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Abstract 
Tumour Necrosis Factor (TNF) is one of the most potent pro-inflammatory cytokines and it is 

secreted in response to danger signals, such as those caused by pathogen infection. High levels 

of TNF have been associated with many chronic and inflammatory diseases, including 

rheumatoid arthritis (RA), inflammatory bowel disease (IBD) and psoriasis. To prevent high 

TNF levels and uncontrolled inflammation, Tnf mRNA is degraded when not required, making 

post-transcriptional regulation a central mechanism to control Tnf expression. Post-

transcriptional control operates through cooperation between cis-elements present in the 3’UTR 

and trans-acting proteins such as RNA-binding proteins.  

Until recently, knowledge about post-transcriptional regulation of Tnf was limited to the role 

of the AU-Rich Element (ARE), and to a lesser extent to that of the Constitutive Decay Element 

(CDE). In 2015, our group identified a New Regulatory Element (NRE), which changed the 

view on the post-transcriptional regulation of Tnf. Importantly, we have discovered a 

cooperative mechanism between two or more elements to regulate Tnf mRNA stability in vitro. 

 

In this thesis, I have translated our previous in vitro observations, in vivo, using the 

CRISPR/Cas9 technology to generate mice with deletions of one or two regulatory elements in 

the Tnf 3’UTR. I showed that the variety of phenotypes of the mice changed greatly in severity, 

including a concomitant deletion of the ARE and the CDE causing embryonic death. This 

suggests that not only different cis-elements cooperate to destabilise Tnf mRNA efficiently, but 

the mechanisms involved also appear to operate in a cell- and tissue-specific manner. 

 

Furthermore, I aimed to characterise a new trans-acting RBP called ZC3H12C that was 

previously identified by our group as involved in the post-transcriptional regulation of Tnf in 

vitro. To study the physiological role of ZC3H12C and the consequences of its loss, and its 

expression in vivo, I engineered a mouse deficient in Zc3h12c, in which the green fluorescent 

protein GFP that can be used as a marker of expression replaces ZC3H12C.  

Zc3h12c-deficient mice are found as adults at the expected Mendelian frequency and look 

outwardly normal. In particular, they do not present with any phenotype related to an excess of 

TNF (like cachexia or arthritis), even at an advanced age. However, loss of Zc3h12c causes 

aberrations in the structure of secondary lymphoid tissues, and hypertrophic skin-draining 

lymph nodes with supernumerary B cells and inflammatory dendritic cells in ageing mice. 

Flow-cytometry analysis of our GFP-reporter mouse showed that dendritic cells (DCs) are the 
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immune cell type expressing ZC3H12C the most. RNA-seq analysis on splenic DCs suggested 

that loss of Zc3h12c affected the anti-viral immune response. Accordingly, when challenged 

with chronic LCMV, Zc3h12c-deficient mice presented with an abnormally exaggerated 

immune response. I characterised the impact of the loss of Zc3h12c in the context of psoriasis 

to confirm previous Gene Wide Association Studies (GWAS) suggesting that Zc3h12c was one 

of the risk genes involved in psoriasis incidence in human. I found that loss of Zc3h12c did not 

impact psoriasis’ development, but this observation could be due to the limits of the psoriasis 

model used in my study.  

I further characterised the role of Zc3h12c in skin homeostasis by mimicking the Toxic-

Epidermal Necrolysis disease using subcutaneous injection of SMAC-mimetics to induce TNF-

dependent cell death in the skin. In this context, loss of Zc3h12c appeared to be beneficial and 

reduced the lesions and the cell death induced by the SMAC mimetic compound.  

 

Finally, to evaluate the potential role of TNF in this phenotype, I generated mice lacking both 

Tnf and Zc3h12c. While double-deficient (DKO) mice never developed lymphadenopathy, 

around 30% of the Tnf/Zc3h12c DKO mice developed severe multiorgan inflammation, 

including pancreatitis, myocarditis, otitis, myositis, pyelonephritis, anaemia, extramedullary 

haematopoiesis and bone marrow failure. Histopathological analysis suggested that 

concomitant loss of Tnf and Zc3h12c rendered the mice immunocompromised and potentially 

sensitive to the opportunistic pathogen Pasteurella pneumotropica, for which they tested 

positive. To evaluate the role of the TNF-TNFR2 signaling in the phenotype, and given the 

widely known role of TNFR2 in autoimmunity development, I generated Tnfr2 and Zc3h12c 

double-deficient mice. While I failed to observe a single Tnfr2/Zc3h12c DKO mouse falling 

sick, I also observed an absence of disease development in the Tnf/Zc3h12c DKO mice and this 

coincided with the clearance of P. pneumotropica from the animal facility.  

These observations raise new questions on the role of Tnf and Zc3h12c in the control of immune 

responses and inflammation, and further investigation will have to be conducted. Overall, my 

work suggests that Zc3h12c might be a risk factor in the context of anti-TNF treatment leading 

to autoimmunity in some patients.  
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Preface 
 
The work presented in this thesis involved a number of research collaborations, as outlines 
below: 
 

Chapter 3 

 
Chapter 3 is my contribution to the work published as co-first author in iScience in November 

2020.  

 

Tissue clearing and light sheet microscopy presented in Figure 18 was performed by Dr Verena 

Wimmer.  

 
Clayer E, Dalseno D, Kueh A, Lacey D, Tsai M, Carr E, Wimmer VC, Bouillet P. Severe 

Impairment of TNF Post-transcriptional Regulation Leads to Embryonic Death. iScience. 2020 

Oct 23;23(11):101726. doi: 10.1016/j.isci.2020.101726.  

 

Chapter 4 

 
Preliminary characterisation of the expression of Zc3h12c in different immune cells presented 

in Figure 28A was done with the help of Dr Michael Chopin.  

 

Administration of SMAC-mimetic (IAP A) and scoring of the associated lesions was performed 

by Dr Holly Anderton (WEHI).  

 
Administration of LCMV and associated mouse monitoring, flow cytometry analysis, viral 

titration and histology was performed by Dr Cody Allison (WEHI). Specifically, he generated 

the data presented in Figure 49. 

 

For the RNA sequencing, data were generated with the help of Dr Stephen Wilcox and Dr 

Connie Li Wai Suen. Specifically, Dr Stephen Wilcox collected the sequencing data and 

provided me with the protocols for sample preparation. Dr Connie Li Wai Suen performed all 

bioinformatic analysis of the sequencing data presented in Figure 42. 
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The remainder of my thesis comprises only my original work.  

 

This work was funded by the University of Melbourne who granted me with a Melbourne 

Research Scholarship. 
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Chapter 1 – Introduction 
 

I. General introduction 
 
The first observations of TNF date back to 1893 and mention a molecule bearing tumour 

necrosis potential. William B. Coley, a medical doctor at the time, observed in one of his 

patients with recurrent sarcoma that the tumour shrunk during an episode of local bacterial 

infection, called erysipelas (Coley, 1991). However, it was not until 1975 that the molecule 

responsible for reducing the tumour burden, named Tumour Necrosis Factor (TNF), was found 

to induce necrosis in transplanted mouse tumours following lipopolysaccharide (LPS) 

challenge, and to exhibit specific cytotoxic activity towards the transformed murine fibroblast 

L929 cells. (Carswell et al., 1975). Ever since the discovery of TNF, a great deal of effort has 

been made by researchers around the world to describe its functions as well as regulation, and 

to explore its therapeutic potential.  

 

The Tnf gene is part of the Tnf/Lymphotoxins (Tnf/Lt) locus and encodes for a transmembrane 

protein with a molecular weight of 26 kDa. Upon stimulation, an enzyme called tumour necrosis 

factor-α-converting enzyme (TACE) cleaves the membrane-bound TNF into a 17 kDa soluble 

form that is released from the cell surface (Black et al., 1997). Soluble TNF preferentially forms 

trimers (Baldwin, 1996). TNF can signal through two receptors, TNF-receptor 1 (TNF-R1) and 

TNF-receptor 2 (TNF-R2). Membrane-bound TNF (mTNF) preferentially binds to TNF-R2 

(Grell et al., 1995), while the soluble form (sTNF) binds to both receptors (Kalliolias, Ivashkiv 

and Program, 2016). 

TNF-R1 is the receptor found on all cell types except erythrocytes, while TNF-R2 is mainly 

expressed by regulatory T cells, and immune cells more generally (Yang et al., 2018). TNF can 

be produced by a wide range of cells, ranging from keratinocytes to macrophages and mast 

cells, following bacterial infection and other invasive stimuli (Pierre, 1992; Bischoff et al., 

1999; Bashir, Sharma and Werth, 2009). In some situations, excessive quantities of TNF are 

produced, leading to dangerous, if not lethal, consequences such as chronic inflammation and 

autoimmune disorders (Bradley, 2008).  

TNF is today one of the best-characterised proteins with over 200 000 publications, and the 

central discovery made around this molecule is its indisputable role in mounting a proper 

inflammatory response (Sherry and Cerami, 1988), conferring immunity (Allie et al., 2013), 
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and its implication in chronic inflammatory diseases (Bradley, 2008). Over the years, scientists 

have made considerable advances in characterising the therapeutical use of TNF. Due to its 

capability to induce apoptosis (and other forms of cell death), TNF therapy has been considered 

a promising weapon for the fight against cancer, but side-effects, including cytotoxicity to 

healthy tissues, have generally limited its use in vivo (Schulze-Osthoff et al., 1992; Van der 

Poll et al., 1992; Hieber and Heim, 1994). On the other hand, anti-TNF therapies have found 

their way into the clinic and are now amongst the most-prescribed medications for 

autoinflammatory diseases such as inflammatory bowel disease and rheumatoid arthritis. 

Accordingly, the anti-TNF biologic called Adalimumab, which is sold under the name Humira, 

has been the best-selling drug worldwide for several years. Unfortunately, unexpected side 

effects have been reported in some patients where anti-TNF therapy exacerbated disease and 

sometimes led to the emergence of new autoimmune disorders, such as vasculitis and systemic 

lupus erythematosus (SLE) (Ramos-Casals et al., 2008). 

 

II. Description of the TNF/LT locus 
 
The Tnf gene is flanked by the Lta and Ltb genes at the 5’ and 3’, respectively. These three 

genes form the Tnf/Lt locus. This locus is found within the Major Histocompatibility Complex 

(MHC) class III region, in both human and mouse (chromosome 6 and 17, respectively). In 

humans, the MHC class III region is one of the gene-densest parts of the genome.  

The MHC, also known as H-2 in mouse, can have many different haplotypes. These haplotypes 

differ in their combination of MHC alleles within a single chromosome. Historically, George 

Snell started naming the different haplotypes according to some physical characteristics of the 

mouse strain. For example, C57BL/6 mice are H-2b from the (b) black of their fur (Snell and 

Higgins, 1951; Lindahl, 1997). The topography of the Tnf/Lt locus was initially characterised 

in humans, first with the sequencing of the TNF and LTa genes, followed by those of LTb 

(Nedwin et al., 1985; Browning et al., 1993). The entire locus is no longer than 15 kb, with the 

LTa and TNF transcripts in the same direction and the LTb transcript in the opposite direction.  
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Figure 1 – Schematic representation of the TNF/LT locus in the MHC III region in human and mouse. The 
organisation of the MHC region is similar in human and mouse. MHC class III contains the TNF/LT locus, amongst 
other genes. Adapted from (Murphy, Travers and Walport, 2009). 

 

In 1986 the group of Nedospasov successfully isolated the mouse Tnf gene by using short 

oligonucleotide probes derived from the human TNF and LTa genes (Nedospasov et al., 1986). 

In 1995, two distinct groups identified and cloned the murine Ltb gene (Dmitry K. Pokholok et 

al., 1995; Lawton et al., 1995). The Tnf and Lta genes are located very close to each other, with 

the polyA of Lta, only 1.1 kb away from the cap site of the Tnf mRNA (Nedospasov et al., 

1986). The authors at the time suspected a very similar regulatory pattern between the two genes 

due to their proximity. Many other groups also speculated on the influence of regulatory 

elements from one gene to the other. However, further analysis of each promoter region 

suggested distinct regulatory mechanisms (Shebzukhov and Kuprash, 2011). 

The TNF and LTa proteins are highly similar. The exon 4 of Tnf shows 56% homology with 

the exon 4 of Lta, and they each code for approximately 80% of the secreted part of the proteins 

(Nedwin et al., 1985). Similar to TNF, LTa is released as a homotrimer (LTa3), and both 

ligands can bind to TNF-R1 and TNF-R2, resulting in similar effects on their target cells. As 

opposed to TNF, the secretion of LTa is independent of TACE-mediated cleavage (Ruddle, 

2014). From an evolutionary point of view, these observations suggest that a gene duplication 

might have occurred several hundred million years ago, giving rise to these two very similar, 

yet distinct genes (Gilbert, 1978; Nedwin et al., 1985; Flajnik and Kasahara, 2001; Collette et 

al., 2003). Human and murine TNF and LTa are encoded by four exons, while murine LTb is 

encoded by three exons, as compared to four in the case of its human homolog (Dmitry K. 

Pokholok et al., 1995). This difference is due to a difference in splicing between the human vs 

the murine. cDNA analysis of murine Ltb showed the inclusion of the region corresponding to 

the intron 2 in human LTb. The resulting exon grants murine Ltb an extra 66 residues between 

the C-terminal domain and the transmembrane region. These additional amino acids contribute 

to a stalk-like structure, which widens the space between the receptor-binding domain and the 
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membrane surface (Lawton et al., 1995). This extension harbours additional cleavage sites. In 

mice, LTa can form mixed heterotrimers with LTb, namely Lta1b2 (predominant form) and 

Lta2b1. Both heterotrimers are membrane-bound complexes and need to be cleaved by TACE 

in order to be secreted (Young et al., 2010). Moreover, both forms exclusively bind to the LTb 

receptor (LTbR) (Ruddle, 2014). 

 

III. Regulation of Tnf expression 
 
The production of the TNF protein is highly regulated and involves several different 

mechanisms that take place during the many steps of transcription and translation, as outlined 

below. 

 

 
Figure 2 – Schematic representation of the gene expression machinery in eukaryotic cells. (1) Epigenetic 
modifications such as histone acetylation and methylation control the condensing/opening of the chromatin, 
facilitating transcription initiation (2) through binding of transcription factors to the promoter region of the gene. 
After transcription (3), a specialised machinery promotes 5’capping and polyadenylation of the RNA, leading to 
the generation of the mRNA (4). This mRNA is exported outside of the nucleus by export proteins (5), before 
translation initiation (6) and binding of the ribosome subunit to the start codon (AUG) of the mRNA, translation 
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of the codons into amino acid residues and protein folding (6a), and finally post-translational modifications 
(PTMs) such as phosphorylation and ubiquitination (6c), which produces the active version of the protein. If the 
final protein is not required, the CCR4/NOT complex deadenylates the mRNA (7a), leading to its destabilization 
and degradation (7b) by two possible and distinct mechanisms. The first one involves the exosome complex and 
proceeds to the degradation of the mRNA in a 3’ -> 5’ manner. The second involves the de-capping of the mRNA 
by the de-capping complex. Then, the mRNA is degraded by the protein XRNP1 in a 5’ -> 3’ fashion. Another 
regulatory mechanism can intervene after translation initiation to stop the process. Under particular stress, TIA-1 
can phosphorylate a member of the translation initiation complex, eIF2, which leads to the migration of the 
ribosome/mRNA complex to the stress granules and silencing of the gene. The cell compartments are not drawn 
to scale.  

 

1. Transcriptional control of Tnf 
 
Various stimuli, including activation of toll-like receptors (TLRs) or antigen receptors, sterile 

stimulation such as radiation or osmotic stress, or various cytokines including TNF itself, can 

induce the transcription of the Tnf gene (Falvo, Tsytsykova and Goldfeld, 2010). Nucleoprotein 

complexes, known as enhanceosomes, represent the leading players in the regulation of Tnf 

transcription. These protein complexes include transcription factors and coactivators, which 

function by binding to the 5' untranslated region (5'UTR) of the Tnf gene. The 5'UTR contains 

a 200-nucleotides long, highly conserved promoter region that drives transcription following 

stimulation. The enhanceosome is a higher-order protein structure containing different 

transcription factor families including those of nuclear factor of activated T-cells (NFAT), E26 

transformation-specific or E-twenty-six (ETS), activating transcription factor (ATF), activator 

protein 1 (AP-1) and the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

kB), which includes the proteins p50, p65, c-Rel, p52, and RelB (Falvo, Tsytsykova and 

Goldfeld, 2010). 

Different stimuli induce a distinct binding-signature of the enhanceosome to the promoter 

region, leading to slightly different transcriptional responses directly affecting the cellular 

content. Thus, the spatial organisation of the enhanceosome supports the regulation of the 

transcription in a cell type- and stimulus-specific manner. 

The Tnf promoter region is composed of different elements that can be recognised by multiple 

transcription factors, allowing for the enhanceosome to form different structures. After binding 

to the promoter, the enhanceosome can interact and recruit the general transcription machinery, 

leading to the synthesis of Tnf transcripts. The transcription of a gene is directly linked to the 

accessibility of the gene by transcription factors, giving a significant role for the epigenetic 

control in the regulation of gene transcription, Tnf included. Epigenetic modifications, defined 

as histone modifications (such as acetylation, methylation, phosphorylation, and 

ubiquitination), can control the opening of the chromatin, which can directly impact the 
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interaction with the transcription factors (Sullivan et al., 2007). For example, it is now well 

known that DNA methylation regulates the repression of gene transcription by recruiting 

repressor proteins or by inhibiting the binding of transcription factors (Moore, Le and Fan, 

2013). 

In 1991, a study has highlighted the high level of methylation of the Tnf promoter region in 

cells that do not express TNF, in contrast to the very low levels of methylation of this region in 

monocytes and lymphocytes which do express TNF (Kochanek et al., 1991). Several studies 

revealed the constitutive activity of the TNF promoter in tumour derived cell lines (Szlosarek, 

Charles and Balkwill, 2006) as well as in human natural killer (NK) cells (Kashii et al., 1999). 

TNF is also constitutively expressed in the human thymus (Murphy et al., 1992). However, we 

know very little about the mechanism by which the TNF promoter acts constitutively. In 1991, 

Bruce Beutler and colleagues revealed the significant role of the 3'UTR of the Tnf gene in 

silencing the constitutive activity of the promoter, highlighting the importance of another 

regulatory mechanism that is the post-transcriptional control of Tnf expression (Kruys et al., 

1992). 

 

2. Post-transcriptional regulation of Tnf mRNA 
 

1. General mechanism of mRNA decay 
 

In certain inflammatory settings, TNF can be secreted within minutes after encountering 

pathogens. Mast cells are the only cells capable of secreting pre-formed TNF upon stimulation 

(Gordon and Galli, 1990), while all the other immune cells rely on the Tnf mRNA being 

constitutively transcribed and available for translation as required.  

A tight post-transcriptional regulation is therefore required to ensure that any unnecessary Tnf 

mRNA being synthesised is degraded. During transcription, specialised proteins mediate the 

co-transcriptional modifications of the Tnf mRNA. These modifications include the formation 

of a 5’ cap, which promotes the rapid export of mRNA from the nucleus to the cytoplasm, and 

mRNA polyadenylation. The poly(A) tail, which is roughly 250 nucleotides long, has a crucial 

role in mRNA stability, and its length can impact the translation of mRNA (Crawford et al., 

1997). Specific cytoplasmic complexes, in particular the CCR4/NOT or PARN deadenylation 

complex, are involved in shortening or removing the poly(A) tail. As a result of deadenylation, 

the mRNA is degraded either through 3' ® 5' degradation operated by the cytoplasmic exosome 

when the mRNA has an unprotected 3’ end, or the 5' decapping of mRNA in tandem with 5' ® 
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3' degradation by the XRN1P exonuclease (Garneau, Wilusz and Wilusz, 2007). In addition to 

promoting mRNA stability, the poly(A) tail helps to recruit the ribosome to start the translation 

process (Turner and DÍaz-Muñoz, 2018). Other mechanisms are also involved in the 

deadenylation-dependent mRNA decay, notably the presence of cis-elements residing in the 3' 

untranslated region (3'UTR) of mRNAs. To date, four elements have been identified in the Tnf 

3’UTR: the ARE, CDE, NRE, and 2’APRE. 

 

2. Regulatory cis-elements within the Tnf 3’UTR 
 

 AU-Rich Elements, AREs.  
 

In 1986, researchers identified several motifs promoting the shortening of mRNA and named 

them Adenylate-uridylate-rich elements (AREs) due to their repetitive sequences. They are 

found uniquely in the 3'UTR of unstable mRNAs, including those for transcription factors and 

cytokines, such as TNF (Shaw and Kamen, 1986; Chen and Shyu, 1995). 

The size of AREs ranges from 50 to 150 nucleotides and this sequence usually contains multiple 

copies of the conserved penta-nucleotides AUUUA. The Tnf ARE contains a nonamer of this 

pentanucleotide core. A thorough analysis of the mode of action of the ARE in the 

destabilization/degradation of mRNAs revealed a two-steps mechanism. First, the ARE 

promotes the deadenylation of the poly(A) tail by recruiting the CCR4/NOT deadenylation 

complex, while in the second phase, the transcribed portion of the mRNA is degraded (Kollias 

and Petros, 2010). Moreover, using mutations within the c-Fos ARE, a group found that the 

sequence of the ARE itself controlled the rate of mRNA degradation (Chen, Chen and Shyu, 

1994; Xu, Chen and Shyu, 1997). In their publication, the authors described the existence of 

two distinct deadenylation mechanisms, depending on the class of the ARE. 

They identified three different classes of ARE, described as follows: 

- Class I AUUUA-containing AREs consist of several AUUA motifs spread within U-

rich regions. 

- Class II AREs contain at least two overlapping UUAUUUA(U/A)(U/A) nonamers and 

are sub-categorised into 5 clusters depending on the number of nonamers (cluster I – V) 

(Bakheet, 2006). 

- Class III AREs contain a U-rich region but no AUUUA motif. 
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Class II AREs mediate the total digestion of the poly(A) tail, named asynchronous 

deadenylation. Conversely, class I and III AREs induce a synchronous shortening of the 

poly(A) tail (Chen, Chen and Shyu, 1994). 

 

 Constitutive Decay Element, CDE.  
 

Years after the discovery of the ARE in the Tnf 3'UTR, a Swiss group identified an 80-

nucleotides long element downstream of the ARE capable of initiating the degradation of the 

Tnf mRNA in an ARE-independent manner. They argued that its activity, unlike the ARE, was 

not subject to inhibition by upstream signalling. Consequently, they named it Constitutive 

Decay Element (CDE) (Stoecklin et al., 2003). However, another group later on found that the 

CDE-mediated mRNA decay was also recruiting the CCR4/NOT deadenylation complex 

(Leppek et al., 2013). 

 

 New Regulatory Element, NRE. 
 

In 2015, our group discovered a third element downstream of the CDE just before the poly(A) 

tail that can promote the degradation of Tnf mRNA. We named this element New Regulatory 

Element (NRE). We showed that a synergistic effect between the NRE and the ARE was 

necessary to promote an efficient destabilisation of Tnf mRNA (Lacey et al., 2015; Clayer et 

al., 2020). 

 

 2-AP response element, 2'APRE. 
 

In the human TNF 3'UTR, an element called the 2-AP response element (2'APRE) can increase 

the efficiency of the TNF pre-RNA splicing, which can promote the maximisation of TNF 

mRNA production when required. However, despite sequence analogy in the mouse Tnf 

mRNA, the mouse 2'APRE only supports a reduced splicing efficiency and might, therefore, 

not be efficient to promote TNF production during an inflammatory response (Osman et al., 

1999). 

 

Collectively, these findings suggest a highly complex post-transcriptional regulation of the Tnf 

mRNA. However, the complexity highlighted here is only the tip of the iceberg. Indeed, 

multiple studies over the past decades, including studies from our group, exposed the crucial 

roles of a multitude of RNA-binding proteins (RBPs), miRNAs and lncRNAs in the post-
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transcriptional regulation of TNF, as well as the cooperation between the distinct regulatory 

elements (Turner and DÍaz-Muñoz, 2018; Clayer et al., 2020). 

 

3. RNA-binding proteins (RBPs). 

 
RBPs represent about 10% of the mammalian proteins (Gerstberger, Hafner and Tuschl, 2014).  

Based on sequence homologies in their RNA-binding domains, thousands of putative RBPs 

have been discovered and are historically classified into different subgroups.  

Some of the well-characterised RNA-binding domains include the following: 

- RNA-Recognition Motif (RRM), which grants a complex structure to the protein, 

allowing a specific binding to target RNAs.  

- Zinc Finger Motifs (ZFM), such as CCHH, CCCC, CCCH. The latter, CCCH, can 

recognise and bind to AU-Rich Elements within the 3'UTR of their target mRNAs, 

inducing their decay. 

- K-homology domain (KH) commonly binds to a fragment of four nucleotides in ssDNA 

and RNA.  

Commonly, multiple domains are tethered together to increase the specificity of RNA-RBP 

interactions (Lunde, Moore and Varani, 2007). 

 

3. Translational regulation of TNF 
 
Upon phosphorylation of the eukaryotic initiation factor 2a (eIF2a), T cell intracellular antigen-

1 and -R (TIA-1 and TIAR) can inhibit the translation of TNF transcripts in macrophages. 

Under these conditions, they can assemble with components of the translation initiation 

machinery, leading the migration of the mRNA to stress granules (Kedersha et al., 1999). 

Studies showed that deletion of TIA-1 in mice led to the overproduction of TNF. However, the 

Tnf mRNA half-life was the same in both mutant and wild-type macrophages. This result 

implied that TIA-1 rather functions as a translational silencer (Piecyk et al., 2000). 

 

4. Post-translational regulation of TNF 
 
TNF is expressed as a 26 kDa membrane-bound protein that forms trimers, the so-called mTNF. 

The soluble form of TNF, sTNF, is produced upon proteolytic cleavage of the mTNF by TACE. 
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Once cleaved, sTNF is secreted by the cell and is biologically active as a trimer (Vassalli, 1992; 

Black et al., 1997). Upon stimulation with LPS, TACE is transferred from the endoplasmic 

reticulum (ER) to the cell surface by the inactive rhomboid protein 2 (iRhom2). While TACE 

reaches the cell surface, TNF-containing vesicles are transferred from the Golgi apparatus to 

the cell membrane by two proteins, namely Golgin and cathepsin B (Ha et al., 2008; Zi et al., 

2008). When both TACE and TNF meet at the cell surface, TACE mediates the proteolysis of 

the Alanine 76-Valine 77 peptide bond of TNF (Mohan et al., 2002), which sheds the 

membrane-bound TNF from the cell as homotrimer of sTNF, giving TNF its potent endocrine 

functions (Horiuchi et al., 2007).  

 

IV. Activation of TNF/TNF receptor signalling 
pathways 
 
Both forms of TNF (soluble and membrane-bound) can exert their effects by binding to two 

distinct cell surface receptors, named TNF-R1 (CD120a, p55/p60) and TNF-R2 (CD120b, 

p75/p80) (Rothe et al., 1992). Despite having a very similar extracellular motif, the intracellular 

domain is unique to each receptor, allowing the activation of distinct signalling pathways 

(Ihnatko and Kubeš, 2007). Both receptors are members of the TNF receptor superfamily, 

which consists in 29 trans-membrane proteins that can be activated by different TNF 

superfamily ligands (Locksley, Killeen and Lenardo, 2001). TNF-R1 and TNF-R2 can also be 

cleaved from the membrane, resulting in soluble form of the receptors (sTNF-R1/R2). This 

mechanism, known as receptor shedding, allows the neutralisation of circulating TNF and a 

reduction in signalling of TNF to cells (Xanthoulea et al., 2004).  

 

1. TNF-R1 
 

Binding of soluble homotrimers of TNF to the TNF-R1 induces a trimerization of the receptor 

molecules and triggers the activation of the downstream signalling pathways. 

TNF-R1 is a death receptor, given that it harbours a death domain (DD) that can bind to other 

cytosolic factors that also harbour a death domain, namely TNFR1-associated death domain 

protein (TRADD) and receptor-interacting protein kinase 1 (RIPK1) (Micheau and Tschopp, 

2003). TRADD can further recruit TNF receptor-associated factor 2 (TRAF2) homotrimers or 

TRAF1-TRAF2 heterotrimers (Rothe et al., 1995; Hsu et al., 1996). Consequently, E3 ligases 

known as cellular Inhibitor of Apoptosis 1 and 2 (cIAP1/2) bind to the TRAF1/2 heterotrimers, 
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forming the TNFR1 complex I. Members of the complex I, particularly the receptor-interaction 

serine/threonine protein kinase-1 (RIPK1), are then ubiquitinated by cIAPs. This ubiquitination 

leads to the creation of a binding site for the E3 ligase linear ubiquitin chain assembly complex 

(LUBAC) (Samuel et al., 2006). The LUBAC complex further ubiquitinates RIPK1 (Gerlach 

et al., 2011). Consequently, other factors are recruited, namely MAP3K TGFb-activated 

kinase-1 (TAK1) and the inhibitor of kappa B kinases (IKK) complex (Brenner, Blaser and 

Mak, 2015). TAK1 phosphorylates IKK, which leads to the modification of its subunits. More 

specifically, the IKKb subunit is phosphorylated by TAK1 which, in turn, triggers the 

phosphorylation of IkBa, and subsequent ubiquitination of IkBa, resulting in its degradation 

by the proteasome. In the absence of IkBa, the NFkB dimers p65/p50 are freed and can 

translocate to the nucleus, triggering the transcription of a wide range of pro-inflammatory 

genes and also genes that promote cell survival and cell proliferations (Bonizzi and Karin, 

2004). Upon inhibition of cIAP1 and 2, for example by SMAC (also known as DIABLO) or 

upon administration of SMAC-mimetic drugs (Du et al., 2000; Morrish, Brumatti and Silke, 

2020), the internal complex can further interact with cellular FADD-like interleukin-1β-

converting enzyme inhibitory protein (cFLIP) and FAS-associated protein with death domain 

(FADD) to form the complex II. This can lead to the activation of caspase-8, leading to cell 

death by apoptosis mediated by FADD, RIPK1 and Caspase-8 complex formation. In the event 

of caspase-8 inhibition, RIPK1 forms a complex with RIPK3, which phosphorylates the Mixed 

Lineage Kinase Domain Like (MLKL) pseudo-kinase and thereby activates necroptotic cell 

death (Wajant and Siegmund, 2019). 

