

Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. Cells were 
stimulated with LPS in triplicate cultures and total RNA harvested at 0, 0.5, 1, 3, 4 
and 6 h and extracted for microarray analysis. Kinetic of Il10 mRNA in WT and Ifnar1-

/- macrophages upon LPS stimulation analysed by microarray. Data at each time 
point represent average of triplicate cultures. 
 

 

Assuming that TFs that are regulating Il10 show similar kinetics during LPS 

stimulation in WT and Ifnar1-/- macrophages as Il10 mRNA itself, we identified genes 

positively correlating with Il10 mRNA expression (1,867 entities, 1,063 genes) and 

overlapped them with a TF list (previously curated by Leona Gabrysova1) (Figure 5.2 

                                                
1 overlap of all TFs present in different databases: Affymetrix, GX GO annotations (nucleic acid 
(NA) binding TF activity) (1,248 entities, 694 genes); Illumina, GX GO annotations (NA binding 
TF activity (591 entities, 393 genes); Illumina, GX updated GO annotations (NA binding TF 
activity) (671 entities, 438 genes); Affymetrix, GCOS GO annotations (367. Wei G, Wei L, 
Zhu J, Zang C, Hu-Li J, Yao Z, Cui K, Kanno Y, Roh TY, Watford WT, Schones DE, Peng W, Sun 
HW, Paul WE, O'Shea JJ, Zhao K. 2009. Global mapping of H3K4me3 and H3K27me3 reveals 
specificity and plasticity in lineage fate determination of differentiating CD4+ T cells. Immunity 30: 
155-67 (1,403 entities, 773 genes); Illumina, GX GO annotations (protein binding TF activity) (297 
entities, 188 genes).	
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A). TFs with the highest Pearson correlation were Atf3, Tgif, Axud1, Cited2, Irf1, Junb 

and Nfil3. With the exception of Aft3, all these TFs were also validated in other 

microarray data sets analysing gene expression in macrophages of C57BL/6 and 

BALB/c mice either following LPS or HkBps stimulation (data not shown). mRNA 

expression profiles of the TFs with a high Pearson correlation showed a similar 

transcriptional profile as Il10 mRNA. Figure 5.2 B and C depicts examples of Atf3, 

Tgif, Junb and Nfil3 mRNA expression over time. Atf3 (but also Cited2 and Irf1, not 

shown) showed high mRNA expression at 3 – 4 h in WT macrophages following LPS 

stimulation, which is the time point of the initiation of the second peak of Il10 mRNA 

transcription. In Ifnar1-/- macrophages levels of Atf3 transcripts decreased after 0.5 

h of LPS stimulation, similarly to Il10 mRNA (Figure 5.2 B). Tgif mRNA expression 

followed exact Il10 mRNA kinetics, as expression peaked 1 h post LPS stimulation 

and a second wave of transcription was initiated 3 h post stimulation in WT 

macrophages. However, in Ifnar1-/- macrophages Tgif mRNA expression was 

decreased already as early as 0.5h post stimulation (Figure 5.2 B). In contrast, Junb 

mRNA expression seemed similar in WT and Ifnar1-/- macrophages and decreased 

slightly 0.5 h post LPS stimulation (Figure 5.2 C). Nfil3 showed high correlation with 

the transcription pattern of Il10 mRNA in WT and Ifnar1-/- macrophages following LPS 

stimulation as its expression was greatly decreased in Ifnar1-/- macrophages 1 h post 

LPS stimulation. In WT macrophages Nfil3 mRNA levels increased after 1 h of LPS 

stimulation (Figure 5.2 C).  
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Figure 5.2 Transcription factors positively correlating with Il10 mRNA 
transcription in LPS stimulated C57BL/6 WT and Ifnar1-/- macrophages. 
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Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. Cells were 
stimulated with LPS in triplicate cultures and total RNA harvested at 0, 0.5, 1, 3, 4 
and 6 h and extracted for microarray analysis. (A) Transcripts were identified by 
normalising expression values to the median of all samples and filtered on flags 
present (19802 entities). Obtained transcripts were overlapped with a TF list curated 
by Leona Gabrysova (880 entities). Those, which correlated with Il10 mRNA 
(Pearson Correlation) were identified and listed above. TFs in green box further 
analysed in B and C of this figure. B, C) mRNA kinetics of TFs with high Pearson 
correlation (green, different probes for TF) compared to Il10 mRNA expression 
pattern (black). Data at each time point represent average of triplicate cultures. 
 

 

Nfil3 (368, 369) had been described to play an important role in Il10 regulation in T 

cells, but has not been reported in myeloid cells. As its mRNA expression correlated 

highly with Il10 mRNA kinetics in WT and Ifnar1-/- macrophages (Figure 5.2), we 

postulate that type I IFN might induce a second wave of Il10 mRNA transcription via 

the induction of NFIL3. To address this hypothesis, we compared IL-10 production 

in C57BL/6 WT, Ifnar1-/- and Nfil3-/- macrophages after a 3, 6 and 24 h stimulation 

with LPS (Figure 5.3). Surprisingly, levels of IL-10 protein were very similar in WT 

and Nfil3-/- macrophages. The lack of Nfil3 did not alter levels of IL-10 production 

significantly compared to that of WT macrophages. Levels of IL-10 were unaffected 

in Nfil3-/- macrophages in response to LPS in contrast to IL-10 levels in Ifnar1-/- 

macrophages that were largely reduced (Figure 5.3).  
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Figure 5.3 Type I IFN-induced IL-10 production is independent of NFIL3.  

Macrophages were generated from C57BL/6 WT, Ifnar1-/- and Nfil3-/- mice. Cells 
were stimulated with LPS for 3, 6 and 24 h and IL-10 protein was measured in 
supernatant by ELISA. Graph shows means ± SD of triplicate cultures. 
Representative of 2 independent experiments.  
 

 

5.3.2 Evaluation of ATAC-sequencing results 

The identification of TF candidates via microarray analysis using Pearson correlation 

is based on the assumption that genes that regulate Il10 mRNA are transcribed at 

the same time with the same kinetics as Il10 mRNA and that these genes are 

regulated transcriptionally. However, as we have observed for NFIL3, even if the 

transcription of TF genes correlates with the type I IFN dependent induction of Il10 

mRNA, it does not necessarily imply that these TFs are involved in the regulation of 

IL-10 production. Therefore, we sought to establish a new method that allows us to 

predict TF binding at specific genes and also to evaluate whether type I IFN signalling 

changes chromosome accessibility – an assay for transposase-accessible chromatin 

using sequencing (ATAC-sequencing) (332). ATAC-seq uses a hyperactive Tn5 

transposase (336) to simultaneously cut and ligate adapters for high-throughput 
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sequencing at regions of increased accessibility. Insertion ends can then be mapped 

genome-wide and open chromatin regions can be identified (Figure 5.4). 

 

 

Figure 5.4 Principle of ATAC-sequencing. 

Hyperactive Transposase 5 inserts only in regions of open chromatin (between 
nucleosomes) and generates fragments that can be PCR-amplified, sequenced and 
visualised as peaks using various bioinformatics tools (332). TF – transcription factor 
 

 

As the protocol for ATAC-sequencing was developed using T cells (332), we firstly 

had to optimise it for macrophages and evaluate the accuracy of our results. As 

described in 2.10.1, the transposition time had to be adapted from 30 min to 2 h to 

allow for sufficient tagmentation (fragmentation and insertion of adapters) (Figure 

7.2).  

 

To evaluate the reproducibility of the data (three biological replicates per condition), 

we made use of the R Bioconductor package DiffBind. It is designed to work with 
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multiple peak sets simultaneously and identifies statistically significant differentially 

bound sites between two sample groups based on evidence of binding affinity 

(measured by differences in read densities) (338). Firstly, peak sets obtained by 

MACS2 (335) were read in for each sample separately. The resulting matrix showed 

how many peaks are in each peak set, as well as the total number of unique peaks 

after merging overlapping ones. Using this data, a correlation heat map was 

generated. Different samples were clustered in an unbiased approach using the 

cross-correlations of each row of the binding matrix. The correlation heat map 

showed that while the replicates for each LPS stimulated sample clustered together 

appropriately, the unstimulated replicate samples do not cluster into groups 

corresponding to WT or Ifnar1-/- macrophages (Figure 5.5 A). 

