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Abstract 

Obesity and its associated morbidi)es are major global health problems. It has become 

evident in the last decades that the state of obesity is in)mately linked with our immune 

system. PaAern recogni)on receptors (PRRs), the main sensor molecules of the innate immune 

system, were shown to play an essen)al role in the pathology of obesity and its associated 

morbidi)es. Among others, members of the nucleo)de-binding and oligomeriza)on domain 

(NOD) -like receptors (NLRs), a family of cytosolic PRRs, were associated with the obesity-

accompanying low-grade inflammatory response contribu)ng to obesity-associated 

morbidi)es. NLRC5 is a NLR protein func)oning as key transcrip)onal regulator of major 

histocompa)bility complex (MHC) class I genes responsible for an)gen presenta)on. Recent 

observa)ons now suggest novel roles of NLRC5 in metabolic trades, but so far, no confirma)on 

of these singular observa)ons is available, and the underlying mechanisms remain elusive.  

The aim of this thesis was to characterize the role of the NLR protein NLRC5 in obesity. 

To this end, two Nlrc5 deficient mouse lines (Nlrc5DExon4-7 and Nlrc5DExon4) were subjected to 

high-fat diet (HFD) feeding and phenotypic, morphological, and biochemical analyses were 

performed. Female Nlrc5DExon4-7 mice presented with higher body and adipose )ssue (AT) 

weight gain and larger adipocytes compared to wildtype (WT) animals. This phenotype, 

however, could not be recapitulated in the Nlrc5DExon4 mouse line. Microbiome analysis 

revealed subtle altera)ons of the faecal microbiome by diet:genotype interac)ons. To further 

characterize the effect of NLRC5 deficiency on adipocyte differen)a)on, the CRISPR/Cas9 gene 

edi)ng system was used to modify Nlrc5 expression in the 3T3-L1 preadipocyte cell line. Using 

inducible HeLa cell lines with stable GFP-NLRC5 expression we showed NLRC5 to interact with 

the master regulator of adipogenesis peroxisome proliferator-ac)vated receptor g (PPARg) and 

to enhance the expression of PPARg target genes. In addi)on, a contribu)on of NLRC5 to 

PPARg’s an)-inflammatory ac)ons was revealed using NLRC5 deficient THP-1 macrophage-like 

cells and bone marrow-derived macrophages from Nlrc5DExon4-7 mice. To elucidate the 

mechanism behind the synergy between NLRC5 and PPARg, reporter gene and chroma)n 

immunoprecipita)on (ChIP) assays were performed. Lastly, the expression of mul)ple NLR 

family members was correlated with body mass index (BMI) in obese human pa)ents and 

inves)gated in the adipose )ssue and liver of HFD-fed mice, the laAer revealing Nlrp10 to be 

highly upregulated by HFD feeding.  
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Taken together, this thesis provides a comprehensive characteriza)on of Nlrc5 deficient 

mice on HFD and reveals a func)on of NLRC5 as transcrip)onal co-regulator of PPARg targets 

and its an)-inflammatory proper)es. In addi)on, this work provides first insights into the 

poten)al mechanism behind the synergis)c transcrip)onal regula)on by NLRC5 and PPARg 

and extends the knowledge on the regula)on of NLR expression by HFD feeding.  
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Zusammenfassung 

Adipositas und die damit verbundenen Komorbiditäten sind ein großes globales 

Gesundheitsproblem. In den letzten Jahrzehnten wurde offensichtlich, dass der Zustand der 

Adipositas eng mit unserem Immunsystem zusammenhängt. Es wurde gezeigt, dass 

Mustererkennungsrezeptoren, die wich)gsten Sensormoleküle des angeborenen 

Immunsystems, eine wesentliche Rolle in der Pathologie der Adipositas und der damit 

verbundenen Morbiditäten spielen. Unter anderem wurden Mitglieder der Nucleo)de-binding 

and oligomeriza)on domain (NOD) -like Rezeptoren (NLRs), einer Familie zytosolischer 

Mustererkennungsrezeptoren, mit der mit Adipositas einhergehenden niedriggradigen 

Entzündungsreak)on assoziiert, die zu den mit Adipositas assoziierten Morbiditäten beiträgt. 

NLRC5 ist ein NLR Protein, das als Haupt-Transkrip)onsregulator von Genen des 

Haupthistokompa)bilitätskomplexes der Klasse I fungiert, welche für An)genpräsenta)on 

verantwortlich sind. Neue Beobachtungen deuten darauf hin, dass NLRC5 eine bisher 

unbekannte Rolle im Stoffwechsel spielt, aber bisher gibt es keine Bestä)gung dieser 

vereinzelten Beobachtungen, und die zugrundeliegenden Mechanismen sind noch unklar.  

Ziel dieser Arbeit war es, die Rolle des NLR Proteins NLRC5 bei Adipositas zu 

charakterisieren. Zu diesem Zweck wurden zwei Nlrc5 defiziente Mauslinien (Nlrc5DExon4-7 und 

Nlrc5DExon4) mit einer feAreichen Diät gefüAert und phänotypische, morphologische und 

biochemische Analysen durchgeführt. Weibliche Nlrc5DExon4-7 Mäuse wiesen im Vergleich zu 

Wildtyp (WT) Tieren eine höhere Gewichtszunahme des Körpers und des FeAgewebes sowie 

größere Adipozyten auf. Dieser Phänotyp konnte jedoch in der Nlrc5DExon4 Mauslinie nicht 

rekapituliert werden. Mikrobiomanalysen zeigten leichte Veränderungen des fäkalen 

Mikrobioms durch Wechselwirkungen zwischen Ernährung und Genotyp. Um die 

Auswirkungen des Fehlens von NLRC5 auf die Adipozytendifferenzierung näher zu 

charakterisieren, wurde das CRISPR/Cas9-Gen-Edi)ng-System zur Modifika)on der Nlrc5 

Expression in der 3T3-L1 Präadipozytenzelllinie angewendet. Unter Verwendung induzierbarer 

HeLa Zelllinien mit stabiler GFP-NLRC5 Expression konnten wir zeigen, dass NLRC5 mit dem 

Hauptregulator der Adipogenese peroxisome proliferator-ac)vated receptor g (PPARg) 

interagiert und die Expression von PPARg Zielgenen verstärkt. Darüber hinaus wurde ein 

Beitrag von NLRC5 zu der entzündungshemmenden Wirkung von PPARg mit Hilfe von NLRC5 

defizienten Makrophagen-ähnlichen THP-1 Zellen und Makrophagen aus dem Knochenmark 
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von Nlrc5DExon4-7 Mäusen nachgewiesen. Um den Mechanismus hinter der Synergie zwischen 

NLRC5 und PPARg aufzuklären, wurden Reportergen- und Chroma)n-

Immunopräzipita)onsversuche (ChIP) durchgeführt. Zuletzt wurde die Expression mehrerer 

Mitglieder der NLR Familie mit dem Body Mass Index (BMI) adipöser menschlichen Pa)enten 

korreliert und im FeAgewebe und in der Leber von mit feAreicher Diät gefüAerten Mäusen 

untersucht, wobei sich bei Letzterem herausstellte, dass Nlrp10 durch die FüAerung mit 

feAreicher Diät stark hochreguliert wird.  

Zusammenfassend bietet diese Arbeit eine umfassende Charakterisierung des 

Einflusses einer feAreichen Diät auf Nlrc5 defiziente Mäuse und zeigt eine Funk)on von NLRC5 

als transkrip)onellem Co-Regulator von PPARg Zielgenen und seinen 

entzündungshemmenden Eigenscha^en. Darüber hinaus liefert diese Arbeit erste Einblicke in 

den möglichen Mechanismus hinter der synergis)schen Transkrip)onsregula)on durch NLRC5 

und PPARg und erweitert das Wissen über die Regula)on der NLR Expression durch feAreiche 

Ernährung. 
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Introduc0on 
 
Pa#ern recogni,on – a prerequisite for innate immunity 

The human body is confronted with a plethora of microorganisms co-exis)ng in our 

everyday environment. The innate immune system provides the first line of defence against 

these daily microbial challenges. To successfully control these, the innate immune system must 

be able to recognize a broad range of microbial structures and precisely discriminate foreign, 

and thus poten)ally harmful, from endogenous molecules. This recogni)on and discrimina)on 

is mediated by germline-encoded paAern recogni)on receptors (PRRs) which sense highly 

conserved microbe-associated molecular paAerns (MAMPs) (Janeway, 1989; Janeway & 

Medzhitov, 2002). Those include components of the bacterial cell wall, such as pep)doglycans 

(PGN) (Chamaillard et al., 2003; Girardin et al., 2003a; Girardin et al., 2003b) and 

lipopolysaccharide (LPS) (Poltorak et al., 1998), conserved structural proteins such as flagellin 

(Hayashi et al., 2001), or microbial DNA or RNA (Kawasaki, Kawai, & Akira, 2011). MAMP 

recogni)on by PRRs elicits a rapid pro-inflammatory response, aiming at microbial 

containment and, at best, elimina)on, which is followed by the induc)on of a highly an)gen-

specific, however slower, adap)ve immune response. 

As microbial challenges can arise at the cell surface as well as, for invasive bacteria and 

viruses, inside the cell, PRRs are either transmembrane proteins localized to the cell surface or 

of cytosolic localiza)on. Membrane-bound PRRs most prominently include the Toll-like 

receptors (TLRs) (Fitzgerald & Kagan, 2020) and the C-type lec)ns (CLRs) (Brown, Willment, & 

Whitehead, 2018), examples for cytosolic PRRs are the RIG-I-like receptors (RLRs) (Rehwinkel 

& Gack, 2020) and the nucleo)de-binding and oligomeriza)on domain (NOD)-like receptors 

(NLRs) (Arnold et al., 2018).  

Upon MAMP recogni)on, ac)va)on of a well-defined set of signalling cascades results 

in the transcrip)onal ac)va)on or modula)on of pro-inflammatory cytokines and other pro-

inflammatory genes. Thereby, the ac)vated signalling pathways and downstream outcomes 

are specific to the type of ac)va)onal trigger allowing for a tailored innate immune response.  

 

The NOD-like receptor family of pa#ern recogni,on receptors 

The mammalian NOD-like receptors (NLRs) are a group of cytosolic PRRs that share a 

common tripar)te domain organiza)on consis)ng of a central ATPase and oligomeriza)on 
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domain (NACHT), media)ng the oligomeriza)on and thus ac)va)on of NLRs, a variable 

number of C-terminal leucine-rich repeats (LRRs), responsible for ligand recogni)on, and a 

variable N-terminal effector domain. So-called NLRAs possess an N-terminal caspase-

ac)va)on and recruitment domain (CARD) associated with an acidic transac)va)on domain 

(AD), while NLRBs contain a baculovirus inhibitor of apoptosis protein repeat (BIR) domain 

(Arnold et al., 2018; MoAa et al., 2015; Ting et al., 2008). NLRCs carry one or two CARD or 

CARD-like domains at the C-terminus, associated proteins for example are NOD1 (NLRC1), 

NOD2 (NLRC2) and NLRC5. The effector domain of the NLRPs consists of a pyrin domain (PYD), 

and the corresponding NLRs are designated NLRP1-14 (Arnold et al., 2018; MoAa et al., 2015; 

Ting et al., 2008). Today we know that NLRs confer a plethora of important func)ons, also 

beyond ac)ng as PRRs, according to which they can be grouped into the following func)onal 

classes: inflammatory NLRs, forming supramolecular signalling complexes media)ng pro-

inflammatory signalling, regulatory NLRs, modula)ng rather than ini)a)ng inflammatory 

signalling, and NLRs func)oning as transcrip)onal regulators of molecules involved in an)gen 

presenta)on.  

Examples for ‘classical’ inflammatory NLRs, which sense MAMPs such as PGN, flagellin 

or viral RNA (Kim, Shin, & Nahm, 2016) or pathologically altered endogenous molecules, so-

called danger-associated molecular paAerns (DAMPs) (Matzinger, 2002), like extracellular ATP, 

crystallised cholesterol, or uric acid crystals (Arnold et al., 2018; Duewell et al., 2010; MoAa et 

al., 2015), are NOD1, NOD2 and NLRP3. NOD1 and NOD2 upon ac)va)on oligomerize and 

recruit their adaptor molecule receptor-interac)ng serine/threonine-protein kinase 2 (RIPK2) 

to form the so-called NODosome and downstream ac)vate the nuclear factor 'kappa-light-

chain-enhancer' of ac)vated B-cells (NF-kB) (Arnold et al., 2018; TaAoli et al., 2007). NLRP3, 

as well as several other NLRP proteins, form so called ‘inflammasomes’, mul)protein 

complexes consis)ng of the corresponding NLR, apoptosis-associated speck-like protein 

containing a CARD (ASC) and pro-caspase-1. Ac)va)on of the inflammasome by a two-step 

process induces cleavage-mediated ac)va)on of caspase-1, ul)mately resul)ng in the 

processing and thus ac)va)on of interleukin (IL) -1β and IL-18 (Jo et al., 2016; Munoz-Planillo 

et al., 2013; Petrilli et al., 2007; Vladimer et al., 2013). 

Examples for regulatory NLRs include NLRP11 and NLRP12. NLRP11 supresses NLRP3 

inflammasome ac)va)on (Kienes et al., 2021), while NLRP12 reduces NF-kB signalling (Allen 

et al., 2012; Lich et al., 2007; Wang et al., 2002; Williams et al., 2005) and mitogen-ac)vated 
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protein kinase (MAPK)/extracellular signalling-related kinase (ERK) ac)va)on (Zaki et al., 

2011). Both NLRs have been shown to nega)vely regulate type I interferon (IFN) responses 

(Chen et al., 2019; Kienes et al., 2021).  

The group of transcrip)onally ac)ve NLRs to date only includes two members, 

nucleo)de-binding and oligomeriza)on domain containing 5 (NLRC5) and Class II Major 

Histocompa)bility Complex Transac)vator (CIITA). NLRC5 and CIITA func)on as master 

regulators for the transcrip)on of the major histocompa)bility complex (MHC) class I and class 

II genes, respec)vely, which code for molecules of the an)gen presenta)on pathway, thus 

linking innate and adap)ve immune responses (Meissner et al., 2010; Steimle et al., 1993).  