Therefore, although TNF/TNF-R1 signalling axis drives the activation of pro-inflammatory and 

pro-survival pathways, it can also lead to programmed cell death under particular conditions. 
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Figure 3 – Signalling pathway mediated by TNF-R1. Binding of trimeric form of soluble TNF (sTNF) to TNFRI 

leads to the recruitment of TRADD to the intracellular death domain (DD) of TNFRI. This further recruits 

homotrimers/heterotrimers of TRAF1 or TRAF1/TRAF2, and RIPK1 and cIAP1/2. cIAPs ubiquitinate RIPK1, 

which creates a binding site for the E3-ligase complex LUBAC. Once attached, LUBAC further ubiquitinates 

RIPK1, leading to the recruitment of TAK1 and IKK complex. The entire complex is known as TNFR1 complex 

I. Downstream, TAK1 phosphorylates IKK, which leads to the modification of its subunits, resulting in the 

phosphorylation of IKBa. Once phosphorylated, IKBa is further ubiquitinated, resulting in its degradation by the 

proteasome. The NFkB subunits p65/p50 are now freed and can translocate into the nucleus to trigger the 

transcription of pro-inflammatory genes and genes that promote cell survival and proliferation. In the event of 

cIAPs inhibition by SMAC or by chemical compounds, such as SMAC mimetics, RIPK1 is no longer 

ubiquitinated. The absence of RIPK1 ubiquitination leads to the recruitment of FADD, cFLIP and activation of 

caspase-8, forming the TNFR1 complex II. FADD, RIPK1 and caspase-8 lead to apoptotic cell death. If caspase-

8 is inhibited, a complex formation of RIPK1 and RIPK3 occurs, leading to the phosphorylation of RIPK3, then 

phosphorylation of the pseudo-kinase MLKL, leading to cell death by necroptosis. 
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2. TNF-R2 
 

Unlike TNF-R1, TNF-R2 does not contain an intracellular DD but can interact with an existing 

cytoplasmic complex formed by TRAF2/cIAP1/cIAP2 (Ihnatko and Kubeš, 2007). Similar to 

the TNF-R1 pathway, these series of events can lead to NFkB activation and transcription of 

genes encoding pro-inflammatory cytokines. TNF-R2 can also induce the reduction of the 

available pool of TRAF1/TRAF2/cIAPs complex within the cellular compartment. This 

complex is normally present in the cells, forming a larger complex with the constitutively 

expressed protein NFkB-inducing kinase (NIK) and TRAF3. cIAPs constantly ubiquitinate 

NIK, leading to its degradation by the proteasome, thus silencing the non-canonical NFkB 

pathway. Upon binding of the TRAF1/TRAF2/cIAPs complex to TNFR2, NIK degradation is 

prevented, hence leading to the non-canonical activation of the non-canonical  NFkB pathway 

via translocation of the p52 and RelB subunits into the nucleus (Naudé et al., 2011; Sun, 2017). 

Moreover, the reduction in the levels of the TRAF1/TRAF2/cIAPs complex can accelerate 

TNF-R1-mediated cell death (Fotin-Mleczek et al., 2002). In parallel to NFkB activation and 

in a cell-type specific manner, TNF-R2 signalling can activate the Pl3K/Akt signalling 

pathway. Independently of TRAF2, TRAF1 and cIAP promote the phosphorylation of 

Tyrosine-protein kinase Etk, leading to the activation of the phosphoinositide 3-kinase, PI3K. 

Once activated, PI3K phosphorylates protein kinase B (PKB, also known as Akt), which in turn 

activates the canonical NFkB pathway, leading to cell survival, and tissue regeneration (Al-

Lamki et al., 2005). 
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Figure 4 – Signalling pathways mediated by TNF-R2. Upon binding of membrane-bound TNF (mTNF) to TNF-
R2, TRAF1, TRAF2 and cIAPs are recruited to the intracellular domain of the receptor. The 
TRAF1/TRAF2/cIAPs complex is ordinarily present in the unstimulated cells and forms a larger complex with 
TRAF3, and the constitutively expressed kinase NIK. When not required, NIK gets degraded by the proteasome 
after ubiquitination by cIAP, in order to silence the activation of the non-canonical NFkB pathway. However, 
following recruitment of TRAF1/TRAF2/cIAPs to the TNF-R2, NIK is no longer degraded, leading to the 
activation of the non-canonical NFkB pathway. Briefly, NIK phosphorylates the p100 subunit of the NFkB 
complex, which further triggers its ubiquitination and partial cleavage by the proteasome. This partial degradation 
results in a p52 subunit, which, together with RelB, translocates into the nucleus to activate transcription of genes 
that promote cell survival and cell proliferation. The TRAF1/TRAF2/cIAPs complex can also activate the 
canonical activation of NFkB, similar to TNF-R1. Finally, a third pathway can be activated, the PI3K/Akt pathway. 
The activation of this pathway is independent of TRAF2 and only requires the complex formation of cIAPs and 
TRAF1. This activates Etk by inducing its phosphorylation. Downstream activation of PI3K further leads to the 
phosphorylation of Akt, which can trigger the activation of the canonical NFkB pathway.  
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V. Physiological roles of TNF 
 
Although the primary role of TNF is to induce an inflammatory response to danger signals and 

to fight against invading pathogens, TNF can also activate programmed death of cells under 

certain settings. This process involves the clearance of cellular debris by phagocytes and is 

generally considered anti-inflammatory. 

 

1. Inflammation 
 

Inflammation can trigger pain and discomfort, and if uncontrolled, can induce chronic diseases. 

However, the process of inflammation belongs to the innate immune system and is the 

organism’s response to infection and tissue damage. Its purpose is to eliminate potentially 

harmful pathogen invaders and to promote tissue repair. It was first described by the Roman 

writer Aulus Cornelius Celsus, almost 2000 years ago. Celsus identified four major 

characteristics of inflammation known as the Pillars of Inflammation: rubor, calor, tumour and 

dolour – which can be translated in redness, warmth, swelling and pain (Freire and Van Dyke, 

2013). There are four components of an inflammatory response – the inflammatory inducers, 

the detecting sensors, the de novo expressed mediators of inflammation and the affected tissues. 

Two forms of inflammation have ever been described, acute and chronic. The acute 

inflammation represents an immediate reaction to endogenous and exogenous stresses. This 

mainly involves the recruitment and activation of neutrophils, and is self-limiting owing to the 

healing processes (Ward and Lentsch, 1999). On the other hand, chronic inflammation involves 

a wide range of immune cells, and it can be the result of the immune system’s failure to 

eliminate the causing agents (Shacter and Weitzman, 2002). 

The resolution of the inflammatory response relies on the fine-tuning of the expression of pro-

inflammatory and anti-inflammatory factors. Moreover, cell death is an essential mechanism in 

inflammation resolution, but it is still not clear when it is triggered during an inflammatory 

response.  

 

i. Rubor and calor 

 

The redness and warmth observed during the inflammatory response are mainly caused by 

vasodilation of the local endothelium. Vasodilation can facilitate immune cell migration and 
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penetration of inflammatory mediators to the site of injury. TNF can enhance the expression of 

inducible-NO synthase (iNOS), which is one of the proteins involved in the production of the 

vasodilator nitric oxide (NO) during infection or sterile inflammation. NO is synthesised in the 

form of a free radical (NO•), which activates the cGMP/PKG pathway. This pathway further 

leads to the release of Ca2+, which causes vasodilation by relaxing the smooth muscles 

surrounding the blood vessels (Sanders et al., 2001; Francis, Busch and Corbin, 2010). In some 

cases, TNF can diminish eNOS (endothelial NOS) and nNOS (neuronal NOS)-derived NO 

bioavailability through two modes of action – downregulation of eNOS and nNOS expression 

which results in decreased production of NO, and enhanced removal of NO from the cells. This 

diminished NO bioavailability can lead to endothelial dysfunctions (Zhang et al., 2002).  

TNF can also promote the production of additional vasodilators, such as prostanoids (Mark, 

Trickler and Miller, 2001). Prostanoids are a class of lipid mediators and include molecules 

such as prostaglandins and thromboxanes (Smyth et al., 2009). Following an inflammatory 

stimulus, TNF-mediated NFkB activation can promote the expression of the Cox-2 gene, which 

codes for a prostaglandin synthase.  Once expressed, COX-2 can produce potent vasodilators 

such as Prostaglandin E2 (PGE2) (Nakao et al., 2002).  

 

ii. Tumour 
 
The onset of inflammation is characterised by an increase in vessel permeability, which 

promotes fluid transfer, resulting in local swelling, or oedema (Henry and Duling, 2000; 

Beynon et al., 2008; Urschel and Cicha, 2015). Many studies have linked TNF to this 

inflammatory mechanism. Indeed, TNF can regulate the permeability of the endothelium by 

disrupting its structure, using two distinct mechanisms. The first mechanism involves the 

production of free radicals and proteases. Together, they can alter the thin strengthening layer 

of glycoproteins and proteoglycans present on the luminal endothelium, called the glycocalyx 

(Henry and Duling, 2000). The second mechanism consists of the formation of inter-endothelial 

cell gaps, mediated by cytoskeleton reorganisation (Partridge et al., 1992). The authors used an 

in vitro model of endothelial extracellular matrix treated with TNF, and reported a loss of 

fibronectin production, diminution of cell-matrix contacts, and cell elongation, leading to 

intercellular gap formation. Collectively, these mechanisms allow for the circulation and 

migration of immune cells necessary for the inflammatory response.  
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iii. Cell migration and adhesion 

 

Vasodilation and tissue swelling are usually followed by cell migration to the site of 

inflammation. This recruitment and activation of inflammatory cells further helps to mount the 

appropriate inflammatory response. 

The mechanism of cell migration and adhesion involves a multi-step process. First, the on-call 

immune cells circulating in the blood vessel are captured through a process called margination. 

Molecules expressed by immune cells, called selectins, facilitate the rolling of the captured 

cells on the endothelium surface. Three types of selectins have been identified so far. 

Endothelial and platelet selectins (E-selectin and P-selectin, respectively) mediate the adhesion 

of neutrophils and monocytes, while leukocyte selectin (L-selectin) is necessary for the 

migration of the immune cells through the endothelium. This rolling mechanism is mediated 

by on and off ligand-selectin interactions, together with vascular shear force (Muller, 2013). 

TNF mediates the synthesis of cell adhesion molecules such as Vascular Cell Adhesion 

Molecule-1 (VCAM-1), Intercellular Adhesion Molecule-1 (ICAM-1) and E-selectin via 

signalling through TNF-R2 (Chandrasekharan et al., 2007). These molecules promote the 

interaction between the immune and endothelial cells (Urschel et al., 2010). 

The rolling step allows the cells to be further activated by chemokines and pro-inflammatory 

agents that are present on the endothelium surface. This step fully arrests the cell on the 

endothelial surface, promoting adhesion of the immune cell to the endothelial cell via VCAM-

1, ICAM-1 and -2 and Very Late Antigen-4 (VLA-4) (Muller, 2013). The immune cell then 

squeezes through the endothelium in a process called diapedesis, before reaching the site of 

inflammation (Sumagin and Sarelius, 2010). 
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Figure 5 – Schematic representation of cell adhesion and migration to the site of inflammation. TNF mediates 
the expression of the adhesion molecule VCAM-1 via the TNF-R2 signalling pathway. VCAM-1 expression by 
endothelial cells leads to the recruitment of circulating immune cells to the blood vessel wall in a mechanism 
known as margination. On and off interactions between ligands and selectins allows the rolling of the cell. 
Chemokines produced by neighbouring dendritic cells can activate the immune cell, leading to its adhesion on the 
endothelium layer. Additional adhesion molecules, such as ICAM-1 and VLA-4, are also expressed by the 
endothelial cells and the immune cell, promoting the migration of the immune cell through the endothelium 
towards the site of inflammation, in a mechanism known as diapedesis. Adapted from (Muller, 2013). 

 

iv. Dolour 
 

Pain is a prominent part of inflammation. The inflammatory mediators including the immune 

cells, the pro-inflammatory cytokines and other factors can directly activate the sensory nervous 

system, leading to a painful feeling. These mediators can bind to G-protein-coupled receptors 

(GPCRs), which induce peripheral sensitisation. Peripheral sensitisation is characterised by an 

enhanced sensitivity of the pain receptors called nociceptors. This hypersensitivity leads to the 

excitability and responsiveness of dorsal horn neurons, called central sensitisation 

(Latremoliere and Woolf, 2003). Several studies identified the critical roles of prostaglandins 

E2 and I2 (PGE2 and PGI2, respectively) in nociception, as well as in peripheral and central 

sensitisation (Minami et al., 2001; Basbaum et al., 2009). 

 

v. Resolution of inflammation 

 

Once the agent (e.g., pathogen) causing the inflammation has been cleared, the resolution of 

inflammation is initiated. This step is mainly characterised by a shift from pro-inflammatory to 

anti-inflammatory factor production. Anti-inflammatory mediators include endogenous lipid 
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mediators, such as resolvins, and anti-inflammatory cytokines, such as IL-10 and TGFb 

(Ortega-Gómez, Perretti and Soehnlein, 2013). 

The hallmarks of inflammation resolution are the abrogation of neutrophil influx in the affected 

tissue, neutrophil clearance by apoptosis, and tissue regeneration. Different anti-inflammatory 

mediators can inhibit neutrophil recruitment. Firstly, resolvins can directly abrogate neutrophil 

infiltration (Schwab et al., 2007). Exposure to IL-10 can also inhibit the downregulation of 

chemokine receptors that can be used as decoy receptors by pro-inflammatory chemokines. 

Once trapped, these chemokines can no longer promote neutrophil migration (D’Amico et al., 

2000). TNF can mediate neutrophil apoptosis in a concentration-dependent manner. At low 

concentrations, TNF promotes neutrophil survival necessary for the inflammatory response, 

while high concentrations of TNF induce neutrophil death (Cross, Moots and Edwards, 2008). 

Moreover, dying neutrophils secrete mediators that abrogate further neutrophil recruitment 

(Ortega-Gómez, Perretti and Soehnlein, 2013). The macrophages, on the other hand, can switch 

off the production of pro-inflammatory cytokines and initiate the production of IL-10 and TGFb 

(Ortega-Gómez, Perretti and Soehnlein, 2013). Finally, macrophage-derived TGFb can 

promote tissue repair and regeneration together with other secreted factors, such as Vascular 

Endothelial Growth Factor (VEGF). Collectively, these factors promote fibroblast 

differentiation into myofibroblasts, extracellular matrix (ECM) remodelling, synthesis of 

fibrillar collagens and angiogenesis (Knighton et al., 1983). 

 

2. Cell proliferation and cell survival 
 

TNF was first identified as a factor that has tumour necrosis potential (Carswell et al., 1975; 

Coley, 1991). However, we currently have plentiful evidence that TNF can not only promote 

tumour cell killing but, depending on the circumstances, can also be involved in tumour 

promotion and growth (Leibovich et al., 1987; Arnott et al., 2002; Oshima et al., 2005). In 

1987, another group observed induction of angiogenesis in rats and chicken, following low dose 

treatment with TNF (Leibovich et al., 1987). Later on, the impact of TNF in the metastatic 

activity of transplanted tumour cells was also reported (Orosz et al., 1993). While these 

observations contradicted the previously suspected tumour-destructive potential of TNF, they 

were supported by clinical trials in humans. Indeed, systemic injection of TNF had only mild 

anticancer effects in most patients, and induced toxicity such as leukopenia and elevated 

creatinine production (Selby et al., 1987). 
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As described earlier, the binding of TNF to TNF-R1 and TNF-R2 can lead to the activation of 

various transcription factors, including NFkB (Ling, Cao and Goeddel, 1998), and AP-1 

(Brenner et al., 1989), as well as the signalling activator PI3K (Guo and Donner, 1996), which 

can all stimulate cell survival and cell proliferation through diverse processes. NFkB can further 

induce the production of negative regulators of apoptosis (also called pro-survival proteins), 

including BCL-2 and BCL2L1 (also called BCL-XL) (Genestier et al., 1995; Tamatani et al., 

1999). AP-1 is a family of transcription factors implicated in both cell death and cell survival 

that act in a cell-specific manner (Shaulian and Karin, 2001). Furthermore, TNF induces the 

PI3K signalling pathway leading to the activation of protein kinase B (PKB; also called AKT). 

Once activated, AKT can phosphorylate elements of the apoptotic machinery, such as the pro-

apoptotic BH3-only protein BCL-2 associated agonist of cell death (BAD), thereby inhibiting 

its pro-apoptotic activity (Datta et al., 1997). 

Apart from promoting cell survival, TNF has also been implicated in immune cell proliferation 

as part of an essential step of the immune response. Several groups showed the importance of 

TNF for the proliferation of CD4+ and CD8+ T cells via TNF-R2 mediated NFkB activation 

(Kim and Teh, 2001; Kim et al., 2006). Furthermore, another group showed that during an 

immune response, enhanced TNF-R2 expression by CD4+ T cells promotes their resistance to 

regulatory T cells (Tregs)-induced suppression, by empowering TCR-mediated T cell activation 

(Chen et al., 2010). However, when the immune response needs to be silenced, Tregs cells will 

respond potently to TNF due to their higher expression of TNF-R2, which will result in Tregs 

cell expansion, and subsequent suppression of T cell-mediated immune response (Chen et al., 

2007). 

 

3. Cell death – Apoptosis and necroptosis. 
 

TNF-induced NFkB activation does not always promote cell survival, such as when it is 

necessary to sacrifice individual cells during pathogen invasion to avoid broader tissue 

damages. Numerous studies have implicated TNF/TNF-R1 signalling in activating 

programmed cell death pathways, in particular, apoptosis and necroptosis (Bedoui, Herold and 

Strasser, 2020). 

 

 

 



 35 

i. Apoptosis 

 

The process of apoptosis is morphologically characterised by the condensation of chromatin (or 

pyknosis), protrusion of the cellular membrane, nuclear fragmentation and condensation, and 

eventuates with apoptotic body formation. Apoptosis can be triggered via intrinsic or extrinsic 

signals. Intrinsic triggers of apoptosis include endoplasmic reticulum stress (production of 

reactive oxidating species, or ROS) or DNA damage. Extrinsic apoptosis is triggered by the 

activation of cell surface molecules called death receptors (Heckmann, Tummers and Green, 

2019). As mentioned earlier, the binding of TNF to the death receptor TNF-R1 can recruit 

TRADD, TRAF2, and RIPK1 to the membrane, forming the TNF-R1 complex I. However, an 

alternative complex can be formed upon deubiquitination of RIPK1, following inhibition of 

cIAP. This complex, named complex IIa, includes RIPK1, RIPK3, FADD and TRADD, and 

further recruits pro-caspase-8, leading to its activation by self-cleavage and initiation of 

apoptotic cell death (Wajant and Siegmund, 2019). 

On the other hand, TNF-mediated ROS production was reported to lead to the release of 

cytochrome c from mitochondria, activation of caspases, which eventually results in intrinsic 

apoptosis (Kamata et al., 2005). Apoptosis is generally considered an anti-inflammatory cell 

death mechanism. During this process, intracellular content is contained, which therefore 

prevents the release of pro-inflammatory mediators. Moreover, apoptotic cells can signal 

phagocyte recruitment, leading to a professional and immunologically silent cell clearance 

called efferocytosis (Gardai et al., 2006). Finally, the process ends with the secretion of the 

anti-inflammatory interleukin IL-10 by macrophages, which further inhibits inflammation 

(Chung et al., 2008).  

While TNF-R2 does not possess a death domain, the binding of TNF to TNF-R2 can still lead 

to cell death, via cross talk between TNF-R2 and TNF-R1 signalling, such as TNF-R2 

stimulation causing an increase in TNF which then induces cell death by stimulating TNF-R1 

(Grell et al., 1999; Fotin-Mleczek et al., 2002). 

 

ii. Necroptosis 
 

As opposed to apoptosis, necroptosis is a proinflammatory type of programmed cell death and 

is involved in a variety of diseases including neurodegenerative and haemorrhagic diseases, 

pancreatitis, and atherosclerosis (Heckmann, Tummers and Green, 2019). 
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The process of necroptosis includes cell and organelle swelling, and loss of cell membrane 

integrity, which then results in the leakage of the cytosolic content into the extracellular milieu. 

Since the cytosol contains various danger signals, such as cytokines and danger-associated 

molecular patterns, or DAMPS, necroptosis can cause local inflammation (Liu et al., 2018). 

Necroptosis is a kinase-mediated type of cell death and is only induced upon caspase-8 

inhibition. Therefore, necroptosis is considered a last resort (back-up) type of cell death. The 

binding of TNF to TNF-R1 typically induces the formation of the TRADD/TRAF2/cIAPs 

signalling complex with consequent ubiquitination of RIPK1 leading to NFkB activation. 

However, in the absence of cIAPs and caspase-8, an alternative complex, called complex IIb, 

is formed which consists of RIPK1 and RIPK3. Complex IIb can induce the phosphorylation 

of the pseudo-kinase MLKL, which then results in pore formation in the plasma membrane and 

disruption of cellular integrity (Dhuriya and Sharma, 2018). Similar to apoptosis and under 

necroptotic conditions, TNF-R2 can also mediate necroptosis by controlling the available pool 

of TNF, TRAF2 and cIAPs (Siegmund et al., 2016). 

 

4. Antiviral, anti-bacterial and anti-parasitic agent 
 

Whenever a viruses, bacteria or parasites enter the organism, immune cells can rapidly be 

alerted through ligation of pathogen recognition receptors (PRRs) expressed on their surface or 

in their endosomes. These include Toll-Like Receptors (TLRs), NOD-like receptors (NLRs) 

and several others. Each TLR can recognise specific ligands from pathogens; and in total, 12 

different TLRs are found in mice and 10 in humans. TLR4 recognises the LPS that forms the 

outer membrane of Gram-negative bacteria. In contrast, TLR3, 7 and 9 are endosomal receptors 

that recognise viral and bacterial RNA and DNA.  

PRRs activate downstream signalling pathways to induce the production of interferons (IFNs) 

and other pro-inflammatory cytokines including TNF. Following the recognition of viral RNA 

or DNA by TLR7 or TLR9, respectively, plasmacytoid dendritic cells (pDCs) can produce large 

amounts of type I IFN and TNF as a consequence of Myd88-pathway activation (Kawai and 

Akira, 2010; Psarras et al., 2021). The production of TNF can further activate innate immune 

cells, such as neutrophils and macrophages. Several groups have suggested that the antiviral 

activity of TNF comes from its ability to induce apoptosis in cells, upon viral infection (Zhou 

et al., 2017). Two groups showed that TNF could inhibit the replication of several kinds of 

viruses in vitro (Mestan et al., 1986; Wong and Goeddel, 1986). Since 1986, several studies 

have demonstrated the importance of TNF in enhancing the antiviral response (Seo and 
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Webster, 2002; Atrasheuskaya et al., 2004; Matikainen et al., 2006), in particular, patients 

undergoing anti-TNF therapies have higher risk of developing certain opportunistic infections 

(Kim and Solomon, 2010). TNF also has a protective role during Mycobacterium tuberculosis 

(Mtb) infection. Some patients with a history of Mtb infection were observed to have 

reactivation of latent mycobacterial infection when treated with anti-TNF agents for 

inflammatory conditions, such as rheumatoid arthritis (Mohan et al., 2001). 

In the context of malaria, a parasitic disease, high levels of TNF correlate with an accelerated 

cure and improved diagnosis (Mordmüller et al., 1997). In 1992, a group suggested that TNF 

could induce parasite clearance through the induction of NO and ROI (Rockett et al., 1992). 

 

5. Development and structure of secondary lymphoid organs 
 

Secondary lymphoid organs (SLOs) include the spleen, lymph nodes (LN), and mucosa 

associated lymphoid tissues such as the Payer’s patches (PP). These SLOs are strategically 

located across the body to efficiently bring together any foreign antigens and antigen presenting 

cells. 

SLO organogenesis is regulated by and dependent on lymphoid chemokines and cytokines, 

including LTa, LTb and TNF. In wild-type mice, LN and spleen serve to enhance antigen 

recognition and activation of the immune system. The LN have a segregated B cell zone at the 

periphery of the node, or outer cortex, called B cell primary follicles. Germinal centres can be 

formed at the centre of those follicles following immunization with a T cell-dependent antigen. 

The inner paracortex, located in the middle of the LN, consists mainly of T cell lymphocytes, 

and is therefore called the T cell zone. Antigen presenting cells, such as macrophages and 

dendritic cells, are also found in the paracortex. The spleen is separated into two main zones, 

the white pulp and the red pulp. The red pulp consists mainly of macrophages and plasma cells. 

The splenic white pulp is a highly organised compartment. Each white pulp nodule is separated 

into a central T cell-rich zone surrounded by a B cell-rich primary follicle. Follicular dendritic 

cells (FDC) can be found within the primary follicle. Marginal zone B lymphocytes (MZ) 

surround the white pulp, together with an adjacent layer of metallophilic MOMA+ 

macrophages. 

The PP are small lymphoid tissues with a structure similar to LN and they can be found along 

the intestinal tract. Studies using Lta and Ltb knock-out mice showed that both lymphotoxins 

have an essential role early on in the lymphoid organogenesis. Mice lacking LTa are devoid of 

all LN and PP. Moreover, their splenic architecture is disorganised, with a loss of segregation 
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between the B cell and T cell areas and absence of a marginal zone and FDC. Moreover, Lta-/- 

mice fail to form GC (Banks et al., 1995). Similarly, Ltb-/- mice do not develop PP, and their 

spleen are devoid of GC, FDC and MZ. However, the segregation between the T cell and B cell 

areas is conserved in the spleen of Ltb-/- mice. Interestingly, although they lack skin-draining 

lymph nodes, Ltb-/- mice still develop mucosal LN, such as mesenteric LN (Alimzhanov et al., 

1997). Studies using Tnf-/- mice showed that TNF has a critical role in promoting proper 

microarchitecture organization of the immune cells in LN and spleen. However, the absence of 

TNF does not prevent the development of LN, both skin-draining and mucosal. Tnf-/- mice have 

PP, although smaller than those found in wild-type mice. Interestingly, while the segregation 

between the T cell and B cell area is conserved in the spleen of Tnf-/- mice, it is less clearly 

demarcated than in wild type spleen. Moreover, the MZ of Tnf-/- mice is abnormal, and the mice 

fail to develop splenic GC and FDC (Körner et al., 1997). 

 

VI. TNF and diseases 
 
As mentioned previously, TNF has an essential role in inducing inflammation, controlling the 

cellular response to infection and injury, mounting an appropriate immune response, and 

maintaining the balance between cell survival and cell death. However, because of the role of 

TNF as a master regulator of many physiological events, it comes as no surprise that TNF can 

also promote a variety of inflammatory diseases and some cancers. Indeed, persistent 

overproduction of TNF has a deleterious effect and can lead to chronic inflammation such as 

inflammatory bowel disease (IBD), rheumatoid arthritis (RA) or psoriasis. TNF can also play a 

role in cardiovascular diseases and dysfunctions, such as atherosclerosis, vascular dystrophy 

and hypotension (Bradley, 2008). 

Many of the inflammatory diseases induced by TNF are not driven by an excessive NFkB 

activation, but rather by excessive pro-inflammatory cell death. Accordingly, genetic ablation 

of certain cell death components rescued TNF-mediated inflammatory conditions such as 

dermatitis (Rickard et al., 2014). Conversely, while high levels of TNF impede tumour growth, 

sustained production of low levels of TNF can promote tumour development (Szlosarek, 

Charles and Balkwill, 2006; Li et al., 2009). Several studies now highlight the role of TNF-

mediated inflammation in carcinogenesis (Coussens and Werb, 2002). 
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1. Chronic inflammatory diseases 
 

Chronic inflammatory diseases cause a significant number of deaths in the world each year. 

The spectrum of chronic inflammation includes many disorders such as rheumatoid arthritis 

(RA), inflammatory bowel disease, Crohn’s disease, psoriasis and ankylosing spondylitis. 

Chronic inflammation can also be triggered by persistent infections (Cassell, 1998).  

Many patients suffering from chronic inflammatory conditions have elevated TNF production. 

The great success of anti-TNF therapies in treating RA has led to their use in other chronic 

inflammatory diseases. Over the past 20 years, anti-TNF therapies have been extensively used 

to treat chronic inflammation. Indeed, TNF-blockade can exert an anti-inflammatory effect, 

slows down the progress of the aforementioned diseases and significantly reduces pain in 

affected patients.  

 

i. Rheumatoid arthritis 
 

A French physician named Augustin Jacob Landré-Beauvais first noticed the symptoms and 

signs of rheumatoid arthritis (RA) commonly found in poor people, and women were reported 

to be more frequently affected than men. However, the pathology was inaccurately 

hypothesised as equivalent to gout, which is another form of joint tenderness, swelling and pain, 

and RA was therefore initially wrongly classified as primary asthenic gout (Landré Beauvais, 

1800). It was only in 1859 that Alfred Garrod, an English physician, distinguished gout from 

the arthritic condition. He observed the presence of uric acid in the blood of gout patients, a 

characteristic that is absent from blood of patients suffering from other forms of arthritis 

(Garrod, 1859). Later on, his fourth son Archibald Garrod, coined the term rheumatoid arthritis, 

which has been used since then (Garrod, 1890). 

RA is a debilitating chronic systemic autoimmune disease, characterised by the inflammation 

of the synovial tissue of joints, cartilage and bone. It is estimated that 1% of the world 

population suffer from this disorder (Zamanpoor, 2019). Due to the severity of the 

inflammation, RA patients often develop synovial hyperplasia, which is one of the hallmarks 

of the disease. The identification of those patients is mainly based on the presentation of swollen 

joints, especially in their hands. Further diagnosis is performed by measuring the serum levels 

of different autoantibodies, namely rheumatoid factor, antibodies against immunoglobulin 

binding protein and antibodies against citrullinated protein antibodies (ACPA) (Derksen, 

Huizinga and van der Woude, 2017). The increase in thickness of the synovial lining is due to 
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a severe invasion of macrophage-like cells and aberrant proliferation of resident synovial 

fibroblasts, and this leads to pannus formation (Sudol-Szopińska et al., 2012). 