 

Next, using the differential analysis edgeR a binding matrix was calculated with 

scores based on read counts for each sample (affinity scores). As a final step, we 

retrieved the differentially bound sites. Using only the differentially bound sites and 

a plot based on principal component analysis, a deeper insight into how the samples 

are associated was achieved. Figure 5.5 B shows all the stimulated samples cluster 

away from the unstimulated ones. Additionally, component 3 separates WT from 

Ifnar1-/- macrophages in stimulated samples; however, unstimulated samples do not 

separate into WT and Ifnar1-/- macrophages. This indicates that the stimulation of 

WT and Ifnar1-/- macrophages reveals their genetic differences, while at steady state 

the chromosome accessibility is fairly similar in WT and Ifnar1-/- macrophages. 
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Figure 5.5 Quality control of replicate samples of LPS stimulated and unstimulated 
WT and Ifnar1-/- macrophages (ATAC-seq). 
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Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. Cells were 
stimulated with LPS for 0 or 4h, lysed and DNA transposed, amplified and library 
quantitated. Reads were aligned using Bowtie2 (mm10). MACS2 2.1.1 identified 
peak sets from C57BL/6 WT and Ifnar1-/- macrophages unstimulated and 4 h 
stimulated with LPS were uploaded together with correlating bam-files for use in 
Bioconductor package DiffBind (338), for all three biological triplicates per condition. 
(A) Correlation heat map, using occupancy (confidence scores for only those peaks 
called in a specific sample), before differential analysis. Initial clustering of the 
samples using the cross-correlations of each row of the binding matrix. (B) Principal 
component analysis plot based on normalised read counts for differentially bound 
sites determined via edgeR. Plots shown were generated using Bioconductor 
package DiffBind (338) taking into account triplicate samples of each experimental 
group. 
 

 

To determine the biological accuracy of our data, we compared the peak profile of 

unstimulated macrophages obtained by ATAC-seq with ChIP-seq datasets for 

H3K27a, H3K4m3 and H3K4m1 of unstimulated macrophages (ChIP-sequencing 

data sets were taken from the ENCODE project, Dr. Genhong Cheng Lab at UCLA). 

Surprisingly, the ATAC-seq profile of unstimulated WT macrophages showed peaks 

at the Il10 locus, resembling open chromatin already at the steady state (Figure 5.6 

A). However, these peaks always correlated with peaks of either H3K4me3, 

H3K4me1 or H3K27ac and were not randomly distributed. Hence, peaks could be 

detected in the promoter region, marked by H3K4m3 which defines an active state 

of gene expression (370) and which predominantly locates to active promoters (371, 

372). Other peaks corresponded with H3K27ac modifications which are found on 

active enhancers, or with H3K4me1, which is a mark associated with both inactive 

or potentially “poised” and active enhancers (373) (Figure 5.6 A). However, the Il12a 

locus was closed in unstimulated macrophages correlating with non-existing histone 

marks (Figure 5.6 B). Hence, the open chromatin regions at the Il10 locus seem to 

be specific and not an artefact of the ATAC-seq protocol.  

 



Chapter 5. Type I IFN changes chromatin accessibility & induces TF binding at Il10 gene 

 

164 

 

 

Figure 5.6 Histone activation marks coincide with open chromatin regions at Il10 
and Il12a locus.   

Macrophages were generated from C57BL/6 WT mice. Cells were lysed directly and 
DNA transposed, amplified and library quantitated. Reads were aligned using 
Bowtie2 (mm9). ATAC-sequencing track from C57BL/6 WT macrophages at steady 
state was compared to ChIP-sequencing data for H3K27a, H3K4m3 and H3K4m1 at 
(A) the Il10 locus and (B) the Il12a locus. ATAC-sequencing track is representative 
of three independent experiments. ChIP-sequencing data sets were taken from the 
ENCODE project, Dr. Genhong Cheng Lab at UCLA. UCSC genome browser was 
used to compare the tracks, mouse July 2007, NCBI37/mm9. 
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To evaluate further why the Il10 locus is already open at steady state and whether 

this might be due to culture conditions and differentiation of the bone marrow cultures 

to BMDMs, we set out to compare different steady state ex vivo myeloid cell 

populations from published datasets with BMDMs. Raw sequencing data from Lavin 

et al. were obtained from the GEO database (GSE63341, GSE633384 (24)); raw 

data were analysed as described in 2.10.2 and visually compared with our 

unstimulated macrophages using IGV (Figure 5.7). No open chromatin regions at the 

Il10 locus could be detected in small intestine macrophages, neutrophils and lung 

macrophages. Nevertheless, the highest detectable peak which is within the second 

intron of the Il10 gene in our BMDMs was also found to be in microglia, spleen red 

pulp macrophages, peritoneal macrophages, monocytes, Kupffer cells and large 

intestinal macrophages. Furthermore, ex vivo monocytes, Kupffer cells and large 

intestine macrophages showed additional open chromatin regions within and around 

the Il10 locus, resembling more the appearance of BMDMs.    

 

 

Figure 5.7 Chromosome accessibility at the Il10 locus of BMDMs is comparable 
with ex vivo monocytes, Kupffer cells and large intestine macrophages. 

Macrophages were generated from C57BL/6 WT mice. Cells were lysed and DNA 
transposed, amplified and library quantitated. Reads were aligned using Bowtie2 
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(mm9). Normalised ATAC-sequencing track of the Il10 region from C57BL/6 WT 
macrophages at steady state was compared to various normalised ATAC-
sequencing profiles of unstimulated ex vivo myeloid populations (raw sequencing 
data obtained from GSE63341, GSE633384 (24)). All dataset reads were aligned 
using Bowtie2 (mm9) and IGV_2.3.68 used for visualisation of ATAC-sequencing. 
ATAC-sequencing track for BMDMs is representative of three independent 
experiments. M – macrophages. 
 

 

5.3.3 Type I IFN changes DNA accessibility and leads to increased binding of 

ATF3 and JUNB within the Il10 topologically associating domain  

After evaluating the biological accuracy of our results and demonstrating very good 

correlation between triplicate samples, we aimed to identify peaks that are 

differentially expressed between WT and Ifnar1-/- macrophages 4 h post LPS 

stimulation. This time point was chosen, as the second wave of Il10 mRNA 

transcription at this point would be already initiated and the expression of Il10 mRNA 

differentially in WT and Ifnar1-/- macrophages. Using Diffbind (edgeR, FDR < 0.01) 

(338), genome-wide differentially bound sites between LPS stimulated WT and 

Ifnar1-/- macrophages were identified taking into account triplicates of each group. In 

the MA plot (Figure 5.8), each point represents an open chromatin region, with points 

in pink representing sites identified with differential chromatin accessibility. Genome-

wide, we identified 95,561 differentially accessible sites (Diffbind, edgeR, FDR < 

0.01), indicating that type I IFN signalling induces a very high number of changes in 

chromosome accessibility. From the differential sites, 52,398 sites were significantly 

higher in WT macrophages genome-wide (Figure 5.8 A), whereas 43,163 sites were 

significantly lower (Figure 5.8 B). These data suggest that WT macrophages gain 

more differentially open chromatin sites 4 h post LPS stimulation (Figure 5.8, group 

A) than they lose (Figure 5.8, group B) compared to Ifnar1-/- macrophages. 
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Figure 5.8 Differential genome wide DNA accessibility in C57BL/6 WT and Ifnar1-/- 
macrophages upon 4 h LPS stimulation. 

Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. Cells were 
stimulated with LPS for 0 or 4 h, lysed and DNA transposed, amplified and library 
quantitated. Reads were aligned using Bowtie2 (mm10). MACS2 2.1.1 identified 
peak sets from C57BL/6 WT and Ifnar1-/- macrophages unstimulated and 4 h 
stimulated with LPS were uploaded together with correlating bam-files for use in 
Bioconductor package DiffBind (338), for all three biological triplicates per condition. 
In MA plot, each point represents a peak; peaks identified as significantly different 
are shown in pink. (A) Dots with log fold change > 0, represent peaks gained in 
C57BL/6 WT macrophages, while dots with (B) log fold change < 0 are peaks lost in 
WT macrophages compared to Ifnar1-/- macrophages. FDR < 0.01. 
 