 
 
NOD-like receptors as transcrip0onal regulators – NLRC5, the master regulator of MHC 

class I genes 

NLRC5 generally shares the tripar)te structure common to all NLR proteins, consis)ng 

of a central NACHT, C-terminal LRRs and an N-terminal effector domain. However, it presents 

with two rather unique structural features. Firstly, the C-terminal domain of NLRC5 consists of 

27 LRRs, making NLRC5 the largest member of the NLR family with 1,866 amino acids in length 

and an es)mated size of 204 kDa (Benko et al., 2010). And secondly, the N-terminal effector 

domain of NLRC5, which like the effector domains of all NLR proteins is predicted to adapt a 

death fold, shares homology with the N-terminal CARD domain of the NLRC subfamily, but 

presents with diverging structural features and is therefore termed untypical CARD (uCARD), 

in this work also referred to as NLRC5 death domain (NLRC5 DD) (GuAe et al., 2014; Motyan 

et al., 2013; Neerincx et al., 2010). NLRC5 is expressed by a broad variety of )ssues, but high-

level expression is found predominantly in immunological organs like spleen, lymph nodes, 

tonsils, and bone marrow, but also in the large intes)ne, lungs and prostate. On a cellular level, 

NLRC5 is predominantly expressed in primary human immune cells, like CD4+ and CD8+ T cells, 

B cells and, to a lesser extent, CD14+ leukocytes. In addi)on, several cell lines present with high 

NLRC5 expression, for example human THP-1 macrophage-like cells, human Jurkat T cells, as 

well as murine RAW264.7 macrophages (Benko et al., 2010; Cui et al., 2010; Kuenzel et al., 

2010; Neerincx et al., 2010; Neerincx et al., 2012). 

NLRC5 belongs to the sub-group of NLRs func)oning as a transcrip)onal ac)vator and 

was discovered as its second member a^er CIITA, which already in 1993 was iden)fied as the 

master regulator of MHC class II genes media)ng the presenta)on of extracellular an)gens by 
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professional an)gen-presen)ng cells to CD4+ T cells, thereby ini)a)ng an adap)ve immune 

response against extracellular microbial challenges (Steimle et al., 1993). In correspondence 

with the high sequence homology with CIITA (Benko et al., 2010; Meissner et al., 2010), NLRC5 

was shown to be the transcrip)onal master regulator of MHC class I molecules which are 

located on the surface of every nucleated body cell and mediate the presenta)on of 

cytoplasmic an)gens to CD8+ T cells (Meissner et al., 2010). MHC class I molecules consist of 

an alpha chain (also referred to as heavy chain) and the non-covalently aAached b-2-

microglobulin (b2M). An)gens presented on MHC class I molecules are derived from the 

degrada)on of cytoplasmic proteins via the so-called immunoproteasome. The resul)ng 

pep)des are transported into the lumen of the endoplasmic re)culum via transporter 

associated with an)gen processing (TAP) where they are loaded onto freshly synthesized MHC 

class I molecules by the pep)de loading complex (PLC), consis)ng of TAP, the oxidoreductase 

ERp57 and the three chaperones tapasin, calnexin and calre)culin. Loaded MHC class I 

molecules are then released to the cell surface (Leone et al., 2013). Presenta)on of microbial 

or mutated endogenous pep)des by MHC class I molecules leads to their recogni)on by CD8+ 

T cells culmina)ng in lysis of the infected or mutated cell. Presenta)on of unmutated 

endogenous pep)des serves as iden)fica)on as endogenous and normally does not lead to 

CD8+ T cell ac)va)on (Leone et al., 2013). Missing MHC class I surface expression, o^en found 

on virus infected or tumour cells to escape immune recogni)on, leads to elimina)on of the 

cell by Natural Killer (NK) cells (Kumar & McNerney, 2005).  

Transcrip)onal regula)on of MHC class I genes is mediated by NLRC5. Ectopical 

expression or induc)on of NLRC5 in cell lines and primary cells leads to increased expression 

of MHC class I molecules (Biswas et al., 2012; Meissner et al., 2010; Neerincx et al., 2012; 

Staehli et al., 2012), whereas deficiency of NLRC5 was shown to reduce MHC class I expression 

(Biswas et al., 2012; Neerincx et al., 2012; Robbins et al., 2012; Staehli et al., 2012; Yao et al., 

2012). Furthermore, expression of human leukocyte an)gen B (HLA-B), an MHC class I heavy 

chain paralogue, correlates with NLRC5 expression in several human )ssues, and human 

NLRC5 restores MHC class I expression in the MHC class I-deficient murine melanoma cell line 

B16F10 (Neerincx et al., 2012). NLRC5 addi)onally regulates genes related to MHC class I-

dependent an)gen presenta)on, including b2M, TAP and the low molecular mass pep)des 

(LMP) (Biswas et al., 2012; Ludigs et al., 2015; Meissner et al., 2010). Of interest, recent reports 

indicate NLRC5 as transcrip)onal regulator beyond MHC class I and related genes. NLRC5 
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deficiency led to reduced expression of peroxisome proliferator-ac)vated receptor g (PPARg) 

target genes, while ectopical NLRC5 was shown to increase PPAR response element (PPRE)-

mediated luciferase reporter gene ac)vity (Luan et al., 2019). In addi)on, NLRC5 recently has 

been shown to associate with the promoters and thus mediate the transcrip)on of 

butyrophilin (BTN) genes, important mediators of gd T cell ac)va)on (Dang et al., 2021). 

NLRC5 is shuAling between the nucleus and the cytoplasm. Nuclear transloca)on of 

NLRC5 is mediated by a bipar)te N-terminal nuclear localiza)on sequence (NLS) located 

between the uCARD and the NACHT domain (Meissner et al., 2010; Meissner et al., 2012a) 

and is dependent on a func)onal ATPase domain, as the ATPase deficient NLRC5 Walker A 

K234A mutant presents with exclusively cytoplasmic localiza)on (Neerincx et al., 2012). 

Nuclear export of NLRC5 is Expor)n 1-mediated (Benko et al., 2010; Meissner et al., 2010; 

Neerincx et al., 2012) and seems to be dependent on an intact LRR domain, as the naturally 

occurring Isoform 3 of NLRC5, devoid of most of the LRR domain, presents with predominantly 

nuclear localiza)on, even in the absence of nuclear export inhibi)on (Neerincx et al., 2012). 

NLRC5 Walker A K234A, NLRC5 Isoform 3 and an NLRC5 construct lacking the N-terminal DD 

were shown to be deficient in MHC class I promoter ac)va)on. This effect, although less 

pronounced, was also seen for an NLRC5 construct with forced nuclear localiza)on by 

introduc)on of two NLS mo)fs. Together, these data show that NLRC5 transcrip)onal ac)vity 

depends on its nuclear localiza)on and the presence of its LRR and DD domain, and poten)ally 

is modulated by cytoplasmic modifica)ons preceding nuclear import (Neerincx et al., 2012). 

In fact, the N-terminal DD has been proven to mediate NLRC5 transcrip)onal ac)vity (Neerincx 

et al., 2014). 

Lacking a DNA binding domain (DBD), NLRC5, like CIITA, relies on the so-called MHC 

enhanceosome, a mul)protein DNA binding complex, to associate with conserved cis-

regulatory S, X and Y box mo)fs in the regulatory regions within the MHC class I promoters 

(van den Elsen et al., 1998a; van den Elsen et al., 1998b). The MHC enhanceosome consists of 

the tripar)te regulatory factor X (RFX) complex, cyclic AMP response element binding protein 

(CREBP) and the nuclear factor Y (NFY) complex, which associate with the X1, X2 and Y box, 

respec)vely (Downs et al., 2016; Ludigs et al., 2015; Meissner et al., 2012b; Neerincx et al., 

2012). The transcrip)on factor binding the S box to date remains unknown. Interes)ngly, the 

S box has been shown to be essen)al for both NLRC5 transcrip)onal ac)vity and its specificity 

to MHC class I genes (Ludigs et al., 2015; Meissner et al., 2012b). In its own promoter, NLRC5 
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carries a predicted interferon s)mulated response element (ISRE) and a poten)al NF-kB 

consensus-binding site (Kobayashi & van den Elsen, 2012; Kuenzel et al., 2010), allowing for its 

induc)on by type I and II IFNs and viral infec)on (Benko et al., 2010; Kuenzel et al., 2010; 

Neerincx et al., 2010; Staehli et al., 2012), as well as by pro-inflammatory innate immune 

s)muli such as polyinosinic-polycy)dylic acid (poly I:C) and LPS (Kuenzel et al., 2010; Neerincx 

et al., 2010; Staehli et al., 2012). 

Beside its main func)on as transcrip)onal regulator, roles of NLRC5 in NF-kB-mediated 

pro-inflammatory signalling (Benko et al., 2010; Cui et al., 2010; Kumar et al., 2011; Li et al., 

2014; Robbins et al., 2012; Tong et al., 2012; Yao et al., 2012), IFN regula)on (Cui et al., 2010; 

Kuenzel et al., 2010; Neerincx et al., 2010; Tong et al., 2012; Wu et al., 2017), malignant 

transforma)on (Chelbi & Guarda, 2016; Ma et al., 2016; Peng et al., 2016; Rodriguez et al., 

2016; Shukla et al., 2021; Staehli et al., 2012) and inflammasome ac)va)on (Davis et al., 2011; 

Triantafilou et al., 2013; Yao et al., 2012) have been described, with NLRC5-mediated NF-kB 

regula)on being the best established, but controversially discussed func)on of NLRC5 away 

from transcrip)onal regula)on. NLRC5 has been shown to inhibit NF-kB signalling in vitro in a 

HEK293T cell-based reporter gene assay (Benko et al., 2010; Cui et al., 2010) and in RAW264.7 

macrophages (Benko et al., 2010; Li et al., 2014), with ectopical NLRC5 expression resulting in 

reduced, and NLRC5 silencing culminating in increased secretion of IL-6, tumour necrosis 

factor a (TNF-a) and IL-1b and reduced levels of IL-10 (Benko et al., 2010; Li et al., 2014). In 

vivo, Tong et al. found enhanced IL-6 and IFN-b production in Nlrc5 deficient murine 

embryonic fibroblasts (MEF), peritoneal macrophages and bone marrow-derived 

macrophages (BMDMs) in LPS or vesicular stromatitis virus-challenged Nlrc5 knockout (KO) 

animals (Tong et al., 2012). In accordance, accelerated cardiac fibrosis and remodelling with 

increased NF-kB activation and Tnf-a, transforming growth factor b (Tgf-b) and IL-6 

production in Nlrc5 KO mice on was reported upon high-fat diet (HFD) feeding (Ma & Xie, 

2017) and cardiac pressure overload (Yu et al., 2023). In contrast, Nlrc5 deficiency was 

reported to reduce diabetic kidney injury by suppression of NF-kB and reduction of the 

TGF-b/Smad pathway compared to Nlrc5 sufficient mice (Luan et al., 2018). For some Nlrc5 

KO mouse models, no differences in NF-kB activation and downstream signalling were found 

(Kumar et al., 2011; Robbins et al., 2012; Yao et al., 2012). More recently, it was shown that 

NLRC5 undergoes ubiquitination after LPS treatment, disrupting its association with the NF-kB 

inhibitor IKK-b, thereby allowing for IKK-b degradation and downstream NF-kB activation. 
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Removal of these polyubiquitin chains from NLRC5 by ubiquitin-specific protease 14 (USP14), 

and thus stabilization of the NLRC5:IKK-b interaction, enhances NF-kB inhibition by NLRC5. It 

was proposed that given the varying levels of USP14 in different cell types, this mechanism 

might explain the diverse NF-kB inhibitory efficiencies of NLRC5 reported by independent 

groups using different experimental models (Meng et al., 2015).  

Taken together, NLRC5 is the transcriptional master regulator of MHC class I genes with 

additional implications in innate immune signalling, best established the inhibition of NF-kB-

mediated inflamma)on.  

 
Obesity and the innate immune system – an in,mate rela,onship 

The rates of obesity have increased alarmingly fast in the last decades, especially in 

countries with a Western industrialized lifestyle (Ng et al., 2014). According to data from the 

World Health Organization (WHO), its worldwide prevalence has nearly tripled from 1975 to 

2016, with 13% of the world’s adult population being obese in 2016. Obesity is defined by a 

body mass index (BMI) over 30 kg/m2. Its main characteris)cs is the excess of adipose tissue 

(AT), whereby the presence of excessive visceral adipose )ssue and the associated increased 

waist circumference in obese individuals is considered par)cularly unfavourable. Together 

with hypertension, hypertriglyceridemia, lowered high density lipoprotein (HDL) cholesterol 

and insulin resistance (IR), the disease paAern is called the metabolic syndrome (MetS), and is 

a risk factor for the development of type 2 diabetes mellitus (T2DM), atherosclerosis and non-

alcoholic faAy liver disease (NAFLD) (Eckel, Grundy, & Zimmet, 2005).  

 Since the discovery that the AT produces TNF-a in a mouse model of HFD-induced 

obesity (Hotamisligil, Shargill, & Spiegelman, 1993), the intimate connection between our 

immune system, especially the innate immunity, and the state of obesity has become 

increasingly evident. To date, the AT is acknowledged to be not just a mere energy storage 

organ, but a tissue of high immunological relevance, especially in the state of obesity 

(reviewed in (Wellen & Hotamisligil, 2005)). One striking example for the close link of obesity 

and the immune system is the chronic state of sterile, low-grade inflammation, which is a 

pathological feature of obesity-associated IR, T2DM, atherosclerosis and NAFLD. Although 

clear evidence confirming these low-grade inflammatory responses as ini)al triggers of 

obesity-associated diseases is s)ll lacking, a large body of evidence supports the contribu)on 



The role of NLRC5 in obesity - Introduc)on 

 8 

of inflammatory signalling to the deteriora)on of adiposity-associated morbidi)es 

(Hotamisligil, 2006).  

Ini)a)on of this low-threshold inflammatory state has been proposed to be mediated 

by a condi)on termed metabolic endotoxemia, referring to the transloca)on of microbial and 

nutri)onal compounds from the gut into the circula)on, the transloca)on being caused by an 

increase in gastrointes)nal permeability upon HFD feeding (leaky gut syndrome) (Cani et al., 

2007; Cani et al., 2008; Chan et al., 2017; Erridge et al., 2007; Luck et al., 2015). Increased pro-

inflammatory signalling and cytokine release in the AT of obese humans and mice fed a HFD 

suggests a key role of adipocytes and AT-infiltra)ng and -resident immune cells, especially 

macrophages, as sensors for the metabolic endotoxemia and drivers of the subsequently 

induced low-grade inflamma)on (Olefsky & Glass, 2010; Shoelson, Lee, & Yuan, 2003; 

Weisberg et al., 2003). Adipocytes of obese individuals further contribute to this low-grade 

inflamma)on by dying from hypoxia, as oxygen supply, similar as in tumour )ssue, does not 

accommodate to their extensive increase in size (Halberg et al., 2009). Dying adipocytes are 

rapidly surrounded and taken up by adipose )ssue macrophages (ATMs), resul)ng in their pro-

inflammatory ac)va)on (Lindhorst et al., 2021). Addi)onally, it has been shown that enlarged 

adipocytes s)mulate collagen synthesis, thus leading to AT fibrosis which in turn is limi)ng the 

expansion and thus lipid storage capacity of adipocytes. This leads to a ‘lipid-spillover’, in turn 

leading to the produc)on of lipotoxic, highly immunogenic molecules, for example ceramides. 