While the causative agents of RA include various factors, from age to genetic predispositions 

(Lim and Kim, 2019) and microbial pathogens, such as viruses (Balandraud and Roudier, 2018), 

TNF is one of the major players in tissue injury and the pathophysiological consequences 

observed in RA patients. Of note, patients suffering from RA have elevated systemic levels of 

TNF, and even higher levels of TNF in the affected synovium and synovial fluids (Tetta et al., 

1990). RA synovial fluids are mainly enriched for neutrophils, but TNF can promote migration 

of CD4+ T cells and macrophages into the joint, and these cells are both potent producers of 

TNF (Vasanthi, Nalini and Rajasekhar, 2007). This process drives further production of pro-

inflammatory cytokines, such as IL-1, IL-6, IL-8 and GM-CSF, within the inflamed joint 

(Feldmann, 2002). Moreover, activated macrophages can produce enzymes called matrix 

metalloproteinases (MMPs) in response to the elevated TNF, and these enzymes are responsible 

for cartilage destruction (Sabeh, Fox and Weiss, 2010). Another hallmark of RA is bone loss 

due to the upregulation of osteoprotegerin (OPG) in response to TNF. OPG can locally inhibit 

RANKL-mediated osteoclastogenesis (Simonet et al., 1997; Shalhoub et al., 1999). 

Historically, anti-TNF therapies were developed and first trialled in RA patients in the 1980s. 

The use of TNF blocking agents has significantly improved the outcome in most RA patients, 

thus confirming the essential role of TNF in the development of RA (Radner and Aletaha, 

2015). 
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Figure 6 – Mechanism for the development of rheumatoid arthritis. The production of TNF in the joint capsule 
by neutrophils recruits additional immune cells such as macrophages and CD4+ T cells. The formation of this 
inflammatory milieu further promotes the secretion of TNF, activation of macrophages and production of matrix 
metalloproteinases (MMPs). These enzymes can degrade the cartilage layer. TNF can also up-regulate the 
expression and production of osteoprotegerin (OPG) which inhibits RANKL-mediated osteoclastogenesis, 
ultimately leading to bone erosion. Adapted from (Mellado et al., 2015). 

 

ii. Inflammatory Bowel Disease 
 

Inflammatory bowel disease (IBD) comprises different disorders responsible for chronic 

inflammation of the digestive tract. Interestingly, epidemiology data show that IBD emerged in 

the middle of the 20th century in the Western country and about 25 years ago in developing 

countries, suggesting a correlation of industrialisation and westernization of the lifestyle with 

this inflammatory disorder (Rizzello et al., 2019). Patients affected by this auto-inflammatory 

disorder suffer from diarrhoea, abdominal pain, bloody stools and frequent vomiting. It is 

known that the gastrointestinal tract is colonised by different kinds of microorganism, such as 

fungi, bacteria and viruses. Together with the innate and the adaptive immune system, the 

intestinal microbes regulate and balance the immunity and homeostasis in the gut. 
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Interestingly, IBD-patients are usually prone to dysbiosis, which is the alteration of the gut 

microbiota. Several research groups have observed a reduced diversity of the microbiota in 

human patients suffering from IBD and also in mouse models. This is thought to render the host 

more susceptible to colonization by harmful and opportunistic pathogens (Qian, 2018). While 

the environmental factors are varied and range from genetic predisposition to repetitive use of 

antibiotics and mode of childbirth, TNF is thought to be responsible for the pathogenesis of 

intestinal inflammation in a large number of patients with Crohn’s Disease (CD) and ulcerative 

colitis (UC), which are the two primary forms of IBD (Papadakis and Targan, 2000; Sanchez-

Muñoz, Dominguez-Lopez and Yamamoto-Furusho, 2008). Clinically, both conditions share 

similar symptoms as IBD in general, however, they differ in the location and depth of 

inflammation. CD causes inflammation anywhere in the lining of the intestines, while UC is 

mainly characterised as inflammation of the colon (Baumgart and Sandborn, 2007). Patients 

suffering from these chronic inflammatory disorders have abnormally elevated TNF levels in 

the serum and stools (Murch et al., 1991; Braegger et al., 1992). 

During normal homeostatic conditions, TNF is constitutively expressed in the gut by immune 

cells, epithelial cells and Paneth cells, and it plays a critical role in maintaining gut equilibrium 

and intestinal integrity (Ruder, Atreya and Becker, 2019). The intestinal epithelial layer can 

renew itself every 4 to 5 days, thus highlighting the extensive turnover rate of gut epithelial 

cells. As a result, a tight and complex balance between cell death and cell proliferation is 

indispensable in maintaining epithelial barrier integrity in the gut (Ruder, Atreya and Becker, 

2019). Several studies have shown that TNF can disrupt the unity of the epithelial layer, thereby 

driving the development of IBD. Firstly, increased TNF levels can trigger not only apoptotic 

cell death which leads to shedding of the intestine epithelial barrier (Nenci et al., 2007), but 

also necroptotic cell death, which promotes inflammation (Günther et al., 2012). On the other 

hand, TNF can increase the permeability of the epithelial layer by modulating the epithelial 

tight junctions (Al-Sadi et al., 2013). Of note, animal models with altered barrier function of 

the intestinal epithelial layer, such as mice lacking NOD1 and NOD2, develop IBD-like 

inflammation of the gastrointestinal tract (Natividad et al., 2012). 

The critical role of TNF in the pathogenesis of IBD has ultimately been confirmed by the 

success of the use of anti-TNF therapy in patients suffering from this disease (Billmeier et al., 

2016), and the abrogation of experimentally induced colitis in TNF-deficient animal models 

(Neurath et al., 1997; Noti et al., 2010).  
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Figure 7 – Schematic representation of inflammatory bowel disease development. TNF can mediate the 
development of IBD by modulating epithelial tight junctions and promoting epithelial cell death, hence creating 
entry points for bacteria and other microorganisms present in the gut. The abnormal presence of microorganisms 
in the lamina propria triggers an inflammatory response which further recruits immune cells such as lymphocytes, 
monocytes and neutrophils, leading to inflammatory bowel diseases.  

 

iii. Inflammatory skin diseases 
 
 
Inflammatory skin diseases comprise multiple disorders, including psoriasis, atopic dermatitis, 

acne, rosacea, lichen planus and erythroderma. Their impact on humans ranges from mild 

itching to major health concerns. Unfortunately, due to the significant cosmetic and social 

concerns experienced by patients suffering from these disorders, multiple studies have observed 

higher suicide risks and psychiatric comorbidities amongst people presenting with severe 

dermatological problems (Picardi, Lega and Tarolla, 2013; Pompili et al., 2016). 

Psoriasis is a chronic inflammatory disorder defined as a state of sustained inflammation, 

leading to the hyperproliferation and dysfunctional differentiation of keratinocytes. Patients 

who have psoriasis show major scaling and flaking of the affected skin, due to epidermal 

hyperplasia (known as acanthosis). The hyperplastic epidermis is colonised by inflammatory 

cells, such as dermal dendritic cells, macrophages, T cells and neutrophils. Collectively, these 

cells contribute to generating the highly inflammatory milieu, further increasing the 

inflammation. 

In the 1990s, there have been conflicting results on the role of TNF in the aetiology and 

pathogenesis of psoriasis, notably with reports suggesting the absence of TNF detection in skin 

samples derived from psoriatic patients (Takematsu, Ohta and Tagami, 1989; Nickoloff et al., 
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1991), while another group could detect the cytokine using a different measuring approach 

(Gearing et al., 1990). These results suggested a lack of sensitivity in the methods used in the 

1990s rather than a lack of TNF production in psoriatic patients. Later on, another study 

resolved the conflict and unambiguously proved the presence of the bioactive form of TNF in 

psoriatic tissues (Ettehadi et al., 1994) 

It is thought that dendritic cells, which are professionalised antigen-presenting cells (APC), 

recognise antimicrobial peptides (AMPs) secreted by keratinocyte following tissue injury. 

Multiple studies have found substantial quantities of those AMPs in psoriatic skin (Morizane 

and Gallo, 2012). Some of these AMPs can form a complex with DNA and stimulate 

plasmacytoid dendritic cells via their Toll-Like Receptor 9 (TLR9) (Morizane et al., 2012). 

The activation of pDCs is a critical step in the pathogenesis of psoriasis, with the production of 

type I interferons (IFNs), IFNa and IFNb (Hänsel et al., 2011). Signalling through the IFN/IFN 

receptor pathway further promotes the activation and maturation of myeloid-derived dendritic 

cells (moDCs), which then migrate to the neighbouring skin-draining lymph nodes, where they 

secrete TNF and other pro-inflammatory cytokines (Nestle, Turka and Nickoloff, 1994). The 

inflammatory milieu, rich in TNF and other pro-inflammatory cytokines, such as IL-17 and 

IFNg, further activates keratinocyte proliferation, thereby leading to the epidermal hyperplasia 

characteristic of psoriatic skin (Rendon and Schäkel, 2019). 

Similar to many chronic inflammatory disorders, the aetiology of psoriasis is not entirely 

understood yet. However, it is supposed that disturbances in the innate and adaptive immune 

system following a trauma, infection, or drug usage are responsible for the initiation of psoriasis 

(Meglio, Villanova and Nestle, 2014). The initiation phase is then followed by the activation of 

the adaptive immune system, which is responsible for the maintenance phase of the skin 

inflammation.  

In the past few years, multiple genome-wide association studies (GWAS) and genome-wide 

linkage studies have identified and linked over 50 single-nucleotide polymorphisms (SNPs) and 

60 chromosomal loci to susceptibility for developing psoriasis (Tsoi et al., 2012; Elder, 2018). 

Anti-TNF therapies are widely used in the treatment of psoriasis, thus confirming the 

importance of this cytokine in the development and maintenance of this inflammatory skin 

condition. Moreover, anti-TNF agents are used as standard in psoriasis clinical research, to 

evaluate drug efficacy (Rendon and Schäkel, 2019). Of note, multiple pro-inflammatory 

cytokines can be targeted in the treatment of psoriasis, including with the use of IL-17 inhibitors 

(Canavan et al., 2016). 
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2. Cardiovascular diseases and dysfunctions 
 

As mentioned earlier, TNF has a crucial role in controlling endothelial permeability and 

constriction. While an increased permeability is necessary to mount an inflammatory response 

and is beneficial for the organism, it can also lead to the formation of atherosclerotic plaques, 

responsible for atherosclerosis. The formation of the atherosclerotic plaques is due to an 

accumulation of blood lipids and inflammatory cells, which can also be promoted by TNF. 

Indeed, several studies have found that TNF contributes to the regulation of lipid and glucose 

metabolism, suggesting that TNF is involved in the formation of blood lipids (Popa et al., 2007; 

Zhang et al., 2009). Firstly, TNF can have a lipolytic effect, which leads to the release of 

triglycerides. Moreover, TNF can attenuate insulin receptor signalling, which counteracts the 

anti-lipolytic effect of the hormone. TNF can also significantly enhance the synthesis of hepatic 

triglycerides by increasing the amount of bioavailable citrate, an allosteric activator of acetyl-

CoA carboxylase, which leads to the synthesis of fatty acids (Grunfeld et al., 1988). Finally, 

TNF can increase the concentration of triglyceride-rich very low-density lipoprotein (VLDL), 

as well as alter their composition. Once modified, these VLDL particle may interact with the 

LDL receptor on macrophages, thereby promoting the formation of foam cells. Moreover, TNF 

can also induce vascular fibrosis and smooth muscle cell proliferation through the secretion of 

VCAM-1 and MCP-1, resulting in arterial stiffness and hypertension (Mahmud and Feely, 

2005).  
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Figure 8 – TNF-mediated dysfunction of the cardiovascular system, illustrated with the development of 
atherosclerosis. TNF stimulates the metabolism and transformation of triglycerides in the liver, thereby promoting 
hypertriglyceridemia and hypercholesterolemia. These transformed triglycerides can interact and activate 
macrophages in the intimal layer, leading to foam cell formation and further production of TNF. TNF can also 
induce the expression of adhesion molecules, such as VCAM-1 and MCP-1, which recruits more immune cells 
and leads to more foam cell formation, vessel stiffness and smooth muscle cell migration and proliferation. The 
mixture of cellular debris and cholesterol crystals forms a necrotic core and promotes obstruction of the blood 
vessel, which can ultimately lead to thrombosis. Adapted from (Herrero-Fernandez et al., 2019). 

 

3. Carcinogenesis and cancer 
 

The role of inflammation in the onset of cancer has been known for centuries. In the early 19th 

century, French physician Francois-Joseph-Victor Broussais was the first to state that 

inflammation can be a direct cause of cancer (Broussais, 1824). It is estimated that chronic 

inflammation is responsible for approximately 25% of all cancers (Hussain, Hofseth and Harris, 

2003). As mentioned before, the inflammatory response promotes the production of 

inflammatory mediators, such as ROS and RNS. Due to their nature, these ROS can induce 

oxidative DNA damage and reduce DNA repair, which is one of the hallmarks of cancer 

(Grivennikov, Greten and Karin, 2010; Hanahan and Weinberg, 2011). Free radicals (both ROS 

and RNS) secreted by the neutrophils and macrophages during an acute inflammatory response 

can induce genetic damage thereby driving neoplastic transformation (Nicolás-Ávila, Adrover 
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and Hidalgo, 2017). Also, there is evidence that additional inflammatory cells can use TNF to 

stimulate ROS accumulation in the inflammatory microenvironment of nascent tumours, which 

can lead to an increased mutagenesis rate (Hussain, Hofseth and Harris, 2003). Moreover, free 

radicals have been reported to promote the transcription of proto-oncogenes, such as c-Myc 

(Cerutti et al., 1992). Inflammation can also induce angiogenesis, which allows blood supply 

to the newly formed tumour or dormant tumour (Hanahan and Weinberg, 2011). Moreover, 

tumour formation can induce inflammation, with the recruitment of tumour-associated 

macrophages that express various survival and self-renewal factors. Collectively, these 

processes can create a paracrine loop that feeds back to the tumour cells (Schoppmann et al., 

2002).  

 

4. Anti-TNF biologics 
 

As mentioned earlier, anti-TNF biologics are broadly used in the treatment of inflammatory 

diseases, in particular RA, IBD and psoriasis. While the use of recombinant TNF as therapeutic 

has been abolished rapidly after clinical trials due to its broad toxicity, the use of TNF blocking 

agents has always been promising.  

Anti-TNF biologics, commonly called TNF inhibitors, have been developed and are available 

for use since the 1990s. There are many different kinds of TNF inhibitors, ranging from 

monoclonal anti-TNF antibody, such as the Infliximab, to recombinant TNF receptor fusion 

proteins like etanercept, not to mention the Adalimumab which has been the best-selling drug 

worldwide for many years. In the case of RA, anti-TNF agents are mainly used in order to stop 

joint destruction, which has been observed in more than 50% of the patients treated during 

clinical trials (Feldmann, 2002). 

Infliximab, sold under the name Remicade, is a humanised anti-TNF monoclonal antibody 

formed by human constant IgG1 regions and murine immunoglobulin heavy and light chain 

variable regions, with specificity for human TNF. The use of Remicade targets soluble and 

membrane-bound TNF, which prevents it from binding to its receptors (Siegel et al., 1995). 

Etanercept was developed and approved in 1998 and is currently sold under the trade name 

Enbrel. It comprises the extracellular region of human TNF-R2, fused to a human IgG1 constant 

region. Using TNF-R2 extracellular domain as the capturing region, etanercept can target and 

neutralise not only soluble and membrane-bound TNF, but it can also bind LTa (Weinblatt et 

al., 1999). 
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Adalimumab, sold as Humira, was developed and trialled back in 2002 and is very similar to 

the monoclonal antibody Infliximab. The only difference between the two drugs is the use of 

variable regions specific to TNF of human origin rather than murine origin. The advantage of 

using human-derived Ig variable regions is to limit the production of anti-mouse Ig antibodies 

by the patient, thus minimizing any potential side effect (den Broeder et al., 2002; Baert et al., 

2003). However, the development of anti-drug antibody was also observed following treatment 

with Humira (Van Schouwenburg et al., 2013). Despite the broad and very successful use of 

TNF blocking agents, there are substantial downsides of anti-TNF therapies. Due to the potent 

immunomodulatory effects of TNF, the use of anti-TNF agents can lead to immunosuppression 

in treated individuals, which can be exacerbated by the application of additional drugs. Indeed, 

several studies have observed that TNF blockade can reactivate persistent infection such as 

tuberculosis, and can lead to opportunistic infections (Botha and Ryffel, 2003; Kim and 

Solomon, 2010). Moreover, anti-TNF therapy is now widely known to induce autoimmunity in 

some patients autoimmunity that is characterised by the presence of autoantibodies (Ramos-

Casals et al., 2010). 

 

 
Despite decades of work on Tnf, from its roles to modes of action and regulation, many aspects 

of TNF biology remain to be understood. The mechanisms and elements involved in Tnf post-

transcriptional regulation, particularly through its 3’UTR, remain largely unknown or were 

solely characterised in vitro.  

The following work will focus on characterising the entire 3’UTR of Tnf with the aim to 

discover new cis-elements that are important for Tnf post-transcriptional regulation, and, most 

importantly, will be characterised in vivo using mouse models. This work will also try and 

unravel new aspects of Tnf post-transcriptional regulation by RNA-binding proteins (RBP), 

particularly the function of the novel RBP ZC3H12C and its role in TNF-mediated 

inflammation in vivo.  
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Chapter 2 – Materials and Methods 
I. Ethics 

All mouse experiments were approved by The Walter and Eliza Institute Animal Ethics 

Committee, and were conducted according to the Australian Code for the care and use of 

animals for scientific purpose.  

II. Generation of TNFdel4, TNFdel4del5, TNFdel5, Zc3h12cGFP CRISPR mice 

All the strains were generated by the MAGEC laboratory (WEHI) using previously published 

protocols (Kueh et al., 2017). 

III. Genotyping 

All the mice used throughout this thesis were genotyped using ear or tail biopsies. Genomic 

DNA was obtained by DirectPCR lysis reagent (Viagen) and proteinase K digestion 

(SigmaAldrich) with incubation for at least 2 h at 56°C with agitation, and inactivation at 85°C 

for 45 min. PCR products were separated by electrophoresis on a 2% agarose gels with ethidium 

bromide (SigmaAldrich). Genotyping was carried out by the author, or other members of the 

Bouillet laboratory.  

 

Target Direction Sequence (5’ - 3’) Product (bp) 

Zc3h12cGFP 
WT allele 

For 
Rev 

CCTACTCCATGTGTCAGGCT 
CATGATCAGAACTCGTGCTT 

642 

Zc3h12cGFP 
GFP insertion 

For 
Rev 

ACGAGAAGCGCGATCACATG 
CATGATCAGAACTCGTGCTT 

271 

TNFR2  
WT allele 

For 
Rev 

CCTCTCATGCTGTCCCGGAAT 
AGCTCCAGGCACAAGGGCGGG 

200 

TNFR2 
KO allele 

For 
Rev 

CGGTTCTTTTTGTCAAGAC 
ATCCTCGCCGTCGGGCATGC 

400 

TNFR1 
WT allele 

For 
Rev 

GGATTGTCACGGTGCCGTTGAAG 
TGACAAGGACACGGTGTGTGGC 

113 

TNFR1 
KO allele 

For 
Rev 

TGCTGATGGGGATACATCCATC 
CCGGTGGATGTGGAATGTGTG 

170 

TNF 
WT allele 

For 
Rev 

CCATGCGTCCAGCTGACTAAAC 
GGTGCCCTCTGTGCTTGATCT 

213 

TNF 
KO allele 

For 
Rev 

CCATGCGTCCAGCTGACTAAAC 
CGAGAAAGTATCCATCATGGCT 

657 
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IV. Tnf 3’UTR reporter assays 

GFP reporter constructs engineered as in (Lacey et al., 2015) contained an SV40 early promoter 

driving the expression of eGFP. Murine Tnf 3’UTR (WT, BPSM1 mutant-derived, or 

containing deletions of regions 1-6 as indicated) were inserted between the Xba1 and BamH1 

sites. HEK293 cells were transiently transfected using Fugene 6 (Promega) with GFP-Tnf 

3’UTR reporter constructs and a pGL3- mCherry control construct and analysed 3 days later 

using flow cytometry on an LSR IIW (BD Biosciences). GFP Mean fluorescence intensity was 

calculated on live mCherry-positive cells and compared to empty vector control transduced 

cells.  

V. Cloning of Zc3h12c constructs 

Sequences coding for wild-type ZC3H12C were obtained from Dr Marco Herold and inserted 

between the AsiS1 and Mlu1 sites of a pCMV6 backbone plasmid. Site-directed mutagenesis 

was performed using primers containing the appropriate point mutations. PCR products were 

ligated back into the backbone plasmid using the T4 ligase (NEB) overnight at 17°C. Ligated 

plasmid was purified using phenol/chloroform. Purified DNA was electroporated into Top10 

electrocompetent bacteria that were grown on agar-agar plates with the appropriate antibiotic 

for selection. A certain number of bacterial clones were selected, and the correct ligation was 

confirmed using a PCR approach. Positive clones were further expanded and purified with a 

DNA Mini Preparation Kit (ThermoFisher Scientific). Sanger sequencing verified the integrity 

of the cloned coding sequences and appropriate mutagenesis. Larger amounts of DNA were 

produced using the Maxi Preparation Kit (ThermoFisher Scientific) according to the 

manufacturer’s instructions. 

VI. Generation of primary cells 

For all bone marrow cell culture, erythrocytes were lysed in Red Blood Cell Removal Buffer 

(1 mL for 1 min) and carefully rinsed in sterile PBS, prior to counting.  

Bone-marrow derived dendritic cells (BMDC): 

BMDC were generated from the femur and tibiae of mice and cultured for at least 7 days in 

RPMI medium supplemented with 10% heat-inactivated FCS, 50 µM b-mercaptoethanol 

TNFdel4del5 
TNFdel5 

For 
Rev 

TACCTTCAGACCTTTCCAGAT 
AAGAGATGGATGCAGACTTCAT 

WT 465; del4del5 
230; del5 394 

TNFdel4 
 

For 
Rev 

TACCTTCAGACCTTTCCAGAT 
ATGTCTGTCTGAAGACAGCTT 

WT 197; del4 126 

Table 1 – Genotyping primers 
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(SigmaAldrich), 1X GlutaMAX (Gibco), 100ng/mL Flt3-L (BioXcell) and pen/strep at 37°C, 

10% CO2 at 1,5 x 106 cells/mL. The day prior to treatment, cells were detached using Trypsin-

EDTA (SigmaAldrich) and re-plated as needed for the assay. 

Monocyte-derived dendritic cells (moDC): 

MoDC were generated from the femora and tibiae of mice and cultured for 7 days in DMEM 

medium supplemented with 10% heat-inactivated FCS, 5ng/mL murine IL-4 (Preprotech) and 

20ng/mL murine GM-CSF (Preprotech) and pen/strep at 37°C 10% CO2, at a density of 0,5 x 

106 cells/mL. The day prior to treatment, cells were detached using 5mM EDTA/PBS and re-

plated as needed for the assay. 

Bone-marrow derived macrophages (BMDM):  

BMDM were generated from the femora and tibiae of mice and culture for 7 days in DMEM 

supplemented with 10% heat-inactivated FCS, 20% L929-conditioned medium and pen/strep 

at 37°C 10% CO2. The day prior to treatment, cells were detached using 5mM EDTA/PBS and 

re-plated as needed for the assay. 

VII. Preparation of tissues for FACS analysis 

Mice were sacrificed, their entire torso shaved, the residual fur removed with Nair hair cream. 

The subcutaneous fat was removed by gently scraping with a scalpel blade. Skin samples were 

then finely diced using scissors, and transferred into a 50 mL Falcon tube with 2,5mL of 

LiberaseTM TM (Roche) (0.1 mg/mL) + DNase I (SigmaAldrich) (0.3 mg/mL) in RPMI 

medium. Samples were incubated at 37°C with agitation for a minimum of 90 min. After 

incubation, enzymes were inactivated using FACS buffer (0,1%BSA/5mM EDTA/PBS), and 

suspensions were filtered through a 40 µm cell strainer. Cells were spun down and resuspended 

in FACS buffer for further staining.  

Lymph nodes and spleens were finely cut using scissors, and transferred into a tube with 1 mL 

or 2 mL of digestion mix made of collagenase IV (Gibco) and DNase I (0.3 mg/mL) in HBSS 

(Gibco) (supplemented with 3 mM CaCl2). Samples were incubated at 37°C for 30 min, under 

agitation. After incubation, enzymes were inactivated using FACS buffer, and filtered through 

a 70 µm or 40 µm cell strainer (lymph node and spleen, respectively). Cells were then spun 

down and resuspended in 500 µL (lymph nodes) or 8 mL (whole spleen) of FACS buffer. For 

skin samples only, cells were incubated with Fc block (anti-CD16/CD32 monoclonal antibody 

WEHI) for 30 min, prior to staining. Cells were then stained with VD506 viability dye 

(ThermoFisher Scientific) for 10 min at 4°C in the dark, spun down and rinsed off. Next, cells 

were stained using the appropriate antibody staining mix in FACS buffer in a V-bottom 96-well 
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plate, for 30 min at 4°C in the dark. For intracellular staining, cells were first fixed for 20 min 

at 4°C in the dark (Cytofix/Cytoperm BD (BD Biosciences) or eBioscienceTM 

FoxP3/Transcription factor fixation buffer (eBioscience), washed, and then stained with the 

appropriate antibodies in Perm/Wash buffer or FoxP3/Transcription factor staining buffer. 

For analysis of intracellular TNF and IFNg, cells were stimulated with the indicated stimulant 

plus 1X Brefeldin A (BD Bioscience) for 4 h, and then processed as described above.  

 Cells were analysed using a Fortessa X1, X20 or Symphony analyser, and data were analysed 

and calculated with FlowJo software (version 10). 
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Antigen Clone Species Manufacturer 

CD45 30-F11 Rat  BioLegend 

CD19 1D3/CD19 Rat BioLegend 

CD3 17A2 Rat BioLegend 

MHCII (IA/IE) M5/114.15.2 Rat ThermoFisher Scientific 

CD11c N418 Armenian Hamster BioLegend 

CD11b M1/70 Rat BioLegend 

XCR1 ZET Mouse BioLegend 

EpCAM G8.8 Rat BioLegend 

F4/80 BM8 Rat WEHI WAF 

SiglecH 551 Rat BioLegend 

SiglecF S17007L Rat BioLegend 

FceR1a MAR-1 Armenian Hamster BioLegend 

c-kit 2B8 Rat BioLegend 

NK1.1 PK136 Mouse BioLegend 

Ly6C HK1.4 Rat BioLegend 

Ly6G 1A8-Ly6g Rat BioLegend 

CD16/CD32 24G2 Rat WEHI 

B220 RA3-6B2 Rat Invitrogen 

CD206 MR6F3 Rat Invitrogen 

CD64 X54-5/7.1.1 Rat BD Pharmigen 

IFNg XMG1.2 Rat BioLegend 

TNF D2D4 Rabbit CST 

GL7 GL-7 Rat Invitrogen 

CD207 eBioL31 Rat Invitrogen 

CD4 GK1.5 Rat BioLegend 

CD8 53-6.7 Rat BioLegend 

TCRab H57-597 Armenian Hamster BioLegend 

TCRgd GL3 Rat BioLegend 

IgM RMM-1 Rat WEHI WAF 

IgD 11-26c_2a Rat BioLegend 

CD103 2E7 Hamster BioLegend 

Streptavidin N/A N/A BioLegend 

FoxP3 FJK-16s Rat ThermoFisher Scientific 
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Ly5.1 A20 Rat WEHI WAF 

Ly5.2 104 Rat WEHI WAF 

CD21 7E9 Rat BioLegend 

Anti-rabbit Ab150077 Goat Abcam 

CD25 PC61 Rat BioLegend 

Table 2 – Antibodies for flow cytometric analysis 

VIII. Histology and immunostaining 

For routine histology, tissues were fixed in 10% formalin for 24 h and then transferred into 70% 

ethanol before paraffin embedding and sectioning. The histology department at WEHI 

performed the embedding and sectioning of all routine histology. Superfrost slides (Thermo) 

were used for H&E staining and routine histology.  

For immunostaining and frozen section histology, tissues were fixed in 4% paraformaldehyde 

for 24 h, and cryoprotected in 30%sucrose/ddH2O until sank. Tissues were then embedded in 

OCT and frozen using a Prestochill (Milestone Medical), and were then store at -80°C until 

used. 

8um sections were cut using a Cryostat Microtome HM550 (ThermoScientific) and adhered on 

Superfrost Plus (Thermo) slides. Slides were dried at room temperature for at least 30 minutes, 

and then stored at -20°C until used.  

Slides were rinsed with TBS+0,5% Tween20, and contour were drawn using a hydrophobic pen 

(Dako). Slides were blocked using goat normal serum or FCS (5% in TBS+0.3% Triton X-100) 

for 30 min. Slides were incubated overnight at 4°C with the appropriate primary antibodies, 

washed 3 times for 5 min each and incubated with streptavidin conjugated to A594 for 1 h at 

room temperature. After 3 washing steps, slides were mounted using Fluoroshield mounting 

medium (Sigma) and imaged using a 780 or 880 Zeiss confocal microscope, and data were 

analysed using ImageJ software. 

 

For cleaved-caspase 3 immunohistochemistry (IHC), unstained sections were dewaxed in 

xylene and subjected to antigen retrieval at low pH with boiling citrate buffer (97°C) for 30 

min. Sections were then blocked for endogenous biotin and peroxidase, incubated with anti-

CC3 antibody (9661, Cell Signaling Technology) for 1 h at room temperature followed by 

biotinylated goat anti-rabbit secondary antibodies (BA-100, Vector Laboratories) for 30 

minutes at room temperature. Finally, sections were stained using the HRP-Avidin-Biotinylated 

Complex (PK-6100, Vector Laboratories), developed with DAB peroxidase substrate (SK-

4100, Vector Laboratories) and counterstained with haematoxylin. 
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For Oil Red O staining, tail skin was removed using blade and forceps, cut in equal pieces and 

incubated in PBS/5 mM EDTA overnight at 37°C. Epidermal sheets were carefully separated 

from the dermis using forceps, fixed in 4% PFA for 20 minutes at room temperature, washed 

twice in PBS (5 min each), then washed in 60% isopropanol for 5 min. Samples were stained 

in Oil-red-O solution (0.5% Oil red O (SigmaAldrich) in isopropanol, then diluted 3:2 with 

H2O, and filtered) for 1hr at room temperature. Samples were gently washed twice in 60% 

isopropanol, then rinsed in PBS before mounting using a gelatine-based mounting medium. 

 

For Sirius Red staining, fixed sections were stained for 10 minutes in Weigert’s haematoxylin, 

washed in running water for 10 min, and stained in Picro-sirius red for 1 h. After staining, slides 

were washed twice in acidified water, excess water removed, and mounted in resinous medium 

after xylene clearing.  