 

However, to investigate the effect of type I IFN signalling specifically on Il10 gene 

regulation, a chromosome area containing possible Il10 regulatory regions had to be 

identified. As regulatory elements can operate tens of thousands of base pairs away 

from the target gene (374), analysis of the Il10 promoter alone would not be sufficient. 

Dixon et al. described a substructure within chromatin compartments, which form 
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large, megabase-sized local chromatin interaction domains; the so called ‘topological 

associating domains’ (TAD) (375), whose boundaries are enriched for the insulator 

binding protein CTCF. These domains are stable across different cell types and their 

positions are highly conserved across species. It was described that the frequency 

of intra-domain interactions is higher than inter-domain interactions (375). Hence, 

with a tool generated by the Lieberman-Aiden lab called “Juicebox” (376), we 

explored contact maps generated using Hi-C and other 3D genome-sequencing 

technologies and identified the TAD around Il10 using a dataset generated from 

CH12-LX B-lymphoblasts (mouse). The topologically associating domain of Il10 was 

found to be Chr1:130,448,908-131,272,748 (mm10) (Figure 5.9). 

 

 

 

Figure 5.9 Topologically associating domain of Il10.  
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Topologically associating domain of Il10 (mm9: Chr1:132,345,485-133,169,325; 
mm10: Chr1:130,448,908-131,272,748) was defined using Juicebox Version 1.0.(1) 
– 200616, a visualisation tool for high-resolution chromosome conformation capture 
data (376). The following data set was analysed: CH12-LX B-lymphoblasts (mouse) 
in situ combined (mm9) (376). Red area indicating are of high interactions. 
 

 

Evaluating the Il10 TAD region, an accumulation of peaks with increased height in 

WT versus Ifnar1-/- macrophages was observed around the Il10 locus (Figure 5.10 

A). This was visually seen by comparing the C57BL/6 WT versus the Ifnar1-/- track 

and was underpinned by the trace “peaks significantly increased in WT”, which points 

out peaks that are significantly different between these two groups taking into 

account triplicate samples (Diffbind, edgeR, FDR <0.01) (Figure 5.10 A). Within the 

Il10 TAD were also peaks that were significantly decreased in WT versus Ifnar1-/- 

macrophages (red trace, “peaks significantly decreased in WT”, Diffbind, edgeR, 

FDR <0.01) (Figure 5.10 A). Nevertheless, a close-up of the Il10 locus emphasised 

that chromosome accessibility proximal to and within the Il10 gene was mostly 

increased in WT compared to Ifnar1-/- macrophages as peaks were lacking in the 

Ifnar1-/- macrophages or their size was in general diminished (Figure 5.10 B) 

indicating reduced DNA accessibility.  
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Figure 5.10 Type I IFN signalling changes accessibility of DNA within the Il10 TAD 
in C57BL/6 macrophages after 4 h LPS stimulation. 

Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. Cells were 
stimulated with LPS for 4 h and DNA transposed, amplified and library quantitated. 
Reads were aligned using Bowtie2 (mm10) and IGV_2.3.68 used for visualisation. 
Peaks were called by MACS2 2.1.1. Differentially expressed peaks were determined 
using DiffBind (edgeR, FDR < 0.01) taking into account triplicate samples of each 
experimental group. Black bars indicate peaks that are significantly higher expressed 
in WT macrophages, while red bars indicate peaks significantly lower in WT 
compared to Ifnar1-/- macrophages. ATAC-sequencing tracks shown are 
representative of 3 independent experiments. (A) Tracks shown, cover the whole 
region of the Il10 TAD. (B) Tracks show chromatin accessibility around the Il10 locus 
only. 
 

 

To prove the principle and the accuracy of our data, we show in Figure 5.11 A that 

the accessibility of the Mx1 locus, a type I IFN-induced gene, is highly increased in 

WT compared to Ifnar1-/- macrophages. In contrast, the Il12b locus was less 
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accessible in WT macrophages as it is in Ifnar1-/- macrophages (Figure 5.11 B), 

confirming the inhibitory effect of type I IFN on IL-12p40 production as shown in 

Figure 4.6. 

 

In Figure 5.8, we showed that type I IFN signalling changes DNA accessibility 

genome wide and that 52,398 sites are significantly more accessible in LPS 

stimulated WT as compared to Ifnar1-/- macrophages (Figure 5.8 A). Using HOMER 

(Hypergeometric Optimization of Motif EnRichment) (340), a suite of tools for motif 

discovery and next-generation sequencing analysis, we analysed these sites with 

regard to TF motifs that are enriched within these peaks. The top 2 of 10 highly 

significant (p < 1x10-50) TF motifs and their distribution around the peak summits are 

shown in Figure 5.12 A. Motif 1 could be a possible binding site for Irf1, Irf2, Irf7, Irf8, 

Stat1, Stat2 and Prdm1, while motif 2 is a typical binding motif for AP-1 family 

members Atf3, Batf, Fos, Junb, Fosl1, Fosl2, cJun and Jund (Figure 5.12 B). Relating 

these findings back to the region of the Il10 TAD, only 4 differentially expressed 

peaks comprised binding motif 1 (blue box) but 13 peaks contained motif 2 (green 

box) (Figure 5.12 C). Motifs 1 and 2 are mostly scattered within the Il10 gene itself 

or just upstream of the promoter. 
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Figure 5.11 Type I IFN signalling increases accessibility of DNA significantly at the 
Mx1 but decreases it at the Il12b locus in C57BL/6 macrophages 4 h after LPS 
stimulation. 

Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. Cells were 
stimulated with LPS for 4 h and DNA transposed, amplified and library quantitated. 
Reads were aligned using Bowtie2 (mm10) and IGV_2.3.68 used for visualisation. 
Peaks were called by MACS2 2.1.1. Differentially expressed peaks were determined 
using DiffBind (edgeR, FDR < 0.01) taking into account triplicate samples of each 
experimental group. Black bars indicate peaks that are significantly higher expressed 
in WT macrophages, while red bars indicate peaks significantly lower in WT 
compared to Ifnar1-/- macrophages. ATAC-sequencing tracks shown are 
representative of 3 independent experiments. (A) Tracks shown for the Mx1 locus. 
(B) Tracks shown for the Il12b locus.  
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Figure 5.12 IRF and AP-1 transcription factor motifs are enriched within peaks 
significantly different in C57BL/6 WT compared to Ifnar1-/- macrophages 4 h post 
LPS stimulation. 

Cells were prepared as described in Figure 5.8. Peak sets identified as “gained” in 
C57BL/6 WT macrophages compared to Ifnar1-/- macrophages 4 h post LPS 
stimulation (Figure 5.8 A) were subject to HOMER TF enrichment analysis. (A) 
Shown are the top 2 significantly enriched motifs with their peak distribution. (B) TFs 
that could possibly bind to the identified motifs. (C) Location of motif 1 (blue) and 
motif 2 (green) within peaks significantly increased in WT compared to Ifnar1-/- 
macrophages in vicinity of the Il10 locus. Peaks were called by MACS2 2.1.1. 
Differentially expressed peaks were determined using DiffBind (edgeR, FDR < 0.01) 
taking into account triplicate samples of each experimental group. Black bars indicate 
peaks that are significantly higher expressed in WT macrophages, while red bars 
indicate peaks significantly lower in WT compared to Ifnar1-/- macrophages. 
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IGV_2.3.68 was used for visualisation of ATAC-sequencing track, which is 
representative of three independent experiments. 
 

 

As shown in Chapter 4.3.5, the second wave of Il10 mRNA expression is mediated 

by type I IFN via ERK1/2 activation. Hence, we investigated whether the inhibition of 

MEK1/2 upstream of ERK1/2 would lead to a similar reduction in chromosome 

accessibility within the Il10 TAD as does the absence of the type I IFN signalling 4 h 

post LPS stimulation. Additionally, we investigated which TF motifs are enriched 

within peaks significantly higher in DMSO versus PD0325901 (MEK1/2 inhibitor) 

treated cells. Macrophages were pre-treated for 1 h with the inhibitor or DMSO as 

vehicle control, then stimulated for 4 h with LPS and samples processed as 

described in 2.10.1. As we only had one replicate per group, calculation of 

differentially accessible sites using Diffbind was not possible. Hence, the dataset of 

PD03259 treated macrophages was used as control file during peak calling with 

MACS2. This resulted in subtraction of the height of peaks present in PD03259 

treated macrophages from those present in DMSO treated macrophages. Therefore, 

the final peak set consisted only of peaks higher or only present in DMSO treated 

macrophages. This peak set was then subjected to HOMER (340) TF motif discovery. 