By that, AT fibrosis is contribu)ng to AT inflamma)on, ac)va)on of stress pathways and 

addi)onally deposi)on of lipids outside the AT as ectopic fat, for example in the liver (Halberg 

et al., 2009; Khan et al., 2009; Sun et al., 2013).  

All together, these AT-derived pro-inflammatory signals act in a paracrine and autocrine 

manner but are also distributed systemically and give rise to the state of chronic, low-threshold 

inflamma)on in obese individuals, that at least worsens, if not causes, obesity-associated 

morbidi)es.  

 

NOD-like receptors in obesity and associated morbidi0es 

As outlined above, the immune system plays an important role in the development 

and/or maintenance of obesity-associated morbidi)es. Most strikingly, knockout or 

knockdown (KD) of PRRs improves obesity-associated comorbidities and inflammation in mice 
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and human and murine cells. This has been first shown for TLR4, whose deficiency improved 

IR and AT inflammation in female mice on a 16-week HFD (Shi et al., 2006).  

Also, the NLR family has been shown to be involved in the low-grade inflammatory 

status associated with obesity and its comorbidi)es. Gene)c deficiency of the NLR protein 

NOD1 in mice reduced HFD-induced AT inflamma)on, weight gain and IR (Chan et al., 2017; 

Schertzer & Klip, 2011; Schertzer et al., 2011). NOD1 ac)va)on by PGN fragments, whose 

abundance is elevated in the circula)on a^er HFD feeding, increases peripheral and hepa)c IR 

and pro-inflammatory cytokine secre)on (Chan et al., 2017; Schertzer et al., 2011; Sharma et 

al., 2022) (Figure 1, panel 1, 5). In humans, NOD1 expression is increased in pa)ents with T2DM 

(Shiny et al., 2013), gesta)onal diabetes (Lappas, 2014) and MetS (Zhou et al., 2015). For the 

NLR protein NLRP3, similar effects have been reported, with Nlrp3 KO in mice leading to 

reduced IR, AT infiltra)on of macrophages, and insulin and glucose levels in the serum and 

protec)on against HFD-induced, IL-1b-mediated b-cell fibrosis (Figure 1, panel 1, 4) (S)enstra 

et al., 2011; Wen et al., 2011; Youm et al., 2011). In humans, NLRP3 and IL-1b levels in the AT 

are posi)vely correlated with the extent of obesity and IR (Bando et al., 2015; Esser et al., 

2013; Serena et al., 2016; Yin et al., 2014). Furthermore, NLRP3 has been iden)fied as the main 

driver of atherosclerosis-associated inflamma)on, being ac)vated by cholesterol crystals 

(Duewell et al., 2010), and as contribu)ng factor to HFD-induced liver steatosis and hepa)c IR 

(Sokolova et al., 2019; Vandanmagsar et al., 2011; Wree et al., 2014) (Figure 1, panel 3, 5).  

In contrast to NOD1 and NLRP3, the NLR proteins NOD2 and NLRP12 have been shown 

to confer protec)ve roles in obesity and associated morbidi)es in mice. Although structurally 

and func)onally closely related to NOD1, Nod2 deficient mice present with increased weight 

gain and AT inflamma)on under both, normal and HFD feeding, while Nod2 ac)va)on in obese 

animals led to reduced AT inflamma)on and IR (Carlos et al., 2020; Cavallari et al., 2017; Denou 

et al., 2015; Rodriguez-Nunez et al., 2017). Addi)onally, Nod2 was shown to protect against 

HFD-induced liver steatosis and fibrosis and hepa)c IR (Cavallari et al., 2017; Cavallari et al., 

2020b) (Figure 1, Panel 5). Similarly, Nlrp12 deficiency leads to increased body weight and AT 

inflamma)on and decreased insulin sensi)vity in HFD-fed mice. Interes)ngly, co-housing 

studies revealed the effect of Nlrp12 deficiency to be microbiome-mediated (Figure 1, Panel 

2) (Truax et al., 2018). In fact, NLRP12 is not the only NLR protein known to posi)vely influence 

the microbiome. Also NLRP6 has been shown to protect gut microbiome integrity, its 

deficiency altering microbiome composi)on and allowing for increased transloca)on of 
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MAMPs into the circula)on, thus contribu)ng to metabolic endotoxemia (Henao-Mejia et al., 

2012) (Figure 1, Panel 2).  

So, the roles of NLR proteins in obesity are mul)faceted. Some NLRs, like NOD1 and 

NLRP3, contribute to low-grade and AT inflamma)on and thus worsen obesity-associated 

morbidi)es via their ‘classical’ pro-inflammatory signalling. Others, like NOD2, NLRP12 and 

NLRP6, are rather conferring regulatory and protec)ve effects in the obesity context, some 

mediated via altera)ons of the gut microbiome composi)on and gastrointes)nal integrity. And 

yet for most of the NLR proteins known so far, their role in obesity has not yet been 

inves)gated or is just beginning to emerge. An example for the leAer is NLRC5. 
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Figure 1: Effects and sites of ac.on of NLR proteins in obesity and associated morbidi.es. (1) In the adipose 
3ssue (AT), metabolic endotoxemia is sensed by adipose 3ssue macrophages (ATMs) via NOD1. NOD1 ac3va3on 
leads to NF-kB-mediated NLRP3 inflammasome priming, adipocyte lysis and the transcrip3on of pro-
inflammatory cytokines, which lead to the recruitment of neutrophils. Ac3va3on of the NLRP3 inflammasome 
induces IL-1b- and Gasdermin D (GSDMD)-mediated AT inflamma3on, pyroptosis and insulin resistance (IR). (2) 
Deficiency in NLRP6, and subsequently IL-18, or NLRP12 alters commensal gut microbiota composi3on, leading 
to increased transloca3on of microbe-associated molecular paTerns (MAMPs) to the circula3on (NLRP6) or the 
induc3on of obesity, IR and inflamma3on (NLRP12). (3) In atherosclero3c plaques, oxida3vely modified low-
density lipoprotein cholesterol (oxLDL) crystals lead to lysosomal rupture in macrophages; release of ATP leads to 
NLRP3 inflammasome ac3va3on and subsequent IL-1b release. (4) Steadily elevated insulin secre3on due to 
hyperglycaemia leads to high secre3on and ul3mately aggrega3on of islet amyloid polypep3de (IAPP). IAPP 
aggregates ac3vate the NLRP3 inflammasome and IL-1b produc3on in pancrea3c macrophages, leading to IL-1b-
mediated destruc3on of pancrea3c b-cells. (5) In the liver, IL-18 produc3on via the NLRP6 or NLRP3 
inflammasomes leads to decreased liver steatosis and fibrosis, while IL-1b leads to increased liver steatosis and 
fibrosis. NOD1 reduces while NOD2 increases hepa3c insulin sensi3vity in response to gut derived ac3vators. 
Addi3onally, NOD2 reduces hepa3c lipid accumula3on. 

 

NLRC5 – implica0ons in metabolic traits 

As stated above, the transcrip)onal regula)on of MHC class I genes is the major 

func)on of NLRC5 known so far. Recent evidence now suggests a novel role for NLRC5 also in 

metabolic traits. Two independent epigenome-wide associa)on studies iden)fied the NLRC5 

locus to be differen)ally methylated in normal weight versus obese individuals, but with 

conflic)ng results. Meeks et al. iden)fied the methyla)on of the NLRC5 locus to be posi)vely 

associated with BMI, obesity, and waist circumference in a Ghanaian cohort (Meeks et al., 

2017). In contrast, Cao-Lei et al. found the NLRC5 locus to be hypo-methylated in children with 

obesity compared to normal-weight children (Cao-Lei et al., 2019). Moreover, NLRC5 was 

iden)fied as a candidate gene to affect HDL cholesterol levels in humans (Charlesworth et al., 

2009) and single nucleo)de polymorphisms (SNP) in NLRC5 and its promotors have been 

associated with altered triglyceride levels as well as dyslipidaemia (Hosseinzadeh et al., 2019; 

Lin et al., 2018). In mice, Nlrc5 deficiency was shown to alleviate HFD-induced diabe)c 

nephropathy (Luan et al., 2018) but to aggravate myocardial damage (Ma & Xie, 2017). 

Addi)onally, Nlrc5 KO mice on HFD have been reported to gain more body weight (Ma & Xie, 

2017).  

Together, these studies support novel roles of NLRC5 in metabolism and body weight 

regula)on, but the underlying mechanisms so far have not been studied. 
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PPARg - The master regulator of adipogenesis 

PPARg is one of the three members of the PPAR family alongside PPARa and PPARb/d. 

PPARs are nuclear receptors (NR) belonging to the steroid receptor superfamily and func)on 

as ligand-ac)vated transcrip)on factors, regula)ng the expression of genes involved in cell 

differen)a)on and metabolic control, most pronounced lipid and glucose metabolism (Grygiel-

Gorniak, 2014). Concomitantly with its predominant expression in white adipose )ssue (WAT) 

(Auboeuf et al., 1997), PPARg is designated the master regulator of adipogenesis, as it has been 

shown to be indispensable for adipocyte differen)a)on in vitro (Rosen et al., 1999; Tontonoz, 

Hu, & Spiegelman, 1994) and in vivo (Barak et al., 1999; He et al., 2003; Rosen et al., 1999; 

Wang et al., 2013). Heterozygous expression of a dominant nega)ve version of PPARg as well 

as AT-specific Pparg KO in mice results in the development of lipodystrophy, IR, 

hyperlipidaemia, and hepa)c steatosis (Freedman et al., 2005; He et al., 2003; Wang et al., 

2013). In humans, dominant nega)ve muta)ons of PPARg are known, their impacts ranging 

from modest increase in T2DM risk (Altshuler et al., 2000) to lipodystrophy, severe IR, T2DM, 

steatohepa))s and hypertension (Agarwal & Garg, 2002; Agos)ni et al., 2006; Barroso et al., 

1999; Hegele et al., 2002; Savage et al., 2003). PPARg further is needed to keep adipocytes in 

a differen)ated state, as inducible KO of Pparg in differen)ated murine adipocytes is followed 

by adipocyte death (Imai et al., 2004). So far, no factor has been found, that is able to 

compensate for PPARg in adipogenesis, highligh)ng its importance in AT forma)on and 

maintenance. 

PPARg is sharing the general structure of NRs, harbouring an ac)va)on func)on 1 

(AF-1) mo)f in its C-terminal A and B domain, implicated in ligand-independent co-regulator 

binding, and a DBD in its central C domain (Kroker & Bruning, 2015). The DBD contains two 

highly conserved zinc finger proteins that bind to the DNA by docking to a consensus AGGTCA 

sequence repeated once and separated by one nucleo)de in the promotor region of target 

genes, the so-called direct-repeat 1 (DR-1) or PPRE (A et al., 1997). Addi)onally, the DBD is also 

involved in dimeriza)on with other NRs, thus containing a dimeriza)on interface. The 

D domain of PPARg consists of a flexible hinge region and contains a NLS, while the N-terminal 

E domain harbours the ligand-binding domain (LBD) as well as an AF-2 mo)f and a second co-

regulator binding site (Kroker & Bruning, 2015).  

In the unbound state, PPARg is kept inac)ve by binding to a co-repressor, for example 

nuclear receptor co-repressor (NCoR) or silencing mediator of re)noid and thyroid hormonal 
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receptors (SMRT) (Yu et al., 2005). Upon ligand-binding, the LBD is stabilized, leading to a 

conforma)onal change facilita)ng the binding of co-ac)vators, which in turn increase 

chroma)n accessibility, enabling gene transcrip)on (Chandra et al., 2008; Helsen & Claessens, 

2014; Johnson et al., 2000). For DNA binding, PPARg requires heterodimeriza)on with the 

re)noid X receptor (RXR) (Miyata et al., 1994; Tontonoz et al., 1994), itself a NR serving as 

heterodimeriza)on and DNA-binding partner for several NRs (Evans & Mangelsdorf, 2014).  

The PPARg gene contains separate promotors, which together with alterna)ve splicing 

is giving rise to three PPARg mRNAs. PPARg1 and PPARg3 are encoding for the same protein 

(referred to as PPARg1), whereas PPARg2 encodes a longer version of PPARg with 28 and 30 

addi)onal N-terminal amino acids in human and mice, respec)vely (Beamer et al., 1997; 

Elbrecht et al., 1996; Fajas et al., 1997; Fajas, Fruchart, & Auwerx, 1998; Zhu et al., 1995). 

PPARg1 is expressed in AT but also in rela)vely high levels in macrophages (Ricote et al., 1998), 

colon epithelium (Auboeuf et al., 1997; Mansen et al., 1996) and endothelia (Marx et al., 

1999). The expression paAern of PPARg2 is mainly restricted to the AT, and has been described 

to be induced by HFD in mice and elevated in obese individuals (Auboeuf et al., 1997; Vidal-

Puig et al., 1996; Vidal-Puig et al., 1997).  

Ac)va)on of PPARg in adipocytes ini)ates the expression of proteins involved in lipid 

metabolism and lipid accumula)on, thereby leading to adipocyte differen)a)on. Examples are 

lipoprotein lipase (LPL), acyl CoA synthetase, faAy acid transport protein (FATP) and cluster of 

differen)a)on 36 (CD36) (also known as faAy acid translocase, FAT) (Grygiel-Gorniak, 2014; 

Nakachi et al., 2008). Another PPARg target is the faAy acid-binding protein 4 (FABP4). FABP4 

maintains adipocyte homeostasis and regulates lipolysis and adipogenesis through interac)on 

with the hormone-sensi)ve lipase (HSL) and PPARg, respec)vely (Jenkins-Kruchten et al., 2003; 

Schroeder et al., 2008). During lipolysis, FABP4 is believed to bind free faAy acids in the 

cytoplasm to guide them out of the cell (Hofer et al., 2015). As it is one of the most abundant 

proteins in fat cells (Matarese & Bernlohr, 1988), FABP4 is o^en used as marker for adipocytes 

and adipocyte differen)a)on. 