 

All slides were scanned on a 3DHISTECH Panoramic Scan II scanner and analysed with Case 

Viewer 2.2.1 for Mac 

 

Antigen Clone Species Manufacturer 

CD169 3D6.112 Rat BioLegend 

Streptavidin N/A N/A BioLegend 

CD11b M1/70 Rat BioLegend 

CC3 5A1E Rabbit CST 

B220 RA3-6B2 Rat Invitrogen 

CD3 17A2 Rat BioLegend 

F4/80 BM8 Rat WEHI WAF 

Table 3 – Antibodies and other reagents used for immunostainings 

IX. Tissue clearing and light-sheet microscopy 

E15.5 embryo paws were cleared using passive clarity (PACT). In brief, embryos were 

harvested and fixed overnight in 4% paraformaldehyde in PBS, pH 7.4. The paws were resected 

and immersed in PACT monomer solution containing 4% acrylamide (Biorad) and 

Polymerization Thermal Initiator VA044 (0.25% w/v final concentration; Wako) in PBS 

overnight at 4°C. The gel was set for 3hrs at 37°C, and the tissue was moved into borate-

buffered clearing solution (8% (wt/vol) SDS and 50mM sodium sulphite in 0.2M boric acid 

buffer, pH 8.5). Once cleared, the tissue was washed by repeatedly diluting the clearing solution 

(1:1) with borate-buffered wash solution (1% TritonX-100 SDS and 50 mM sodium sulphite in 
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0.2 M boric acid buffer, pH 8.5) to remove the SDS gradually. The paws were mounted in 1% 

low melting point agarose and immersed in EasyIndex solution (LifeCanvas) for refractive 

index matching. 

The tissue was imaged using a Zeiss Z.1 light-sheet microscope equipped with a 5x/0.16 

detection objective. Blood vessels were detected using haemoglobin autofluorescence excited 

with the 405 nm laser line and detected using a 500-545 nm GFP bandpass filter (24). Multiview 

data sets were acquired at 120-degree angles and fused using the Multiview Reconstruction 

plugin in FIJI (25). 3D reconstruction was performed in Imaris (Bitplane). 

X. Bone marrow transplantation experiments  

Wildtype C57BL/6-Ly5.1 or Zc3h12c-GFPKI/KI Ly5.2 recipients were lethally irradiated (2x 

550 rad, 3 h apart) and injected with 1-2 x 106 BM cells extracted from the appropriate donor 

mice.  

XI. Preparation of whole skin samples for ELISA 

Whole skin samples were lysed in death induced signalling complex (DISC) lysis buffer by 

placing a piece of skin ~ 100 µg in 250 µl of ice-cold DISC buffer in a 2 ml Eppendorf tube 

(DISC lysis buffer comprised: 20 mM Tris pH 7.5, 2 mM ethylene-diamine-tetra-acetic acid 

(EDTA), 1% Triton X-100, 150 mM sodium chloride, 10% glycerol, complete cocktail protease 

inhibitor (Roche) in H2O). Samples were finely diced using scissors, and bead beat at 28 Hertz 

for 3 x 1 min using a TissueLyser (Qiagen; Venlo, Limburg, Netherlands). The samples were 

then lysed on ice for 60 min, spun at 13,000 rpm for 15 min, and the supernatants were collected 

for protein analysis (ELISA). All protein lysates were quantified using a bicinchoninic acid 

(BCA) protein quantification kit (Thermo Fisher Scientific). Supernatants were diluted 1/10 for 

the assay to be in the working range of the BCA kit. TNF, IFNg and IL-6 ELISAs were 

performed using eBioscienceTM kits (Thermo Fisher Scientific), and the IL-1b ELISA was 

performed using the R&D Systems kit, following the manufacturer’s recommendations. Data 

presented are calculated as pg or ng of cytokine/mg of total protein. 
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XII. RT-PCR 

a. RNA extraction 

Whole skin samples were homogenised in Trizol (Qiagen; Venlo, Limburg, Netherlands) in 

2mL Eppendorf tubes and bead beat at 28 Hertz for 3 x 1 min using a TissueLyser (Qiagen; 

Venlo, Limburg, Netherlands). After homogenization, RNA extraction was performed 

according to the manufacturer’s recommendations.  

b. cDNA synthesis and RT-PCR 

The concentration of total RNA in a solution was measured using a NanoDrop. 2 µg of total 

RNA was used as template for cDNA synthesis using oligo(dT) with the Tetro cDNA synthesis 

kit (Bioline, Meridian Bioscience) according to the manufacturer’s protocol. Freshly 

synthesised cDNA was diluted 1/3 and 1 µL of the diluted cDNA was used for RT-PCR, using 

the SensiFAST SYBR Hi-ROX Kit (Bioline, Meridian Bioscience) and run on a QuantStudio 

12K. Differential gene expression was calculated using the DCt method.  

 

Target gene Direction  Sequence (5’ - 3’) 

Cxcr4 
 

For 
Rev 

TGAGGCGTTTGGTGCTCC 
ATGAAGTAGATGGTGGGCAGG 

Ccr7 
 

For 
Rev 

TACAGCCTGGCCTCCGTCC 
AGACCAGTGCCGGAGCC  

Cxcl12 
 

For 
Rev 

ATCGCCAGAGCCAACGTCAAGC 
TGCCCTTGCATCTCCCACG 

Il22 
 

For 
Rev 

ATGAGTTTTTCCCTTATGGGGAC 
GCTGGAAGTTGGACACCTCAA 

Il23a 
 

For 
Rev 

ATGCTGGATTGCAGAGCAGTA 
ACGGGGCACATTATTTTTAGTCT 

Ll-37 
 

For 
Rev 

GCTGTGGCGGTCACTATCAC 
TGTCTAGGGACTGCTGGTTGA 

S100a8 
 

For 
Rev 

CCTTTGTCAGCTCCGTCTTC 
CAAGGCCTTCTCCAGTTCAG 

S100a9 
 

For 
Rev 

AGCCTTGAGCAAGAAGATGG 
TTGATGGAAGGTGTCGATGA 

Hprt 
 

For 
Rev 

AGCAGTACAGCCCCAAAATG 
ATCCAACAAAGTCTGGCCTGT 

Zc3h12c 
 

For 
Rev 

GAACAGTCCCGCCCTGAC 
CATCATAGCACACCACTCGC 

Table 4 – RT-PCR primers 
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XIII. SMAC mimetic (SM) injection mouse model 

SMAC mimetic (CompA, TetraLogic Pharmaceuticals) was prepared at 1 mg/ml in filter-

sterilised 12% captisol (Cydex Pharmaceuticals, KS, USA) pH 4. To ensure the drug was fully 

dissolved, the solution was sonicated in a water bath for 20 minutes. If at that point the pH was 

below 5.5 it was adjusted upwards with NaOH.  

Cohorts of 5 males were used for each experiment. Mice were injected subcutaneously into 

either the inguinal or flank region with 100 µl of 1mg/ml SM.  

At the experimental endpoints, mice were sacrificed, and shaved on the affected area using a 

hair clipper and Nair hair removal cream. After 2 minutes, the hair removal cream was 

thoroughly rinsed off using cold water. The lesions were photographed and scored using the Dr 

Holly Anderton’s scoring system as previously described in her doctoral thesis (Anderton, 

2018).  

Treated and untreated skin samples were cut into 3 equal pieces for flow cytometric analysis, 

histological analysis and protein extraction for ELISA. Samples for flow cytometric analysis 

were collected in PBS and processed as described in the section above. Samples for histological 

analysis were carefully laid into a histology cassette between 2 layers of mesh and fixed in 10% 

formalin and processed as described above. Samples for protein extraction were snap-frozen 

and stored at -80°C until use.  

XIV. Imiquimod psoriasis model 

Cohorts of at least four mice were shaved one day prior to the treatment, under isoflurane 

inhalant anaesthetic. 62.5 mg of Aldara cream (3M), was applied onto the shaved skin, at the 

same time for 5 to 6 consecutive days, using a sterile cotton tip. Mice were collected 24 hours 

after the last topical application. Once euthanised, a patch of untreated skin was shaved, and 

both treated and untreated skin were depilated using Nair or Veet hair removal cream. After 2 

minutes, the hair removal cream was thoroughly rinsed off using cold water.  

Treated and untreated skin samples were cut into four sections, for flow cytometric, RNA, 

protein and histology analysis. 
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Figure 9 – Schematic representation of the skin sampling. 

 

XV. LCMV injection 

mice used in these infection experiments were 6-12 weeks old. Mice were infected with 2 x 106 

pfu LCMV Docile (chronic) by intravenous injection into the tail vein. LCMV was propagated 

in L929 cells. Viral titres were determined by a focus forming assays using MC57 fibroblast 

cells (Battegay et al., 1991). 

XVI. RNA-sequencing 

Splenic dendritic cells were enriched using anti-CD11c antibody conjugated selection beads 

(MagniSort, Invitrogen, ThermoFisher Scientific) according to the manufacturer’s protocol, 

stained with anti-CD11c, anti-CD19, anti-NK1.1, anti-XCR1, anti-CD11b, anti-MHCII and 3-

ways sorted using a sorter ARIA (BD Bioscience) as cDC1 (CD11c+, NK1.1-, CD19-, CD11b-

, MHCII+, XCR1+), cDC2 (CD11c+, NK1.1-, CD19-, CD11b+, MHCII+, XCR1-) and pDC 

(CD11c+, SiglecH+, MHCII+, CD11blow, CD19-). RNA was extracted using the Genelute total 

RNA extraction kit (SigmaAldrich) and included the optional on-column DNAse digestion step. 

“TruSeq RNA less than 100ng” (Illumina) was used for mRNA isolation, cDNA synthesis and 

library preparation. An input of 100ng of total RNA were prepared and indexed separately for 

illumina sequencing using the TruSeq RNA sample Prep Kit (illumina) as per manufacturer’s 

instruction.  Each library was quantified using the Agilent Tapestation and the Qubit™ DNA 

BR assay kit for Qubit 3.0® Fluorometer (Life technologies).  The indexed libraries were 
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pooled and diluted to 1.5pM for paired end sequencing (2x 81 cycles) on a NextSeq 500 

instrument using the v2 150 cycle High Output kit (illumina) as per manufacturer’s instructions. 

The base calling and quality scoring were determined using Real-Time Analysis on board 

software v2.4.6, while the FASTQ file generation and de-multiplexing utilised bcl2fastq 

conversion software v2.15.0.4. 

 

Sequencing reads were aligned to the Mus musculus genome, GRCmm38/mm10, using 

Rsubread package version 1.34.4 (Liao, Smyth and Shi, 2019). On average, 96.19% of reads 

mapped to the reference genome for the cDC1 samples, 96.0% for the cDC2 samples, and 

95.97% for the pDC samples. Mapped reads were summarized into gene-level counts using 

featureCounts (Liao, Smyth and Shi, 2014) and NCBI RefSeq annotation. The cDC1, cDC2 

and pDC samples were subsequently processed and analysed separately. Differential expression 

analyses were carried out using the limma package version 3.44.3(Ritchie et al., 2015). 

Ribosomal RNA, non-protein coding immunoglobulin genes, predicted genes, predicted 

pseudogenes and those with obsolete Entrez IDs were excluded to reduce noise. Lowly 

expressed genes were also filtered out using the filterByExpr function with default settings 

(minimum count of 10) in edgeR (Robinson, McCarthy and Smyth, 2009), leaving 12,353 

genes, 12,367 genes and 12,178 genes for downstream analysis for the cDC1, cDC2 and pDC 

datasets respectively. Compositional differences between the libraries were normalized using 

the trimmed mean of M-values (TMM) method (Robinson and Oshlack, 2010). 

Read counts were converted to log2 counts per million (CPM) and differential expression 

between WT and KO was assessed using linear models and robust empirical Bayes moderated 

t-statistics with a trended prior variance (Law et al., 2014; Phipson et al., 2016).  The linear 

models incorporated sample quality weights for each of the three datasets using the limma’s 

arrayWeights function (Ritchie et al., 2006), as well as a batch effect correction for mice 

collection day for the cDC2 and pDC samples. False discovery rate was controlled below 5% 

using the Benjamini and Hochberg method. Heatmaps were generated using coolmap in limma. 

Pathway analyses were performed on differentially expressed genes of the cDC2 and pDC data 

to test for overrepresentation of biological pathways defined by Gene Ontology (Ashburner et 

al., 2000; Carbon et al., 2017) and KEGG pathways (Kanehisa and Goto, 2000; Kanehisa et 

al., 2016, 2017) using limma’s goana and kegga functions respectively.  
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XVII. Statistical analysis 

Data throughout the thesis were analysed using GraphPad Prism 8. Data are presented as mean 

± SEM. One-tailed student’s t-tests, one-way ANOVA, or two-way ANOVA, as indicated in 

the figure legends, were conducted to calculate all other significance values. A p-value of > 

0.05 was considered not significant (ns); * indicates p ≤0.05; ** for p ≤ 0.01; *** for p ≤ 0.001 

and **** for p <0.0001. When irrelevant, no p-value was indicated or calculated.   
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Chapter 3 – Dysregulated post-

transcriptional regulation of Tnf 

can be a source of inflammatory 

diseases 
 

 Preface 
 
Over the decades of investigation on TNF, researchers have established a link between aberrant 

TNF production and inflammatory conditions. Mouse strains producing lower levels of TNF 

are more susceptible to Lupus-like autoimmune diseases (Jacob, Lee and Strassmann, 1996) 

while transgenic mice overexpressing TNF develop autoinflammatory diseases (Keffer et al., 

1991; Kontoyiannis et al., 1999; Lacey et al., 2015). 

 

As mentioned in the introduction, the MHC region, which contains the Tnf gene, has well-

characterised haplotypes. In 1996, Strassmann and colleagues observed that macrophages 

derived from different mouse strains with the same H-2 haplotype produced comparable 

amounts of TNF upon treatment with IFNg plus LPS. Previous studies had identified a 

correlation between different levels of TNF production and a polymorphism found in the Tnf 

promoter region (Muller et al., 1987; Jacob and Hwang, 1992). The authors used a luciferase 

reporter assay to compare the effect of the different Tnf 3’UTRs and 5’UTRs found in different 

mouse strains. Their results suggested that interactions between the 5’UTR and 3’UTR were 

responsible for the regulation of the Tnf gene and, in particular, specific polymorphisms in the 

3’UTR of the NZW strain were responsible for the lower TNF biosynthesis observed in these 

mice, when compared to other mouse strains. When crossed with the NZB strain, the resulting 

NZB x NZW hybrid mice developed a severe autoimmune disease resembling systemic lupus 

erythematosus (SLE) (Andrews et al., 1978; Kono et al., 1994), which could be significantly 

delayed by recombinant TNF therapy (Jacob and McDevitt, 1988).  
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With growing evidence of the critical role of the 3’UTR in gene regulation, two types of TNF 

transgenic mice were later developed, and became the first genetic models of TNF-dependent 

inflammation. The first transgenic mouse strains were designed to carry the complete human 

Tnf gene, including the 5’ and 3’ flanking sequences (Keffer et al., 1991). Three different strains 

called Tg394, Tg1278 and Tg1281 were obtained, all three strains carrying multiple copies of 

the Tnf transgene. The second transgenic model was developed to study the post-transcriptional 

regulation of Tnf (Keffer et al., 1991). In this transgene, the Tnf gene 3’UTR was replaced by 

that of the human HBB gene. Since the b-GLOBIN (encoded by HBB) is a highly abundantly 

expressed protein with a highly stable mRNA, the authors speculated that its 3’UTR would 

have a very low destabilizing effect. Four TNF-globin mouse strains expressing higher levels 

of TNF were described (Tg197, Tg1480, Tg1486, and Tg1577) and each strain developed 

inflammatory arthritis characteristic of rheumatoid arthritis (RA) (Keffer et al., 1991). As 

predicted, in vivo administration of monoclonal antibodies against TNF was sufficient to 

suppress the onset of the disease. These observations confirmed the critical role of the 3’UTR 

in lowering Tnf expression in vivo.  

In the following years, and after addressing the role of the ARE motif present in the 3’UTR of 

the Tnf gene, the same group engineered the TNFDARE mice, in which the ARE was deleted 

from the Tnf 3’UTR (Kontoyiannis et al., 1999). 

TNFDARE mice exhibited severe growth delay and developed inflammatory arthritis, IBD 

resembling human Crohn’s disease, and had a reduced lifespan. Interestingly, crossing the 

TNFDARE mice to Rag1-/- mice, which lack lymphocytes, did not rescue the phenotype. 

Therefore, the authors suggested that the TNF produced by the synoviocytes drove joint 

destruction on its own without the need of lymphocyte-dependent functions.  

 

Bone Phenotype Spontaneous Mutation 1 (BPSM-1) mice were discovered in our lab as a 

spontaneous mutation. Genetic analysis revealed that this highly inflammatory phenotype was 

due to a mutation in the Tnf locus. Specifically, a Short Interspersed Element (SINE) 

retrotransposon was found within the Tnf 3’UTR, inserted upstream of the ARE (Lacey et al., 

2015). 

SINEs are transposable elements (TE) and are usually responsible for individual genetic 

variation in mammals. While they have had a significant role in shaping mammalian genomes, 

they can sometimes lead to harmful mutations. In BPSM-1 mice, the insertion led to the 

replacement of the regulatory regions of the Tnf 3’UTR by the polyadenylation signal contained 

in the SINE. This premature polyadenylation site effectively truncated most of the Tnf 3’UTR 



 64 

and eliminated regulatory elements, which caused a strong overexpression of Tnf. Unlike the 

TNFDARE mice, BPSM-1 mice failed to develop IBD. However, BPSM-1 mice developed a 

dramatic inflammation of the aortic and mitral valves causing heart valve disease, which was 

lethal on a BALB/c background. After a thorough analysis, the same heart valve phenotype was 

found in TNFDARE mice. 

Bone marrow transplantation experiments suggested that hematopoietic cells were the source 

of excessive TNF in the BPSM-1 mutant mice. Indeed, wild-type mice transplanted with BPSM-

1+/- bone marrow developed RA. Moreover, BPSM-1+/- animal reconstituted with wild-type 

bone marrow did not develop the disease, suggesting that the radioresistant synoviocyte-derived 

TNF was not responsible for the development of the disease. With only a few differences to set 

them apart, TNFDARE mice and BPSM-1 mice developed a disease of similar severity and had 

a similar genotype-dependent lifespan (Lacey et al., 2015). 

Following these observations, our group used a systematic approach to analyse the 3’UTR of 

the Tnf gene to identify potential additional regulatory regions.  

 

 Tnf mRNA stability in cells in vitro is 
mediated by several cooperating regulatory 
elements 
 

To test the influence of the 3’UTR in post transcriptional regulation, we engineered GFP 

reporter constructs based on the pGL3-promoter reporter (Promega, Figure 10). The luciferase 

sequence was replaced by that of eGFP, and the SV40 polyadenylation signal sequence by any 

3’UTR to be tested.  
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Figure 10 – Vector map of the pGL3 luciferase reporter and GFP-Tnf reporter. The luciferase sequence 
(in yellow) was replaced by that of GFP (in green) in our reporter construct (pGGFP). The SV40 3’UTR (in 
pink) was removed using the BamH1 and Xba1 restriction sites and replaced by that of the Tnf 3’UTR (in 
purple), using the same restriction sites. The expression was driven by the SV40 promoter in both systems 
(in orange). 

Six regions of similar length were defined within the Tnf 3’UTR (Figure 11A). Region 4 

contains the ARE, and region 5 contains the CDE. Several constructs, each lacking one or 

several of these regions, were generated.  For simplicity, constructs were named according to 

the modification that was made to the Tnf 3’UTR (Del1 had Tnf 3’UTR missing region 1, etc.). 

A construct containing the Tnf 3’UTR sequence found in BPSM-1 mice was also generated and 

used as a control.  

After transfections into HEK293T cells, we measured the levels of GFP expression by flow 

cytometry and compared each construct to a reporter containing the wild-type Tnf 3’UTR 

(Figure 11B). 

Deletions of regions 1, 2, 3 or 5 alone had no significant impact on the expression of GFP. As 

expected, deletion of region 4 (del4), which contains the ARE, led to an increase in GFP 

expression. Since TNFDARE mice and BPSM-1 mice have phenotypes of similar severity, we 

expected that the deletion of region 4 (the ARE) would lead to an increase similar to that seen 

with the BPSM-1 mutation.  Surprisingly, the increase caused by the loss of region 4 was not 

as high as the increase caused by the BPSM-1 mutation. Deletion of region 6 led to an increase 

in GFP expression similar to that caused by the deletion of region 4. Thereby, we have 

discovered a new regulatory element (NRE) within the region 6 of the 3’UTR of the Tnf gene, 

upstream of the polyadenylation site. 
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Although the deletion of region 5 alone had no impact on the reporter activity, concomitant 

deletion of regions 4 and 5 led to a 5-fold increase in GFP expression, suggesting potential 

cooperation between these two regulatory elements. Remarkably, concomitant deletion of 

regions 4 and 6 led to a 20-fold increase in GFP expression, demonstrating the presence of a 

novel regulatory element (NRE) in region 6 and its cooperation with region 4 in the post-

transcriptional regulation of Tnf. 

Collectively, these in vitro results indicated that regions 4, 5 and 6 of the Tnf 3’UTR are the 

most important for the post-transcriptional regulation of the Tnf gene, and we decided to 

generate new mouse models to test the importance of these regulatory elements in vivo. I was 

most involved in the generation of mice lacking either region 4 or region 5 alone, and those 

lacking both region 4 and 5. Mice lacking region 6 alone and mice lacking both regions 4 and 

6 were also generated, and published, but this work involved another student and will not be 

detailed in this thesis 

 
Figure 11 – Several elements within the Tnf 3’UTR cooperate to regulate its expression post-
transcriptionally. (A) Schematic representation of the GFP reporter constructs designed to assay the effect 
of the deletion of specific regions of the 3’UTR of the Tnf gene. (B) Deletion of regions 4, 5, 6 of the Tnf 
gene or combinations of these, greatly affected the expression of the GFP reporter in HEK293T cells relative 
to the full-length (FL) Tnf 3’UTR in HEK293T cells. Data represent mean ± SEM of three independent 
experiments. 
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 Generation of the TNF mutant mice 
 
As mentioned earlier, the difference between the increases in GFP caused by the del4 mutation 

and the BPSM1 mutation was unexpected because the TNFDARE and BPSM1 mice have 

phenotypes of a similar severity. We thus reviewed the cloning strategy used to generate the 

TNFDARE mice and realised that a 132-nucleotide sequence was inserted in the region 6 (NRE) 

that we had just identified (Lacey et al., 2015). Thus, we hypothesised that this 132-nucleotide 

insertion was not neutral and participated in the dysregulation of Tnf expression in TNFDARE 

mice, more than a deletion of the ARE alone would have. To test this hypothesis, we generated 

a new mouse strain (TNFdel4) and used CRISPR/Cas9 technology to remove region 4 while 

leaving intact the remainder of the Tnf 3’UTR. 

To determine the role of the CDE (Stoecklin et al., 2003) in vivo, we used the CRISPR/Cas9 

technology to generate a mouse strain lacking the region 5 and named this new strain TNFdel5.  

Because the deletion of both regions 4 and 5 from the Tnf 3’UTR led to a higher GFP expression 

in our reporter assay than the deletion of either region alone (Figure 11), we used CRISPR/Cas9 

technology to generate the TNFdel4del5 strain which lacks both of these regions.  

A similar approach was used to engineer all three strains. Briefly, single guide RNA (sgRNAs) 

targeting upstream and downstream of the region 4, 5 or both, were introduced into blastocysts 

in combination with recombinant Cas9 and a repair construct encoding for the portion of Tnf 

lacking the region 4, 5, or both regions. 

Once the mice reached 21 days of age, we proceeded to genotyping them using tail biopsies 

and a PCR approach. We used specific primers upstream and downstream of the site of deletion 

to identify wild-type as well as heterozygous and homozygous mutant animals. Deletion of the 

different elements was verified by Sanger sequencing and the primers used to subsequently 

genotype the mice are shown on Figure 3. Mice were regularly checked for development of 

TNF-dependent inflammation, such as RA, cachexia and skin inflammation.  
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Figure 12 – Summary of the deletions that were made in Tnf 3'UTR. The green box indicates the end of 
Tnf exon 4 (Tnf 3’UTR). Grey boxes indicate the ARE and the CDE. Pink boxes refer to the deletions we 
made in the GFP reporter system and are labelled del1- del6. Yellow arrows indicate the guide RNAs that 
were used to engineer the deletions in the mice. Blue boxes show the sequences that are actually deleted in 
each mouse strain, as verified by Sanger sequencing of individual alleles after the founder mice had been 
crossed with wild type C57BL/6 mice. White arrows show the primers that were used to genotype mice. 
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 TNFdel4 mice develop a less severe 
inflammatory phenotype than TNFDARE mice 
 

Heterozygous TnfDARE/+ mice developed arthritis, IBD (Kontoyiannis et al., 1999) and HVD 

(Lacey et al., 2015), whereas heterozygous Tnfdel4/+ mice developed none of these ailments. 

Like TnfDARE/+ mice, Tnfdel4/+ mice had inducible Bronchus-Associated Lymphoid Tissues 

(iBALT) in the lungs and nodular lymphoid hyperplasia (NLH) in the bone marrow (Figure 

13B and data not shown). The absence of an overt inflammatory phenotype in Tnfdel4/+ mice 

showed that neither iBALT nor NLH has a pathogenic role in the inflammation seen in TnfDARE/+ 

mice, in line with the normal presence of these structures in species such as rats or rabbits 

(Seillet et al., 2019; Clayer and Bouillet, 2020). Homozygous Tnfdel4/del4 mice, by contrast, 

developed esophagitis, ileitis, colitis, enlarged mesenteric lymph nodes, iBALT, NLH, but only 

mild arthritis (Figure 13A-B) and no heart disease (Figure 13B).  
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Figure 13 – Deletion of the ARE from the Tnf 3'UTR causes severe IBD, but only mild arthritis. H&E 
stained sections showing (A) oesophagitis, IBD, mild arthritis, enlarged mesenteric lymph nodes, (B) iBALT 
and healthy heart valves. 
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Arthritis became severe in older Tnfdel4/del4 mice (>200 days-old), but they never showed heart 

valve problems. Homozygous TnfDARE/DARE mice succumbed to disease between 5 and 12 weeks 

of age (Kontoyiannis et al., 1999), whereas Tnfdel4/del4 mice lived up to 1 year. 

Macroscopic observation of Tnfdel4/del4 mice systematically showed an oily/scruffy-looking fur. 

We performed Oil-red O staining of epidermal sheets, which stain fatty contents in red, and this 

revealed hyperplasia of the Tnfdel4/del4 sebaceous glands compared to the wild-type littermates 

(Figure 14).  

 

 
Figure 14 – Increased size of sebaceous glands in Tnfdel4/del4 mice. Oil red O staining of the tail skin shows the 
increased size and complexity of the sebaceous glands in Tnfdel4/del4 mice. 

 

Like in TNFDARE mice, concomitant ablation of TNFR1 prevented all pathologies in Tnfdel4/del4 

mice (data not shown). Moreover, TNF levels in those mice were slightly reduced compared to 

the Tnfdel4/del4 mice (Figure 15). The lower production of TNF in the Tnfdel4/del4Tnfr1-/- mice could 

be explained by the absence of autocrine and paracrine feedback loops. Indeed, in the Tnfdel4/del4 

mice, the binding of TNF to the TNF-RI receptor can induce further TNF secretion, which can 

no longer take place upon concomitant ablation of Tnfr1.  
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Figure 15 – Serum TNF levels are higher in Tnfdel4/del4 mice compared to Tnfdel4/del4 mice lacking TNF-
R1. TNF levels were determined by ELISA as described. Data represent mean ± SEM of the number of 
animals indicated. Statistical analysis was performed using ordinary one-way ANOVA. ***: p £ 0,001; ****: 
p £ 0,0001. 
 

 
Altogether, it appeared that the deletion of the ARE from the Tnf 3’UTR was less detrimental 

to mouse health than previously reported. This finding confirmed our hypothesis that the 

insertion of a loxP site and some vector sequences into region 6 of the Tnf 3’UTR in TNFDARE 

mice further stabilised the Tnf 3’UTR more than the deletion of the ARE alone, causing an even 

more excessive production of TNF. 

 

 Loss of the CDE region of the Tnf 3’UTR 
domain does not promote pathology in mice 
 

Previous studies have identified an element controlling the stability of the Tnf mRNA in vitro, 

called constitutive decay element (CDE) (Stoecklin et al., 2003). However, our reporter data 

suggested that loss of the CDE alone (Del 5) had only little impact on the reporter activity 

(Figure 2). Both heterozygous and homozygous TNFdel5 animals failed to develop any 

inflammatory pathology during an 18-month observation period, and they did not contain 

higher levels of serum TNF than their wild-type littermates (Figure 16). 
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Figure 16 – Deletion of region 5 of the Tnf 3’UTR fails to induce excessive TNF production in vivo. (A) H&E 
stained sections showing the small intestine, the front paw and the heart valves of Tnfdel5/del5 mice. (B) TNF levels 
were determined by ELISA as described. Data represent mean ± SEM of the number of animals indicated. 
Statistical analysis was performed using unpaired t-test. ns: p > 0,05. 
 

 Region 4 and 5 of the Tnf 3’UTR cooperate 
to dampen Tnf expression 
 

Deletion of both regions 4 and 5 of the Tnf 3’UTR resulted in a higher reporter activity than the 

single deletion of region 4 or region 5 (Figure 11). Therefore, we generated a mouse strain in 

which we simultaneously removed both regions 4 and 5. 

While Tnfdel4/+ mice did not develop any inflammatory phenotype and had normal sebaceous 

glands, Tnfdel4del5/+ animals were recognisable by their oily and scruffy-looking fur, which was 

associated with hyperplasic sebaceous glands (Figure 17A). Tnfdel4del5/+ mice generally looked 

smaller and frailer, developed oesophagitis, ileitis, colitis, bone marrow nodules and iBALT 

(Figure 17B). We also routinely observed development of enlarged mesenteric lymph nodes, 

which was never observed in Tnfdel4/+ mice (Figure 17C). On these aspects, Tnfdel4del5/+ mice 

appeared to be similar to Tnfde4/del4 mice. However, unlike homozygous Tnfdel4/del4 mice, 
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heterozygous Tnfdel4del5/+ developed HVD, showed more severe signs of arthritis, and had a 

reduced life span of approximately 200 days.  