Out of 11 significant (p < 1x10-50) motifs enriched within these peaks genome-wide, 

the top motif was the AP-1 motif (Figure 5.13 A, B). This motif could be a possible 

binding site for Atf3, Batf, Fos, Junb, Fosl1, Fosl2 and cJun (Figure 5.13 B). Relating 

these findings back to the region of the Il10 TAD, 6 peaks that cover the binding motif 

were found (Figure 5.13 C). This motif was similar to the one identified by analysing 

WT versus Ifnar1-/- macrophages datasets (Figure 5.12 A, B). Peaks marked with * 
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in Figure 5.13 C are also significantly different and contained a binding site for AP-1 

factors in the analysis comparing WT versus Ifnar1-/- macrophages (Figure 5.12 C). 

 

 

Figure 5.13 AP-1 transcription factor motif is highly enriched within peaks 
significantly different in macrophages treated with DMSO versus a MEK inhibitor 
4 h post LPS stimulation. 

Peak sets identified to be different in DMSO versus PD03259 treated macrophages 
4 h post LPS stimulation were subject to HOMER TF enrichment analysis. (A) Shown 
is the top significantly enriched motif with its peak distribution. (B) TFs that could 
possibly bind to the identified motif. (C) Location of motif 1 (yellow) within peaks 
significantly increased in WT compared to Ifnar1-/- macrophages (black barres) in 
vicinity of the Il10 locus. * these peaks are also significantly enriched in WT compared 
to Ifnar1-/- macrophages and contain the AP-1 motif (Figure 5.12). IGV_2.3.68 was 
used for visualisation of ATAC-sequencing tracks, which are representative of one 
experiment. 
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5.3.4 Validation of ATAC-sequencing analysis results in vitro 

By comparing the chromosome accessibility within the Il10 TAD in WT versus Ifnar1-

/- macrophages and DMSO versus MEK1/2 (ERK1/2) inhibited macrophages and 

evaluating which TF motifs are enriched within differential peaks, we identified AP-1 

family members as possible TF candidates involved in the second wave of Il10 

mRNA transcription induced in a type I IFN – ERK1/2 dependent manner (Figure 

5.12 and Figure 5.13). To validate this hypothesis, firstly we aimed to determine 

whether TFs of the AP-1 family were constitutively expressed or induced post LPS 

stimulation in macrophages. Therefore, WT macrophages were stimulated for 1, 1.5, 

2, 2.5, 3, 3.5, 4 and 4.5 h and mRNA of possible TF candidates was analysed (Figure 

5.14 A). All TFs were induced at the mRNA level over the evaluated time points. Fos, 

Fosl1 and cJun mRNA expression peaked at 1 h post LPS stimulation and dropped 

right after. Fosl2 mRNA expression was slightly delayed and peaked at 1.5 h; 

however, its expression decreased right after. While Fos, Fosl1 and Fosl2 seemed 

to be expressed very early in response to LPS stimulation, Atf3 was expressed 

already early but its expression stayed up over time. The expression of Batf mRNA 

was delayed but was constantly increasing over the time measured. Junb mRNA 

was highly expressed with an expression peak at 1 h followed by constant mRNA 

expression on high levels (Figure 5.14 A). Three to four hours after LPS stimulation, 

when the second wave of Il10 mRNA transcription occurred, mostly Atf3, Junb but 

also Batf and cJun mRNA were expressed (Figure 5.14 and Figure 7.5). To assess, 

if these TFs are also expressed at the protein level, macrophages were stimulated 

with LPS for 4 h and protein levels determined (Figure 5.14 B). ATF3, BATF, JUNB 

and cJUN protein could be detected 4 h post LPS stimulation in WT macrophages, 

yet at various levels in keeping with the amount of mRNA present. 
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 As shown above, ATF3, BATF, JUNB and cJUN are present in macrophages 4 h 

post LPS stimulation. To evaluate whether these TFs are able to carry out 

transcriptional activity in the nucleus 4 h post LPS stimulation, their location within 

the cells at this time point was determined. Macrophages were stimulated with LPS 

for 1 and 4h, nuclear and cellular fraction separated and protein of TFs analysed by 

western blot. cJUN and BATF were expressed mostly in the cytoplasm and protein 

expression was similar over time. However, JUNB was only expressed in the nucleus 

with the highest protein levels at 4 h post LPS stimulation. Similar results were found 

for ATF3 protein, which was expressed in the nucleus and its expression was also 

higher at 4 h post LPS stimulation.  
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Figure 5.14 Atf3, Batf, Junb and cJun mRNA and protein are expressed in WT 
macrophages 4 h post LPS stimulation. 
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(A) Macrophages were generated from C57BL/6 WT mice and stimulated with LPS 
for 1, 1.5, 2, 2.5, 3, 3.5, 4 and 4.5h and total RNA was harvested and isolated. Atf3, 
Batf, Fos, Junb, Fosl1, Fosl2 and cJun transcript levels were determined by qRT-
PCR and normalised to Hprt1 mRNA. (B) WT macrophages were stimulated with 
LPS for 4h. Whole-protein extracts were generated and analysed by Western blot for 
JUNB, cJUN, ATF3, BATF and aTubulin as loading control. Data are representative 
of one (A) or four (B) independent experiments. 
 

 

 

Figure 5.15 ATF3 and JUNB are localised in the nucleus 4 h post LPS stimulation. 

Macrophages were generated from C57BL/6 WT mice and stimulated with LPS for 
0, 1 and 4 h. Cellular and nuclear fractions were separated and extracts were 
analysed by western blot for JUNB, cJUN, ATF3 and BATF. Data are representative 
of three independent experiments. 
 

 

Following on from these results, ATF3 and JUNB seem to be key candidates for TFs 

from the AP-1 family that might act within the Il10 TAD to be responsible for the type 

I IFN-induced second wave of Il10 mRNA transcription in LPS stimulated 

macrophages. We evaluated their ability to bind to open chromatin regions within the 

Il10 TAD by ChIP-PCR. Differentially accessible chromatin regions within the Il10 

TAD were scanned for the ATF3 binding motif (TGACGTCA) and 10 primers 
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designed using NCBI Primer-Blast (Figure 5.16, grey dotted line). WT and Ifnar1-/- 

macrophages were stimulated for 0 or 4 h with LPS and processed as described in 

2.11. In general, ATF3 bound more often in WT macrophages compared to Ifnar1-/- 

macrophages at regions analysed (Figure 5.16). In most cases, the size of the peak 

which accounts for the accessibility of the DNA, correlated with ATF3 binding. The 

higher the ATAC-seq peak (the higher the accessibility of the DNA), the more ATF3 

binding. The biggest difference in binding of ATF3 between WT and Ifnar1-/- 

macrophages was in an accessible region downstream of the Il10 gene (Figure 5.16). 

ATF3 ChIP-PCR results separate for each primer pair in C57BL/6 WT and Ifnar1-/- 

macrophages unstimulated or stimulated with LPS are represented in Figure 7.6. 

 

Differentially accessible chromatin regions within the Il10 TAD were scanned for the 

JUNB binding motif and 6 primers designed using NCBI Primer-Blast (Figure 5.17, 

grey dotted box). WT and Ifnar1-/- macrophages were stimulated for 0 or 4 h with LPS 

and processed as described in 2.11. JUNB did not bind differentially in WT and Ifnar1-

/- macrophages upstream or within the Il10 gene (Figure 5.17). However, a difference 

in JUNB binding was observed downstream of the Il10 locus. JUNB ChIP-PCR 

results separate for each primer pair in C57BL/6 WT and Ifnar1-/- macrophages, 

either unstimulated or LPS stimulated are represented in Figure 7.7. 
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Figure 5.16 Increased direct binding of ATF3 at open chromatin regions within the 
Il10 TAD in C57BL/6 WT compared to Ifnar1-/- macrophages 4 h post LPS 
stimulation. 

Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. Cells were 
stimulated with LPS for 4 h and processed as described in 2.11. ChIP analysis of 
ATF3 interactions within the Il10 TAD in comparison with ATAC-sequencing tracks 
for C57BL/6 WT and Ifnar1-/- macrophages are shown. ChIP-qPCR results were 
normalised using the Percent Input Method. Green boxes represent peaks that are 
significantly increased in WT macrophages 4 h post LPS stimulation and contain the 
AP-1 motif as identified by HOMER. The binding motif for ATF3 was only found in 
peaks surrounded by grey dotted lines. Data are representative of three independent 
experiments. 
 

 

The positions within the Il10 TAD that showed increased JUNB binding in WT 

compared to Ifnar1-/- macrophages also had increased ATF3 binding (Figure 5.16 
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and Figure 5.17). Furthermore, 2 out of 3 peaks that were differentially expressed in 

the WT versus Ifnar1-/-  macrophages as well as in the DMSO versus MEK1/2 

inhibitor treated cell dataset, showed increased JUNB as well as ATF3 binding 

(Figure 5.13, Figure 5.16 and Figure 5.17).  

 

 

Figure 5.17 Increased direct binding of JUNB at open chromatin regions within Il10 
TAD in C57BL/6 WT compared to Ifnar1-/- macrophages 4 h post LPS stimulation. 

Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. Cells were 
stimulated with LPS for 4 h and processed as described in 2.11. ChIP analysis of 
JUNB interactions within the Il10 TAD in comparison with ATAC-sequencing tracks 
for C57BL/6 WT and Ifnar1-/- macrophages are shown. ChIP-qPCR results were 
normalised using the Percent Input Method. Green boxes represent peaks that are 
significantly increased in WT macrophages 4 h post LPS stimulation and contain the 
AP-1 motif as identified by HOMER. The binding motif for JUNB was only found in 
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peaks surrounded by grey dotted lines. Data are representative of two independent 
experiments. 
 

 

To determine whether the differential binding of ATF3 and JUNB is only due to 

increased accessibility of DNA induced by type I IFN signalling or also to increased 

transcription of the TF itself, WT and Ifnar1-/- macrophages were stimulated with LPS 

for 3 h and Atf3 and Junb mRNA analysed. mRNA expression of Atf3 was 

significantly lower in Ifnar1-/- compared to WT macrophages 3 h post LPS stimulation. 

However, Junb mRNA levels were similar in WT and in Ifnar1-/- macrophages (Figure 

5.18 A). These results were confirmed by analysing whole-cell extracts of WT and 

Ifnar1-/-  macrophages stimulated for 4 h with LPS. ATF3 protein was lower in Ifnar1-

/- compared to WT macrophages, while JUNB protein levels were similar (Figure 5.18 

B). 

 

 

Figure 5.18 ATF3 but not JUNB is type I IFN inducible. 

Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. (A) Cells were 
stimulated with LPS for 3 h and total RNA was harvested and isolated. Atf3 and Junb 
mRNA transcript levels were determined by qRT-PCR and normalised to Hprt1 
mRNA. Graphs show means ± SD of triplicate cultures. (B) Macrophages were 
stimulated with LPS for 4 h. Whole-cell extracts were analysed by western blot for 
JUNB and ATF3 and HSP90 as loading control. Data are representative of two to 
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three independent experiments. ***p < 0.001, ns – not significant as determined by 
two-way ANOVA (Bonferroni multiple comparison test). 
 

 

In summary, we showed that type I IFN signalling increases DNA accessibility 

genome-wide and within the Il10 regulatory region. ATF3 and JUNB, both identified 

as TF candidates by microarray analysis as well as ATAC-sequencing, bind at open 

chromatin regions within the Il10 TAD in a type I IFN dependent manner. 
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5.4 Discussion 

Using ATAC-sequencing we showed that type I IFN signalling changes genome-wide 

DNA accessibility in macrophages. Type I IFN signalling mostly increased the 

number of accessible regions within the genome in LPS stimulated macrophages. 

However, Ifnar1-/- macrophages also showed regions of increased accessibility 

which were not present in the WT, suggesting that type I IFN signalling can decrease 

DNA accessibility at some loci. Furthermore, our data demonstrates that the Il10 

locus in macrophages is already accessible at steady state. Comparing the ATAC-

sequencing tracks of the Il10 locus with H3K4me1 marks, we postulate that the Il10 

gene is in a poised state as already suggested by Saraiva et al. (227), and that this 

likely permits rapid transcription from the Il10 gene upon stimulation. This is in 

contrast to the Il12a gene, which is in a closed confirmation at steady state, in line 

with the absence of histone marks such as H3K4me1, H3K4me3 or H3K27ac in the 

vicinity of the Il12a gene. The comparison of chromatin accessibility of BMDMs with 

ex vivo myeloid cells demonstrated that the open state of the chromatin at the Il10 

locus does not have to be an artefact as ex vivo monocytes, Kupffer cells and large 

intestine macrophages also show accessibility at steady state. Further investigation 

of the Il10 TAD in macrophages stimulated for 4 h with LPS revealed that type I IFN 

signalling mostly increased the DNA accessibility. Nevertheless, it also led to a more 

closed state in some regions of the Il10 TAD. However, around the Il10 promoter 

type I IFN only increased DNA accessibility. Many of the identified peaks coincide 

with HSS at the Il10 gene locus as shown before by Saraiva et al. (227). In 

macrophages, five HSS sites have been identified upstream and downstream of the 

Il10 transcription start site following stimulation with LPS, CpG and zymosan A (227). 

Regions that show increased accessibility in WT as compared to Ifnar1-/- 
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macrophages, 4 h post LPS stimulation were enriched for the IRF/STAT motif as well 

as for the AP-1 motif. In the context of ERK-dependent Il10 regulation, DNA regions 

that were more accessible in DMSO versus MEK1/2 inhibitor treated macrophages 

4 h post LPS stimulation, also showed an enrichment for the AP-1 motif. Using qRT-

PCR, western blotting and ChIP-PCR we identified ATF3 and JUNB as TF 

candidates that show increased binding in WT compared to Ifnar1-/- macrophages 4 

h post LPS stimulation. ATF3 and JUNB also correlated highly with Il10 mRNA 

expression in our time course microarray analysis of LPS stimulated WT and Ifnar1-

/- macrophages. The increased binding of ATF3 could be due to a type I IFN-

dependent increase of Atf3 mRNA as well as protein expression 4 h post LPS 

stimulation; while increased binding of JUNB could be due to increased accessibility 

of the Il10 locus as Junb mRNA and protein was not increased in a type I IFN-

dependent manner. 

 

We hypothesised that the type I IFN-dependent increase in DNA accessibility within 

the Il10 TAD which we demonstrated could be responsible for the second initiation 

of Il10 mRNA transcription in macrophages 3 h post LPS stimulation as shown in 

chapter 4.3.4. Factors that can change the accessibility of chromatin can include 

DNA methylation, nucleosome remodelling and covalent histone modifications such 

as acetylation or methylation (243). Histone modifying enzymes such as histone 

acetyl transferases (HATs) and histone deacetylases (HDACs) can alter histone 

‘tails’, remodelling the chromatin from transcriptionally inactive heterochromatin to 

transcriptionally active euchromatin (243). It has been shown that the induction of 

ISGs by type I IFN requires chromatin remodelling, which occurs via STAT1-, 

STAT2- and IRF-mediated recruitment of nucleosome-remodelling enzymes and 
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HATs (377). ISG promoters associate with HATs and exhibit increased levels of 

histone acetylation; this acetylation is mediated in part by the recruitment of the HATs 

p300, CREB-binding protein (CBP) and GCN5 through interaction with the 

transcription activation domains of STAT1 and STAT2 (378). Although HATs have 

been implicated as positive regulators of type I IFN signalling, substantial evidence 

also documents positive roles for HDACs in type I IFN signalling pathways in innate 

immunity (379). The mechanism probably involves dependence on HDAC1, 2 and/or 

3 in driving STAT1-dependent gene expression (380-382), although HDAC1 has 

been shown to also promote IFN-stimulated gene expression via interaction with the 

promyelocytic leukemia zinc finger (PLZF) TF (383). In total, these studies position 

class I HDACs as key regulators of IFN signalling (380, 384). Nusinzon and Horvath 

(380) showed a fundamental role for deacetylase activity and HDAC1 in 

transcriptional activation in response to IFN-α/β as HDAC1 augments the IFN-α 

response. Many studies also emphasised the importance of HDACs in the regulation 

of IL-10. Although HDAC11 acts as a transcriptional repressor of IL-10 (245), HDAC6 

is required for Il10 gene transcriptional activation in APCs as Il10 mRNA expression 

is abrogated in the absence of HDAC6 (246). HDAC6 activity also leads to an 

increase in IFN-b (385). Hence, type I IFN might increase chromatin accessibility 

within the Il10 TAD via the activation of HDACs or HTAs. However, this hypothesis 

remains to be tested. Besides HDACs and HATs, histone methyltransferases can 

modify chromatin and therefore regulate gene accessibility. Mixed-lineage leukemia 

1 (MLL1), a histone methyltransferase, preferentially modifies lysine residue 4 on the 

histone H3 tail and has been shown to be initiated by signal transduction pathways 

activated by inflammatory stimuli (386). Carson et al. showed that type I IFNs, 

specifically IFN-a, were able to drive expression of Mll1 mRNA in macrophages 
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(387). Hence, MLL1 could be leading to increased chromosome accessibility in WT 

compared to Ifnar1-/- macrophages stimulated with LPS. Again, this remains to be 

tested. 