Apart from its func)on as adipogenic master regulator, PPARg was also shown to confer 

an)-inflammatory proper)es, especially in monocytes and macrophages. PPARg ac)va)on in 

murine BMDMs and human monocytes contributes to their polariza)on to a homeosta)c, 

alterna)vely ac)vated phenotype (M2 phenotype) (Bouhlel et al., 2007; Odegaard et al., 

2007). In line, s)mula)on of human monocytes with the PPARg agonist rosiglitazone led to a 
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reduc)on of TNF-a secre)on upon phorbol 12-myristate 13-acetate (PMA) s)mula)on (Hong 

et al., 2003). The same has been shown for 15-deoxy-Δ-12, 14-prostaglandin J2 (15d-PGJ2) 

(Jiang, Ting, & Seed, 1998), which is a derivate of the prostaglandin J2 series and has been 

iden)fied as potent ‘naturally occurring’ PPARg ligand (Forman et al., 1995; Kliewer et al., 

1995). Different mechanisms of PPARg’s inflamma)on-dampening proper)es have been 

proposed, most of them culmina)ng in the suppression of NF-kB signalling. PPARg, addi)onally 

to its func)on as transcrip)onal ac)vator, func)ons as E3 ubiqui)n ligase and was shown to 

ubiqui)nate the p65 subunit of NF-kB, leading to its degrada)on (Hou, Moreau, & Chadee, 

2012). Furthermore, PPARg has been shown to directly bind to and thus poten)ally trap NF-kB 

in LPS-s)mulated macrophages (Chung et al., 2000). Another study proposed PPARg ac)va)on 

to lead to reduced p65 acetyla)on, thereby decreasing its nuclear transloca)on and reducing 

expression of pro-inflammatory genes (Zhang et al., 2016). Also, p38 MAPK phosphoryla)on 

and thus ac)va)on has been shown to be reduced by PPARg ac)va)on (Ji et al., 2010). 

However, how exactly PPARg is media)ng its an)-inflammatory proper)es remains unknown.  

PPARg has been reported to alleviate NLRP3-induced inflamma)on, for example in 

spinal cord neurons (Fu et al., 2021; Meng et al., 2019), but apart from these reports, only few 

studies link PPARg to the NLR protein family. Interes)ngly, it appears that especially the 

transcrip)onally ac)ve NLRs are physically and func)onally connected with PPARg. CIITA has 

been shown to be induced by and to interact with PPARg in human vascular smooth muscle 

cells and the context of collagen synthesis, respec)vely (Kong et al., 2009; Xu, Farmer, & Smith, 

2007). Also NLRC5 recently was shown to interact with PPARg in human aor)c smooth muscle 

cells in the context of vascular remodelling (Luan et al., 2019). 

In summary, PPARg is the master regulator of adipogenesis, inducing and maintaining 

adipocyte differen)a)on and ensuring metabolic homeostasis, but also confers important 

func)ons in reducing and resolving inflamma)on.  

 

Aim of the study 

 The in)mate rela)onship between the innate immune system and the state of obesity 

has become increasingly clear over the last years, with the obesity-accompanying state of 

chronic, sterile, low-grade inflamma)on at least contribu)ng to, if not causing, most of the 

obesity-associated morbidi)es. NLR proteins have been discovered as cri)cal sensors shaping 

this low-grade inflamma)on, some aggrava)ng, some protec)ng against obesity and its 
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morbidi)es. NLRC5, the master transcrip)onal regulator of MHC class I genes, recently has 

been implicated in metabolic trades, but the underlying mechanisms so far have not been 

studied.  

To func)onally assess the role of NLRC5 in obesity, the effect of Nlrc5 deficiency in a 

mouse model of HFD-induced obesity was inves)gated using two different Nlrc5 KO mouse 

lines. Mice were characterized by means of phenotypical, morphological, biochemical, and 

microbial analysis. The effect of NLRC5 on adipocyte differen)a)on was studied by modifying 

Nlrc5 expression in the 3T3-L1 preadipocyte cell line using CRISPR/Cas9 technology. To 

elaborate on the mechanism of NLRC5’s effect in obesity, in vitro studies using stable cell lines 

as well as primary cells were performed, inves)ga)ng the influence of NLRC5 on the master 

regulator of adipogenesis, PPARg, and its targets in the context of obesity and inflamma)on. 

Lastly, the effect of obesity on the expression of a variety of NLRs was inves)gated in both mice 

and human to iden)fy other NLR proteins poten)ally involved in the regula)on of obesity and 

its associated morbidi)es.  
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Materials and Methods 

Materials 

Mice  

Nlrc5DExon4-7 mice and HFD feeding protocol 

Nlrc5 WT and Nlrc5 deficient mice in C57BL/6N background were kindly provided by 

Philip Rosens)el (University of Kiel). KO mice (B6.129Sv/Pas-Nlrc5tm1) were generated by 

GenOway. Nlrc5 was targeted in 129SvPas embryonic stem cells that were injected into a 

blastocyst of a C57BL/6J mouse. A targe)ng vector was designed in which exons 4 – 7 were 

replaced by a loxP-flanked neomycin resistance casseAe. Chimeric animals were mated to 

C57BL/6J mice. The Nlrc5 KO, herea^er termed Nlrc5DExon4-7 mice were finally back crossed on 

C57BL/6N background (B6.129Sv/Pas-Nlrc5tm1geno). Genotyping was performed by Endpoint 

PCR using DNA isolated from tail )ps. DNA was extracted using the DNeasy Blood & Tissue Kit 

(Qiagen) according to manufacturer’s instruc)ons. For Endpoint PCR, 2xKAPA2G Fast HotStart 

Genotyping Mix (KAPA Biosystems) and the corresponding oligos (Table 6) were used. Mice 

were imported by embryo transfer into the SPF (specific pathogen free) containment at the 

central animal facility of the University of Hohenheim and KO and WT liAermates were 

outcrossed on a C57BL/6N background. Animals were started on experimental diet at the age 

of 8 weeks. For the experiment, mice were kept in the working area of the central animal 

facility of the University of Hohenheim. WT and Nlrc5DExon4-7 mice were not co-housed. All mice 

were fed a synthe)c low-fat control diet (SSNIFF, E15000) (detailed diet composi)on see Suppl. 

Table 1) ad libitum for 1 week to adapt the mice to the diet. A^erwards, Nlrc5 WT and KO mice 

were randomly distributed on the interven)on groups (n=5), either receiving the low-fat 

control diet or a synthe)c HFD containing 30% crude fat (SSNIFF, E15186) (for detailed diet 

composi)on see Suppl. Table 1). Mice were fed ad libitum for a total of 11 weeks and were 

weighed twice a week. Food uptake was determined once a week by back weigh)ng the 

remaining food in each cage. Mice were kept in a 12 h light/dark cycle. Mice were dissected 

directly a^er sacrifice by CO2 inhala)on and blood collec)on by heart puncture, and 

epididymal and inguinal AT weights were determined. Tissues for RNA isola)on were snap-

frozen in liquid nitrogen and stored at -80°C un)l use. Tissues for histology were put in )ssue 

embedding casseAes and maintained in 4% PFA at 4°C overnight before being dehydrated in 

an ascending ethanol series and paraffin-embedded using the Leica TP1020 automa)c 
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benchtop )ssue processor (Leica). The use of mice and all following treatments were 

performed according to FELASA and ins)tu)onal guidelines and were approved by the local 

authori)es of the state of Baden-WürAemberg, in accordance with the animal protec)on law 

of Germany, under the license number V347/18 EM, 35-9185.81/0469 and are described in 

the NTP 00024601-1-4. 

 

Nlrc5∆Exon4 mice and HFD feeding protocol 

Nlrc5∆Exon4 mice in C57BL/6N background were kindly provided by Dana PhilpoA 

(Department of Immunology, University of Toronto). Briefly, Nlrc5 exon 4 was flanked by two 

loxP sites and mice were crossed with CMV-Cre mice, leading to dele)on of the loxP-flanked 

region. Resul)ng Nlrc5DExon4 mice were then back crossed to allow for CMV-Cre elimina)on 

(Sun et al., 2019). C57BL/6N WT mice were used as controls. Genotyping was performed by 

Endpoint PCR using DNA isolated from liver. DNA was extracted using the DNeasy Blood & 

Tissue Kit (Qiagen) according to manufacturer’s instruc)ons. For Endpoint PCR, 2xKAPA2G Fast 

HotStart Genotyping Mix (KAPA Biosystems) and the corresponding oligos (Table 6) were used. 

Mice were housed in individually ven)lated cages at maximum 4 animals per cage at the 

animal facility of the University of Sherbrooke under SPF condi)ons. Mice were started on a 

HFD containing 35% crude fat (Research Diets Inc., D12492; for detailed diet composi)on see 

Suppl. Table 2) at the age of 8 – 10 weeks and fed for 20 weeks. The experiment was started 

as and when the mice became available. Mice were weighted once a week. Mice were 

anesthe)zed with isoflurane, sacrificed by CO2 inhala)on and death was confirmed by cervical 

disloca)on. Directly a^er sacrifice, mice were dissected and epididymal and inguinal AT as well 

as liver weight were determined. Tissues for RNA isola)on were snap-frozen in liquid nitrogen 

and stored at -80°C un)l use. Tissues for histology were maintained in 4% PFA for 12 – 16 h 

before being embedded in paraffin. All experimental protocols on animals were carried out 

with the approval of the Université de Sherbrooke Animal Ethics CommiAee.  

 

Cell lines and bacteria 

All mammalian cell lines were maintained at 37°C and 5% CO2 in 100% humidity in the 

indicated cell culture medium containing 10% heat-inac)vated foetal bovine serum (FBS) (PAN 

Biotech) or 10% FBS Xtra (Capricorn Scien)fic) and 100 U/ml penicillin (Gibco) and 100 µg/ml 
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streptomycin (Gibco), if not stated otherwise. Cells were rou)nely monitored for the absence 

of mycoplasma infec)on by PCR. 

Bacteria were grown at 37°C in Lysogeny Broth (LB), if not stated otherwise. 

 

HEK293T 

Human embryonic kidney 293T cells (HEK293T, ATCC, CRL-3216) were grown in 

Dulbecco's Modified Eagle Medium (DMEM) 4.5 g/L D-glucose (ThermoFisher Scien)fic). 

 

Len0-X™ 293T  

 Len)-X™ 293T producer cells (originally purchased from Takara, Cat. No. 632180; kindly 

provided by Dr. Cathrin Hagenlocher, University of StuAgart) were grown in DMEM 4.5 g/L 

D-glucose (ThermoFisher Scien)fic) supplemented with 10% heat inac)vated FBS (Pan 

Biotech), 100 U/ml Penicillin (Gibco), 100 µg/ml Streptomycin (Gibco), 4 mM L-glutamine 

(Gibco) and 1 mM sodium pyruvate (Gibco).  

 

HeLa Flp-In T-REx 

Stable, inducible HeLa cell lines expressing GFP (Ellwanger et al., 2019), GFP-NLRC5, 

GFP-NLRC5 NLS I, GFP-NLRC5 2xNLS and GFP-NLRC5 Iso3 (Kienes, 2021) were previously 

generated in our lab. Briefly, HeLa Flp-In cell lines were generated by co-transfec)on of pOG44 

and pcDNA5/FRT/TO-GFP, pcDNA5/FRT/TO-GFP-NLRC5, pcDNA5/FRT/TO-GFP-NLRC5 NLS I, 

pcDNA5/FRT/TO-GFP-NLRC5 2xNLS or pcDNA/FRT/TO-GFP-NLRC5 Iso3 into HeLa Flp-In T-REx 

cells (kindly provided by the Hentze Lab, EMBL Heidelberg) using Lipofectamine™ 2000 

(ThermoFisher Scien)fic). Transfectants were selected with 10 µg/ml blas)cidin (InvivoGen) 

and 600 µg/ml hygromycin (InvivoGen). Single clones were selected and characterized for 

inducible and uniform expression. Target gene expression was induced by 1 µg/ml doxycycline 

for at least 20 h prior to further experiments. Stable cell lines were grown in DMEM 4.5 g/L D-

glucose (ThermoFisher Scien)fic). 

 

THP-1 

The NLRC5 deficient THP-1 cell line, generated using CRISP/Cas9 technology, and the 

corresponding WT cells were kindly provided by Veit Hornung (Ludwig-Maximilians-

Universität, München). THP-1 cells were subcultured in Roswell Park Memorial Ins)tute 1680 
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(RPMI1680) (ThermoFisher Scien)fic) supplemented with 2 mM L-glutamine (Gibco). To 

induce differen)a)on to macrophage-like cells, THP-1 cells were treated with 100 nM PMA 

(InvivoGen) over night. Then, cells were rested for 48 h in normal culture medium without 

PMA before performing the experiments. When indicated, differen)ated THP-1 cells were 

ac)vated with 0.4 or 1 µg/ml rosiglitazone (Sigma-Aldrich) and s)mulated with 100 ng/ml LPS 

(InvivoGen) for the indicated )me.  

 

Bone marrow-derived macrophages  

Bone marrow cells were isolated from the respec)ve animal and cultured in DMEM 

4.5 g/L D-glucose (ThermoFisher Scien)fic) supplemented with 5% heat-inac)vated FBS (Pan 

Biotech), 100 U/ml penicillin (Gibco), 100 µg/ml streptomycin (Gibco), 1 mM sodium pyruvate 

(Gibco), 1% non-essen)al amino acids (Gibco), 50 µM b-mercaptoethanol (Carl Roth) and 30% 

L929 cell supernatant. Fresh L929 cell supernatant was added once (day 3) and BMDMs were 

harvested a^er 6 days. When indicated, cells were ac)vated overnight with 0.4 µg/ml 

rosiglitazone (Sigma-Aldrich) and s)mulated with 50 ng/ml LPS (InvivoGen) for 6 h the next 

day. 

 

3T3-L1  

3T3-L1 cells (kindly provided by the Graeve lab, University of Hohenheim, StuAgart) 

were grown in DMEM 1 g/L D-glucose (ThermoFisher Scien)fic) supplemented with 10% heat 

inac)vated calf serum (CS) (Gibco), 100 U/ml penicillin (Gibco) and 100 µg/ml streptomycin 

(Gibco). Cells were subcultured before reaching a confluency of 80%.  