 

 
Figure 17 – Concomitant deletion of region 5 of the Tnf 3’UTR increases the severity of the inflammatory 
phenotype caused by the removal of the region 4 of Tnf 3'UTR. (A) Oil red O staining of the tail skin shows 
the increased size and complexity of the sebaceous glands in Tnfdel4del5/+ mice. (B) H&E-stained sections showing 
arthritis, heart valve disease, esophagitis, ileitis and colitis. Arrowheads indicate immune cells infiltration in these 
tissues. (C) H&E sections show enlarged mesenteric lymph node. 
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No homozygous Tnfdel4del5/del4del5 animal were found at weaning. Therefore, we suspected that 

homozygous Tnfdel4del5/del4del5 mice died during embryogenesis. Thus, we arranged timed matings 

of heterozygous Tnfdel4del5/+ parents to determine the time of death of homozygous animals. 

Homozygous TNFdel4del5 embryos were present and appeared normal until E15.5. At E16.5, 

homozygous TNFdel4del5 embryos appeared smaller, with very pale limbs, heads and tails due 

to what appeared like the disappearance of major blood vessels (Figure 18A). No live 

homozygote TNFdel4del5 embryos were found after E16.5. We used 3-Dimensional lightsheet 

microscopy to visualise blood vessels, which uses the autofluorescence generated by 

haemoglobin. The images obtained showed the fragmentation of the vascular system in the 

paws of the Tnfdel4del5/del4del5 embryos (Figure 18B). 

 

 
Figure 18 – Tnfdel4del5/del4del5 embryos die at E16.5. (A) Homozygote Tnfdel4del5/del4del5 (m/m) embryos die at E16.5 
and were devoid of major blood vessels. (B)Label free lightsheet imaging of haemoglobin autofluorescence in 
cleared front paws of WT (+/+) and homozygote Tnfdel4del5/del4del5 (m/m) E16.5 embryos. 
 

We also performed active caspase-3 staining on histological sections of embryos, to detect 

apoptotic cells. This staining confirmed the death of cells forming the blood vessels in the limbs 

and showed massive cell death of hepatocytes in the liver (Figure 19A). 
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Figure 19 – Excessive apoptosis in the foetal liver of homozygous (m/m) TNFdel4del5 E16.5 embryos. (A) 
Activated caspase-3 stained embryo sections show extensive cell death in the liver and paw of a homozygote 
TNFdel4del5 (m/m) E16.5 embryo. (B) H&E staining of blood of E15.5 embryos shows a large proportion of 
nucleated erythrocytes in a homozygote TNFdel4del5 embryo (m/m) compared to a WT embryo at the same stage 
of development. 
 

Closer observation of histological sections revealed significantly higher proportions of 

nucleated erythroblasts in E15.5 homozygous TNFdel4del5 embryos than in wild-type embryos 

(Figure 10B). These cells are the precursors of red blood cells and are routinely found in 

newborns and foetuses. The high numbers of these cells observed in the homozygous 

TNFdel4del5 embryos can potentially lead to pathologies and could be linked to the 

cardiovascular collapse previously characterised. 

Complete loss of Tnfr1 prevented the development of all the pathologies in the TNFdel4del5 

mice. Loss of a single allele of Tnfr1 also prevented the early death of Tnfdel4del5/del4del5 animals. 
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However, Tnfdel4del5/del4del5Tnfr1+/- mice developed arthritis, HVD, IBD, enlarged sebaceous 

glands, and only lived for up to 100 days (Figure 20A). 

Tnfdel4del5/+ and Tnfdel4del5/del4del5Tnfr1+/- animals developed iBALT and NLH similarly to 

homozygous Tnfdel4/del4 animals.  

As expected, circulating levels of TNF were significantly higher in Tnfdel4del5/del4del5Tnfr1-/- mice 

compared to their wild-type littermates (Figure 20B). 
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Figure 20 – Loss of one Tnfr1 allele prevents the embryonic death of Tnfdel4del5/del4del5 mice. (A) H&E stained 
sections from 100 day-old Tnfdel4del5/del4del5Tnfr1+/- animals show very severe arthritis in the ankles and wrists, severe 
IBD, as well as iBALT in the lungs. Arrowheads indicate pannus tissue in the ankle, immune cell infiltration in 
the intestine and colon, and iBALT in the lungs. 100 day-old Tnfdel4del5/del4del5Tnfr1+/- animals do not develop heart 
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valve (arrowhead) disease. (B) TNF levels were determined by ELISA as described. Data represent mean ± SEM 
of the number of animals indicated.  
 
 

 
Table 5 – Phenotype summary. Summary of the phenotypes observed in mice with various mutations in Tnf 
3’UTR. 

 
Collectively, these findings reveal that heterozygous and homozygous deletion of region 4 and 

5 of the Tnf 3’UTR induced more severe inflammatory pathologies than homozygous deletion 

of the region 4 alone, thus confirming the cooperation between the two regions in stabilising 

Tnf mRNA. 
 
 

 The pathogenesis in TNFdel4 and 
TNFdel4del5 is driven by TNF-TNFRI crosstalk 
between haematopoietic and non-
haematopoietic cells 
 
We have previously observed that the haematopoietic system of lethally irradiated wildtype 

mice can be successfully reconstituted using bone marrow from healthy BPSM1m/mTnfr1-/- mice, 

and that these recipients develop the same disease as intact BPSM1 mice, two months post-

transplantation (Lacey et al., 2015; Seillet et al., 2019). Lethally irradiated wild-type recipients 

were reconstituted with bone marrow from Tnfdel4/del4Tnfr1-/- and Tnfdel4del5/del4del5Tnfr1-/- mice. 

Although all bone marrow donors were healthy animals, every transferred recipient developed 

Arthritis IBD HVD iBALT BM
modules

Oily fur Embryonic death Lifespan Apoptosis/
NFkB

Tnfdel4/+ - - - + + no no > 1 year NA

Tnfdel4/del4 + +++ - +++ +++ yes no 300 days IBD: 
apoptosis

Tnfdel5/+ - - - - - no no > 1 year NA

Tnfdel5/del5 - - - - - no no > 1 year NA

Tnfdel4del5/+ ++ +++ ++ +++ +++ yes no 200 days IBD: 
apoptosis

Tnfdel4del5/del4del5 NA NA NA NA NA NA Yes, E16.5 NA NA

Tnfdel4del5/del4del5Tnf-r1+/- ++ +++ ++ +++ +++ yes no 100 days NA

BPSM1m/+ ++ + ++ +++ +++ no no 200 days Heart: 
NFkB

BPSM1m/m ++++ + ++++ ++++ +++ no no 4-8 weeks NA

TnfDARE/+ ++ ++ ++ ++ + no no 200 days NA

TnfDARE/DARE ++++ ++++ ++++ ++++ + no no 4-12 weeks NA
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some pathologies at different times post-reconstitution. Recipients of bone marrow from 

Tnfdel4/del4Tnfr1-/- donors developed mild HVD, mild IBD and mild arthritis five months post-

reconstitution (Figure 21, middle column). Recipients of bone marrow from 

Tnfdel4del5/del4del5Tnfr1-/- animals became ill three weeks following the transfer. Histological 

analysis showed that they had developed severe IBD, particularly colitis (Figure 21B-C). 

These observations suggested that TNFR1-expressing non-hematopoietic cells or radio-

resistant cells were the target of the excessive TNF produced by the hematopoietic cells from 

the donor. 
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Figure 21 – Haematopoietic reconstitution. H&E-stained sections through of bone (A), intestine (B), colon (C), 
caecum (D), heart valves (E) and ankle (F) of lethally irradiated WT C57BL/6 recipient mice that had been 
transplanted with 1-2 106 bone marrow cells from WT (control), Tnfdel4/del4Tnfr1-/- (TNFdel4/R1) or 
Tnfdel4del5/del4del5Tnfr1-/- (TNFdel4del5/R1) donors. Recipients of WT and TNFdel4/R1 BM cells were examined 5 
months post-transplantation. Recipients of TNFdel4del5/R1 BM cells became sick and were examined 21 days 
post-transplantation. Bars: 0.2mm in A, B, C and D; 0.5 mm in E and F. 
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 Discussion 
 
The post-transcriptional regulation of Tnf is an important process, controlled by different 

cooperating elements, such as the well characterised adenylate-uridylate-rich element (ARE). 

AREs are found in many different mRNAs, principally cytokine mRNAs and other 

proinflammatory genes, that need very tight control of their expression.  

RNA-binding proteins (RBPs) have a central role in the destabilisation and degradation of 

mRNA by binding to the AREs, and recent technologies have permitted the identification of 

more than 1500 RBPs in human cells (Gerstberger, Hafner and Tuschl, 2014). 

The first mouse model lacking the ARE of the Tnf 3’UTR, TNFDARE, demonstrated the 

importance of the post-transcriptional regulation in the prevention of auto-inflammatory 

diseases. Finding that the insertion of a retrotransposon within the Tnf 3’UTR promoted 

inflammation in mice made us reconsider how the 3’UTR controls Tnf expression.  

Using an in vitro model, we first showed that 3 cis-elements within the 3’UTR of the Tnf gene 

cooperated to efficiently regulate Tnf mRNA stability. These observations were successfully 

translated in vivo by generating mouse models that lack defined regions in the Tnf 3’UTR.  We 

confirmed that the concomitant deletion of regions 4 and 5, containing the ARE and the CDE, 

respectively, greatly stabilised Tnf mRNA, causing severe inflammatory diseases. For the first 

time, we also showed that excessive TNF production can cause embryonic lethality.  

It has been suggested that TNF-driven inflammatory diseases are not caused by an excessive 

expression of NFkB-dependent pro-inflammatory genes but are rather due to an excessive 

induction of proinflammatory cell death, such as necroptosis (Wallach, Kang and Kovalenko, 

2014). However, we did not find any sign of necroptosis in any of the organs developing 

inflammation (data not shown). 

To date, sebaceous gland hyperplasia and oily/scruffy-looking fur had never been reported in 

any TNF-overexpressing mouse model, including the TNFDARE and BPSM-1 mice. On the 

contrary it was reported that triple knockout mice (Tnf-/-, Lta-/-, Ltb-/-) developed hyperplastic 

sebaceous glands, while none of the single knockouts showed this phenotype (Kobayashi et al., 

2019). The authors suggested that RORgt+ innate immune cells (ILCs) residing in the hair 

follicles were able to secrete the TNF, Lta3 and Lta1b2 necessary to repress sebocyte growth 

by repressing Notch signalling. Collectively, these findings suggest that the modulation of 

sebaceous gland formation and function is more complex and needs further examination.  

Studies using mouse models indicate that polymorphisms and mutations in the Tnf 3’UTR can 

have critical roles in the development of inflammatory diseases. The occurrence of such 
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polymorphism and the incidence of development of arthritis has been investigated in human 

(Waldron-Lynch et al., 1999). While the authors did not find a single polymorphism within a 

population of 12 subjects, including 8 affected with RA (Waldron-Lynch et al., 1999), the 

severity of the inflammation generated by such mutations (e.g. causing embryonic lethality) 

may explain why they have so far not been found in human patients.  

We found that Tnf overexpression led to tissue-specific inflammation in mice (Table 5). On the 

one hand, this diversity could be explained by the difference in sensitivity and tolerance of 

certain organs to high levels of TNF. On the other hand, these observations strongly suggest 

the existence of multiple RBPs regulating Tnf mRNA stability. It is tempting to speculate that 

the differential expression of each of these proteins among distinct tissues and cell types 

accounts for the phenotypic diversity observed in our mouse models. While the different 

regulators, particularly RBPs, remain to be identified and studied, it is clear that the complexity 

and tissue-specificity of Tnf post-transcriptional regulation could be used as a therapeutic 

strategy to manipulate Tnf expression.   
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Chapter 4 – Role of the CCCH-

containing RNA-binding protein 

ZC3H12C in the regulation of TNF-

mediated inflammation 

 Preface 

Following a danger signal, pro-inflammatory cytokines need to be quickly released by the cells 

to eliminate the invader. The production of pro-inflammatory cytokines is highly controlled and 

includes a regulation at the post-transcriptional level. This unique mechanism consists of a 

multitude of regulatory checkpoints, from mRNA splicing, poly-adenylation and de-

adenylation leading to mRNA destabilisation and degradation. Defects in mRNA 

destabilisation and degradation can lead to dangerously high levels of pro-inflammatory 

cytokines when not required, which can cause severe pathologies.  

We saw in the previous chapter the utmost importance of Tnf mRNA destabilisation, mainly 

via the cooperation between three cis-elements identified in the 3’UTR, which control the 

stability of the mRNA. After identifying new regulatory cis-elements, we aspired to discover 

new RNA-binding proteins involved in the regulation of Tnf mRNA destabilisation and 

degradation. Over the last few years, over 1500 RBPs have been identified and characterised in 

the human genome (Gerstberger, Hafner and Tuschl, 2014). RBPs are classed into different 

categories and sub-categories (Table 6). In our present study, we focused on a class named 

CCCH-containing Zinc Finger RNA-binding proteins (ZFPs). 

Control of cytokine production is one of the critical roles and one of the best-characterised 

functions of ZFPs. The ZFPs can also regulate different processes of the immune responses, 

including the maturation and activation of immune cells, the anti-viral response via viral 

dsRNA degradation, and the regulation of immune homeostasis. 

 

1. Description of CCCH-containing Zinc Finger Proteins 
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Historically, the discovery of ZFPs coincides with the discovery of the first transcription factor, 

TFIIIA, in 1984 (Brown, 1984). The complex formed between the protein and the DNA could 

be disrupted by the addition of a chelating agent such as EDTA, and could be restored by the 

sole addition of zinc ions. After sequence analysis, nine similar tandem units were identified in 

the protein, each consisting of 30 amino acids and containing two conserved pairs of cysteines 

(C) and histidines (H), which are the enzyme’s most common Zinc-binding residues (Fersht, 

1977). Moreover, chemical analysis of zinc showed that this compound usually forms 

tetrahedrally coordinated complexes (Roe and Pang, 1999). 

The unusual abundance of C and H residues in TFIIIA and their unique arrangement in 

C(X)aC(X)bH(X)cH motifs was thought to be essential for DNA-binding via complex formation 

with Zn2+, and the motifs were named Zinc Finger (Miller, McLachlan and Klug, 1985). The 

tetrahedral complex formation between the zinc ion and the four residues was confirmed shortly 

after (Diakun, Fairall and Klug, 1986), and  Zn2+ was found essential to obtain and maintain 

protein conformation necessary for protein-DNA or protein-RNA interactions (Carballo, 1998; 

Hanas, Larabee and Hocker, 2005). In 2005, more than 24000 ZFPs were identified among 

different species, and more than 2% of the human genome has been estimated to code for ZFPs 

(Iuchi and Kuldell, 2005). To date, there are 30 different classes of ZFPs (Table 6), based on 

the structure of their Zinc finger motif. The C2H2-type of ZFP, in which TFIIIA belongs, is by 

far the best characterised and the most abundant class of ZFPs, and contains more than 700 

proteins in humans (Najafabadi et al., 2015). The CCCH-type of ZFPs is another category, 

characterised by a unique or multiple C(X)aC(X)bC(X)cH repeats. Most of the identified CCCH 

ZFPs have characteristic C(X)8C(X)5C(X)3H repeats (Ravasi et al., 2003). There are currently 

57 and 59 CCCH-containing ZFPs identified in humans and mice, respectively (Liang, Song, 

et al., 2008; Fu and Blackshear, 2017). Most of the CCCH zinc finger proteins have a role in 

the regulation of innate immunity, notably by the post-transcriptional control of pro-

inflammatory genes, and control of RNA metabolism (Fu and Blackshear, 2017).  

Over the last few years, two CCCH-type ZFPs have been of particular interest, namely ZFP36 

and ZC3H12A, mainly due to their role as regulators of immune response and cytokine 

production (Carballo, 1998; Matsushita et al., 2009). 
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Type name Important members 

C2H2 (ZNF) TFIIIA 

RING-finger proteins (RNF) BRCA1, UNK 

PHD finger domain (PHF) KDM2A 

LIM domain containing  PXN 

Nuclear hormone receptors (NR) VDR 

CCCH (ZC3H) ZFP36, ZC3H12A, ZC3H12C 

FYVE (ZFYVE) EEA1 

CCHC (ZCCHC) LIN28A 

DHHC (ZDHHC) ZDHHC2 

MYND (ZMYND) RUNX1T1 

RANDBP2 (ZRANB) SHARPIN 

ZZ (ZZZ) HERC2 

C2HC (ZC2HC) ZNF746 

GATA zinc finger domain containing (GATAD) GATA4 

ZF class homeoboxes and pseudogenes  ZEB1 

THAP domain containing (THAP) THAP1 

CXXC (CXXC) DNMT1 

SWIM (ZSWIM) MAP3K1 

AN1 (ZFAND) ZFAND3 

3CxxC (Z3CXXC) ZAR1 

CW (ZCW) MORC1 

GRF (ZGRF) TTF2 

MIZ (ZMIZ) PIAS1 

BED (ZBED) ZBED1 

HIT (ZNHIT) ZNHIT1 

MYM (ZMYM) ZMYM2 

Matrin (ZMAT) ZMAT5 

C2H2C  MYT1 

DBF (ZDBF) ZDBF2 

PARP PARP1 

Table 6 – List of the different types of zinc-finger proteins 
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2. Control of cytokine expression and immune regulation by CCCH-
containing ZFPs 

 

Post-transcriptional regulation of Tnf mRNA involves an ARE-mediated decay, principally 

involving ZFP known as ZFP36, also known as Tristetraprolin (TTP). The Tristetraprolin 

family of CCCH-containing ZFP contains four members: ZFP36, ZFP36L1, ZFP36L2 and 

ZFP36L3 (Cassandri et al., 2017). Tristetraprolins are characterised by a so-called tandem zinc 

finger (TZF), which is a succession of two C(X)8C(X)5C(X)3H zinc finger motifs (ZFM) spaced 

by 18 amino acids (Gomperts, Pascall and Brown, 1990). Binding of ZFP36 to the ARE of the 

Tnf 3’UTR promotes the recruitment of the CCR4/CAF1/NOT de-adenylase complex, causing 

the shortening of the poly(A) tail and degradation of Tnf mRNA (Lai et al., 1999; Fabian et al., 

2013). Under stress or inflammatory conditions which leading to the activation of the mitogen-

activated protein kinases p38, ZFP36 is phosphorylated by MAP kinase-activated protein 

kinase 2 (MK2), thus preventing its binding to the de-adenylase complex. This then causes 

stabilisation of Tnf mRNA and translation initiation (Sandler and Stoecklin, 2008). After 

dissipation of the inflammatory signal, the destabilising activity of ZFP36 is resumed by 

phosphorylation (Sun et al., 2007). In 1996, a Zfp36-deficient mouse strain was generated 

(Taylor et al., 1996). Ttp-/- mice developed cachexia, arthritis, and other inflammatory 

symptoms within 1 to 8 weeks after birth.  The phenotype observed could be rescued by 

injecting mice with monoclonal anti-TNF antibodies, confirming the role of TNF 

overexpression in the onset of the disease, and the importance of ZFP36 in the regulation of the 

Tnf 3’UTR. 

 

ZC3H12A was first given the provisional name Monocyte chemoattractant protein-1 induced 

protein-1 (MCPIP-1). Now best known as Regnase-1, this protein was identified as an ARE-

independent endoribonuclease induced in macrophages upon stimulation with LPS, TNF, IL-

1b, MCP-1, or PMA (Liang, Wang, et al., 2008). Structural and functional analyses of Regnase 

described a PilT N-terminus like (PIN) domain containing four aspartic acid (Asp) residues 

forming a catalytic centre and conferring RNAse activity (Yokogawa et al., 2016). Using 

specific domain mutants, the authors found that the N-terminal domain (NTD) formed an 

intramolecular interaction necessary for the cleavage of mRNA and that an inter-molecular 

PIN-PIN interaction was also required to degrade mRNAs optimally. Moreover, point 

mutations of any of the aspartic acid residues forming the catalytic site abrogated the RNAse 

activity of ZC3H12A. On the other hand, the ZFM was only required to increase the affinity of 

the protein to its target mRNAs. 
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Regnase-1-deficient mice die within 15 weeks of age from autoimmune disease (Matsushita et 

al., 2009). During their short life, they endured severe anaemia, produced anti-nuclear 

antibodies and developed hypertrophic mesenteric and inguinal lymph nodes. Reg1-/- primary 

macrophages produced abnormally increased amounts of Il-6 and Il12-p40 mRNAs upon TLR 

stimulation. This suggests that ZC3H12A is involved in the regulation of these pro-

inflammatory cytokines. Later on, studies found that ZC3H12A could accelerate the decay of 

Il-6, Il-1b, and Il-12p40 mRNAs by binding to specific stem-loop structures in their 3'UTRs 

(Mino et al., 2015, 2019). Our group identified ZC3H12A as a down regulator of Tnf mRNA 

via the NRE identified in its 3’UTR (Lacey et al., 2015). However, the regulatory effect of 

ZC3H12A on Tnf mRNA was not confirmed in vivo, as Reg1-/- macrophages did not produce 

higher levels of TNF, nor did these mice have higher serum levels of TNF.  

These studies show that ZC3H12A could directly regulate inflammation by degrading pro-

inflammatory cytokine mRNAs, but that it could also control the immune response by 

degrading gene transcripts that are essential for immune cell proliferation (Uehata et al., 2013). 

ZC3H12A was also shown to regulate NF-kB signalling by binding to adaptor molecules, 

causing the inhibition of NF-kB-dependent gene transcription and the associated inflammatory 

response (Liang et al., 2010). 

 

Using sequence analogy and the GenBank database, three other CCCH-containing ZFPs similar 

to ZC3H12A were identified. These are ZC3H12B, ZC3H12C and ZC3H12D, which are also 

known as Regnases (-2, -3, -4). Besides the conservation of the CCCH-zinc finger motif, those 

four proteins have a highly conserved PIN domain with four aspartic residues, that had 

previously been shown to be associated with the RNAse activity in Regnase-1 (Matsushita et 

al., 2009). It is therefore supposed that the RNAse activity is conserved across all four proteins.  

ZC3H12D, also called Transformed Follicular Lymphoma (TFL), was first discovered as a 

putative tumour suppressor gene because of its ability to inhibit cellular growth in certain 

established cancer derived cell lines (Minagawa et al., 2007). In vitro studies using 

overexpression systems suggested that ZC3H12D could repress Tnf expression (Wawro et al., 

2017), which contradicted a previous observation that showed no abnormalities in TNF 

production by stimulated TFL-/- splenic T cells (Minagawa et al., 2014). 

Left unstudied and uncharacterised until 2019, ZC3H12B has been shown to bind and degrade 

Zc3h12a, Il-6 and Ier3 mRNAs in vitro (Wawro et al., 2019).  

ZC3H12C was first characterised as a protein involved in macrophage activation. In 2013, a 

study showed that overexpression of ZC3H12C could lead to an attenuation of TNF-induced 
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expression of Vcam-1, E-selectin, and Il-8 mRNAs. Transfection of HUVECs with Zc3h12c-

specific siRNA significantly increased the expression of Vcam-1, E-selectin, Mcp-1, and Il-8 

following TNF treatment, confirming their observations (Liu et al., 2013). However, the role 

of ZC3H12C in vivo remained unclear despite its high conservation and similarities with its 

more famous relative, ZC3H12A. 

 

3. ZC3H12C: Identification of a new putative regulator of TNF 
 

To identify RNA-binding proteins (RNA-BPs) involved in the post-transcriptional regulation 

of Tnf, we screened the entire CCCH-containing family of RNA-BPs in a GFP reporter assay 

and identified ZC3H12C as the second most potent regulator of Tnf expression in this assay 

after ZFP36 (Figure 22, see also Lacey et al., 2015). Ablation of the NRE region led to the loss 

of the repression by ZC3H12C. This suggests that ZC3H12C promotes Tnf 3’UTR mRNA 

decay via the NRE (Lacey et al., 2015) and is a great candidate as a potential regulator of Tnf 

at the post-transcriptional level.  
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Figure 22 – Evaluation of the regulatory effect of CCCH-containing ZFPs on the expression of the GFP-Tnf 
3’UTR reporter. The GFP mean fluorescence intensity (MFI) was measured in mCherry positive cells by FACS 
and compared with GFP MFI obtained with control vector (empty). Results represent the mean ± SEM of three 
independent experiments.  
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i.  Cellular and tissue expression of Zc3h12c 
 

According to data available on online resources such as Uniprot (https://www.uniprot.org/), 

ZC3H12C is mainly expressed in non-hematopoietic tissues such as the heart, testis and kidney.  

The Immunological Genome Project (Immgen, http://www.immgen.org/) is another available 

online database grouping gene-expression data for all characterised murine immune cells, 

collected by multiple collaborative groups across the globe.  

According to Immgen, Zc3h12c mRNA expression is highest in dendritic cell populations, in 

comparison to other immune cell populations such as B cells, T cells, monocytes and 

macrophages (Figure 23). Closer analysis of Zc3h12c mRNA expression in all currently known 

dendritic cells subsets showed the highest expression in Langerhans cells (LC, characterised as 

Langerin+, CD103-, CD11b+) classical dendritic cells (cDC1 and cDC2, characterised as 

Langerin-, CD103-, CD11blo and CD11b+, respectively) homed in the skin-draining lymph 

nodes. 
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Figure 23 – Zc3h12c mRNA expression profile. (A) Level of Zc3h12c mRNA expression in reference cell 
populations (Immgen, http://www.immgen.org/). (B) Levels of Zc3h12c mRNA in dendritic cell populations 
across different organs.  
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ii.  ZC3H12C and psoriasis 
 

Psoriasis is a chronic skin inflammatory condition with complex underlying genetics and whose 

prevalence varies across different ethnicities. The disease is visually characterised by 

erythematous plaques and scaling of the epidermis. The most commonly affected areas include 

the knees and elbows, although severe cases can develop lesions to almost the entire body. 

Epidemiology studies dating from 1974 show that the incidence of psoriasis is greater in first-

degree and second-degree relatives of psoriatic patients. Moreover, monozygotic and dizygotic 

twin, and family studies have confirmed the heritable contribution to the aetiology of psoriasis 

(Farber, Nall and Watson, 1974). So far, nine different chromosomal loci have been linked to 

psoriasis susceptibility, including the gene PSORS1, located within the MHC region, which 

accounts for 35 to 50% of the disease heritability (Trembath et al., 1997). Most of the other 

genetic susceptibilities involve genes that encode components of the innate and adaptive 

immune system, such as the regulation of T-cell function, IFN and IL-23/IL-23 receptor 

signalling (Capon et al., 2007; Cargill et al., 2007), antigen presentation, and reactivity to 

bacterial or viral infection.   

In 2012, a Genome-wide association study (GWAS) identified a mutation within the Zc3h12c 

locus linked to psoriasis susceptibility in probands of Caucasian ethnicity (Tsoi et al., 2012). 

Data regrouping more than ten thousand European-descent psoriatic patients and twenty 

thousand healthy controls were used to identify a single nucleotide polymorphism (SNP) related 

to higher psoriasis incidence. A SNP was identified, 1665 base pairs upstream of the ZC3H12C, 

gene, which was described as inducing a gain of expression of the gene. A second GWAS study 

has identified ZC3H12C as a risk gene of psoriasis in a Pakistani population (Munir et al., 

2015). These results suggested that ZC3H12C is a risk gene for the development of psoriasis.  

It is now clear that cooperation between environmental and predisposing genetic factors lead to 

the initiation of psoriasis. Innate immune populations, such as pDCs and inflammatory myeloid 

DC and dysregulation of the production of pro-inflammatory cytokines such as TNF and IL-

23, are critical contributors to the development of psoriasis (Meglio, Villanova and Nestle, 

2014). These cytokines have the potential to induce keratinocyte proliferation, which is one of 

the hallmarks of psoriasis. A recent study has highlighted the role of ZFP36 in the development 

of TNF-mediated psoriasis (Andrianne et al., 2017), and anti-TNF therapies have become the 

benchmark for the treatment of psoriasis.  
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iii.  ZC3H12C and the unknown: a great research opportunity 
 

Therapeutic strategies always require more targeted approaches to limit potential unwanted and 

harmful side effects, which can occur upon anti-TNF therapies. Identifying new regulators of 

TNF could be a great opportunity to improve anti-inflammatory treatments in a disease-specific 

manner. Many findings suggest that ZC3H12C has a role in psoriasis development in humans, 

potentially via the dysregulation of TNF production by dendritic cells. Therefore, I will focus 

part of my thesis trying to investigate the role of ZC3H12C in Tnf regulation in vivo and 

particularly in the context of skin inflammation and with a focus on dendritic cell populations.  

 

 ZC3H12C destabilises the Tnf mRNA via its 
RNAse domain 

 

First, we wanted to assess the importance of the ZFM and the RNAse activity in the mRNA 

destabilising function of ZC3H12C. Sequence analysis and conservation among the four 

members of the ZC3H12 family showed strong conservation of the PIN domain, and 

particularly the four aspartic residues conferring the RNAse activity (Figure 24A). We also 

identified the Zinc finger owing to its characteristic C(X)8C(X)5C(X)3H motif. 

 

 
Figure 24 – Identification of the RNAse domain. (A) Sequence conservation of the RNAse domain across all 
four members of the ZC3H12 family of proteins. Highlighted in the black boxes are the four conserved aspartic 
acid residues forming the catalytic site (B) Schematic representing the four aspartic residues forming the catalytic 
site within the RNAse domain, and the three cysteines and one histidine residues forming the zinc finger motif. 
The asterisk (*) represent each mutated residue. 

 
Previous studies on ZC3H12A have shown that mutation of a single aspartic acid residue in the 

catalytic site into an asparagine residue could abrogate the RNAse activity of the PIN domain 



 95 

(Matsushita et al., 2009; Yokogawa et al., 2016). Similarly, a point mutation of a single cysteine 

residue in the Zinc finger into an arginine residue, was sufficient to abolish the RNA-binding 

activity of ZFP36 (Lai et al., 1999). Therefore, we used an identical approach and engineered 

point mutants of three of the four aspartic acid residues of the PIN domain of ZC3H12C 

(D271N, D356N and D374N), and a ZFM point mutant (C436R) (Figure 24B). We used our 

previously described reporter assay and overexpressed each of the ZC3H12C mutants together 

with the GFP-Tnf 3’UTR reporter construct, and monitored GFP expression by flow cytometry. 

We confirmed that wild type ZC3H12C can destabilise Tnf 3’UTR as shown by the significant 

decrease in GFP expression when compared to the empty plasmid (Mock) (Figure 25). 