 

In order to define specific TFs that show type I IFN-dependent binding to the Il10 

gene, we first used microarray analysis correlating Il10 gene expression with the 

expression of TFs over time in LPS stimulated WT and Ifnar1-/- macrophages. Nfil3 

mRNA kinetics highly correlated with that of Il10 mRNA. However, we showed that 

IL-10 production was not affected in LPS stimulated Nfil3-/- macrophages which is in 

contrast to T cells where NFIL3 was shown to affect IL-10 production (368). 

Therefore, the correlation of the transcription of TF genes with Il10 mRNA in LPS 

stimulated WT and Ifnar1-/- macrophages does not necessarily imply that these TFs 

are involved in the type I IFN- dependent regulation of Il10. Consequently, we 

reassessed our approach and set up ATAC-sequencing that allows us to predict TF 

binding at specific gene loci (332). 

 

Using ATAC-sequencing, we demonstrated that the TF motifs of the IRF and AP-1 

family were enriched within regions of higher chromatin accessibility in WT compared 

to Ifnar1-/- macrophages 4 h post LPS stimulation. As Ifnar1-/- macrophages do not 

allow type I IFN signalling, the most prominent enriched motif is the IRF/STAT motif 

as these genes are activated directly downstream of the IFNabR. However, the 

second most enriched motif, the AP-1 motif, was also enriched within areas of the 

DNA that were more accessible in DMSO versus MEK1/2 inhibited macrophages 4 

h post LPS stimulation and therefore important in the type I IFN-ERK-dependent 

regulation of IL-10. The AP-1 complex has been shown to be activated downstream 
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of MAP kinase signalling (74), and specifically c-FOS, an AP-1 member, has been 

associated with the regulation of IL-10 in an ERK-dependent manner (71). Little is 

known about the regulation of Il10 by the TFs FOSL1, which has been suggested to 

negatively regulate IL-10 in macrophages (388), or FOSL2. BATF plays a very 

important role in the regulation of Il10 in T cells (389, 390) as does JUNB and cJUN 

(254). However, in macrophages stimulated with LPS for 4h, Fos, Fosl1, Fosl2 and 

cJun mRNA were not highly expressed. The TF BATF was expressed, but not 

present in the nucleus 4 h post LPS stimulation, suggesting BATF is not actively 

binding to DNA at that time point. However, in our in vitro experiments we showed 

high expression of Atf3 mRNA and protein in LPS stimulated macrophages and 

increased binding of ATF3 at the Il10 locus in WT compared to Ifnar1-/- macrophages 

4 h post activation. Atf3 encodes for a member of the CREB/ATF protein family of 

TFs and was shown by Gilchrist et al. (391) to be induced by TLR4 stimulation and 

to act in a negative feedback loop, modulating the TLR4 stimulated inflammatory 

response of macrophages by altering chromatin structure. ATF3 binds to Il6 and 

Il12b promoters, and ATF3-associated HDAC1, a corepressor, deacetylates 

histones resulting in the closure of chromatin and the inhibition of transcription (391), 

possibly explaining the closed chromatin at the Il12b gene in WT macrophages 4 h 

post LPS stimulation and an increased opening in Ifnar1-/-macrophages. In addition, 

ATF3 was described as having an important role in modulating IFN responses in 

macrophages by controlling basal and inducible levels of IFN-b, as well as the 

expression of genes downstream of IFN signalling (315). However, ATF3 has also 

been shown to directly bind Tat-interactive protein 60, a MYST histone 

acetyltransferase, at a region adjacent to the catalytic domain to promote the protein 

acetyltransferase activity in stress responses in epithelial-like HCT116 cells (392). 
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This demonstrates that dependent on the circumstances ATF3 can lead to closure 

or opening of chromatin. Hence, type I IFN-induced ATF3 might be the cause for 

increased chromosome accessibility at the Il10 TAD. However, how ATF3 acts in the 

context of IL-10 is not known and needs further investigation. We were able to show 

that ATF3 binds DNA elements within and in the vicinity of the Il10 gene in regions 

with increased accessibility in WT compared to Ifnar1-/- macrophages 4 h post LPS 

stimulation. However, some of the identified binding sites have been located within 

open chromatin close to other genes such as Mapkapk2. Hence, further experiments 

have to be done to validate the importance of ATF3 binding for Il10 gene expression 

directly.  

 

Additionally, we identified JUNB as another TF candidate that may lead to a second 

type I IFN-dependent induction of Il10 mRNA transcription. In contrast to Atf3 mRNA 

expression, Junb mRNA expression was not increased by type I IFN signalling. 

Hence, increased binding of JUNB within the Il10 TAD in WT compared to Ifnar1-/- 

macrophages might occur due to increased accessibility of the DNA as opposed to 

increased expression. Furthermore, we only found differential binding of JUNB in WT 

and Ifnar1-/- macrophages in regions where ATF3 was also bound. This underlines 

the hypothesis that ATF3 may increase accessibility which may then facilitate JUNB 

binding. Gilchrist et al. showed, using Cytoscape, a potential interaction of ATF3 and 

JUNB (391). Nevertheless, co-immunoprecipitation experiments are required to 

formally establish the binding of both factors in our system. The role of JUNB in 

increasing IL-10 production was already described in TH2 cells (242, 254). Wang et 

al. (254) identified a novel regulatory element that could specifically activate 

transcription of the Il10 gene in TH2 cells via JUNB and cJUN binding. Fontana et al., 
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furthermore demonstrated a role for JUNB in myeloid inflammatory responses by 

showing that JUNB is required for the maximal expression of Il1b and additional 

genes involved in classical inflammation in macrophages treated with LPS and other 

immunostimulatory molecules (393). Their data suggested that JUNB is not 

absolutely required for activation of gene expression, but that it fine-tunes gene 

expression and, by inference, modulates the output of other TFs. Thus, JUNB 

regulates production of multiple cytokines and other immune-related genes in 

macrophages treated with LPS, affecting levels of both transcript and protein (393).  

 

Our findings suggest that ATF3/JUNB association with the Il10 locus may be 

important for the type I IFN-ERK mediated induction of Il10 expression. However, the 

relationship between ERK1/2 signalling and ATF3/JUNB activity needs to be further 

evaluated. Lu et al. (394) showed that the ERK pathway is not necessary to induce 

ATF3, but the JNK pathway is involved in the activation of ATF3. However, these 

experiments were done in Hela Cells at early time points (394) and may not translate 

to events in primary macrophages. In TNFa-induced Atf3 expression in vascular 

endothelial cells a requirement for the JNK pathway was also reported, while the 

ERK pathway was shown to inhibit the TNFa-mediated induction of Atf3 mRNA 

(395). However, the effect of ERK1/2 on ATF3 in macrophages stimulated with LPS 

remains to be investigated. Furthermore, Lucas et al. reported that the activation of 

ERK leads to the phosphorylation of serine 10 on histone H3 at the Il10 gene, causing 

remodelling of the chromatin at the Il10 locus, thereby rendering it more accessible 

to TFs (247). Likewise, Zhang et al. (248) showed a rapid and dynamic 

phosphorylation of histone H3 by ERK1/2 at specific sites in the Il10 promoter upon 

stimulation of macrophages. The timing of H3 phosphorylation closely correlates with 



Chapter 5. Type I IFN changes chromatin accessibility & induces TF binding at Il10 gene 

 

192 

 

the timing of Il10 gene transcription, proposing a link between the phosphorylation 

and transcriptional activation. Nevertheless, the precise role of this modification on 

gene expression remains unclear. It was hypothesised that phosphorylation of serine 

10 on histone H3 is a predisposing mark for acetylation, which is itself a mark for 

active transcription (396). However, in contrast to histone phosphorylation, the peak 

of histone acetylation at the IL-10 promoter did not occur until after transcription had 

peaked and inhibition of histone deacetylase did not alter Il10 gene expression. 