 

Chemically competent Escherichia coli DH5α 

Escherichia coli DH5α (F- Φ80lacZΔM15 Δ(lacZYA-argF)U169 deoR recA1 endA1 bsdR17 

(rk
+ ,mk

+ ) phoA supE44 thi-1 gyrA96 relA1 λ-), a non-pathogenic laboratory strain derived from 

E. coli K12, were used for plasmid amplifica)on. Depending on the an)bio)c resistance 

casseAe included in the transformed plasmid, bacteria were cultured in LB containing 

100 µg/ml ampicillin (Carl Roth) or 50 µg/ml kanamycin (Carl Roth).  
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NEB® Stable Competent Escherichia coli  

NEB® Stable Competent Escherichia coli (F' proA+B+ lacIq ∆(lacZ)M15 zzf::Tn10 

(TetR)/∆(ara-leu) 7697 araD139 UuA ∆lacX74 galK16 galE15 e14- Φ80dlacZ∆M15 recA1 relA1 

endA1 nupG rpsL (StrR) rph spoT1 ∆(mrr-hsdRMS-mcrBC)) were used for amplifica)on of 

len)viral plasmids. For transforma)on with liga)on reac)ons, bacteria were cultured in NEB 

10-beta/Stable Outgrowth Medium (NEB). For overnight cultures, bacteria were cultured in LB 

containing 100 µg/ml ampicillin (Carl Roth). 

 
Chemicals and reagents 
Table 1: Chemicals and reagents used in this study. 

Chemical / Reagent Supplier 

3-Isobuthyl-1-methylxanthine (IBMX)  Sigma-Aldrich 

Acetic acid Carl Roth 

Adenosine-triphosphate (ATP) Carl Roth 

Agarose Carl Roth 

Ammoniumperoxidesulfate (APS) Carl Roth 

Anti-FLAG M2 affinity gel Sigma-Aldrich 

Beta-mercaptoethanol Carl Roth 

Bovine serum albumin (BSA) Carl Roth 

Bromphenolblue Carl Roth 

Clarity Western ECL Substrate BioRad 

cOmplete Mini Protease Inhibitor Cocktail Roche 

D-Luciferin Sigma-Aldrich 

Dako fluorescence mounting medium Agilent 

Dexamethasone Sigma-Aldrich 

Entallan® Sigma-Aldrich 

Eosin Sigma-Aldrich / 
ThermoFisher Scientific 

GFP-Trap Agarose resin Chromotek 

Glycerol Standard Solution Sigma-Aldrich 

Glycin Carl Roth 
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Chemical / Reagent Supplier 

GW9662 Sigma-Aldrich 

Haematoxylin Sigma-Aldrich 

HiPerFect transfection reagent Qiagen 

Hoechst 33342  ThermoFisher Scientific 

Infinity™ Cholesterol Liquid Stable Reagent ThermoFisher Scientific 

Infinity™ Triglycerides Liquid Stable Reagent ThermoFisher Scientific 

Insulin Sigma-Aldrich 

Lipofectamine™ 2000 ThermoFisher Scientific 

Lipopolysaccharide (LPS) InvivoGen 

Milk powder Carl Roth 

Sodium fluoride (NaF) Sigma-Aldrich 

NP-40 Sigma-Aldrich 

Oil Red O Sigma-Aldrich 

Ortho-Nitrophenyl-β-galactoside (ONPG) Carl Roth 

PAP-Pen Sigma-Aldrich 

Paraformaldehyde (PFA) Carl Roth 

Permount mounting medium ThermoFisher Scientific 

Phorbol 12-myristate 13-acetate (PMA) InvivoGen 

Poly-L-Lysin Sigma-Aldrich 

Polybrene Sigma-Aldrich 

Polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-
phenyl ether (Triton-X100) 

Carl Roth 

Polyoxyethylene (20) sorbitan monolaurate 
(Tween-20) 

Carl Roth 

Ponceau S Carl Roth 

Protein G Dynabeads ThermoFisher Scientific 

Rosiglitazone Sigma-Aldrich 

ROTI® GelStain Red Carl Roth 

Roti®-Histol Carl Roth 
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Chemical / Reagent Supplier 

Rotiphorese Gel 30: 30% acrylamide and 
bisacrylamide stock solution (ratio 37,5:1)  

Carl Roth 

Salmon sperm DNA ThermoFisher Scientific 

Sodium orthovanadate Sigma-Aldrich 

SuperSignal™ West Femto Maximum Sensitivity 
Substrate 

ThermoFisher Scientific 

Tetramethylethylenediamine (TEMED) Carl Roth 

X-tremeGENE™ 9 Transfection Reagent Roche 

Xylene Sigma-Aldrich 

b-Glycerophosphate Fluka 

 
Kits 
Table 2: Commercial Kits used in this study. 

Kit Manufacturer 

2xKAPA2G Fast HotStart Genotyping Mix KAPA Biosystems 

ChIP DNA Clean & Concentrator Kit Zymo Research 

DNeasy Blood & Tissue Kit Qiagen 

DuoSet ELISA (TNF-a) R&D Systems 

Fecal DNA Miniprep Kit Zymo Research 

GeneArt® Genomic Cleavage Detection Kit ThermoFisher Scientific 

Glucose Colorimetric Assay Kit Cayman 

GreenMasterMix Genaxxon 

iScript cDNA Synthesis Mix BioRad 

MiSeq Reagent Kit v3 Illumina 

NucleoBond Xtra Midi Kit Macherey-Nagel 

NucleoSpin Gel and PCR Clean-up Kit Macherey-Nagel 

NucleoSpin Plasmid Mini Kit Macherey-Nagel 

Quick-16S NGS Library Prep Kit Zymo Research 

RNeasy plus Mini Kit Qiagen 

RNeasy Plus Universal Mini Kit Qiagen 

SYBR Green reaction Mix BioRad 
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Plasmids 

Table 3: Plasmids for ectopical expression in mammalian cells (expression plasmids) or len3viral transduc3on 
(len3viral plasmids) and reporter plasmids used in this study. 

Plasmid Insert Tag Backbone Reference 

Expression plasmids 

FLAG-CIITA CIITA Isoform 3 FLAG pCMV-Tag2B-FLAG (Bauer et al., 2023a) 

FLAG-NLRC5 NLRC5; aa 1 - 
1866 

FLAG pCMV-Tag2B-FLAG (Neerincx et al., 2010) 

FLAG-NLRC5 DD NLRC5; aa 1 - 
133 

FLAG pCMV-Tag2B-FLAG (Bauer et al., 2023a) 

FLAG-NLRC5 Iso3 NLRC5 isoform 
3; aa 1 - 720 

FLAG pCMV-Tag2B-FLAG (Neerincx et al., 2010) 

FLAG-NLRC5 LRR NLRC5; aa 589 - 
1866 

FLAG pCMV-Tag2B-FLAG (Bauer et al., 2023a) 

FLAG-NLRC5∆DD NLRC5; aa 134 - 
1866 

FLAG pCMV-Tag2B-FLAG (Bauer et al., 2023a) 

FLAG-NOD1 NOD1 FLAG pCMV-Tag2B-FLAG  (Kufer et al., 2008) 

GFP-NLRC5 NLRC5; aa 1 - 
1866 

GFP pCMV-Tag2B-pEGFP (Neerincx et al., 2012) 

HA-C/EBPα C/EBPα HA pcDNA3 kind gift from AG 
Lausen, University of 
Stuttgart 

myc-NLRC5 NLRC5 full 
length; aa 1 - 
1866 

myc pcDNA3.1-3xmyc-B (Neerincx et al., 2012) 

pcDNA3.1 none none pcDNA3.1 Invitrogen 

PPARγ1 PPARg1 none pcDNA3 (Tachibana et al., 
2005; Tanaka et al., 
2002) 

PPARγ2 PPARg2 none pcDNA3 (Tachibana et al., 
2005; Tanaka et al., 
2002) 

RXR RXR2 none pCNA3 (Hoffart et al., 2012) 
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Plasmid Insert Tag Backbone Reference 

b-galactosidase b-galactosidase none pcDNA3.1 (Neerincx et al., 2012) 

Lentiviral plasmids 

lentiCRISPRv2 Cas9 of 
Streptococcus 
pyogenes 

none lentiCRISPRv2 (Sanjana, Shalem, & 
Zhang, 2014), kindly 
provided by Cathrin 
Hagenlocher, 
University of Stuttgart 

pCMV-VSV-G none none pCMV-VSV-G (Stewart et al., 2003), 
kindly provided by 
Cathrin Hagenlocher, 
University of Stuttgart 

psPAX2 none none psPAX2 Didier Trono (Addgene 
plasmid #12260); 
kindly provided by 
Cathrin Hagenlocher, 
University of Stuttgart 

Reporter plasmids 

mFabp4 PPRE mFabp4 
promoter 
fragment (bp 
2300 – 4500) 

none pBV-Luc this work 

p4xACO-Luc 4x PPRE none pBV-Luc (He et al., 1999) 

PPRE 3x TK Luc 3x PPRE none ptkLuc (Forman et al., 1995) 

 

Oligonucleo,des 

All oligonucleo)des used in this work were obtained from Eurofins Genomics.  

Table 4: Oligonucleo3des for qRT-PCR used in this study. 

Target, Ref. Primer fwd Primer rev 
Asc  
(Carty et al., 
2019) 

ACTGTGCTTAGAGACATGGGC TGGTCCACAAAGTGTCCTGTT 

CD36  
(Luan et al., 
2019) 

AGATGCAGCCTCATTTCCAC GCCTTGGATGGAAGAACAAA 

FABP4  AACCTTAGATGGGGGTGTCC GTGGAAGTGACGCCTTTCAT 
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Target, Ref. Primer fwd Primer rev 
(Luan et al., 
2019) 
GAPDH GGTATCGTGGAAGGACTCATGAC ATGCCAGTGAGCTTCCCGTTCAG 

H2K 
(Ludigs et al., 
2015) 

TTGAATGGGGAGGAGCTGAT GCCATGTTGGAGACAGTGGA 

HLA-A 
(Meissner et 
al., 2012b) 

AAAAGGAGGGAGTTACACTCAGG GCTGTGAGGGACACATCAGAG 

Hprt 
(Almeida-
Oliveira et al., 
2017) 

CCCTGGTTAAGCAGTACAGCCCC AGTCTGGCCTGTATCCAACACTTCG 

IL6 GATGGATGCTTCCAATCTGG TGGCATTTGTGGTTGGGTCA 

NELFB GGAGCCCAAGATGGAGGT CTCCTGCAGAAACTTAGTGAAG 

Nlrc3  
(Wang et al., 
2022) 

GTCAGCTGCTACAAGTCCGGGAC GAGCCTCAGAGTGCTTCGGTATCC 

NLRC5 CTCCTCACCTCCAGCTTCAC GTTATTCCAGAGGCGGATGA 

Nlrc5_1 TTGATGGGTTGGATGAGGCT CAAAGCCCCACATGTGTACC 

Nlrc5_2 TGGAGGAGGTCAGTTTGC ATGCTCCTGATTGCTGTGTAG 

Nlrp10 GGAGCTTGTAGACTACCTCA AAAGTCTCCACATCGACAGG 

Nlrp12  
(Zaki et al., 
2014) 

CCTCTTTGAGCCAGACGAAG GCCCAGTCCAACATCACTTT 

Nlrp1b 
(Vilaysane et 
al., 2010) 

GACTTTGTGGCTTGTTGAATGC CATTTAGCTGCAGGTCTAGCTCTCT 

Nlrp3  
(Carty et al., 
2019) 

CCACATCTGATTGTGTTAATGGCT GGGCTTAGGTCCACACAGAA 

Nlrp6  
(Gustin et al., 
2015) 

GGACGAGAGGAAGGCAGAG GCACACGAAGGGCACAAAG 

Nlrx1  
(Singh et al., 
2018) 

AACGGTGCTGGTGACACA GCTCAGCTCATTGAAGTAGAGGT 

Nod1 AGATGGAAGGCACCCCATTG TCTTTCGGACCTTGTCAGGC 

NOD1 
(Tourneur et 
al., 2013) 

AGGCCTCACGCATCTTAAACTG CCTCAGAGATTGATTTGCTGTTCTT 



The role of NLRC5 in obesity – Materials and Methods 

 26 

Target, Ref. Primer fwd Primer rev 
Nod2 TTGTAGCCGACCACCAGAAC TTCCCTCGAAGCCAAACCTC 

NOD2 GAAGTACATCCGCACCGAG GACACCATCCATGAGAAGACAG 

Ripk2 
(Shimada et 
al., 2018) 

CGTGTGGATCCTCTCTGCTC AGTGGTGTGCCTTCAACGAA 

Sin3A  
(El Maassarani 
et al., 2016) 

CAGAATGACACCAAGGTCCTGAG CATACGCAAGTGAGAGGTGTGG 

Tgf-b AGGAGACGGAATACAGGGCT GGATCCACTTCCAACCCAGG 

Tnf-a AGAACTCCAGGCGGTGC AGGGTCTGGGCCATAGAACT 

TNF-a ATGAGCACTGAAAGCATGATCC GAGGGCTGATTAGAGAGAGGTC 

ChIP qRT-PCR 
FABP4 TCCAGAGAGAGGGTATGTTTCC CACTTTGCTCTCCTATGGACAG 

GAPDH GCTACTAGCGGTTTTACGGGCG TGCGGCTGACTGTCGAACAGG 

HLA-B GGCGCAGCGTTGGGGATTC GGCGACGCTGATTGGCTTCTC 

HLA-DRA 
(Meissner et 
al., 2010) 

ATTTTTCTGATTGGCCAAAGAGTAATT AAAAGAAAAGAGAATGTGGGGTGTAA 

 

Table 5: Oligonucleo3des for Cloning used in this study. 

Primer Sequence Application 
Fabp4promoter AATTGCTAGCGTGTGTTGGCAGGGGGGTTA Cloning of mFabp4 

PPRE reporter 
construct 

AATTCCCGGGCCCTAACTTAGACATGTTCTCAAG 

mNlrc5 Exon 2 GTGTGCAGACAAACATCCTCAC Amplification of DNA 
cleavage site targeted 
by mNlrc5 gRNA2 GAAGGGATGAAACGGGGCTT 

mNlrc5 Exon 3 TGTCTCATACTTCTCTGCCTGG Amplification of DNA 
cleavage site targeted 
by mNlrc5 gRNA3 GGTCTGAGGTCACATCGGTT 

mNlrc5 gRNA2 CACCgCATGGTACAGCTGAGGTCCA gRNA2 targeting exon2 
of mNlrc5 AAACTGGACCTCAGCTGTACCATGC 

mNlrc5 gRNA3 CACCgCTTCTTGCTGTTCTTCCGAC gRNA targeting exon 3 
of mNlrc5  AAACGTCGGAAGAACAGCAAGAAGC 
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Table 6: Oligonucleo3des for Genotyping used in this study. 