Equivalently to ZC3H12A, we observed that annihilation of the RNAse activity (D271N, 

D356N and D374N) completely abrogated the destabilizing effect of ZC3H12C on the Tnf 

mRNA. On the other hand, the mutation within the RNA-binding domain (C436R) did not 

completely abrogate ZC3H12C’s ability to destabilise the Tnf 3’UTR. These results suggested 

that the RNAse domain of ZC3H12C, but not the ZFM, is necessary for Tnf 3’UTR 

destabilisation in vitro.  

 

 
Figure 25 – Destabilisation of the Tnf 3'UTR by ZC3H12C. The destabilising effect of each of the point mutants 
of ZC3H12C was assessed using the GFP-Tnf 3’UTR reporter assay. Results represent the mean ± SEM of three 
independent experiments. Statistical analysis performed by Two-way ANOVA. **: p £ 0.01; *** : p £ 0,001. 

 

 ZC3H12C is highly expressed by dendritic 
cell but not macrophages 
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1. Generation of Zc3h12c-GFP reporter mice. 
 

To further investigate the function of ZC3H12C in vivo, we created a GFP knock-in allele by 

replacing most of exon 2 of the Zc3h12c gene with a GFP cDNA using the CRISPR/Cas9 

technology. We used a sgRNA to guide the Cas9 to generate a double-strand break at the 

beginning of exon 2 of Zc3h12c and a repair construct to insert the coding sequence of the 

Green Fluorescent Protein and its stop codon in frame with Zc3h12c (Figure 26). This strategy 

allowed us to obtain a Zc3h12c-deficient strain that can also be used to monitor Zc3h12c mRNA 

expression by flow cytometry.  

 

 
Figure 26 – Generation of Zc3h12c-GFP mice using CRISPR/Cas9. Zc3h12c is located on chromosome 9 and 
consists of 6 exons. To generate the Zc3h12c-GFP mouse strain, a sgRNA targeting a PAM site inside the exon 2 
was injected into fertilised one-cell stage embryos together with recombinant Cas9 protein and a donor dsDNA 
oligonucleotide encoding for GFP with homology arms upstream and downstream of the GFP. A stop codon was 
inserted into the promoter to cause early truncation of the RNA. An Xba1 restriction site was inserted during the 
cloning. The GFP sequence is positioned in-frame within exon 2 of the Zc3h12c gene.  

 
We used bone marrow-derived dendritic cells (BMDC) to confirm the GFP expression by flow 

cytometry (Figure 27). While the fluorescent signal was dim, flow cytometry was sensitive 

enough to detect a GFP signal in the cells from the Zc3h12c-GFPKI/KI mice. We confirmed the 

absence of WT Zc3h12c mRNA by qPCR using the same cell type. While wild-type cells had 

high levels of Zc3h12c mRNA relative to the levels of Hprt mRNA, we could not detect 

Zc3h12c mRNA in the BMDCs from the Zc3h12c-GFPKI/KI mice. These results proved that we 
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had successfully engineered a Zc3h12c knock-out strain expressing GFP under the control of 

the Zc3h12c promoter.  

 

 
Figure 27 – Confirmation of the correct insertion of the GFP coding region and deletion of the remainder 
of the Zc3h12c gene. Bone marrow derived dendritic cells (BMDC) were cultured for 9 days using Flt3-L and 
were analysed by flow cytometry for GFP expression. The same cells were used for qPCR analysis to check for 
Zc3h12c mRNA from exon 3 to exon 4.  

 
2. Characterisation of Zc3h12c expression among cell types and tissues 
using the Zc3h12c-GFP reporter mice. 

 

To further characterise and understand the expression pattern of Zc3h12c, we analysed different 

cell populations from the spleen, lymph nodes (mucosal and skin-draining), bone marrow and 

skin of our reporter mice by flow cytometry (Figure 28A). In the skin-draining lymph nodes 

(sLN), the highest GFP expression was observed in the Langerhans cells (LC; CD45+/CD19-

/CD3-/MHCII+/CD11c+/CD11b+/XCR1-/EpCAM+) followed by the plasmacytoid dendritic 

cells (pDCs; CD19-/CD3-/CD11b-/SiglecH+) and the classical dendritic cell subsets 1 and 2 

(cDC1 and cDC2; CD19-/CD3-/MHCII+/CD11c+/CD11blow/XCR1+ and CD19-/CD3-

/MHCII+/CD11c+/CD11b+/XCR1-, respectively). In the mesenteric lymph nodes, GFP 

expression in pDCs, cDC1 and cDC2 was markedly lower than in the corresponding cells of 

the skin-draining nodes. In the skin, low GFP expression was observed in the dermal mast cells 

(MC; CD45+/CD11b-/FceR1a+/c-kit+), cDC1, cDC2 and T cells (CD45+/NK1.1-/CD3+). 

Interestingly, while sLN LCs had the highest levels of GFP expression, we could not detect any 

expression in skin LCs. In the spleen and bone marrow, pDCs expressed the highest levels of 

GFP. In general, B cells (B220+), T cells (CD3+), macrophages (CD19-/CD3-/MHCII-/CD11c-

/CD11b+) and granulocytes (neutrophils defined as CD19-/CD3-/MHCII-/CD11c-

/CD11b+/Ly6C+/Ly6G+, eosinophils defined as CD19-/CD3-/Ly6C+/SSChi/F4-80+) expressed 

very low or undetectable levels of GFP, suggesting that ZC3H12C is not expressed in these 
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populations. The results obtained from our GFP-reporter mouse strain essentially mirrored the 

expression profile of Zc3h12c mRNA that could be found in the Immgen database and validated 

our new mouse model. Analysis of Zc3h12c mRNA amongst different tissues showed very little 

expression in the lymph nodes, but non-hematopoietic organs such as the kidney and heart, 

displayed by far the highest expression (Figure 28B). 
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Figure 28 – Characterisation of the Zc3h12c mRNA expression pattern in immune cells and tissues. (A) 
Cells from different tissues of Zc3h12c-GFPKI/KI and Zc3h12c-GFP+/+ animals were isolated as indicated (BM: 
bone marrow, mLN: mesenteric lymph nodes, sLN: skin-draining lymph nodes). GFP fluorescence was analysed 
by flow cytometry, and cell-intrinsic autofluorescence observed in the cells from the Zc3h12c-GFP+/+ mice was 
subtracted from the fluorescent signal from the cells from the Zc3h12c-GFPKI/KI mice. Results represent mean ± 
SD of the difference between the SEM of the Zc3h12c-GFP+/+ group vs the Zc3h12c-GFPKI/KI group. (B) RT-PCR 
on tissues harvested from a wild-type mouse. A sequence of Zc3h12c mRNA was amplified for 25 cycles using 
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primers specific for the exon 5 and the exon 6. An agarose gel containing the insert was then transferred onto a 
Nylon membrane and subsequently detected using a Zc3h12c probe labelled with g-32P. The membrane was imaged 
using a phosphoimager.  

 
3. Characterisation of Zc3h12c expression in primary dendritic cells 

 

To have a better understanding of the conditions in which ZC3H12C plays a role, we used two 

distinct models of primary dendritic cells that we challenged with a plethora of TLR ligands 

and stimulants, and we monitored the induction of GFP expression.  

We first characterised the expression pattern of ZC3H12C in bone marrow-derived dendritic 

cells. These cells were differentiated from bone marrow precursors using FLT3-L, and were 

challenged with different TLR ligands, and with combination of drugs known to trigger 

apoptotic (TNF or LPS plus SMAC-mimetics) or necroptotic cell death (TNF or LPS plus 

SMAC-mimetic and caspases inhibitor) (Figure 29A). We found that TLR ligands, such as 

CpG-A or CpG-B (TLR9), polyI:C (TLR3), LPS (TLR4) and Imiquimod (IMQ; TLR7), mildly 

induced Zc3h12c mRNA expression. We observed an 8- to 10-fold increase in Zc3h12c mRNA 

expression in cells stimulated with a combination of TNF, SMAC-mimetic (SM) and caspase 

inhibitor (TSI), which induces necroptosis. A marked, albeit lesser, induction of Zc3h12c 

mRNA was also observed following stimulation with a combination of LPS, SMAC-mimetics 

and caspase inhibitor (LSI). Treatment with TNF or SM alone did not increase the levels of 

Zc3h12c mRNA expressed by the cells. Treatment with type I or type II IFNs did not induce 

Zc3h12c mRNA expression. 

Next, we characterised the expression of Zc3h12c mRNA in monocyte-derived dendritic cells 

(moDC) (Figure 29B). These cells were differentiated from bone marrow precursors using IL-

4 and GM-CSF and were then treated with the same TLR ligands and compounds as the BMDC. 

A 24 h stimulation of TLR9 using CpG-B, but not CpG-A, induced Zc3h12c mRNA expression 

by 1.5-fold. Stimulation with polyI:C, LPS or type I and II IFN did not induce the expression 

of Zc3h12c mRNA in these cells. Treatment with apoptosis or necroptosis inducing agents also 

failed to induce Zc3h12c mRNA expression. The highest induction was observed following 

imiquimod treatment, with a roughly 2-fold increase after 24 h of treatment. Collectively, these 

results suggest that ZC3H12C could have a role in necroptotic cell death in BMDC, and in the 

TLR7 signalling pathway in moDC. 

 



 101 

 
Figure 29 – Characterisation of the induction of Zc3h12c mRNA expression in primary DCs. (A) BMDC and 
(B) moDC were cultured and subsequently stimulated using the indicated TLR ligands, or drug combination. SM: 
SMAC-mimetic; LSI: LPS + SM + caspase inhibitor, TSI: TNF + SM + caspase inhibitor, TS: TNF + SM, IMQ: 
imiquimod. Results represent mean ± SD of the difference between the SEM of the Zc3h12c-GFP+/+ group and 
the Zc3h12c-GFPKI/KI group.  

 

 

 Loss of ZC3H12C alters TNF production in 
DC 

 

 

 

To confirm the role of Zc3h12c in regulating TNF production in vivo, we monitored both the 

production of TNF and TNF-driven cell death in moDC and BMDC. For this purpose, we 

stimulated moDC and BMDC with different TLR ligands and drugs inducing cell death and 

collected the supernatant to analyse the secretion of TNF by ELISA. We did not see any 

difference in TNF production in the BMDC (Figure 30A). On the other hand, loss of Zc3h12c 
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in moDC seemed to have a minor impact on TNF production following SM, LSI plus IMQ 

treatment (Figure 30B). 

 

 
Figure 30 – TNF production by primary DCs following challenge with TLR ligands and cell death-inducing 
compounds. (A) BMDC and (B) moDC were stimulated with the indicated compound for the indicated time. 
Supernatants were collected and TNF production was measured by ELISA. Results represent the mean ± SEM of 
three independent experiments. Statistical analysis performed by Two-way ANOVA. *: p £ 0,05. 

 
We also collected the cells and stained them with propidium iodide (PI), which is a fluorescent 

intercalating agent that can only stains dead cells, as live cells are impermeable to PI, and 

measured the proportion of live cells (PIneg) by flow cytometry. While we did not see any 

difference in the proportions of dead cells in the BMDC (Figure 31A), we observed a slight 

reduction of necroptotic cell death induced by LSI, and a reduction of apoptotic cell death 

induced by SM only, in the Zc3h12c-GFPKI/KI moDC (Figure 31B). 
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Figure 31 – Analysis of percentages of live primary DCs following stimulation with different TLRs and cell 
death-inducing agents. (A) BMDC were stimulated for the indicated time with the indicated agents or TLR 
ligand. Cells were subsequently harvested, stained using propidium iodide (PI) and analysed by flow cytometry to 
quantify the percentages of dead cells. Live cells were defined as PIneg, dead cells were defined as PIpos (B) Same 
as (A). Results represent the mean ± SEM of three independent experiments. Statistical analysis performed by 
Two-way ANOVA. *: p £ 0,05; **: p £ 0.01; *** : p £ 0,001. 

 

 

 

To confirm the role of Zc3h12c in regulating TNF production in vivo, we stimulated whole 

lymph node and spleen cells ex vivo, using LPS, CpG B, polyI:C and imiquimod (IMQ) and 

measured TNF production by dendritic cells. We added the protein transport blocker Brefeldin 

A to prevent cytokine secretion, allowing the cells to retain all cytokine produced during 

treatment. Subsequently, we stained the cells for surface markers specific to dendritic cells and 

performed intracellular immunostaining for TNF, to measure the production of TNF at the 

single cell level using flow cytometry. Compared to control cells, we observed a significant 

increase in the production of TNF in cDC2 from the lymph nodes of the Zc3h12c-GFPKI/KI 

mice, without treatment and following treatment with LPS and CpG B, and a trend towards a 

higher production of TNF following treatment with IMQ (Figure 32, upper panel). We also 

observed an increase, yet not significant, of TNF production in the untreated pDC from 

Zc3h12c-GFPKI/KI mice, and following treatment with LPS, CpG B and polyI:C. On the other 

hand, splenic Zc3h12c-GFPKI/KI pDC tended to produce more TNF upon TLR treatment, but 

the production by cDC1 and cDC2 remained similar to that seen in wild-type cells (Figure 32, 

lower panel).  
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Figure 32 – Analysis of intracellular TNF production by splenic and lymph node DCs. Cells from lymph 
nodes and spleens of Zc3h12c-GFP+/+ and Zc3h12c-GFPKI/KI mice were isolated and subsequently treated with the 
indicated TLR ligands (LPS 50ng/mL; CpG B 1 µM; polyI:C 10µg/mL; IMQ 5µg/mL) for 4 h together in the 
presence of Brefeldin A. Cells were first stained for surface markers (CD19, TCRb, CD11b, SiglecH, CD11c, 
MHCII, XCR1) and with a life/dead cell discriminating dye and intracellularly stained for TNF. Cells were 
analysed by flow cytometry and the percentages of TNF+ cells were determined in the pDCs, cDC1 and cDC2 
populations. Results represent the mean ± SEM of 9 mice over three independent experiments. Statistical analysis 
performed by Two-way ANOVA. *: p £ 0,05; **: p £ 0.01. 

 

 Loss of ZC3H12C causes lymphadenopathy 
of the skin-draining lymph nodes, independently 
of skin inflammation 
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Genotype distribution in the Zc3h12c-GFP strain was in accordance with the expected 

Mendelian ratio. Heterozygous (Zc3h12c-GFP+/KI) and homozygous (Zc3h12-cGFPKI/KI) mice 

were healthy, fertile and did not present with any major phenotype. We observed that from 3-

months of age onwards, some Zc3h12c-GFPKI/KI mice started to develop enlarged skin-draining 

lymph nodes, namely inguinal, axillary and brachial, and cervical, albeit the latter to a lower 

extent (Figure 33A). While most of the mice had only a few enlarged lymph nodes, some mice 

had all of their skin-draining lymph nodes enlarged. We observed that females were 

significantly more susceptible to developing lymphadenopathy than males, with around 60% of 

the females developing enlarged lymph nodes, with only ~20% of the males (Figure 33B). It is 

noteworthy that this phenotype affected skin-draining lymph nodes exclusively, as it was never 

observed in the mesenteric lymph nodes. 

 
Figure 33 – Lymphadenopathy of the skin-draining lymph nodes in the Zc3h12c-GFPKI/KI mice. (A) Photo of 
a Zc3h12c-GFPKI/KI mouse presenting with an enlargement of the right (mouse’s side) inguinal lymph node while 
the left inguinal lymph node remained of normal size. Bottom photo shows the size difference between a lymph 
node from a wild-type mouse and an enlarged lymph node from a Zc3h12c-GFPKI/KI mouse. (B) Proportion of 
lymphadenopathy (patterned area) observed in females and males in Zc3h12c-GFP+/+ and Zc3h12c-GFPKI/KI mice. 
Each cohort contained 9-17 animals.  

 

 

 
To further characterise the lymphadenopathy that develops in the Zc3h12c-GFPKI/KI mice, we 

prepared lymph node sections for routine H&E histological analysis. Lymph nodes from a wild-

type mouse have a highly organised and segregated structure, with the B cell follicles located 

in the outer cortex, near the subcapsular sinus, and the T cell zone in the middle, near the 

medulla of the lymph node (Figure 34, upper panel). We observed that not only were the lymph 
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nodes from the Zc3h12c-GFPKI/KI mice significantly larger in size compared to lymph nodes 

from wild-type mice, but their organisation of the B and T cell zones was also severely disturbed 

(Figure 34, lower panel). 

 

 
Figure 34 – Histological analysis of lymph nodes from Zc3h12c-GFP mice. Lymph node sections from a 
Zc3h12c-GFP+/+ mouse and a Zc3h12c-GFPKI/KI mouse, the latter exhibiting lymphadenopathy. Representative 
images. Scale bar = 0,2 mm.  

 

We also observed cells with a large cytoplasm, resembling myeloid cells, interspersed between 

the B cell follicles. We used immunofluorescence staining for markers specific for the myeloid 

cells (F4/80 and CD11b) to confirm the nature of these cells (Figure 35). We simultaneously 

stained for B cells (B220) and T cells (CD3), in order to have a full view of the lymph node 

architecture and compartmentalisation. We confirmed the chaotic repartition of the B cells 

(B220+) which appeared to no longer form neat follicles in the lymph nodes from the Zc3h12c-

GFPKI/KI mice. Moreover, the T cell zones (CD3+) were severely reduced, and we observed an 

over-abundance of large myeloid cells (F4/80+, CD11b+).  
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Figure 35 – Immunofluorescence analysis of enlarged lymph nodes from Zc3h12c-GFPKI/KI mice. Frozen 
lymph node sections were subjected to immunofluorescence staining for the analysis of B cells (anti-B220, in red), 
T cells (anti-CD3, in yellow), and myeloid cells (anti-F4/80 and anti-CD11b, in green and blue, respectively). 
Representative image. Scale bar = 1mm.  

 

To fully characterise the cell content of the enlarged lymph nodes in the Zc3h12c-GFPKI/KI mice 

and to identify the myeloid population more thoroughly, we analysed them by flow cytometry, 

and compared them to wild-type and normal Zc3h12c-GFPKI/KI lymph nodes. First and 

foremost, cell counts highlighted the huge cellular accumulation in the enlarged lymph nodes 

from the Zc3h12c-GFPKI/KI mice, with total cell numbers reaching more than 100 million of 

cells in some cases, while normal wild-type lymph nodes had on average 5 million cells (Figure 

36A). We analysed the numbers of B cells, T cells and dendritic cells using flow cytometry and 

found that all these populations were present in greater numbers in the enlarged lymph nodes 

from the Zc3h12c-GFPKI/KI mice. During our analysis, we observed a population of 

Ly6C+/MHCII+ cells that was absent from the wild-type and normal (not enlarged) Zc3h12c-

GFPKI/KI lymph nodes (Figure 36B). We also observed a higher number of macrophages and 

monocytes (broadly defined as Ly6C-/MHCII+ and MHCII-/Ly6C+, respectively) in the 

enlarged lymph nodes from the Zc3h12c-GFPKI/KI mice. More detailed flow cytometric analysis 

showed that these cells expressed markers specific to inflammatory dendritic cells, defined as 

CD11b+/Ly6C+/CD206+/FceR1a+/CD64+/CD11c+ (Figure 36C) (Segura and Amigorena, 

2013). These results demonstrate that the accumulating myeloid cells in the enlarged lymph 

nodes from the Zc3h12c-GFPKI/KI mice were a mixture of inflammatory dendritic cells, 

macrophages and monocytes, and that the population of inflammatory dendritic cells was 

unique to the enlarged lymph nodes.   
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Figure 36 – Characterisation of the lymphadenopathy in the Zc3h12c-GFPKI/KI mice using flow cytometry. 
(A) Wild-type, normal (not enlarged) lymph nodes from Zc3h12c-GFPKI/KI mice and hypertrophic lymph nodes 
from Zc3h12c-GFPKI/KI mice were subjected to cell count and to (B) flow cytometric analysis of B cells (B220+), 
germinal centre B cells (B220+, GL7+), T cells (CD3+), pDC (B220+, CD11b-, siglecH+), cDC1 (MHCII+, CD11c+, 
XCR1+, CD11blow) and cDC2 (MHCII+, CD11c+, XCR1-, CD11b+). (C) A population of Ly6C+, MHCII+ cells was 
observed uniquely in the hypertrophic lymph nodes from Zc3h12c-GFPKI/KI mice, expressing the markers CD64, 
FceR1a and CD206. Results represent the mean ± SEM of 18 animals per genotype, including 8 Zc3h12c-GFPKI/KI 

mice with lymphadenopathy.  
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Since many Zc3h12c-GFPKI/KI mice developed such severe lymphadenopathy, we hypothesised 

that they would have abnormally increased levels of inflammatory cytokines, particularly TNF, 

in their blood. As predicted 18 week-old Zc3h12c-GFPKI/KI females with lymphadenopathy had 

higher levels of TNF in the serum compared to wild-type mice (Figure 37). We also detected 

abnormally high levels of IFNg in the serum of these mice, at the same age.  

 

 
Figure 37 – Serum levels of IFNg and TNF in Zc3h12c-GFPKI/KI mice. Mice from 6 to 40 weeks of age were 
subjected to mandible bleeds to collect serum throughout their life. IFNg and TNF were detected in the serum by 
ELISA. Results represent the mean ± SEM of 8 animals per genotype. Statistical analysis performed by Two-way 
ANOVA. **: p £ 0.01; *** : p £ 0,001. 

 

 
 
Because of the effect of the loss of Zc3h12c on lymph node structure and cell composition, we 

hypothesised that the spleen would also develop a similar phenotype. Macroscopically, spleens 

from Zc3h12c-GFPKI/KI mice appeared similar to the spleens from their wild-type littermates. 

We performed histological analysis (routine H&E staining and immunohistochemistry) and 

observed that spleens from Zc3h12c-GFPKI/KI mice showed a disturbed architecture. While most 

lymphocyte follicles in the spleens from wild-type mice had a round and regular shape (Figure 

38A, left panels), the follicles in the spleens from the Zc3h12c-GFPKI/KI mice were larger and 
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irregular (Figure 38A, right panels). Immunostaining for macrophages (CD11b+), B cells 

(B220+) and metallophilic marginal zone macrophages (CD169+) showed that the segregation 

between the red pulp and the white pulp was less well defined in the spleens from the Zc3h12c-

deficient mice (Figure 38B). CD169+ macrophages, also known as MOMA1+ metallophilic 

macrophages, typically form a ring-like structure around the lymphocyte follicles, as they 

interact with marginal zone B cells. In the spleens from the Zc3h12c-GFPKI/KI mice the CD169+ 

ring appeared thinner and more diffused compared to what was seen in the spleens from wild-

type mice. B cells were less densely packed in the follicles from the spleens of the Zc3h12c-

deficient mice, and were more present in the red pulp. These observations indicate that spleen 

architecture was abnormal in Zc3h12c-GFPKI/KI mice. 
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Figure 38 – Histological analysis of spleens from Zc3h12c-GFPKI/KI mice. (A) Spleen sections from Zc3h12c-
GFP+/+ and Zc3h12c-GFPKI/KI mice were subjected to routine H&E staining (top panel) and immunostaining with 
antibodies against F4/80 (bottom panel). (B) Frozen spleen sections were subjected to immunofluorescence 
staining for B cells (B220+, in yellow), metallophilic macrophages (CD169+, in cyan) and red-pulp macrophages 
(CD11b+, in blue). Representative results are shown. 



 112 

 

 

Considering the disruption in the splenic architecture in Zc3h12c-GFPKI/KI mice, we wanted to 

further analyse leukocyte distribution in the spleen. We also analysed the bone marrow, as it is 

the primary lymphoid organ where B cells and myeloid cells originate and differentiate. Flow 

cytometric analysis of the spleen showed that proportions of T cells, B cells and dendritic cells 

were comparable in mice of both genotypes (Figure 39A). Spleen cellularity was similar 

between wild-type and Zc3h12c-GFPKI/KI mice (Figure 39B), which was in accordance with our 

previous macroscopic observations. Moreover, the cell populations in the bone marrow from 

the Zc3h12c-GFPKI/KI mice were normal, except for a slightly increased proportion of B cells 

(Figure 39C). These findings demonstrate that the accumulation of B cells and inflammatory 

dendritic cells was exclusive to skin-draining lymph nodes from the Zc3h12c-GFPKI/KI mice, 

and that despite the severely compromised splenic architecture, the cell subset distribution and 

their numbers in the spleen appeared to be normal. 
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Figure 39 – Flow cytometry analysis of the spleen and bone marrow from Zc3h12c-GFPKI/KI mice. (A) The 
numbers of T cells, B cells and dendritic cells in the spleen were determined by flow cytometric analysis. (B) Total 
cell number in the spleen. (C) The numbers of B cells and granulocytes in the bone marrow were determined by 
flow cytometric analysis. Results represent the mean ± SEM of 18 animals per genotype. Statistical analysis 
performed by Two-way ANOVA. *** : p £ 0,001. 
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In order to assess the relative involvement of the stromal and haematopoietic systems in the 

development of lymphadenopathy seen in the Zc3h12c-GFPKI/KI mice, we performed 

transplantation of wild-type bone marrow into lethally irradiated Zc3h12c-GFPKI/KI recipients, 

and, conversely, transplantation of Zc3h12c-GFPKI/KI bone marrow into lethally irradiated wild-

type recipients. After successful haematopoietic reconstitution (verified by analysis of 

peripheral blood), animals were kept for 6 months to reach the age at which Zc3h12c-GFPKI/KI 

mice develop lymphadenopathy. Upon dissection, we observed that none of the mice from 

either cohort had developed lymphadenopathy. Moreover, flow cytometric analysis showed 

normal proportions of B and T cells, and the absence of inflammatory dendritic cells that are 

characteristic to the lymphadenopathy described above for the Zc3h12c-GFPKI/KI mice (Figure 

40). 

These results suggest that both the haematopoietic and non-hematopoietic compartments or 

radio-resistant cells, such as Langerhans cells, are necessary for the development of 

lymphadenopathy in the Zc3h12c-GFPKI/KI mice. 
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Figure 40 – Flow cytometric analysis of chimeric mice 6 months post bone marrow transplantation. Flow 
cytometric analysis of B cells, T cells and inflammatory dendritic cells of wild-type mice reconstituted with 
Zc3h12c-GFPKI/KI bone marrow and Zc3h12c-GFPKI/KI mice reconstituted with wild-type bone marrow. Results 
represent the mean ± SEM of 8 animals per genotype. 

 

 

 

Since lymphadenopathy in the Zc3h12c-GFPKI/KI mice was limited to the skin-draining lymph 

nodes, we investigated whether this hyperplasia may be the result of defects in the skin. 

Zc3h12c-GFPKI/KI mice with enlarged skin draining lymph nodes did not present with any 

visible skin injury, nor redness, hair loss or scaling, characteristic features of skin inflammation 

or dermatitis. Histological analysis of skin samples from wild-type and Zc3h12c-GFPKI/KI mice 

did not reveal any abnormalities in the latter, even when samples were harvested close to an 
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enlarged lymph node. No major abnormalities, such as epidermis and dermis thickness or 

aberrant collagen structure, were detected in the skin from the Zc3h12c-GFPKI/KI mice (Figure 

41A). Flow cytometric analysis confirmed these observations, as we did not find any major 

difference in leukocyte proportions between the skin drained by a normal lymph node and the 

skin drained by an enlarged lymph node (Figure 41B). These results suggest that the 

lymphadenopathy observed in the Zc3h12c-GFPKI/KI mice is not a consequence of skin injury 

or inflammation. 

 

 
Figure 41 – Analysis of the skin from Zc3h12c-GFPKI/KI mice. (A) Histological analysis of the skin by routine 
H&E staining (left panel), immunohistochemistry (anti-CD45 staining, middle panel) and Sirius Red staining 
(right panel). (B) Flow cytometric analysis of leukocytes from the the skin. Skin from a wild-type mouse, skin 
surrounding a normal (non-enlarged) lymph node from a Zc3h12c-GFPKI/KI mouse and skin surrounding an 
enlarged lymph node from a Zc3h12c-GFPKI/KI mouse were assessed. Results represent the mean ± SEM of 3 
animals per genotype.  
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 Transcriptomic analysis of splenic dendritic 
cells from Zc3h12c-GFPKI/KI mice 

 
 
In an effort to broadly identify the impact of the loss of Zc3h12c on dendritic cells in an 

unbiased manner, we performed RNA-sequencing (RNA-seq) analysis on splenic dendritic 

cells. We chose splenic dendritic cells as they do express Zc3h12c and it is relatively easy to 

obtain the cell numbers required for standard RNA-seq (i.e. > 100.000 cells) in contrast to using 

lymph node dendritic cells. We sorted cDC1, cDC2 and pDCs from Zc3h12c-GFPKI/KI females 

and littermate controls. RNA-seq analysis of splenic cDC1 only showed 2 significantly 

dysregulated genes with the loss of Zc3h12c, which we considered to be of minor relevance 

(Myt1 and Gp2). On the other hand, we observed that a handful of genes were dysregulated in 

pDCs and cDC2 from Zc3h12c-GFPKI/KI mice (Figure 42). GO term analysis of differentially 

expressed genes in Zc3h12c-GFPKI/KI vs wild-type pDCs suggested that loss of Zc3h12c 

impacted the expression of genes involved in the immune response, particularly the anti-viral 

response. In accordance with the GO term analysis, KEGG pathway analysis revealed that loss 

of Zc3h12c impacted genes involved in the response to several virus causing-diseases, such as 

hepatitis C, Human Papilloma virus (HPV) and Influenza. These results demonstrate that loss 

of Zc3h12c in cDC2 impacted genes involved in various mechanisms, mainly in cell function 

and metabolism.   
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Figure 42 – RNA-seq analysis of splenic pDCs and cDC2 from Zc3h12c-GFPKI/KI mice. Splenic pDCs and 
cDC2 were sorted from Zc3h12c-GFPKI/KI (KO) and Zc3h12c-GFP+/+ (wild-type) animals. Total RNA was 
extracted and subjected to sequencing. Differentially expressed genes were identified and compared as Zc3h12c-
GFPKI/KI vs wild-type. (A) Heatmap display of differentially expressed genes found in pDCs. (B) GO term and (C) 
KEGG pathway analyses were performed with significantly differentially expressed genes found in pDCs. (D) 
Heatmap display of differentially expressed genes found in cDC2. (E) GO term and (F) KEGG pathway analyses 
were performed with significantly differentially expressed genes found in cDC2. Genes were considered 
significantly differentially expressed if p£0.1. 