Hence, phosphorylation but not acetylation of the Il10 promoter seems to be 

important for increased Il10 mRNA transcription (248). However, acetylation and 

phosphorylation were only measured up to 2 h post LPS stimulation and not after 3 

– 4 h when in our system the second wave of Il10 transcription in response to type I 

IFN occurred. In tumour-associated macrophages, Banerjee et al. (397) also showed 

TRIF-dependent induction of high level of ERK1/2 activation leading to ERK1/2-

dependent histone phosphorylation at the Il10 promoter, resulting in increased IL-10 

production.  

 

In summary, we demonstrated that type I IFN signalling leads to increased DNA 

accessibility as well as to an increased binding of ATF3 and JUNB at the Il10 locus 

which might lead to the induction of a second wave of Il10 mRNA transcription. 

However, further experiments are needed to investigate the relationship between 

type I IFN, ERK1/2, ATF3/JUNB and the second wave of induction of Il10 mRNA 

transcription. 
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6.1 Summary 

Over the course of this investigation, we have analysed differential type I IFN 

production in C57BL/6 and BALB/c macrophages to further elucidate the molecular 

mechanisms underlying the reciprocal production of IL-10 and pro-inflammatory 

cytokines in these two strains. We then went on to investigate the mechanism 

underlying the type I IFN-dependent regulation of IL-10 production in macrophages. 

We began by analysing IL-10 and type I IFN production in response to several TLR-

dependent PRR stimuli and subsequently narrowed our study to investigate IL-10 

production in response to LPS. 

 

Our data suggest that type I IFN production and consequently type I IFN signalling 

are a major difference in the responses of C57BL/6 and BALB/c macrophage to B. 

pseudomallei and LPS and in part explains their differential expression profile of IL-

10 and pro-inflammatory cytokines, as we demonstrated in Howes, Taubert et al. 

(268) and in this thesis. These differences in type I IFN are neither due to differences 

in CD14 and TLR4 expression and/or endocytosis upon LPS stimulation in C57BL/6 

and BALB/c macrophages nor to inhibition of the TRIF pathway by MyD88-

dependent signalling. However, we showed increased TBK1 and IRF3 activation 

downstream of TLR4 signalling in LPS and Bps stimulated C57BL/6 macrophages 

compared to BALB/c macrophages. 

 

The effect of type I IFN was further studied with focus on the anti-inflammatory 

cytokine IL-10 and the pro-inflammatory cytokine IL-12. Macrophages have the 

capacity to produce enhanced levels of IL-10 in response to IFN-a/b treatment in 

addition to most TLR ligations, with exception of TLR9 stimulated cells which 
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decreased IL-10 production upon IFN-a/b addition. With regard to the IL-12 

production in TLR stimulated macrophages, low levels of type I IFN are important for 

the induction of IL-12 as reported before (269). However, increased amounts of 

either IFN-b or IFN-a significantly reduced IL-12 levels. As shown in McNab et al. 

(269), the effects of type I IFN on IL-12 are IL-10-dependent and –independent (also 

published in Howes, Taubert et al. (268)). Hence, we went to investigate the 

mechanism of type I IFN-dependent IL-10 regulation further using LPS stimulated 

macrophages. We showed that type I IFN, in addition to stabilising Il10 mRNA 

expression, induced a second peak of Il10 mRNA transcription in TLR4 but also 

TLR2 stimulated macrophages. This second induction was dependent on ERK1/2 

activation in TLR4 activated macrophages (Figure 6.1). 

 

Our investigation of chromosome accessibility and TF binding revealed a role for 

type I IFN in increasing chromosome accessibility genome wide as well as within the 

Il10 TAD. Furthermore, we demonstrated that the Il10 locus is already accessible at 

steady state. Comparing kinetics of Il10 and Il12b mRNA showed that Il10 mRNA is 

transcribed earlier upon stimulation as compared to Il12b mRNA. Hence, the Il10 

locus in macrophages is in a primed, poised state and macrophages are able to 

transcribe Il10 mRNA quickly in response to TLR ligation. Areas of the chromosome 

that are more accessible in WT compared to Ifnar1-/- macrophages and additionally 

in DMSO versus MEK1/2 inhibitor treated macrophages 4 h post LPS stimulation, 

showed enrichment for the TF motif of the AP-1 family. However, the TFs BATF, 

FOS, cJUN, FOSL1 and FOSL2 are not highly expressed in 4 h LPS stimulated 

macrophages and NFIL3 does not alter levels of IL-10 in a type I IFN-dependent 

manner in LPS stimulated macrophages. Nevertheless, we showed increased 



Chapter 6. Summary and future perspectives 

 

196 

 

binding of ATF3 and JUNB within the Il10 TAD in 4 h LPS stimulated macrophages 

(Figure 6.1). The increased binding of ATF3 may be due to the induction of ATF3 by 

type I IFN, since higher levels of Atf3 mRNA were detected in LPS stimulated WT 

macrophages compared to Ifnar1-/- macrophages. However, levels of JUNB are not 

altered by type I IFN signalling. Hence, we suggest that the increased accessibility 

within the Il10 TAD in response to type I IFN signalling results in increased binding 

of JUNB in 4 h LPS stimulated macrophages. Together, our findings suggest that 

type I IFN may regulate Il10 expression by different mechanisms as by increasing 

chromosome accessibility but also by inducing the expression of TFs that regulate 

Il10 expression. 

 

Figure 6.1 Summary of key findings: Type I IFN-dependent regulation of Il10 

expression in LPS stimulated macrophages. 
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Despite the induction of IL-10 by already described pathways such as PI3K/AKT, 
MAPK and NF-kB signalling upon TLR4 ligation, its transcription is reinforced by type 
I IFN. IFN-b which is produced upon TLR4 stimulation through the TRIF-dependent 
pathway activates ERK1/2 and leads to an increased binding of ATF3 and JUNB at 
the Il10 locus as well as increased chromosome accessibility. Key findings in the 
type I IFN-dependent regulation of IL-10 are highlighted by green box. 
 

 

6.2 Future perspectives 

6.2.1 Investigate deeper the mechanism of how type I IFN regulates Il10 

mRNA expression in macrophages 

6.2.1.1 Study the direct interactions between the molecules revealed to be 

important in type I IFN-dependent Il10 mRNA expression 

We showed that type I IFN induces ERK1/2 (T185/Y187) phosphorylation. It was 

demonstrated before by David et al. (283) in a multiple myeloma cell line that MAPK, 

specifically ERK2, interacted with the a-subunit of the IFN-a/b receptor. However, it 

is not known in macrophages whether type I IFN induces ERK1/2 (T185/Y187) 

phosphorylation directly or indirectly, and needs to be investigated further. The use 

of cycloheximide, an antibiotic that inhibits translation, could allow us to establish 

whether type I IFN acts independently of de novo protein production. Additionally, 

using immunoprecipitation and mass spectrometry, we could identify whether 

ERK1/2 directly binds to the IFN-a/b receptor and further investigate other proteins 

that may interact with ERK1/2 in the presence or absence of type I IFN signalling. 

 

Additionally, we demonstrate here that ATF3 and JUNB bind within the Il10 TAD in 

a type I IFN-dependent manner. How much of this effect is due to a type I IFN – 
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ERK1/2 dependent pathway has to be further elucidated. We observed an 

enrichment for the AP-1 binding motif in the differential chromatin accessible regions 

in DMSO compared to MEK1/2 inhibitor treated macrophages 4 h post LPS 

stimulation. However, ChIP-PCR experiments using MEK1/2 inhibitors have to be 

performed to confirm whether the increased binding of ATF3 and JUNB is related to 

the type I IFN-dependent phosphorylation of ERK1/2 (T185/Y187). Additionally, 

ATF3 and JUNB often bound within similar accessible regions along the Il10 TAD. 