Primer Sequence Application 
Nlrc5 WT GAGTCACTCACTCTCCAGGGACAGTGG Genotyping of Nlrc5-/- and 

corresponding WT mice CTGTTGAGCTGACGGTGGATGACC 
Nlrc5-/- GCCAGACAGCATAGACCAGATAGTGG 

CTACTTCCATTTGTCACGTCCTGCACG 
Nlrc5Exon4  CTGAGCCTTGATCAGACCC Genotyping of Nlrc5∆Exon4 and 

corresponding WT mice CTACCTACCAACTTGGACCAC 
Nlrc5∆Exon4 CTCGAGTTTAAACTAAGCGGCCG 

CTACCTACCAACTTGGACCAC 
 

Table 7: Oligonucleo3des for Sequencing used in this study. 

Primer Sequence Application 
hU6-F GAGGGCCTATTTCCCATGAT Verification of lentiCRISPRv2:gRNA 

constructs 
pGLrev CTTTATGTTTTTGGCGTCTTCC Verification of mFabp4 promoter reporter 

construct 
mNlrc5 Exon 2 GTGTGCAGACAAACATCCTCAC Verification of DNA modifications by 

gCRISPR/Cas9:gRNA2 mediated cleavage GAAGGGATGAAACGGGGCTT 
mNlrc5 Exon 3 TGTCTCATACTTCTCTGCCTGG Verification of DNA modifications by 

gCRISPR/Cas9:gRNA3 mediated cleavage GGTCTGAGGTCACATCGGTT 
 
siRNAs 

Table 8: siRNAs used in this study. 

siRNA Target Sequence Manufacturer 

Allstar Negative Non-targeting proprietary Qiagen 

siNELFB_7 NELFB AAGGTACAAGAAGCTGGAAGA Qiagen 

siSin3A_5 Sin3A GAGCGTGTAAGCAAGCGTCTA Qiagen 

 

An,bodies 

Primary an)bodies 

Table 9: Primary an3bodies used in this study. ChIP = chroma3n immunoprecipita3on, IF = (indirect) 
immunofluorescence, WB = Western Blot. 

Target Species Application Manufacturer/Reference Identifier 

CD68 rabbit IF Abcam ab125212 

FABP4 mouse WB Santa Cruz sc-271529 

FLAG mouse WB Sigma-Aldrich F3165 
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Target Species Application Manufacturer/Reference Identifier 

GAPDH rabbit WB Santa Cruz sc-25778 

GFP mouse WB, ChIP Roche #11814460001 

HLA-B mouse WB Santa Cruz sc-55582 

HLA-B/C mouse WB Kind gift from Victor 
Steimle, University of 
Sherbrooke, Canada 

 

mouse IgG isotype 
control 

mouse ChIP Millipore #12-371 

NLRC5 rat WB Sigma-Aldrich MABF260 

p38 rabbit WB Cell Signaling #9212 

phosphorylated p38 mouse WB Cell Signaling #9216 

PPARg rabbit WB Cell Signaling #2443 

rabbit IgG isotype 
control 

rabbit ChIP Kind gift from AG Lausen, 
University of Stuttgart 

 

RNA polymerase II rabbit ChIP Cell Signaling #14958 

b-2-microglubulin rabbit WB Cell Signaling #59035 

b-actin mouse WB Santa Cruz sc-47778 

 

Secondary an)bodies 

Table 10: secondary an3bodies used in this study. IF = indirect immunofluorescence, WB = Western Blot. 

Antibody Application Manufacturer Identifier 

Goat anti-mouse IgG HRP conjugate WB BioRad #170-6516 

Goat anti-mouse light chain specific HRP 
conjugate 

WB Jackson 
ImmunoResearch 

#115-035-174 

Goat anti-rabbit IgG Alexa Fluor™ 568 IF ThermoFisher 
Scientific 

A-11036 

Goat anti-rabbit IgG HRP conjugate WB BioRad #170-6515 

IRDye® 800CW Goat anti-rabbit IgG  WB LI-COR #926-32211 

 

Instruments 

Table 11: Instruments used in this study. 

Name Manufacturer 

Axioscope 2 Zeiss microscope Carl Zeiss Microscopy GmbH 
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Name Manufacturer 

Axiovert 200M Zeiss microscope Carl Zeiss Microscopy GmbH 

Bioruptor Pico Diagenode 

CFX Connect™ Real-Time PCR Detection System BioRad 

DMi8 Leica 

Eclipse TS100 Nikon 

EnSpire Multimode Plate Reader Perkin Elmer 

FastPrep®-24 Tissue and Cell Homogenizer  MP Biomedical 

Fusion FX Camera System Vilber Lourmat 

Hera Cell 150i Co2 Incubator ThermoFisher Scientific 

Illumina MiSeq Illumina 

Mini Protrean Tetra System BioRad 

Nanophotometer p360 Implen 

NanoZoomer Slide Scanner Hamamatsu Photonics 

PowerPac™ HC High-Current Power Supply BioRad 

Rotating wheel Stuart 

T100™ Thermal Cycler BioRad 

ThermoMixer F1.5  Eppendorf 

TissueRuptor Qiagen 

Trans-Blot Turbo Transfer System BioRad 

 

SoGware 

Table 12: Soaware and algorithms used in this study. 

Software/algorithm Supplier/Reference 

Adipocyte U-NET (Glastonbury et al., 2020) 

Axiovision software Carl Zeiss Microscopy 
GmbH 

Fijii NIH 

GraphPad Prism 7.0 GraphPad 

Image-Pro Plus Software Media Cybernetics 

Leica LasX software Leica 

Microsoft Excel  Microsoft 
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Software/algorithm Supplier/Reference 

NanoZoomer Digital Pathology software NDP.view2 Hamamatsu Photonics 

QIIME2 v 2019.7 (Bolyen et al., 2019) 

R (v3.6.1) N/A 

 
Methods 

Cell biological methods 

Differen0a0on 3T3-L1 

Differen)a)on of 3T3-L1 preadipocytes into mature adipocytes was performed 

following a modified version of the protocol of Zebisch et al. (Zebisch et al., 2012). Briefly, 8 x 

104 cells per well were seeded in a 6-well plate (Falcon™) and incubated for 48 h un)l reaching 

full confluency. Medium was renewed, and cells were incubated for another 72 h as confluent 

culture. To induce differen)a)on, medium was switched to differen)a)on medium I [DMEM 

4.5 g/L D-glucose (ThermoFisher Scien)fic) + 10% heat inac)vated FBS (Pan Biotech) + 100 

U/ml Penicillin + 100 µg/ml Streptomycin (Gibco) + 0.25 µM dexamethasone (Sigma-Aldrich) 

+ 1 µg/ml insulin (Sigma-Aldrich) + 0.5 mM 3-Isobutyl-1-methylxanthine (IBMX) + 1 mM 

sodium pyruvate (Gibco)]. A^er 48 h, medium was switched to differen)a)on medium II 

[DMEM 4.5 g/L D-glucose (ThermoFisher Scien)fic) + 10% heat inac)vated FBS (Pan Biotech) 

+ 100 U/ml Penicillin + 100 µg/ml Streptomycin (Gibco) + 1 µg/ml insulin (Sigma-Aldrich) + 1 

mM sodium pyruvate (Gibco)] for five days. A^erwards, cells were maintained in adipocyte 

maintenance medium [DMEM 4.5 g/L D-glucose (ThermoFisher Scien)fic) + 10% heat 

inac)vated FBS (Pan Biotech) + 100 U/ml Penicillin + 100 µg/ml Streptomycin (Gibco) + 1 mM 

sodium pyruvate (Gibco)] for the remaining )me of differen)a)on, exchanging medium every 

two to three days. 

 

Len0viral produc0on 

3.8 x 106 Len)-X™ 293T producer cells were seeded in 10 ml culture medium without 

an)bio)cs in a poly-L-lysin-coated 10 cm )ssue culture dish (Greiner Bio-One). One day a^er 

seeding, Len)-X™ 293T cells were transfected with 7.5 µg and 5 µg of the len)viral packaging 

plasmids psPAX2 (Didier Trono , Addgene plasmid #12260) and pCMV-VSV-G (Stewart et al., 

2003), respec)vely, and 10 µg of the len)CRISPRv2:gRNA construct or the empty vector control 
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construct. Transfec)on was performed using Lipofectamine™ 2000 (Invivogen) according to 

the manufacturer’s instruc)ons. 18 h post transfec)on, medium was exchanged with fresh 

an)bio)c-free medium (Gibco). 48 h post transfec)on, len)virus-containing supernatant was 

harvested for the first )me and replaced by 10 ml fresh culture medium without an)bio)cs. 

Len)viral supernatant was cleared by centrifuga)on for 3 minutes at 1,200 rpm and stored at 

4°C overnight. 72 h post transfec)on, len)viral supernatant was harvested for the second )me, 

cleared by centrifuga)on for 3 minutes at 1,200 rpm and pooled with virus harvested the day 

before. The virus was directly used to transduce 3T3-L1 cells or frozen at -80°C to be used at 

later )mepoints.  

 

Len0viral transduc0on of 3T3-L1 cells  

One day before transduc)on, 8 x 104 3T3-L1 cells per well were seeded in 3 ml culture 

medium in 6-well plates (Greiner Bio-One). For transduc)on, cells were incubated with 3 ml 

culture medium containing 400, 200 or 100 µl viral supernatant. To increase transduc)on 

efficiency, 8 µg/ml polybrene (Sigma-Aldrich) was added. 48 h a^er transduc)on, 3T3-L1 cell 

pools were either directly seeded for differen)a)on or spliAed in a 1:10 ra)o and re-seeded in 

3 ml culture medium containing 3 µg/ml puromycin (Invivogen) to allow for selec)on of 

successfully transduced cells. 3 µg/ml puromycin was determined before as lowest 

concentra)on killing all non-transduced 3T3-L1 cells a^er seven days. Transduced 3T3-L1 cells 

were kept under selec)on for 21 days. When exceeding a confluency of 80%, 3T3-L1 cells were 

expanded to 10 cm )ssue culture dishes (Greiner Bio-One) or T175 cm2 )ssue culture flasks 

(Greiner Bio-One). Transduced 3T3-L1 cell pools were tested for DNA modifica)on at the 

poten)al cleavage using the GeneArt® Genomic Cleavage Detec)on Kit (ThermoFisher 

Scien)fic) according to the manufacturer’s instruc)ons. Cleavage of DNA was detected via 

agarose gel electrophoresis. gRNA efficiency (frac)on cleaved) was calculated by dividing the 

sum of the band intensi)es of the frac)ons cleaved by the sum of the band intensi)es of the 

parental and the cleaved bands. 

 

Genera0on of Nlrc5 modified 3T3-L1 clones 

3T3-L1 clones with CRISPR/Cas9-modified Nlrc5 locus were generated by limited 

dilu)on in 96-well U-boAom plates (Greiner Bio-One). 0.5 – 0.8 cells/well were seeded in 

3T3-L1 culture medium containing 3 µg/ml puromycin. A^er 14 to 21 days, confluent wells 
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were expanded un)l being cultured on 10 cm )ssue culture dishes. Clones were tested for DNA 

modifica)ons at the poten)al cleavage site by Sanger Sequencing. 

 

Reporter gene assay 

3 x 104 HEK293T cells/well were seeded in 96-well plates (Greiner Bio-One). Cells were 

transiently transfected using X-tremeGENE 9 transfec)on reagent (Roche) following the 

manufacturer’s instruc)ons with 8.6 ng of a b-galactosidase-encoding plasmid, either 50 ng of 

the PPRE 3x TK Luc or 100 ng of the mFabp4 PPRE reporter construct, if not indicated 

otherwise, and the indicated amounts of expression plasmids (Table 3). Total DNA amount was 

adjusted to 100 or 150 ng per well using pcDNA3.1 empty vector construct. 20 – 24 h post 

transfec)on, cells were lysed in 100 µl lysis buffer [25 mM Tris pH 8.0; 8 mM MgCl2; 1% Triton 

X-100; 15% glycerol in H2O] for ten minutes at 600 rpm on an orbital shaker (Eppendorf). 50 µl 

of the lysate were transferred to a non-transparent 96-well plate and luciferase ac)vity was 

measured as rela)ve light units (RLU) using a mul)plate reader (PerkinElmer) with 2 seconds 

delay a^er automated dispersion of 100 µl reading buffer per well [1.3 µM ATP, 770 ng/ml D-

luciferin in lysis buffer]. For readout of b-galactosidase ac)vity, 100 µl of 1 mg/ml Ortho-

Nitrophenyl-β-galactoside (ONPG) in ONPG dilu)on buffer [60 mM Na2HPO4, 40 mM NaH2PO4, 

10 mM KCl, 1 mM MgSO4 in H2O, pH 7.0] were added to the remaining 50 µl lysate and the 

plate was incubated for 5 – 20 minutes at 37°C un)l a yellow colour developed. Absorbance 

was measured at 405 nm, using 620 nm as reference wavelength. RLU was normalized (nRLU) 

to b-galactosidase ac)vity. Assays were performed in technical triplicates. 

 

Transient transfec0on 

For transient transfec)on, 3 x 106 HEK293T cells per condi)on were seeded in a 10 cm 

)ssue culture dish (Greiner Bio-One). Cells were transfected with 5 µg of the indicated plasmid 

the next day with Lipofectamine™ 2000 (Invitrogen), following the manufacturer’s 

instruc)ons. Briefly, plasmid DNA and Lipofectamine™ 2000 were diluted in Op)MEM (Gibco) 

to obtain a final volume of 500 µl each and a ra)o of 1:2.5 (µg DNA:µl Lipofectamine™ 2000). 

DNA and Lipofectamine were combined and incubated for 20 minutes at RT to allow for 

complex forma)on. In the mean)me, half of the medium of the cells seeded the day before 

was replaced with serum- and an)bio)c-free medium (Gibco). The end mix was added to the 
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cells and dispersed by swirling the dish gently. Cells were incubated for at least 20 h to allow 

for gene expression before conduc)ng further experiments. 

 

siRNA-mediated gene silencing  

HeLa Flp-In GFP and GFP-NLRC5 cells were transfected with 20 nM (siNT, siSin3A) or 10 

nM (siCOBRA1) siRNA (Table 8) using HiPerFect transfec)on reagent (Qiagen) according to the 

manufacturer’s condi)ons. Knockdown was performed for 48 h and efficiency was monitored 

by qRT-PCR.  