 The role of ZC3H12C in skin inflammation 
and homeostasis 

 
Several findings described above pointed towards a role of Zc3h12c in skin inflammation and 

homeostasis. Therefore, we used two different mouse models of skin inflammation, psoriasis 

and Toxic Epidermal Necrolysis disease, to test for a potential role of Zc3h12c in the context 

of skin pathologies. 

 

1. Zc3h12c and imiquimod-induced psoriasis-like skin inflammation. 
 
Zc3h12c was previously identified as a risk factor for the development of psoriasis in two 

GWAS studies (Tsoi et al., 2012; Munir et al., 2015). Even though Zc3h12c-GFPKI/KI mice do 

not spontaneously develop psoriasis or dermatitis, even at an advanced age, we wanted to 

investigate whether loss of ZC3H12C would influence the development of these illnesses. To 
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do this, we used the imiquimod-induced psoriasis-like skin inflammation model (van der Fits 

et al., 2009; Hawkes, Gudjonsson and Ward, 2017). 

Daily application of imiquimod (IMQ) can induce inflamed, scaly lesions characterised by an 

increased epidermal proliferation, epidermal accumulation of neutrophils, angiogenesis, 

infiltration of immune cells such as T cells, dendritic cells and migration of Langerhans cells 

into the neighbouring draining lymph nodes, and the latter is driven by the expression of 

chemokines, such as Ccr7, Cxcr4 and Cxcl12 (Villablanca and Mora, 2011). Imiquimod (IMQ) 

was applied daily on the back skin of female wild-type and Zc3h12c-GFPKI/KI mice for 5 or 6 

days. To measure immune cell infiltration induced by the treatment, we analysed portions of 

IMQ-treated and untreated skin by flow cytometry, and first monitored the GFP signal in each 

cell type to follow the induction of Zc3h12c upon imiquimod treatment. In the reporter mice, 

Zc3h12c was induced in dermal cDC1 and LC but reduced in dermal neutrophils. By contrast, 

Zc3h12c expression remained unchanged in cells in the skin-draining lymph nodes (Figure 43).  

  



 120 

 
Figure 43 – Zc3h12c induction in dermal cells and skin-draining lymph nodes following 5 to 6 days of topical 
imiquimod treatment. Leukocytes from the skin and neighbouring skin-draining lymph nodes from Zc3h12c-
GFP+/+ (wild-type) and Zc3h12c-GFPKI/KI mice were analysed by flow cytometry to monitor the changes in GFP 
expression between the untreated vs the imiquimod-treated state. Results represent mean ± SD of the difference 
between the SEM of the Zc3h12c-GFP+/+ (wild-type) group vs the Zc3h12c-GFPKI/KI group. Statistical analysis 
performed by Two-way ANOVA. *: p £ 0,05; **** : p £ 0,0001.  

 
To determine the impact of the loss of Zc3h12c on the development of psoriasis, we examined 

the skin for the hallmarks of psoriatic lesions (scaling and redness, thickening of the epidermis) 

by histology. This did not show any major difference between Zc3h12c-GFPKI/KI and wild-type 

mice (Figure 44A). Flow cytometric analysis of the skin revealed a net increase of immune cells 

in the skin of treated mice of both genotypes, mainly neutrophils and macrophages, and a net 

decrease in LC (Figure 44B), and we observed a mild increase in infiltration in the skin from 

the Zc3h12-cGFPKI/KI mice, particularly the neutrophils. In both genotypes, the proportions of 

LC were higher in the skin-draining lymph node adjacent to the imiquimod-treated skin 

compared to the lymph nodes adjacent to untreated skin, but we did not observe any significant 

difference between the two genotypes (Figure 44C).  
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Figure 44 – Assessment of symptoms and immune response linked to psoriasis induction by topical 
imiquimod application. (A) Representative photo of the skin of mice of the indicated genotypes following 5 to 6 
days of topical imiquimod application, and histological analysis of the skin by routine H&E staining following. 
(B) Flow cytometric analysis of the overall leukocytes (CD45+), T cells (CD3+), macrophages (CD11b+), 
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neutrophils (Ly6G+) and dermal dendritic cells in the untreated or imiquimod-treated skin of the mice of the 
indicated genotypes. (C) Flow cytometry analysis of dendritic cells, neutrophils and macrophages in the lymph 
nodes draining the untreated or imiquimod-treated skin from mice of the indicated genotypes. Results represent 
the mean ± SEM of 14 animals per genotype and are a combination of 3 independent experiments. Statistical 
analysis performed by Two-way ANOVA. *: p £ 0,05. 

 

During the time of treatment with imiquimod, we regularly sampled blood in order to measure 

the production of pro-inflammatory cytokines. While we could see an increase in the levels of 

TNF and IL-6, peaking one day after the first application of imiquimod, we did not see a 

significant difference between the Zc3h12c-GFPKI/KI vs the wild-type mice (Figure 45A). 

Cytokine analysis of skin lysates showed a significant increase in the production of the pro-

inflammatory cytokines IL-6, IFNg, IL1b and TNF upon treatment in mice of both genotypes, 

with no significant difference between the Zc3h12c-GFPKI/KI vs the wild-type mice (Figure 

44B). We examined the expression of genes encoding critical cytokines and anti-microbial 

peptides in the skin of imiquimod treated and untreated mice. We found a higher induction of 

S100a8 mRNA in the Zc3h12c-GFPKI/KI mice, which, together with S100a9, has a critical role 

in modulating the inflammatory response and leukocyte recruitment (Wang et al., 2018). On 

the other hand, compared to wild-type mice upon treatment with imiquimod the Zc3h12c-

GFPKI/KI mice showed a reduced induction of Ll-37, which also encodes an anti-microbial 

peptide. We did not detect any Il-17 or Il-19 mRNA in the treated skin from mice of either 

genotype (data not shown), and we did not observe any differences in the expression of Il23a, 

Il-22, Cxcr4, Ccr7 and Cxcl12 mRNA between the Zc3h12c-GFPKI/KI vs the wild-type mice 

(Figure 45C). Collectively, these findings show that there is a slight difference in IMQ-induced 

development of psoriasis and the associated immune response between Zc3h12c-GFPKI/KI mice 

vs wild-type mice, primarily in the proportion of neutrophils accumulating in the skin after 

imiquimod application.  
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Figure 45 – Analysis of pro-inflammatory mediators following topical imiquimod application. (A) Serum 
levels of TNF, IL-6 and IFNg were measured in mice of the indicated genotypes at different time points during the 
treatment. (B) Levels of TNF, IL-6, IFNg and IL1b produced in the skin of untreated and imiquimod-treated mice 
of the indicated genotypes. (C) qPCR analysis of the expression of mRNAs encoding key mediators of psoriasis 
in the skin from imiquimod-treated and untreated mice of the indicated genotypes. Results represent the mean ± 
SEM of 5 animals per genotype and treatment and are representative of 2 independent experiments. Statistical 
analysis performed by Two-way ANOVA. *: p £ 0,05. 
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2. The impact of the loss of Zc3h12c on TEN-like skin inflammatory disease 

(SMAC-mimetic injection) 
 

We also used subcutaneous injections of SMAC-mimetic to elicit the type of skin inflammation 

that is caused by the genetic deletion of Inhibitor of Apoptosis Proteins -1 and -2 (cIAP1 and 

cIAP2) in the epidermis (Anderton et al., 2017). SMAC-mimetics (SMs) are compounds that 

inhibit the activity of cIAP1 and cIAP2, and thereby sensitise cells to apoptosis and necroptosis 

induced by ligands belonging to the TNF superfamily (TNFSF), including TNF itself. The 

SMAC-mimetic compound induces an acute inflammatory reaction at the site of injection, 

causing epidermal disruption, extensive keratinocyte cell death and full-thickness epidermal 

necrosis. This pathology resembles the Toxic Epidermal Necrolysis disease, which is a 

dermatological disorder characterised by epidermal necrosis and extensive epidermal ablation. 

The severity of the lesions is measured by assessing three different criteria: redness of the skin, 

oedema and epidermal detachment, also called Nikolsky’s Sign.  

Each mouse was injected twice, once at each side of the flank. We started by a readout on day 

1 and day 3 post-injection. On day 1 post-injection, we did not observe any severe lesion 

macroscopically, but we could observe an ablation of the epidermis, with no difference between 

the Zc3h12c-GFPKI/KI vs the wild-type mice (Figure 46A, upper panel). On day 3 post-injection, 

wild-type mice showed severe necrotic lesions, that were not observed in the Zc3h12c-GFPKI/KI 

mice. Overall, Zc3h12c-GFPKI/KI mice showed a reduced clinical score on day 3 (Figure 46A, 

lower panel). Moreover, we observed a significant reduction of IL-6 levels in the skin on day 3 

post-treatment in the Zc3h12c-GFPKI/KI mice compared to the wild-type mice (Figure 46B).  
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Figure 46 – Characterisation of the immune response one- and three-days following injection of SMAC-
mimetic. (A) Clinical scoring of SMAC mimetic injected mice of the indicated genotypes, characterised by 
redness of the skin, oedema and epidermal detachment, and histological analysis of the treated skin. (B) 
Measurement of cytokine production in the skin of untreated and SMAC mimetic injected mice of the indicated 
genotypes by ELISA. Results represent the mean ± SEM of 5 animals per genotype. Statistical analysis performed 
by Student’s t-test. *: p £ 0,05. 

 

These results suggest that loss of Zc3h12c can accelerate the healing of skin lesions induced by 

the injection of SMAC mimetic. We hypothesised that Zc3h12c-GFPKI/KI mice produce more 

IL-6 between day 1 and day 3 post-treatment, thereby driving faster wound healing. Indeed, it 

has been shown that loss of the necroptotic effector MLKL can lead to skin inflammation upon 

injection of SMAC mimetic, and that compared to wild-type mice Mlkl-/- mice produced 

significantly more IL-6 in the early days post-injection, which caused an accelerated wound 
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healing (Anderton et al., 2017). To test our hypothesis, we changed the kinetic of our 

experiment, and analysed the effects of SMAC mimetic treatment 2- and 3-days post-injection.  

Two days post-injection, wild-type mice showed lesions similar to the day 3 time point from 

our first experiment (Figure 47A). Zc3h12c-GFPKI/KI mice only showed mild epidermal 

abrasion and did not present with the large necrotic lesions that were readily observed in the 

wild-type mice. Moreover, Zc3h12c-GFPKI/KI mice had reduced keratinocyte cell death 

compared to wild-type controls, as shown by immunostaining for activated (i.e. cleaved) 

caspase-3 (CC3). While Zc3h12c-GFPKI/KI mice tended to have milder lesions at day 2, we did 

not observe a significant difference in the clinical scoring, when compared to wild-type mice. 

In this setting, we did not observe any difference on day 3 post injection (Figure 47A, lower 

panel). We did not observe the expected peak of IL-6 on day 2 post-injection with SMAC 

mimetic, but we observed lower levels of TNF on day 2, and IL-6 on day 3 in the Zc3h12c-

GFPKI/KI mice (Figure 47B).  
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Figure 47 – Characterisation of the immune response 2 and 3 days following injection of SMAC-mimetics. 
(A) Clinical scoring of mice of the indicated genotypes after injection of SMAC mimetic, characterised by redness 
of the skin, oedema and epidermal detachment, and histological analysis of the skin from the injected mice by 
routine H&E staining and assessment of epidermal apoptotic cell death by immune-staining for activated (cleaved) 
caspase-3. (B) Measurement of cytokine production in the skin of untreated and SMAC mimetic injected mice of 
the indicated genotypes by ELISA. Results represent the mean ± SEM of 5 animals per genotype and treatment. 
Statistical analysis performed by Two-way ANOVA. *: p £ 0,05; **: p £ 0.01. 

Finally, we characterised the dermal immune response in the untreated skin and following 

injection with SMAC mimetic (Figure 48). Cellular suspensions of whole skin (dermis and 
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epidermis) from SMAC mimetic injected and untreated Zc3h12c-GFPKI/KI mice and wild-type 

controls were prepared for flow cytometric analysis to assess the presence of immune cells, 

particularly T cells, macrophages, cDC1, cDC2, LC and macrophages. Firstly, we found fewer 

immune cells in the skin from Zc3h12c-GFPKI/KI mice than in wild-type controls 2 days post-

injection with SMAC mimetic, but significantly more T cells 3 days post-injection. We 

observed a smaller proportion of LC in the untreated skin and found significantly fewer 

macrophages on days 2 and 3 after treatment with SMAC mimetics in the Zc3h12c-GFPKI/KI 

mice.  

These results suggest that treatment with SMAC mimetic induced milder lesions in Zc3h12c-

GFPKI/KI mice than in wild-type controls. Thus, loss of Zc3h12c provides mild protection in this 

model of TEN-like skin disease.  

 

 
Figure 48 – Flow cytometric analysis of the immune response on days 2 and 3 after injection of SMAC 
mimetics. Analysis of the proportions of total immune cells (CD45+), T cells (CD3+), macrophages and dermal 
dendritic cells following injection of SMAC mimetics in mice of the indicated genotypes. Results represent the 
mean ± SEM of 5 animals per genotype and treatment. Statistical analysis performed by Two-way ANOVA. *: p 
£ 0,05; *** : p £ 0,001; **** : p £ 0,0001.  

 The role of ZC3H12C in anti-viral immunity 

 



 129 

Since RNA-seq analysis of splenic pDCs suggested a role for Zc3h12c in anti-viral immmunity, 

we further investigates the role of Zc3h12c in this immune response. To do this, we infected 

Zc3h12c-GFPKI/KI and wild-type controls mice with chronic lymphocytic choriomeningitis 

virus (LCMV) strain docile. This model of chronic viral infection can result in a viral load that 

can last for up to three months, and the virus can persist indefinitely in some tissues. During 

the acute phase of the viral infection, CD8+ T cells specific for the NP396 and GP33 viral 

epitopes are produced by the immune system to control the infection.  

 

Mice were injected intra-peritoneally with the viral suspension, and their weight was monitored 

daily until sacrifice, ten days post-infection. We observed a significantly greater weight drop in 

the Zc3h12c-GFPKI/KI cohort when compared to the wild-type mice. Measurement of the viral 

titres across different organs showed a significantly lower viral load in the liver and kidney of 

the Zc3h12c-GFPKI/KI mice compared to the wild-type controls (Figure 49A). Histological 

analysis of different tissues showed immune cell infiltration in all the organs analysed, but we 

did not find any differences in severity between the wild-type vs the Zc3h12c-GFPKI/KI mice. B 

cell and cDC2 cell counts were significantly lower in the spleens from the Zc3h12c-GFPKI/KI 

mice compared to the spleens from the wild-type controls. The number of macrophages in the 

spleens from the Zc3h12c-GFPKI/KI mice also seemed lower, but the difference was not 

statistically significant. On the other hand, the numbers of granulocytes were significantly 

higher in the spleens from the Zc3h12c-GFPKI/KI mice compared to the spleens from the wild-

type controls. We did not observe a difference in the numbers of antigen specific CD8+ T cells 

(GP33+ and NP396+) between mice of the two genotypes (Figure 49B). 

 



 130 

 
Figure 49 – Characterisation of the immune response to chronic LCMV docile infection in Zc3h12c-GFPKI/KI 

mice. (A) Body weight was monitored in mice of the indicated genotypes daily after the injection of LCMV docile 
until sacrifice. Viral titres in mice of the indicated genotypes were determined across several organs. (B) Flow 
cytometric analysis of B cells, T cells, granulocytes, macrophages, LCMV-specific CD8+ T cells (GP33+ and 
NP396+) and classical dendritic cells numbers in the spleens in mice of the indicated genotypes 9 days post-
infection. Results represent the mean ± SEM of 5 animals per genotype. Statistical analysis was performed by 
Two-way ANOVA. *: p £ 0,05; **: p £ 0.01; *** : p £ 0,001; **** : p £ 0,0001. 

 
We also monitored the presence of TNF and IFNg in the blood on day 3 and day 10 post-

infection, and found similar levels of TNF in both cohorts, but Zc3h12c-GFPKI/KI mice produced 

significantly higher levels of IFNg on day 10 post-infection compared to the wild-type controls 

(Figure 50). 
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Figure 50 – Serum levels of pro-inflammatory cytokines in Zc3h12c-GFPKI/KI mice upon infection with 
LCMV docile. Mandible bleeds were collected 3 days post-infection with LCMV docile and cardiac bleeds were 
collected at sacrifice on day 10 post-infection. Serum levels of TNF and IFNg were measured by ELISA. Results 
represent the mean ± SEM of 5 animals per genotype. Statistical analysis performed by Two-way ANOVA. **: 
p<0.01. 

 

These reveal that compared to wild-type controls Zc3h12c-GFPKI/KI mice can clear the LCMV 

docile virus more efficiently in some tissues, but their severe weight loss indicates an 

overzealous immune response.  

 

 
 Discussion  

 
Over the years, studies have highlighted the importance of RBPs in the regulation of the levels 

of pro-inflammatory cytokines and other mediators of immune responses. Newly developed 

techniques allowed researchers to discover more than 1500 RBPs, and more studies come out 

every year, identifying additional RBPs and their involvement in the control of immune 

responses. ZC3H12A, ZFP36 and Roquin remain the three most famous and most extensively 

studied RBPs involved in the regulation of the levels of TNF (Taylor et al., 1996; Stoecklin et 

al., 2003) and other proinflammatory cytokines, such as IL-6 (Matsushita et al., 2009). We 

reveal here that ZC3H12C is involved in the regulation of Tnf expression in vitro by 

destabilising Tnf 3’UTR mRNA via its RNAse activity. Our previous observations suggest that 

ZC3H12C destabilised Tnf 3’UTR via its NRE (Lacey et al., 2015) but crossing of TNFdel4 

mice with Zc3h12c-GFPKI/KI mice did not worsen the phenotype that is apparent in the TNFdel4 

mice to the same extent as the defects seen in TNFdel4del6 mice (data not shown). 

The phenotype of the Zc3h12c-GFPKI/KI is similar to the Zc3h12c-deficient mouse strain 

(Regnase-3-/-) that was characterised and published in 2019 (Von Gamm et al., 2019). It is 

noteworthy that there were no published studies describing a Zc3h12c-deficient mouse strain at 
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the beginning of my project. Briefly, the authors of the previous study had generated a Regnase-

3-/- mouse strain and made their own antibody to detect the expression of Zc3h12c in different 

cells and tissues. They reported that ZC3H12C was mainly expressed in macrophages and used 

bone-marrow derived macrophages (BMDM) as an in vitro model to study the impact of loss 

of Zc3h12c. Of note, they showed that their antibody could also detect ZC3H12B, which could 

explain the signal detected in cells that do not express ZC3H12C, but this would need further 

investigation using Zc3h12b-deficient mice. Moreover, the authors of the previous study 

performed RNA-seq analysis on alveolar macrophages and BMDMs but could not detect any 

differentially expressed genes in cells lacking Zc3h12c. This could be explained by the absence 

of expression of Zc3h12c in these cells. They also performed RNA-seq analysis on B cells 

extracted from enlarged lymph nodes and found differentially expressed genes involved in type 

I and type II interferon signalling pathways. The authors therefore concluded that Zc3h12c was 

a key regulator in the IFN signalling pathways in macrophages (Von Gamm et al., 2019).   

We provide strong evidence that Zc3h12c is highly and uniquely expressed in dendritic cell 

populations, which while contradicting the previously published observations, is in accordance 

with publicly and widely available data (Immgen.com). Moreover, we confirmed the absence 

of Zc3h12c expression in tissue macrophages and BMDMs using our reporter mouse strain, and 

also by qPCR analysis (Figure 51). The authors of the previous study justified the role of the 

macrophages in the onset of the lymphadenopathy by deleting Zc3h12c in the myeloid 

compartment using the LysM-Cre transgene. However, this Cre recombinase system can also 

target about half of the dendritic cells, and in particular the monocyte-derived dendritic cells, 

due to their close lineage relationship (McCubbrey et al., 2017). We therefore argue that the 

phenotype developed by the Regnase-3fl/fl+LysM-Cre mice, which is similar to the phenotype 

of the Regnase-3-/- mice, is due to the deletion of Zc3h12c in dendritic cells. Generating 

Zc3h12cfl/fl+CD11c-Cre mice would confirm our hypothesis, as expression of this transgene 

would cause specific deletion of Zc3h12c in the dendritic cell compartment. 

Zc3h12c is most highly expressed in dendritic cells in the skin-draining lymph nodes, and the 

identification of Zc3h12c as risk gene for the development of psoriasis suggested that the 

ZC3H12C protein plays an essential role in skin homeostasis. However, the exact mechanism 

by which hyperplasia of skin-draining lymph nodes develops remains to be investigated, and in 

particular the processes that drive the accumulation of inflammatory dendritic cells in the 

pathologically enlarged lymph nodes. Inflammatory dendritic cells are typically observed in 

inflamed lymph nodes following monocyte recruitment induced by parasitic infections, such as 

Leishmania, Listeria, or viral infections, such as with Herpes, and following immunisation 
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(Segura and Amigorena, 2013). The extensive amino acid similarity between all four members 

of the ZC3H12 family of proteins and the close proximity of their genes in the genome, both 

indicating functional overlap, could explain why lymphadenopathy develops in only ~60% (but 

not 100%) of the Zc3h12c-deficient mice. This hypothesis could be tested by generating mice 

with concomitant deletion of two or more ZC3H12 family members, which may exhibit 100% 

penetrance of lymphadenopathy and possibly much more severe disease. 

 
Figure 51 – The absence of Zc3h12c expression in macrophages. (A) Bone marrow derived macrophages 
(BMDMs) from Zc3h12c-GFP+/+ (wild-type) and Zc3h12c-GFPKI/KI mice were culture for 7 days in medium 
containing supernatant from L929 cells (a source of MCSF) and analysed by flow cytometry for GFP expression 
(B) RT-PCR analysis on RNA extracted from sorted primary cells (splenic pDC, cDC1 and cDC2 and alveolar 
macrophages) and cultured macrophages (BMDM) and dendritic cells (BMDC and moDC) from wild-type mice. 
Data represent mean ± SEM of three mice.  

It is tempting to hypothesise that when facing opportunistic pathogens, dendritic cells deficient 

in Zc3h12c secrete abnormally high levels of TNF, which leads to higher circulating levels of 

TNF. It was shown that TNF is essential for LC migration to the skin-draining lymph nodes 
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(Kimber and Cumberbatch, 1992), where they cross-present antigen to IFNg-secreting T cells 

(Polak et al., 2014), ultimately leading to the secretion of IFNg. We, and others (Von Gamm et 

al., 2019), have found higher levels of circulating IFNg in the serum of Zc3h12c-deficient mice, 

which could originate from this excessive TNF-driven LC migration and T cell activation in 

the sLN. Moreover, wild-type reconstituted with bone marrow from Zc3h12c-GFPKI/KI animals 

and Zc3h12c-GFPKI/KI mice reconstituted with bone marrow from wild-type animals did not 

develop lymphadenopathy. These observations support our hypothesis of a cross-talk between 

the Langerhans cells, which are radio-resistant (Merad, Ginhoux and Collin, 2008) and cells 

from the hematopoietic system, most likely T cells.  

We have investigated the predicted association of Zc3h12c with the development of psoriasis 

in humans by using the imiquimod-induced psoriasis-like skin inflammation but only saw a 

mild impact of loss of Zc3h12c in this mouse model. While this model has become the most 

widely used model for preclinical psoriasis studies, because of its convenience and low cost, 

the induction of psoriasis-like histological features, including erythema as well as skin 

thickening, and activation of pro-inflammatory signalling pathways similar to human psoriasis, 

the mechanism of action of the compound is still only poorly understood (Hawkes, Gudjonsson 

and Ward, 2017). In human psoriasis, keratinocytes are thought to play a primary role in 

inducing an immune response following a physical trauma or bacterial infection, leading to a 

cascade of events involving dendritic cells and T cells which can ultimately lead to excessive 

keratinocyte proliferation and epidermis thickening. However, in the imiquimod-model, 

keratinocytes cannot be the primary cells activated by the TLR ligand, as they lack expression 

of TLR7/8. Therefore, the difference in the mechanisms of induction could account for the 

absence of differences in psoriasis development in mice lacking Zc3h12c vs humans with 

defects in Zc3h12c. It would therefore be worthwhile using other mouse models mimicking 

psoriasis, such as intradermal injection of IL-23, or crossing Zc3h12c-GFPKI/KI mice to 

genetically engineered or spontaneous mouse strains that develop psoriasis-like skin 

inflammation (Bochénska et al., 2017). 

Because of the role of Zc3h12c in TNF production, we investigated the impact of the loss of 

Zc3h12c in SMAC-mimetic induced TEN-like lesions, which is partially dependent on TNF 

(Anderton et al., 2017). Sharpin mutant mice, which carry a loss-of-function mutation of the 

LUBAC component SHARPIN, are abnormally sensitive to TNFR1-induced apoptosis and 

develop severe LC-dependent chronic proliferative dermatitis (Anderton, 2018). Recently, it 

was shown that SMAC mimetic injection can mimic this phenotype. We observed that 

compared to wild-type controls, Zc3h12c-GFPKI/KI developed milder lesions following 
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injection of SMAC-mimetic, which could be due to the fewer LC present in the skin prior to 

treatment. 

We also examined the role of Zc3h12c in anti-viral immunity using the chronic Lymphocytic 

choriomeningitis virus (LCMV) docile strain. While loss of Zc3h12c did not seem to impact 

the anti-viral response using this particular virus given the similar production of LCMV-

specific T cells (stained with viral peptide loaded MHC tetramers) in wild-type and knock-out 

mice, Zc3h12c-GFPKI/KI mice appeared to have an overzealous immune response that could be 

due to excessive TNF production. While the levels of serum TNF were the same in both wild-

type and Zc3h12c-GFPKI/KI mice, it is possible that the production of TNF in certain tissues, 

such as the spleen, could account for the fewer B cells and macrophages observed in the spleen 

of the Zc3h12c-GFPKI/KI mice, as these cell types are susceptible to TNF-induced apoptosis. On 

the other hand, Zc3h12c-GFPKI/KI mice produced higher levels of IFNg, which could explain 

the enhanced viral clearance observed in the liver and kidney and perhaps also the increased 

weight loss.  

 

To confirm the role of TNF in the lymphadenopathy that develops in ~60% of the Zc3h12c-

GFPKI/KI mice, we will analyse the occurrence of lymphadenopathy in Zc3h12c-GFPKI/KI mice 

crossed with Tnf knock-out mice.  
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Chapter 5 – Targeting TNF to 

resolve TNF-dependent 

inflammatory diseases 
 

I. Preface  
 

Many studies have demonstrated the major role of TNF in inflammatory diseases in mice by 

genetically removing Tnf, or by administration of TNF blocking antibodies. These observations 

have been clinically translated and used in human medicine for over two decades, and anti-TNF 

biologics are now the preferred therapy for inflammatory diseases, such as RA, IBD and 

psoriasis. Since the introduction of anti-TNF therapies, patients have benefited from a better 

disease control and prognosis, and, in some cases, a sustained suppression of disease activity. 

In 2020, there were two types of anti-TNF therapies, namely monoclonal antibodies and soluble 

receptors, and six different drugs. One of the compounds, sold under the name Humira, has 

been the best-selling drug worldwide for several years.  

Paradoxically, the widespread use of anti-TNF therapies showed the progress of inflammatory 

adverse events, with increasing observations of exacerbation or initiation of autoimmune 

conditions, such as autoimmune hepatitis, uveitis, lupus-like syndrome, and myositis (Ramos-

Casals et al., 2008). While these observations highlighted the anti-inflammatory effects of TNF 

and its role in immune homeostasis, the mechanisms explaining these suppressive roles of TNF 

are still being debated.  

Many studies have shown that TNF has a major role in anti-microbial responses. Indeed, while 

Tnf-deficient mice are protected from LPS-induced septic shock, it was observed that they 

suffered from an increased bacterial load in some organs, leading to their death (Pasparakis et 

al., 1996). Similar observations were made in a murine model of Mycobacterium Tuberculosis 

(Mtb). Mice deficient in Tnfr1 or Tnf rapidly succumb to this infection (Bean et al., 1999; 

Jacobs et al., 2000), and this was also observed in wild-type mice infected with Mtb and 

subsequently treated with TNF blocking antibodies (Flynn et al., 1995). Moreover, some human 
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patients undergoing anti-TNF therapy to treat inflammatory conditions, and with a history of 

Mtb infection, have experienced reactivation of latent Mtb infection (Mohan et al., 2001). 

TNF was also shown to have a protective role in the development of autoimmune diseases, such 

as diabetes in Non-Obese Diabetic (NOD) mice and lupus nephritis. The most studied and 

validated hypothesis for the immunosuppressive role of TNF is its direct activation of 

regulatory T cells (Tregs) (Chen et al., 2007). As mentioned previously, TNF can bind to two 

receptors, TNFR1 which is expressed by many different cell types, and TNFR2 which is highly 

expressed by Treg cells. Treg cell expansion and activity are crucial in maintaining immune 

homeostasis by restraining the activity of effector T cells, and they thereby prevent potentially 

fatal autoimmune responses. The binding of TNF to TNFR2 increases proliferation, survival, 

stability and the suppressive functions of Treg cells in mice and human (Salomon et al., 2018). 

Studies using mouse models with selective ablation of Tnfr2 in Treg cells demonstrated the 

critical role of TNF-TNFR2 signalling in Treg cells in the prevention of autoimmunity 

(Atretkhany et al., 2018). Interestingly, polymorphisms in Tnfr2 altering the binding activity of 

TNF to TNFR2 have been identified in some patients suffering from autoimmune diseases, such 

as RA, Crohn’s disease and ankylosing spondylitis (Faustman and Davis, 2013).  

These observations have highlighted a much more complex and varied role of TNF in 

inflammation and immunity and have broken down the concept that it only exerts 

proinflammatory functions. We studied here the effect of the genetic loss of Tnf in the 

development of the lymphadenopathy observed in the Zc3h12c-GFPKI/KI mice.  

 

II. The absence of TNF prevents the lymph node 
hyperplasia that develops in Zc3h12c-GFPKI/KI mice 
 

Because of the regulatory effect of ZC3H12C on the Tnf 3’UTR that we observed in vitro, we 

hypothesised that the abnormalities seen in Zc3h12c-GFPKI/KI mice would be TNF-dependent. 