We hypothesise that JUNB and ATF3 may form a complex, as members of the AP-

1 family build homo- or heterodimers to execute their function (74). However, this 

would have to be investigated by co-precipitation. Furthermore, it has to be confirmed 

that JUNB and/or ATF3 indeed regulate Il10 mRNA expression and IL-10 production 

and whether this is dependent on type I IFN signalling. This will be addressed by 

evaluating IL-10 levels in LPS stimulated Atf3 and Junb KO macrophages in the 

presence or absence of anti-IFNAR neutralising antibodies.  

 

6.2.1.2 Investigate the mechanism of how chromatin accessibility is regulated 

Our data demonstrate that Ifnar1-/- macrophages show decreased chromosome 

accessibility compared to WT macrophages 4 h post LPS stimulation within the Il10 

TAD. Although, to a lower degree macrophages stimulated in the presence of 

MEK1/2 inhibitor also showed lower accessibility within the Il10 TAD compared to 

their WT controls. ATF3 was shown do recruit HATs. Hence, one open question is: 

which factors lead to an increased opening of the Il10 TAD and which HDACs, HATs 

or other mechanisms are involved? To investigate this question, one could do ChIP 

experiments for various histone modifications and evaluate changes in WT, Ifnar1-/-, 
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Atf3-/- and Junb-/- macrophages as well as macrophages stimulated in the presence 

of MEK1/2 inhibitor. Additionally, the presence of various HDACS and HATs could 

be evaluated by western blotting.  

 

6.2.2 Extend findings to an in vivo model 

Hackstein et al. (398) recently described an experimental liver fibrosis model by bile 

duct ligation and subsequent L. monocytogenes infection where the signalling 

through the type I IFN receptor in myeloid cells triggers the expression of IL-10. This 

Il10 expression by myeloid cells correlated with reduced phagocytic capacity and 

bactericidal functions of the myeloid cells (398). Using this model, Hackstein et al. 

(398) showed for the first time that type I IFN signalling regulates IL-10 production 

by myeloid cells in vivo during bacterial infection and that this IL-10 derived from 

myeloid cells may impair the control of the infection. Furthermore, they demonstrated 

that liver macrophages produced high levels of IL-10 two days post L. 

monocytogenes infection and increased levels of IFN-b were also detected in the 

liver. Taken together, in this model liver macrophages might show similar cytokine 

profiles and similar regulatory mechanism as we demonstrated in BMDMs. 

Moreover, as shown in Chapter 5.3.2, at steady state Kupffer cells (24) show 

increased chromosome accessibility at the Il10 locus, similar to our BMDMs. 

Therefore, we are collaborating with Dr Zeinab Abdullah from the University of Bonn 

to establish further the mechanisms involved in the type I IFN- dependent IL-10 

production in myeloid cells in this model. Using WT and Ifnar1-/- mice we aim to 

establish differences in the activity of MAPK signalling pathways by western blotting 
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and FACS as well as differences in TF binding and chromosome accessibility by 

ATAC-seq and ChIP-seq.  

 

BMDMs are often used as a tool to study macrophage biology as they are easy to 

handle and lots of cells can be obtained for immunological and biochemical assays. 

However, an in vivo counterpart to in vitro derived BMDMs is still unknown (399) and 

makes the translation of the results to an in vivo setting challenging. Ultimately, 

however, it will be important to understand how the knowledge obtained using 

BMDMs relates to macrophage or monocyte populations found in vivo, and in the 

human system. We would like to address this question using Il10tm1.1Karp mice (IL-

10 reporter mouse, reporting also in APCs) (400) that we have now crossed with the 

Ifnar1-/- mice. By comparing WT and Ifnar1-/- IL-10 reporter mice, we will be able to 

track Il10 expressing myeloid cells and investigate their cytokine profiles, 

chromosome accessibility and regulatory mechanisms at steady state and upon 

infection, using the liver fibrosis model described above and other infection models 

established in the laboratory.   
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Figure 7.1 Specificity test for IRF3 activity assay. 

C57BL/6 macrophages were stimulated for 2 h with B. pseudomallei (Bps) and the 
nuclear fraction of the cells was extracted. 2 min before addition of C57BL/6 (Bps 2 
h) nuclear extract or Cos-7 (PolyI:C 2 h) nuclear extract as a positive control for IRF3 
activation to the wells, wild type (WT) consensus oligonucleotides or mutated 
oligonucleotides were added. IRF3 activity was analysed by ELISA. Graph shows 
means ± SD of triplicate cultures. *p < 0.05, ***p < 0.001, ns – non significant as 
determined by two-tailed Student’s t-test. Representative of two independent 
experiments. 
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Figure 7.2 Evaluation of the transposition time for the preparation of the ATAC-
sequencing library. 

C57BL/6 macrophages were plated and after a 20 h rest lysed. 50,000 cells were 
pelleted, nuclei re-suspended in transposition reaction mix and incubated for 0.5, 1, 
1.5 and 2 h at 37°C. Fragmentation size and pattern was evaluated using the 
Bioanalyzer (Agilent Technologies, High Sensitivity DNA Assay).  
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Figure 7.3 Evaluation of sonication time for ChIP-PCR. 

Macrophages were stimulated for 4 h with LPS, lysed and then sonicate for 10, 20, 
30, 40, 50 and 60 min. Samples were de-crosslinked before the fragment size was 
analysed using the Bioanalyzer (Agilent Technologies, DNA 7500). 
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Figure 7.4 ERK1/2 signalling is required for type I IFN mediated IL-10 production 
in LPS stimulated C57BL/6 macrophages. 

C57BL/6 WT and Ifnar1-/- macrophages were treated with the MEK1/2 inhibitors 
Arry142886, U0126 or DMSO as vehicle control 1 h prior to stimulation with LPS for 
24 h. IL-10 production was quantified by ELISA. Graphs show means ± SD of 
triplicate cultures. ***p < 0.001, ns – non significant as determined by two-way 
ANOVA (Bonferroni multiple comparison test). Data are representative of three 
independent experiments. 
 

 

 

Figure 7.5 Atf3, Junb, cJun and Batf mRNA are expressed 3 h post LPS stimulation 
in macrophages. 

Macrophages were generated from C57BL/6 WT mice and stimulated with LPS for 
3 h. Total RNA was harvested and isolated. Fos, Fosl1, Fosl2, cJun, Atf3, Batf and 
Junb mRNA transcript levels were determined by qRT-PCR and normalised to Hprt1 
mRNA. Data are representative of three to four independent experiments. 
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Figure 7.6 Increased direct binding of ATF3 at open chromatin regions within Il10 
TAD in C57BL/6 WT compared to Ifnar1-/- macrophages 4 h post LPS stimulation. 

Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. Cells were 
stimulated with LPS for 0 or 4 h and processed as described in 2.11. ChIP-qPCR 
results were normalised using the Percent Input Method. Graphs show means ± SD 
of triplicate cultures. Data are representative of 3 independent experiments. *p < 
0.05, ***p<0.001, ns – non significant as determined by two-way ANOVA (Sidak's 
multiple comparisons test). Primers are in order with peaks along Il10 TAD. 
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Figure 7.7 Increased direct binding of JUNB at open chromatin regions within Il10 
TAD in C57BL/6 WT compared to Ifnar1-/- macrophages 4 h post LPS stimulation. 

Macrophages were generated from C57BL/6 WT and Ifnar1-/- mice. Cells were 
stimulated with LPS for 0 or 4 h and processed as described in 2.11. ChIP-qPCR 
results were normalised using the Percent Input Method. Graphs show means ± SD 
of triplicate cultures. Data are representative of 2 independent experiments. **p < 
0.01, ***p<0.001, ns – non significant as determined by two-way ANOVA (Sidak's 
multiple comparisons test). Primers are in order with peaks along Il10 TAD. 
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Table 7.1 Genes and related log FC associated with IPA canonical pathways. 

Genes and related log FC related with the top 10 type I IFN–related IPA pathways 
significantly associated with the genes differentially regulated by B. pseudomallei 
stimulation in C57BL/6 and BALB/c macrophages at the 3 and 6 h time point are 
shown. Canonical pathway analysis was conducted using IPA software (QIAGEN 
Inc., https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis).  
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