 

Transforma0on of chemically competent E. coli 

For amplifica)on of mammalian expression plasmids (Table 3), 1 µl of a 100 – 2000 

µg/ml plasmid solu)on was combined with 25 µl chemically competent E. coli DH5α. For 

liga)ons, 10 µl liga)on reac)on were combined with 50 µl chemically competent E. coli DH5α. 

Solu)on was gently mixed and incubated on ice for 30 minutes. Bacteria were heat-shocked 

for 30 seconds at 42°C and immediately a^erwards placed on ice for 5 more minutes before 

1 ml LB medium without an)bio)cs was added to the bacteria. When transformed with 

plasmids containing an ampicillin resistance casseAe, 100 µl bacteria were directly spread on 

a LB agar plate containing 100 µg/ml ampicillin (Carl Roth). When transformed with plasmids 

carrying a kanamycin resistance casseAe, bacteria were incubated for 1 h at 37°C and 180 rpm 

before 100 µl bacteria were spread on a LB agar plate containing 50 µg/ml kanamycin (Carl 

Roth). For liga)ons, bacteria were concentrated by precipita)on at 6000 x g for 5 min and 

resuspension in 200 µl LB medium without an)bio)cs before spreading 100 µl on the LB agar 

plate. Selec)on plates were incubated overnight at 37°C. 

  

Transforma0on of NEB® Stable Competent E. coli 

For amplifica)on of len)viral plasmids, 1 µl low concentra)on len)viral packaging 

plasmids or len)CRISPRv2 vector or 4 ng ligated len)RSPRv2:gRNA construct were transformed 

into NEB® Stable Competent E. coli (NEB), following a modified version of the manufacturer’s 

protocol. Briefly, 50 µl NEB® Stable Competent E. coli were combined with the indicated DNA 

amount and incubated on ice for 30 minutes. The mixture was heat shocked at 42°C for 30 sec 

and then placed on ice for 5 minutes. 950 µl of NEB 10-beta/Stable Outgrowth Medium (NEB) 

were added to the cells and the mixture was incubated for 1 h at 30°C at 180 rpm. A^er 



The role of NLRC5 in obesity – Materials and Methods 

 34 

incuba)on the bacteria were pelleted for 5 minutes at 6000 rpm, resuspended in 100 µl NEB 

10-beta/Stable Outgrowth Medium and spread on selec)on plates containing 100 µg/ml 

ampicillin (Carl Roth). Selec)on plates were incubated for 24 h at 30°C or overnight at 37°C in 

a shaker (Ecotron).  

 

Molecular methods 

Molecular Cloning  

Liga1on of guide RNAs into the len1CRISPRv2 vector 

Two guide RNAs (gRNAs) targe)ng exon 2 or 3 of murine Nlrc5, which encode for the 

uCARD domain of NLRC5 (Yao & Qian, 2013) were designed using the CCtop – CRISPR/Cas9 

target online predictor of the University of Heidelberg (Stemmer et al., 2015). The gRNAs were 

flanked at the 3’ end by the 3 bp Streptococcus pyogenes NGG protospacer adjacent mo)f 

(PAM) sequence. Only gRNAs with a calculated efficiency score above 0.56 (medium or high 

efficiency) were used. gRNAs were designed to have at least four mismatches to other DNA 

sequences to reduce poten)al off-target effects (Cho et al., 2014; Hsu et al., 2013). gRNA 

design was performed by Dr. Nora Mirza. gRNAs were phosphorylated and annealed following 

the protocol of the Zhang Lab (Sanjana, Shalem, & Zhang, 2014; Shalem et al., 2014). gRNAs 

were ligated into the len)CRISPRv2 vector (Sanjana, Shalem, & Zhang, 2014) following a 

modified protocol of Bauer et al. (Bauer, Canver, & Orkin, 2015), using the Golden Gate 

assembly cloning strategy (Engler, Kandzia, & Marillonnet, 2008). Reac)on composi)on and 

program are indicated in Table 13. One reac)on only containing the empty vector, and no 

gRNA, was used as nega)ve control. Samples were run in the thermal cycler (BioRad). 

Table 13: Program and reac3on composi3on for Golden Gate assembly. 

Reagent Volume  Temperature 
(°C) 

Duration 
(min) 

Cycle 

Vector 50 ng 37 5 20 annealed oligos (1 µM) 1 µl 20 5 
BsmBI (ThermoFisher Scientific) 1.25 µl 80 20 1 
Tango buffer (10x) 2.5 µl Take out and let cool at room 

temperature. 
ATP (10 mM) 2.5 µl 
BSA (20 mg/ml) 0.125 µl 
T4 DNA ligase (NEB) 0.5 µl 
H2O add to 25 µl 
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Restric1on enzyme cloning of mFabp4 PPRE reporter construct 

The desired part of the murine Fabp4 promoter was amplified from genomic DNA 

isolated from 3T3-L1 cells by PCR according to the following protocol (Table 14). 

Oligonucleo)des (Table 5) were designed with an overhang, containing the restric)on site of 

NheI (fwd oligonucleo)de) or SmaI (rev oligonucleo)de) and four arbitrary nucleo)des (AATT). 

The amplificate was visualized via agarose gel electrophoresis, cut out from the gel and DNA 

was purified using the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel) according to 

the manufacturer’s instruc)ons. DNA concentra)on was determined using a nanophotometer 

(Implen). Insert was digested in a double digest with NheI and SmaI (ThermoFisher Scien)fic) 

in 1 x Tango buffer for 1 h at 37°C. Restric)on enzymes were heat-inac)vated for 20 minutes 

at 65°C. 2 µg vector (p4xACO-Luc) were digested in a sequen)al digest with SmaI and NheI, 

according to the manufacturer’s instruc)ons. Liga)on was performed using 1 µl T4 DNA ligase 

(ThermoFisher Scien)fic), 2 µl T4 liga)on buffer (ThermoFisher Scien)fic) and vector and insert 

in a 1:7 molar ra)o in a total volume of 20 µl for 1 h at room temperature. 10 µl of liga)on 

reac)on were transformed into chemically competent E. coli. Successful cloning was verified 

by Sanger Sequencing and control restric)on digest, using NheI and SmaI in 1x Tango buffer 

for 1 h at 37°C.  

Table 14: Composi3on of PCR reac3on and PCR program for DNA amplifica3on for cloning. 

Reagent  Volume  Temperature 
(°C) 

Duration Cycle 

2x Phusion Master Mix  10 µl 98 30 sec 1 
fwd primer (10 pM) 1 µl 98 5 sec 

30 rev primer (10 pM) 1 µl 58 20 sec 
genomic DNA 50 ng 72 2 min 
H2O add to 20 µl 72 5 min 1 
 4 hold 1 

 

Sanger Sequencing 

Insert sequence of newly generated plasmids or DNA modifica)ons by CRISPR/Cas9-

mediated cleavage were verified by Sanger Sequencing which was performed by GATC, 

respec)vely Eurofins Genomics.  

 

RNA isola0on  

For cell lines, RNA was isolated using the RNeasy Plus Mini kit (Qiagen) according to 

the manufacturer’s instruc)ons. For animal )ssue, 100 mg adipose )ssue or 30 mg liver were 
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homogenized in 900 µl Qiazol in Lysing Matrix D 2 ml tubes (MP Biomedicals) using the 

FastPrep®-24 Tissue and Cell Homogenizer (MP Biomedical) at 6.0 m/s for 40 sec. 

Homogenates were centrifuged for 10 minutes at 12,000 x g at 4°C and RNA was isolated from 

the resul)ng supernatants using the RNeasy Plus Universal kit (Qiagen) according to 

manufacturer’s instruc)ons. Alterna)vely, )ssue was homogenized for 30 sec in 600 µl buffer 

RLT (Qiagen) + 143 mM b-mercaptoethanol (Carl Roth) using the TissueRuptor (Qiagen). 

Homogenates where centrifuged for 3 minutes at maximum speed at room temperature and 

RNA was isolated using the RNeasy Mini kit (Qiagen) following the manufacturer’s instruc)ons. 

 

cDNA synthesis 

Per reac)on, 400 ng or 800 ng of total RNA was transcribed into cDNA using the iScript 

cDNA Synthesis kit (BioRad) according to the manufacturer’s instruc)ons. 

 

Quan0ta0ve real-0me polymerase chain reac0on 

Quan)ta)ve real-)me polymerase chain reac)on (qRT-PCR) was performed using iQ 

SYBR Green Supermix (BioRad) or GreenMasterMix (Genaxxon) according to the 

manufacturer’s instruc)ons on 2 µl cDNA per reac)on obtained from isolated RNA of the 

indicated cell lines or animal )ssues. Alterna)vely, 1 µl of cDNA obtained from full blood RNA 

of obese pa)ents (kindly provided by the AG Bischoff, University of Hohenheim) per reac)on 

was used. Reac)ons were run in the CFX Connect™ Real-Time System (BioRad) using the 

following program (Table 15) with a dura)on of the first step of 3 minutes for the iQ SYBR 

Green Supermix (BioRad) and 15 minutes for the GreenMasterMix (Genaxxon). Gene 

expression was normalized to GAPDH (human samples) or Hprt (murine samples) expression. 

Table 15: Protocol used for qRT-PCR. 

Temperature (°C) Duration Cycles 
95 3 / 15 min 1 
95 15 sec 45 59 45 sec 
55 5 sec 1 
Temperature increment 0.5°C/5 sec from 55°C to 95°C 
95 5 sec 1 

 



The role of NLRC5 in obesity – Materials and Methods 

 37 

DNA Isola0on 

DNA isola1on from animal 1ssue 

Isola)on of genomic DNA for genotyping was performed using the DNeasy Blood & 

Tissue Kit (Qiagen) according to manufacturer’s instruc)ons and either tail )ps or 30 mg liver 

)ssue.  

Isola1on of plasmid DNA from bacteria 

Isola)on of plasmid DNA from transformed E. coli DH5α or NEB® Stable Competent E. 

coli (NEB) was performed using either the NucleoBond Xtra Midi Kit (Macherey-Nagel) or the 

NucleoSpin Plasmid Mini Kit (Macherey-Nagel), according to the manufacturer’s instruc)ons.  

 

Genotyping  

Genotyping was performed by endpoint PCR using the following protocol (Table 16) 

and the appropriate oligonucleo)des (Table 6). Amplificates were analysed on a 2% agarose 

gel. 

Table 16: Reac3on composi3on and PCR program used for endpoint PCR. 

Reagent Volume   Temperature (°C) Duration Cycles 
2xKAPA2G Fast HS Genotyping Mix  10 µl 95 3 min 1 
fwd primer (10 pM) 1 µl 95 15 sec 

40 rev oligonucleotide (10 pM) 1 µl 60 15 sec 
genomic DNA 200 ng 72 45 sec 
H2O add to 20 µl 72 3 min 1 

 

Agarose gel electrophoresis 

To separate DNA fragments, 1 or 2 g agarose (Carl Roth) were dissolved in 100 ml Tris-

Ace)c acid EDTA buffer (TAE) [40 mM Tris, 20 mM ace)c acid, 1 mM EDTA in H2O]. DNA 

solu)ons were mixed with DNA loading buffer [1.4 M saccharose, 3.73 mM bromphenolblue, 

0.1 M EDTA in H2O], either or not containing 0,05% GelRed (Carl Roth), in a 9:1 ra)o (DNA 

solu)on:loading buffer). If no GelRed was contained in the loading dye, GelRed was added 

directly in the agarose gel at a concentra)on of 0,005%. Separa)on was performed at 80 V 

constantly for 30 – 50 minutes. DNA was visualized with UV light using the Fusion FX Camera 

System (Vilber Lourmat). Size of DNA fragments was es)mated by running Gene Ruler 100 bp 

plus or GeneRuler 1 kb DNA ladder (ThermoFisher Scien)fic) as standards.  
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Biochemical methods 

Indirect immunofluorescence microscopy (IF) 

For indirect immunofluorescent staining of epididymal adipose )ssue, paraffin sec)ons 

were de-paraffinated at 50 – 60°C for 20 minutes. Sec)on were incubated in four bathes of 

Xylene (Sigma-Aldrich) for 2 minutes each before being rehydrated in ethanol bathes with 

decreasing concentra)ons (100 – 50%) for 2 minutes each and washed in double dis)lled H2O 

for 5 minutes. Then, sec)ons were incubated for 20 minutes in an)gen retrieval solu)on [10 

mM Tris-HCl, pH 8; 1 mM EDTA, pH 8; 0.05% Tween; in H2O; pH adjusted to 9] heated to 90°C. 

Cool-down was performed at room temperature. Sec)ons were washed for 10 minutes two 

)mes in double dis)lled H2O and once in TBS-T [137 mM NaCl, 20 mM Tris, 25 mM EDTA, 1% 

Tween in H2O; adjust pH to 7.6]. Then, hydrophobic circles were drawn around the )ssue 

sec)ons using a hydrophobic barrier pen (PAP-Pen, Sigma-Aldrich). Blocking was performed 

using 5% BSA (Carl Roth) in TBS-T for 1 – 2 h at room temperature in a humid chamber, before 

the primary an)body in the appropriate dilu)on in 5% BSA (Carl Roth) in TBS-T was applied 

overnight at 4°C in a humid chamber. Slides were washed three )mes for 10 minutes in TBS-T, 

followed by 1 – 2 h of incuba)on at 4°C with secondary an)body in the appropriate dilu)on in 

5% BSA (Carl Roth) in TBS-T in a humid chamber. Slides were washed two )mes for 10 minutes 

in TBS-T and once for 10 minutes in TBS. For moun)ng, one drop of Dako Fluorecence 

moun)ng medium (Agilent) was applied to the sec)ons before covering sec)ons with a 

coverslip. Slides were dried overnight at room temperature before imaging. Imaging was 

performed using an Axioscope 2 Zeiss microscope (Carl Zeiss Microscopy GmbH). Images were 

taken at 10x magnifica)on and processed using the Image Pro-Plus so^ware (Media 

Cyberne)cs).  