Therefore, we crossed Zc3h12c-GFPKI/KI mice to Tnf-/- mice and analysed the occurrence of 

lymph node hyperplasia in the mice lacking both Zc3h12c and Tnf. We analysed both males 

and females, from 3 to 12 months of age and observed that neither had developed enlarged 

lymph nodes (Figure 52). Flow cytometric analysis showed that lymph nodes from doubly-

deficient (DKO) mice exhibited similar overall cellularity and cell subset distribution as lymph 

nodes from wild-type controls. In particular, we did observe in the DKO animals the population 

of inflammatory dendritic cells that are characteristic to the enlarged lymph nodes found in 



 138 

Zc3h12c-GFPKI/KI mice (Figure 51D). This observation suggests that loss of Tnf was sufficient 

to prevent the development of lymphadenopathy induced by the loss of Zc3h12c. 

 

 
Figure 52 – Loss of Tnf prevents lymph node hyperplasia in Zc3h12c-GFPKI/KI mice. (A) Representative 
images of lymph node sections from a wild-type (+/+) mouse and a TnfZc3h12c-GFPDKO (DKO) mouse. Scale bar 
= 0,5 mm. (B) Normal lymph nodes from wild-type (+/+) or Tnf-/- mice, hypertrophic lymph nodes from Zc3h12c-
GFPKI/KI mice (enlarged KI/KI) and normally sized lymph nodes from Tnf/Zc3h12c-GFPDKO (DKO) mice were 
examined for total leukocyte counts and to (C) flow cytometric analysis of B cells (B220+), germinal centre B cells 
(B220+, GL7+), T cells (CD3+), pDC (B220+, CD11b-, siglecH+), cDC1 (MHCII+, CD11c+, XCR1+, CD11blow) and 
cDC2 (MHCII+, CD11c+, XCR1-, CD11b+). (D) The population of Ly6C+, MHCII+ cells observed uniquely in 
the hypertrophic lymph nodes from the Zc3h12c-GFPKI/KI mice, expressing the markers CD64, FceR1a and CD206 
were absent from the lymph nodes of the Tnf/Zc3h12c-GFPDKO mice. Results represent the mean ± SEM of 5 
animals per genotype. 
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We next crossed the Zc3h12c-GFPKI/KI mice to Tnfr2-/- mice to assess the role of the TNF-

TNFR2 signalling pathway on the development of lymphadenopathy caused by the absence of 

Zc3h12c. While in this experiment ~75% of the Zc3h12c-GFPKI/KI cohort had developed 

lymphadenopathy, only ~20% of the Tnfr2/Zc3h12c-GFPDKO mice developed a similar 

phenotype (Figure 53A). Similar levels of accumulation of B cells and inflammatory dendritic 

cells were observed in the enlarged lymph nodes that were found in the Tnfr2/Zc3h12c-GFP 

DKO mice (Figure 53B, 52C).  
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Figure 53 – Loss of Tnfr2 reduces but does not prevent lymphadenopathy in the Zc3h12c-GFPKI/KI mice. 
Skin-draining lymph nodes from mice of the indicated genotypes were collected and processed for flow cytometric 
analysis. Data are represented as mean ± SEM. n = 5 for each group, except Zc3h12c-GFPKI/KI with enlarged lymph 
nodes, n = 4 and Tnfr2/Zc3h12c-GFPDKO with enlarged lymph nodes, n = 1. 

These observations showed that loss of Tnfr2 significantly reduced the development of 

lymphadenopathy induced by the loss of Zc3h12c, while loss of Tnf completely prevented it. 
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Altogether, these results suggest that signalling of TNF through both TNFR1 and TNFR2 is 

required to induce lymph node hyperplasia in the Zc3h12c-GFPKI/KI mice. 

 
 

III. Tnf/Zc3h12c DKO mice are prone to systemic 
lethal autoinflammatory disease 
 

While loss of Tnf prevented the development of lymphadenopathy in Zc3h12c-GFPKI/KI mice, 

we observed that ~30% of the Tnf/Zc3h12c-GFPDKO mice, mainly females, developed severe 

systemic auto-inflammation at various ages, causing a significant reduction in their lifespan 

(Figure 54). 

 
Figure 54 – Survival curve of Tnf/Zc3h12c-GFPDKO mice. Survival rate of wild-type and Tnf/Zc3h12c-GFPDKO 

mice (TNF/12c-/- -/-). Wild-type, N = 4, Tnf/Zc3h12c-GFPDKO, N = 37. 

 

Upon dissection, affected mice looked visibly sick, and displayed white spots on the legs and 

back muscles (Figure 55), splenomegaly, enlarged liver and their bone marrow had a very light 

pink colour. Histological analysis revealed severe infiltration of immune cells into diverse 

organs, including the muscles and kidneys. We observed a large reduction of the acinar cells 

and islets of Langerhans in the pancreas, leaving only the stromal structure invaded by immune 

cells. The part of the muscle that showed macroscopic lesions showed extensive immune cell 

infiltration, and the muscle fibres appeared somewhat disintegrated (Figure 55A). To further 

characterise the immune cells infiltrating those tissue, we performed immunostaining to assess 

the presence of T cells (CD3+), B cells (B220+) and macrophages (CD68+). This revealed that 
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the pancreas of sick Tnf/Zc3h12c-GFPDKO mice was mainly invaded by T cells (Figure 56B), 

while the muscles were invaded by both macrophages and T cells (Figure 56C).  

 

 
Figure 55 – Severe autoinflammation developed by the Tnf/Zc3h12c-GFPDKO mice. (A) Photo of a dissected 
sick Tnf/Zc3h12c-GFPDKO mouse presenting with severe myositis as shown by the white patches on the muscles 
indicated by the black arrows. (B) List indicating the proportions of sick Tnf/Zc3h12c-GFPDKO mice presenting 
with extensive immune cell infiltration in the indicated organs. Infiltration in the spleen refers to splenomegaly. 
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Figure 56 – Histological characterisation of the autoinflammation in the sick Tnf/Zc3h12c-GFPDKO (DKO) 
mice. (A) Routine H&E staining of the indicated tissue sections from healthy wild-type (+/+) and sick 
Tnf/Zc3h12c-GFPDKO (DKO) mice. (B) Immunohistochemical staining for CD3 and B220 performed on pancreas 
sections from sick Tnf/Zc3h12c-GFPDKO (DKO) mice. (C) Immunofluorescence staining (anti-CD68 in red, DAPI 
in blue) performed on a frozen muscle section from a sick Tnf/Zc3h12c-GFPDKO (DKO) mouse. 
Immunohistochemical staining for CD3 performed on a muscle section from a sick Tnf/Zc3h12c-GFPDKO (DKO) 
mouse. Scale bars as indicated. 

 

We analysed serum levels of proinflammatory cytokines in sick Tnf/Zc3h12c-GFPDKO (DKO) 

mice, and this revealed extremely high levels of LTb, IFNg and IL-6. It is noteworthy that 

neither IL-6 nor IFNg were detected in healthy Tnf/Zc3h12c-GFPDKO (DKO) mice or wild-type 

mice (Figure 57). 
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Figure 57 – Very high serum levels of pro-inflammatory cytokines in sick Tnf/Zc3h12c-GFPDKO (DKO) mice. 
(A) Levels of Lymphotoxin in the serum of wild-type, Zc3h12c-GFPKI/KI (KI/KI), Tnf-/- and sick Tnf/Zc3h12c-
GFPDKO (DKO) mice (sick DKO). (B) IFNg and IL-6 in the serum of wild-type, Zc3h12c-GFPKI/KI (KI/KI), healthy 
Tnf/Zc3h12c-GFPDKO (DKO) and sick Tnf/Zc3h12c-GFPDKO (DKO) mice (sick DKO). Data are presented as mean 
± SEM of at least 3 age-matched (10-15 weeks old) mice per group. 

To gain a better understanding of the immune status of the Tnf/Zc3h12c-GFPDKO (DKO) mice, 

we next characterised the leukocyte subset composition in the bone marrow and the spleen. We 

found abnormally increased proportions of CD4+ T cells, regulatory T cells (Treg cells) and 

neutrophils in the spleens from Tnf/Zc3h12c-GFPDKO (DKO) mice. Interestingly, the 

proportions of B cells and dendritic cells were comparable between Tnf/Zc3h12c-GFPDKO 

(DKO) and wild-type animals. However, healthy Tnf/Zc3h12c-GFPDKO (DKO) mice contained 

increased proportions of cDC2 in their spleens (Figure 58). Because of the relatively low 

incidence of the severe sickness, we collected the spleen and bone marrow from each sick 

Tnf/Zc3h12c-GFPDKO (DKO) mouse and froze down the cell suspensions in order to be able 

analyse a greater number of sick animals at the same time. It is possible that the overall higher 

proportions of dendritic cell is an artefact of the freezing and thawing, as cells are counted as 

percentage of live cells, and cell freezing leads to high levels of cell death. However, this 
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explanation is unlikely given that the cell suspensions from all the control animals were also 

frozen and stored at -80ºC and then thawed for flow cytometric analysis.  

 

 
Figure 58 – Sick Tnf/Zc3h12c-GFPDKO (DKO) mice have increased proportions of T cells and neutrophils in 
their spleens. Spleens were collected from wild-type, Zc3h12c-GFPKI/KI (KI/KI), healthy Tnf/Zc3h12c-GFPDKO 

(DKO) and sick Tnf/Zc3h12c-GFPDKO (DKO) mice (sick DKO) and frozen down in DMSO/FCS for subsequent 
thawing and flow cytometric analysis. Data are represented as mean ± SEM (+/+, n = 4; KI/KI, n = 5; Tnf-/-, n = 3; 
DKO, n = 5; sick DKO, n = 11). 

Because of the severe multiorgan inflammation that was observed in some Tnf/Zc3h12c-

GFPDKO mice, we were also interested in analysing their peripheral blood to look for markers 

of leukopenia and anaemia. We therefore ran cardiac blood samples from these sick DKO 



 146 

animals and control animals through an automated blood analyser (ADVIA). We found a 

dramatic decrease in the red blood cell count, haemoglobin percentage, haematocrit and platelet 

count, and a massive increase in the white blood cell count and percentages of reticulocytes in 

the sick Tnf/Zc3h12c-GFPDKO mice (Figure 59). Collectively, these observations demonstrate 

that sick Tnf/Zc3h12c-GFPDKO mice suffer from severe anaemia, with an increased 

compensatory production of reticulocytes.  

 

 
Figure 59 – Peripheral blood counts in Tnf/Zc3h12c-GFPDKO mice. Blood was taken from wild-type, Zc3h12c-
GFPKI/KI (KI/KI), healthy Tnf/Zc3h12c-GFPDKO (DKO) and sick Tnf/Zc3h12c-GFPDKO (DKO) mice (sick DKO) 
and analysed in an automated blood analyser. WBC, white blood cells; RBC, Red blood cells; HGB, Haemoglobin; 
HCT, Haematocrit; PLT, Platelet count; Retic, Reticulocyte count. Data are presented as mean ± SEM.   
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IV. Discussion 
 
The results described in this chapter confirm a critical role of Tnf in the lymphadenopathy that 

develops in some Zc3h12c-GFPKI/KI mice. Unexpectedly, while ablation of Tnf completely 

prevented the inflammation of the skin-draining lymph nodes, it induced severe systemic auto-

inflammation in over a third of the Tnf/Zc3h12c-GFPDKO (DKO) mice. We have looked for the 

presence of autoantibodies in the serum but did not detect any auto-antibodies targeting tissues, 

such as the muscle (data not shown). While most of the secondary conditions that develop in 

patients during anti-TNF therapy involve the production of auto-antibodies, there have been 

some case reports of anti-TNF-induced myositis with no detectable levels of auto-antibodies in 

the serum (Klein et al., 2010).  

 

The relatively low incidence of severe systemic auto-inflammation seen in the Tnf/Zc3h12c-

GFPDKO mice suggested that gene knock-out induced susceptibility may cooperate with 

environmental factors to trigger this pathology. We suspected that the absence of Tnf rendered 

the Tnf/Zc3h12c-GFPDKO mice immunocompromised and therefore susceptible to opportunistic 

pathogens. We have sent one sick Tnf/Zc3h12c-GFPDKO mouse for clinical pathology analysis 

and its mouth swab tested positive for Pasteurella pneumotropica. Previous studies have shown 

that immunocompromised mice can succumb to pulmonary infection by P. pneumotropica 

(Kawamoto et al., 2011; Rickard et al., 2014), and considerable efforts to remove this 

opportunistic pathogen from the specific pathogen free animal facility at our Institute have 

therefore been undertaken. While infection with P. pneumotropica normally induces skin 

lesions or suppurative inflammation (Baker, 1998), none of the sick Tnf/Zc3h12c-GFPDKO 

animals presented with such open and suppurative wounds. However, some of the sick 

Tnf/Zc3h12c-GFPDKO mice did develop suppurative otitis. We therefore tentatively conclude 

that infection with Pasteurella pneumotropica contributed to the severe systemic auto-

inflammation that was seen in some of the Tnf/Zc3h12c-GFPDKO mice.     

Because of the role of Treg cells in the development of anti-TNF induced autoimmunity, we 

hypothesised that concomitant loss of Tnfr2 and Zc3h12c would recreate the phenotype 

observed in the sick Tnf/Zc3h12c-GFPDKO mice. Analysis of the spleens from sick 

Tnf/Zc3h12c-GFPDKO mice revealed increased proportions of Treg cells, but it could well be that 

these Treg cells exhibit impaired suppressive activity because they lack TNF. However, none of 

the Tnfr2/Zc3h12c-GFPDKO mice developed severe multiorgan autoinflammation, but we 

cannot draw any conclusion from this observation, as we also saw a cessation of the severe 
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autoinflammation in the Tnf/Zc3h12c-GFPDKO animals at the time when these mice were being 

aged. We suspect that the successful eradication of P. pneumotropica from our animal facility 

at that time stopped the Tnf/Zc3h12c-GFPDKO (and possibly also the Tnfr2/Zc3h12c-GFPDKO) 

mice from developing the infection that would unleash the immune response leading to the 

severe autoinflammatory pathologies.  

To try and restore infection, we housed a cohort of Tnf/Zc3h12c-GFPDKO mice in a relatively 

“dirty” facility, that is the quarantine animal facility from our Institute which houses mice 

imported from other institutions. However, neither male nor female Tnf/Zc3h12c-GFPDKO mice 

housed in this quarantine facility for a period of 6 months developed severe auto-inflammatory 

disease, but we were not able to confirm the presence of P.pneumotropica in this room. 

Therefore, it would be necessary to deliberately infect mice with P.pneumotropica to confirm 

the presence of this pathogen in the animals and determine whether it is critical for the 

development of severe systemic autoinflammation. If this would be the case, we could then 

reliably investigate the role of the TNF-TNFR2 axis in this disease.  

We also hypothesised that a sterile inflammation might trigger the activation of T cells, and that 

the absence of TNF-TNFR2 signalling pathway would prevent the normal termination of this 

immune response, leading to the systemic auto-inflammation. It has been shown that high levels 

of IFNg can induce and increase the expression of class I and class II MHC on diverse types of 

cells, including on pancreatic beta cells and islet endothelial cells. This would be predicted to 

further induce the migration of CD4+ T cells into the pancreas, leading to insulitis and diabetes 

(Leiter et al., 1989; Boldison and Wong, 2016; Scott et al., 2018). Interestingly, genetically 

modified mice showing abnormally increased IFNg/IFNg receptor signalling, such as Socs1-

deficient mice, develop soon after birth fatal autoinflammation that is in many respects similar 

to the disease seen in the Tnf/Zc3h12c-GFPDKO mice (Alexander et al., 1999). Therefore, it is 

possible that the excessive IFNg produced due to the absence of ZC3H12C becomes lethal in 

the absence of TNF which would normally temper the overactivated immune system.  

 

Finally, we have also considered the role of the Lymphotoxins. TNF and LTa compete for 

binding and signalling through TNFR1 and TNFR2. We hypothesised that ZC3H12C may 

regulate the stability of both the Tnf and the Lta 3’UTR, and that loss of ZC3H12C would 

therefore lead to an increased production of both of these cytokines. Loss of TNF would provide 

LTa increased access to TNFR1, thus causing a TNF-independent inflammation. While we 

found that ZC3H12C exerts a mild destabilising effect on the Lta and Ltb 3’UTR (Figure 61), 

ageing Zc3h12c-GFPKI/KI mice had normal levels of LTa and LTb in their serum, as opposed 
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to the abnormal increase in TNF. To thoroughly test the role of lymphotoxins in the effects 

caused by the absence of Zc3h12c, it would be necessary to generate triple knock-out mice 

Lta/Tnf/Zc3h12c and Ltb/Tnf/Zc3h12c, and examine the incidence and severity of multiorgan 

inflammation.  

 

 
Figure 60 – Destabilising effect of ZC3H12C on the Lta and Ltb 3'UTRs. The destabilising effect of each of 
the point mutants of ZC3H12C was assessed using assays similar to the GFP-Tnf 3’UTR reporter assay but where 
the Tnf 3’UTR in the construct was replaced with the 3’UTR of the Lta or Ltb gene. Results represent the mean ± 
SEM of three independent experiments. Statistical analysis performed by Two-way ANOVA. *: p £ 0.05; **: p £ 
0.01; *** : p £ 0,001. 

 
One of the challenges of anti-TNF therapies is to identify patients at risk of developing anti-

TNF induced autoimmune diseases (Fiorino et al., 2014). Therefore, we have potentially 

uncovered a genetically imposed susceptibility for autoimmune development following anti-

TNF therapies.  
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Chapter 6 – Conclusions and future 

directions 
TNF is a crucial component of the inflammatory response and also plays a role in maintaining 

immune homeostasis. The sequence and structure of the Tnf promoter allows for constant 

transcription of Tnf mRNA in specific cell types (Murphy et al., 1992; Kashii et al., 1999), and 

this process can be important when large quantities of TNF are required at a given time and in 

a specific location to induce an acute inflammation in response to a danger signal. When TNF 

is not required, Tnf mRNA is de-adenylated and degraded by the exosome and other degradation 

complexes, such as the CCR4/NOT1 complex (Turner and DÍaz-Muñoz, 2018). 

This mode of regulation of the production of Tnf is a double-edged sword. Over the past few 

decades, defects in the destabilisation of the Tnf mRNA have been linked to the development 

of several severe and debilitating inflammatory diseases, including rheumatoid arthritis and 

inflammatory bowel disease (Kontoyiannis et al., 1999; Lai et al., 1999; Lacey et al., 2015; 

Andrianne et al., 2017). After the first evidence of the importance of Tnf mRNA stability in the 

control of Tnf expression (Kruys et al., 1992), it became widely accepted that the post-

transcriptional regulation of Tnf was mediated by the ARE within its 3’UTR (Xu, Chen and 

Shyu, 1997; Kontoyiannis et al., 1999). Several groups have elegantly proven the role of the 

ARE in Tnf mRNA stability. First, a mouse model lacking the Tnf ARE, the famous TNFDARE 

strain, was generated (Kontoyiannis et al., 1999). The same year, a knock-out of the ARE-

binding protein ZFP36 was generated and these mice were shown to develop a phenotype 

similar to that seen in Tnf overexpressing mouse models, including the TNFDARE strain (Lai 

et al., 1999). A few groups investigated the destabilising effect of the CDE on the Tnf 3’UTR, 

with extensive structural studies, sequence analysis and investigations of binding affinities to 

RBPs, such as Roquin (Stoecklin et al., 2003; Leppek et al., 2013). These studies were wholly 

performed in vitro using immortalized cell lines. Moreover, as opposed to ZFP36-deficient 

mice, Roquin-deficient mice developed a severe autoimmune phenotype, for which the role of 

Tnf is unknown (Bertossi et al., 2011). In 2015, the spontaneous occurrence of the BPSM-1 

mutant mice in our colony made us reconsider the regulation of Tnf mRNA stability. Our group 

used a systematic approach to first identify in vitro critical regulatory elements in the 3’UTR, 

and this revealed that the NRE has a destabilising effect on the Tnf 3’UTR that is comparable 
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in extent to that of the ARE, while the CDE did not seem to have a significant influence (Lacey 

et al., 2015).  

In my work, and based on our previous findings, I have rigorously tested and confirmed these 

in vitro observations in vivo by using CRISPR/Cas9 technology to generate novel mouse strains 

to delete each one of the aforementioned regulatory elements from the Tnf 3’UTR, while 

carefully leaving all other regions of the Tnf gene untouched. On that note, we suspected that 

the cloning strategy used to generate the TNFDARE mice back in 1999 had impacted the 

stability of Tnf 3’UTR in an additional way because of the inclusion of a LoxP site within the 

NRE (Kontoyiannis et al., 1999). While this element was yet to be discovered and being aware 

of the limited cloning technology available at the time, this highlighted the complexity and the 

absolute precision required when designing mutations in non-coding regions to study gene 

regulation.  

Moreover, in this work I have shown in vivo the negligible effect of the CDE alone in Tnf 

3’UTR stability. Importantly, I have demonstrated the cooperation between the ARE and the 

CDE to efficiently destabilise Tnf mRNA, which had never been investigated before. While the 

precise nature of the mechanisms of cooperation remains to be explored, this thesis lays solid 

groundwork and evidence to answer all our unanswered questions.  

 

In the hope to discover new proteins involved in the post-transcriptional regulation of Tnf, our 

group screened the entire CCCH-family of ZFPs. In 2015, we published a report, using our GFP 

reporter assay, suggesting that ZC3H12A and ZC3H12C were involved in the regulation of Tnf 

3’UTR stability (Lacey et al., 2015). While ZC3H12A was already extensively studied and 

known to be involved in the post-transcriptional regulation of pro-inflammatory cytokines 

(Liang, Wang, et al., 2008; Matsushita et al., 2009; Akira, 2013), ZC3H12C remained mostly 

uncharacterised. Remarkably, there were no published data describing a Zc3h12c-deficient 

mouse, and most of the published observations trying and uncover the role of the protein had 

used overexpressing system and immortalized macrophages (Liang, Wang, et al., 2008; Liu et 

al., 2013), which do not express Zc3h12c. Therefore, I developed the first Zc3h12c-deficient 

and GFP reporter mouse line, the Zc3h12c-GFP strain, that allowed me to analyse the 

expression profile of Zc3h12c in every cell type using flow cytometry, as detailed in Chapter 

4. I thereby uncovered the high expression of Zc3h12c in the dendritic cell compartment, 

particularly in the dendritic cells homing to the skin-draining lymph nodes.  

I have analysed the induction profile of Zc3h12c using two in vitro models of dendritic cells 

derived from primary cells, and stimulated them with a wide variety of compounds, ranging 
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from TLR ligands to inducers of cell death. I found that imiquimod (TLR7), polyI:C (TLR3), 

and CpG ODN (TLR9) treatment induced Zc3h12c expression in BMDC. However, the 

induction was moderate compared to the levels of Zc3h12c expression seen after exposure to 

necroptosis inducing compounds (e.g. TSI). Given the high levels of Zc3h12c being expressed 

by BMDC in the context of cell death, I wondered whether loss of Zc3h12c would impact cell 

survival, my studies did not identify a role for Zc3h12c in this process. Unexpectedly, after 

treatment with LSI, which can also induce necroptosis, I observed a difference in extent of 

death between moDC from Zc3h12c-deficient mice compared to those from control wild-type 

mice, even though these cells did not turn on the expression of Zc3h12c following this 

treatment. Interestingly, loss of Zc3h12c appears to have a mild protective effect following 

injection with SMAC-mimetics, a well-characterised inducer of cell death. Overall, these 

observations suggest that while Zc3h12c is highly induced in BMDC upon treatment with 

inducers of cell death, the protein does not seem to play a direct role in the cell death pathway 

itself.  

 

While mice deficient in Zc3h12c developed normally and did not present with any major 

abnormalities later in life, the vast majority of them exhibited a disrupted splenic architecture 

and developed skin-draining lymph node hyperplasia as they aged. RNA-seq analysis indicated 

that Swap70 was upregulated in the splenic pDCs of Zc3h12c-GFPKI/KI mice. Interestingly, 

Swap70 has been described as an essential factor in splenic B cell development and homing of 

B cells into the marginal zone, and for the localization of CD169+ macrophages in the marginal 

zone (Chopin et al., 2010). It is tempting to speculate that the abnormal architecture of the 

spleen from the Zc3h12c-GFPKI/KI mice may be linked to the deregulation of Swap70 

expression.  

I analysed the cellular content of the enlarged lymph nodes from the Zc3h12c-GFPKI/KI mice 

and found abnormally increased accumulation of B cells and inflammatory dendritic cells. 

Previous reports indicate that inflammatory dendritic cells typically migrate and home to the 

skin-draining lymph nodes following parasitic and bacterial infections. Although the Zc3h12c-

GFPKI/KI mice developed lymphadenopathy independently of a deliberately applied immune 

challenge and were housed in a specific-pathogen-free (SPF) animal facility, they might be 

abnormally sensitive to an opportunistic microorganism. This hypothesis could be tested by 

housing the colony in a germ-free facility. Importantly, ZC3H12C being an RNAse highly 

expressed by Langerhans cells after migration to the skin-draining lymph nodes, it is possible 

that loss of this protein somehow impairs the recognition or processing of viral RNAs, thereby 
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leading to an inappropriate immune response causing localized inflammation in the skin 

draining lymph nodes. Moreover, RNA-seq analysis suggested that loss of Zc3h12c in splenic 

dendritic cells mainly affected the anti-viral response. Therefore, it would be interesting to 

challenge the Zc3h12c-GFPKI/KI mice with cutaneous viruses, such as Herpes Simplex Virus 

(HSV) or Human Papilloma Virus (HPV), or with dsRNA targeting TLR3, such as polyI:C. 

On the other hand, the high levels of TNF and IFNg detected in the blood of ageing Zc3h12c-

GFPKI/KI mice could cause a sterile inflammation that provokes the lymphadenopathy – but in 

this context why this lymphadenopathy would only be seen in the skin draining lymph nodes is 

puzzling. Moreover, lymph node and splenic dendritic cells from Zc3h12c-GFPKI/KI mice 

stimulated with TLR ligands ex vivo produced significantly more TNF compared to their 

counterparts from wild-type controls. As mentioned in Chapter 4, the increased TNF production 

by dendritic cells from Zc3h12c-GFPKI/KI mice could lead to the migration of LC from the 

epidermis to the lymph node (Kimber and Cumberbatch, 1992), where they would activate 

IFNg-secreting T cells (Klechevsky et al., 2008), causing an increase of serum IFNg and thereby 

drive the development of lymphadenopathy. Moreover, the production of TNF by dendritic 

cells might be spontaneous, as I observed that dendritic cells from Zc3h12c-GFPKI/KI mice 

spontaneously secreted higher levels of TNF when compared to their counterparts from the 

wild-type littermates. This hypothesis could be tested by crossing the Zc3h12c-GFP mice to 

Langerin-DTR mice to deplete the LC. In Langerin-DTR mice, the Diphtheria Toxin Receptor 

(DTR) has been inserted into the langerin locus, leading to the specific killing of Langerin-

expressing Langerhans cells following injection with the Diphtheria Toxin, because the 

diphtheria toxin receptor is only expressed in these cells (Bennett and Clausen, 2007). 

RNA sequencing analysis of lymph node dendritic cells could tell us whether Tnf mRNA is 

upregulated upon loss of Zc3h12c, but the small number of dendritic cells in the lymph nodes 

will require the use of more state-of-the-art and costly sequencing technologies, such as single-

cell RNA-seq (scRNA-seq) analysis, to achieve this.  

 

Following this observation, I suspected that the phenotype that develops in Zc3h12c-GFPKI/KI 

mice is TNF-dependent, and I therefore crossed these mice to Tnf-deficient mice. Interestingly, 

the absence of Tnf prevented the development of lymphadenopathy in Zc3h12c-GFPKI/KI mice. 

This experiment suggests that Zc3h12c plays a role in regulating Tnf expression in vivo. 

However, the effect of the loss of Tnf could be indirect, due to the central and potent pro-

inflammatory role of this cytokine. It would be tempting to use an immortalised dendritic cell 

line to characterise the functions of Zc3h12c fully. However, when I tested an immortalised 
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splenic CD8+ DC cell line (MutuDC 1940) and the DC2.4 cell line, I found that both cell lines 

only expressed very low levels of ZC3H12C protein, even upon TLR stimulation (data not 

shown). Therefore, I would first have to introduce Zc3h12c into these cells, which might 

introduce artefacts.  

Surprisingly, while the lymph node hyperplasia that develops in the Zc3h12c-GFPKI/KI mice 

was prevented by the absence of Tnf, this caused severe multiorgan inflammation in ~30% of 

the double-deficient animals. The health of the Tnf/Zc3h12c-GFPDKO mice was regularly 

checked by trained animal technicians, but the development of the inflammation was so sudden 

that mice would appear healthy one day and be severely sick the day after. Sick mice 

consistently presented with the same symptoms: hunched back, severe weight loss and 

exaggerated tiptoe walking that suggested severe pain. Any mice presenting with these 

symptoms were sacrificed immediately to conform with the Animal Ethics. I attempted to 

induce the phenotype by exposing the mice to dirtier housing conditions, but this did not work. 

I also infected the mice with chronic LCMV in order to trigger and hopefully unleash their 

immune system. Indeed, LCMV infection leads to tissue damages induced by the antiviral 

response rather than by the virus itself (Bocharov, Argilaguet and Meyerhans, 2015).  

Given that chronic LCMV infection does not kill wild-type mice, I planned to infect 

Tnf/Zc3h12c-GFP DKO mice and age them, hoping that they would develop multiorgan 

inflammation. Unexpectedly, Tnf/Zc3h12c-GFP DKO mice started to fall sick 9 days post-

infection and showed severe weight loss (data not shown). However, histological analysis did 

not show the severe inflammation and immune cell infiltration that we had observed in the sick 

Tnf/Zc3h12c-GFP DKO mice. This suggested that these mice lost weight and became sick due 

to the LCMV infection per se, and this might be a consequence of their immunocompromised 

status. Uncontrolled infection with an opportunistic pathogen, such as P. pneumotropica, could 

be the trigger for the development of severe autoinflammation in the Tnf/Zc3h12c-GFP DKO 

mice. Data presented in Chapter 5 are fascinating, and the pathology observed in some 

Tnf/Zc3h12c-GFP DKO mice is breathtaking, but further investigation will need to be done 

using a supervised model of infection with P. pneumotropica or other pathogens. This would 

first require optimisation of the infection route and dose.  

Meanwhile, it is possible that Zc3h12c in cooperation with Tnf is essential for immune 

homeostasis. It would be exciting and valuable to determine the levels of Zc3h12c expression 

in patients undergoing anti-TNF therapies, who later develop autoimmunity or experience a 

worsening of their underlying disease. Indeed, lower expression of Zc3h12c could potentially 
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be a risk factor and a predicting element to anticipate the paradoxical phenomenon observed in 

some patients undergoing anti-TNF therapies.   
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