 

SDS-PAGE and immunoblot 

For immunoblot, cells were lysed in Laemmli loading buffer containing 

b-mercaptoethanol and lysates were boiled for 5 – 10 minutes at 95°C. Proteins were 

separated by Laemmli sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

on a 10 or 12% Tris-buffered SDS-polyacrylamid gel in running buffer [25 mM Tris, 192 mM 

glycine, 3.467 mM SDS in H2O], applying a voltage of 80 – 120 V. Proteins were then transferred 

to a nitrocellulose membrane (Amersham™ Protran®) by semi-dry blo�ng in transfer buffer 

[25 mM Tris, 192 mM glycine, 20% methanol in H2O] using the Trans-Blot Turbo Transfer 
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System (BioRad). Blo�ng was controlled by Ponceau S staining [0.2% Ponceau S, 3% ace)c acid 

in H2O], followed by washing in PBS-T [137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM 

KH2PO4, 0.05% Tween-20 in H2O] and blocking for 1 – 2 h in 3% milk powder (Carl Roth) in 

PBS-T. Membranes were incubated overnight at 4°C with primary an)body (Table 9) diluted 

accordingly in 0.05% Roche Blocking solu)on (Roche) in PBS [137 mM NaCl, 2.7 mM KCl, 10 

mM Na2HPO4, 2 mM KH2PO4 in H2O]. Membrane was washed three )mes for 5 minutes with 

PBS-T and membrane was incubated for 1 – 2 h with secondary an)body (Table 10) in the 

appropriate dilu)on in 0.05% Roche Blocking solu)on (Roche) at room temperature. Detec)on 

of infrared signal or chemiluminescence was achieved by applying either ECL solu)on [Solu)on 

A: 0.25 mg/ml Luminol in 0.1 M Tris pH 8.8; Solu)on B: 1.1 mg/ml para-hydroxy coumaric acids 

in DMSO; ra)o Solu)on A:Solu)on B 9:1], Clarity Western ECL Substrate (BioRad) or 

SuperSignal West Femto Maximum Sensi)vity Substrate (ThermoFisher Scien)fic Scien)fic) 

according to the manufacturer’s instruc)ons. Signals were visualized using the Fusion FX 

Camera System (Vilber Lourmat). Immunoblot quan)fica)on was performed using Fijii. 

 

Immunoprecipita0on  

Co-immunoprecipita)on (co-IP) of GFP-NLRC5 from transiently transfected HEK293T 

cells or from HeLa Flp-In GFP and GFP-NLRC5 cell lines was performed with GFP-Trap Agarose 

resin (Chromotek). Co-immunoprecipita)on of transiently transfected FLAG-tagged NLRC5 

constructs, FLAG-tagged Sin3A or FLAG-tagged NELFB from HEK293T cells was performed with 

an)-FLAG M2 affinity gel (Sigma-Aldrich). Cells were lysed in NP-40 buffer for GFP pulldown 

[10 mM Tris/HCl pH 7.5 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40, 100 nM β-glycerophosphat, 

100 nM sodium orthovanadate, 1 mM NaF and cOmplete Mini Protease inhibitor Cocktail 

(Roche)] and in Triton-X100 buffer for pulldown of FLAG-tagged NLRC5 constructs [10 mM 

Tris/HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1% Triton-X100, 100 nM β-glycerophosphat, 100 

nM sodium orthovanadate, 1 mM NaF and cOmplete Mini Protease inhibitor Cocktail (Roche)]. 

For pulldown of FLAG-tagged Sin3A or FLAG-tagged NELFB, cells were lysed in modified NP-40-

HEPES buffer [10 mM HEPES, 50 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.1% NP-40 100 nM 

β-glycerophosphate, 100 nM sodium orthovanadate, 1 mM NaF and cOmplete Mini Protease 

Inhibitor Cocktail (Roche)]. Lysates were cleared by centrifuga)on (10 minutes, 4°C, 20,000 x 

g for GFP pulldown and 10 minutes, 4°C, 2,000 x g for FLAG pulldown) before the supernatants 
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were loaded onto the matrix. Precipita)on was performed at 4°C for 3 h before matrix was 

washed with lysis buffer. Proteins were iden)fied by immunoblot. 

 

Chroma0n immunoprecipita0on 

Chroma)n immunoprecipita)on (ChIP) of GFP-NLRC5 from HeLa Flp-In GFP-NLRC5 cells 

was performed using either an)body-coupled Protein G Dynabeads (ThermoFisher Scien)fic) 

or GFP-Trap Agarose resin (Chromotek). HeLa Flp-In cells, treated overnight with 1 µg/ml 

doxycycline and 0.4 µg/ml rosiglitazone if indicated, were cross-linked by adding 

paraformaldehyde (PFA) (Carl Roth) to the medium of cells to a final concentra)on of 1% for 

10 minutes at room temperature. Cross-linking was stopped by adding glycine (Carl Roth) to a 

final concentra)on of 0.125 M and incuba)ng for 5 minutes. Cells were washed two )mes with 

ice-cold PBS, harvested by scraping in 10 ml ice-cold PBS, pelleted by centrifuga)on at 1,200 

rpm for 5 minutes at 4°C and then frozen at -80°C un)l lysis. Cells were lysed in 1 ml lysis buffer 

[10 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1% NP-40; 1% sodiumdeoxycholate; 1 mM EDTA, pH 

8.0; 0.2% SDS] supplemented with protease inhibitors per 1 x 107 cells. Lysates were incubated 

on ice for 30 minutes with extensive resuspending every ten minutes, before being divided on 

sonica)on tubes (Diagenode) in a volume of 200 µl per tube. Chroma)n was sheared by 

applying ultrasound for 20 seconds, followed by a 30 second pause in 15 cycles in total using 

the Bioruptor® Pico (Diagenode). A^er sonica)on, lysates were cleared at 13,000 rpm for ten 

minutes at 4°C. Successful chroma)n shearing was controlled by decrosslinking 50 µl of 

sonicated lysate by applying 2 µl RNAse (20 mg/ml) overnight at 65°C, followed by incuba)on 

with 2 µl Proteinase K (10 mg/ml) for 1 h at 60°C. Chroma)n was purified using the ChIP DNA 

Clean & Concentrator Kit (Zymo Research) following the manufacturer’s instruc)ons. DNA 

concentra)on was determined, and 600 ng DNA were loaded onto a 1% agarose gel to 

document DNA fragment size. 18 – 25 µg chroma)n per reac)on were diluted with lysis buffer 

not containing SDS [10 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1% NP-40; 1% sodiumdeoxycholate; 

1 mM EDTA, pH 8.0] to a final concentra)on of 0.1% SDS before being incubated with the 

corresponding beads. For pulldown with the GFP-Trap Agarose resin, 20 µl of equilibrated GFP-

Trap or corresponding control agarose resin (Chromotek) were incubated with the sonicated 

chroma)n overnight at 4°C on a rota)ng wheel. For pulldown with an)body-coupled Protein 

G Dynabeads (ThermoFisher Scien)fic), 25 µl equilibrated beads per reac)on were blocked in 

a two-step process by incuba)ng them first in 100 mg/ml salmon sperm DNA (ThermoFisher 
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Scien)fic) followed by incuba)on in 0.1 mg/ml BSA (Carl Roth) both diluted in lysis buffer with 

0.1% SDS and applied for 30 minutes at 4°C on a rota)ng wheel. Blocked beads were then 

incubated with 2 µg of the corresponding an)body (Table 9) overnight at 4°C on a rota)ng 

wheel. The next day, sheared chroma)n was added to the beads and pulldown was performed 

for 6 h at 4°C on a rota)ng wheel. A^er pulldown, agarose resin as well as an)body-coupled 

beads were washed with wash buffers A [0.1% SDS; 1% Triton X-100; 2 mM EDTA, pH 8; 150 

mM NaCl, 20 mM Tris-HCl, pH 8 in H2O] and B [0.1% SDS; 1% Triton X-100; 2 mM EDTA, pH 8; 

500 mM NaCl, 20 mM Tris-HCl, pH 8 in H2O] for five minutes at 4°C on a rota)ng wheel three 

)mes each. Then, 120 µl of elu)on buffer [100 mM NaHCO3, 1% SDS in H2O] were applied and 

samples incubated for 20 minutes at room temperature on a rota)ng wheel. 4.8 µl of a 5 M 

NaCl solu)on were added and samples were decrosslinked and purified as described above 

before qRT-PCR was performed.  

 

ELISA 

TNF-a release was measured in cell supernatants by ELISA (DY410, R&D Systems) 

according to the manufacturer’s instruc)ons. 

 

Oil Red O 

Oil Red O Staining was performed following a modified version of the protocol of Kraus 

et al. (Kraus et al., 2016). Briefly, cells were fixed in 4% PFA (Carl Roth) in PBS for 15 minutes 

before staining them with the Oil Red O Working Solu)on [0,2% Oil Red O (Sigma-Aldrich) in 

40% isopropanol (Carl Roth)] for 30 minutes. A^er washing five )mes with dis)lled water, 

pictures of the stained cells were taken with the Axiovert 200M Zeiss microscope (Carl Zeiss 

Microscopy GmbH) and processed with the Axiovision so^ware. 6 representa)ve pictures per 

condi)on were taken at 20x magnifica)on. During imaging, cells were covered with water to 

avoid drying of cells. Oil Red O was eluted from the cells on an orbital shaker (Eppendorf) at 

600 rpm for 10 minutes, using 600 µl 100% isopropanol per well. The absorbance of the eluates 

was measured at 510 nm, 100% isopropanol serving as blank. 

 

Serum lipids 

Blood was obtained by heart puncture directly a^er sacrifice. Serum was obtained by 

incuba)ng the blood for 3 – 4 h in Microtainer® SST™ tubes (BD Medical), followed by 
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centrifuga)on at 6,000 x g for 8 minutes. Serum cholesterol and triglyceride concentra)ons 

were determined using the Infinity™ Triglycerides Liquid Stable Reagent and the Infinity™ 

Cholesterol Liquid Stable Reagent (ThermoFisher Scien)fic). As standard, a 500 mg/dl 

cholesterol solu)on prepared according to Abele and Khayam-Bashi (Abele & Khayam-Bashi, 

1979) for cholesterol measurements and a glycerol standard solu)on of 2.5 mg/ml equivalent 

triolein concentra)on (Sigma-Aldrich) for triglyceride measurements were used. Standards 

were prepared by 1:2 serial dilu)ons, the highest standard being 500 mg/dl. 2 µl of standard 

solu)on or mouse serum were incubated for 15 minutes at 37°C with 200 µl Infinity™ 

Triglycerides or Infinity™ Cholesterol Liquid Stable Reagent in a 96-well plate format. Standards 

and samples were run in duplicates. Absorbance was measured at 540 nm, with a reference 

wavelength of 660 nm. A standard curve was generated and the serum cholesterol and 

triglyceride concentra)ons of the individual samples were calculated.  

 

Glucose and insulin tolerance test 

Intraperitoneal insulin (ITT) and glucose (GTT) tolerance tests were performed in 

Nlrc5DExon4 mice in the last week of HFD feeding. Mice were injected with 1 U insulin and 2 g 

glucose per kg bodyweight, respec)vely, and blood was drawn before and at the indicated 

)me points a^er injec)on. Blood glucose was measured in the serum using the Glucose 

Colorimetric Assay kit (Cayman Chemical) following the manufacturer’s instruc)ons.  

 

Haematoxylin & Eosin Staining 

Histological analysis was performed on 5 µm paraffin sec)ons of mouse epididymal 

adipose )ssue. For Nlrc5DExon4-7 and corresponding WT animals, paraffin sec)ons were de-

paraffinated with Ro)®-Histol (Carl Roth) and rehydrated in ethanol baths with decreasing 

concentra)ons (100 – 30%). A^er washing with ultrapure water, Haematoxylin (Sigma-Aldrich) 

was applied for 3 sec. Tissue was dehydrated by ethanol baths (75% and 85%) before Eosin 

(Sigma-Aldrich) was applied for 3 sec. Tissue was further dehydrated by short baths in ethanol 

(95% and 100%), then treated with Ro)®-Histol and fixed with Entallan®. Stained sec)ons were 

imaged using a Leica DMi8 microscope with a HC PL Fluotar L 20x/0.40 objec)ve and processed 

using the Leica LasX so^ware and Fijii 38. For determina)on of adipocyte diameter, Fijii with 

the PlugIn Adiposo^ (Galarraga et al., 2012) was used. For determina)on of adipocyte area, 

the deep learning-based method Adipocyte U-Net (Glastonbury et al., 2020) was used as 
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published, except for se�ng the threshold for segmenta)on to 0.5. Determina)on of 

adipocyte area was performed by Lucy Hezinger and Felix Biber. 

For Nlrc5∆Exon4 animals, paraffin sec)ons were de-paraffinated by mel)ng the paraffin 

at 50 – 60°C for 20 minutes before incuba)ng them in four bathes of Xylene (Sigma-Aldrich) 

for 2 minutes each. Then sec)ons were incubated in ethanol bathes with decreasing 

concentra)ons (100 – 50%) for 2 minutes each before being incubated for 5 minutes in tap 

water. Haematoxylin (Sigma-Aldrich) was then applied for 25 second for adipose )ssue and 

one minute for liver sec)ons. Excess staining was removed by 5 minutes incuba)on in tap 

water, followed by one minute incuba)on in glacial acid [1% in H2O], 3 minutes in tap water, 

one minute in saturated LiCO3 in H2O, 5 minutes in tap water and 2 minutes in double dis)lled 

water. Then, sec)ons were incubated in ethanol baths with decreasing concentra)ons (50 – 

100%) for one minute each, before applying Eosin (ThermoFisher Scien)fic) for one minute or 

45 seconds for adipose )ssue and liver sec)ons, respec)vely. Eosin staining was followed by 

two )mes 2 minutes incuba)on in 100% ethanol, before incuba)ng the sec)on for 2 minutes 

in two bathes of Xylene. For moun)ng, one to two drops of Permount moun)ng medium 

(ThermoFisher Scien)fic) were applied, the sec)ons were covered with a coverslip and le^ to 

dry overnight before imaging. Slides were scanned using the NanoZoomer Slide Scanner 

(Hamamatsu Photonics, Japan) and analysed using the NanoZoomer Digital Pathology 

so^ware NDPview2.0. 

 

Bioinforma,c methods 

Taxonomic microbiota analysis 

Mouse faeces of Nlrc5DExon4-7 and corresponding WT animals were collected on three 

consecu)ve days in week 1, weekly in week 3, 6 and 9, and on two days in week 11. Faecal 

samples were snap-frozen in liquid nitrogen immediately a^er collec)on and stored at -150°C.  

Metagenomic DNA was extracted via mechanical lysis by bead bea)ng in 700 µl lysis 

buffer (Zymo Research) for 40 seconds at 6 m/s in MP lysing matrix B tubes (0.1 mm silica 

spheres, MP Biomedicals). Subsequently, the DNA was purified and eluted in 100 µl RNase-

free water using the ZR Fecal DNA Miniprep Kit (Zymo Research) according to the 

manufacturer’s protocol.  

The 16S rRNA gene region V3-V4 was amplified and prepared for sequencing with the Quick-

16S NGS Library Prep Kit (Zymo Research) according to the manufacturer’s recommenda)ons. 
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The pooled and normalized library was sequenced on an Illumina MiSeq Instrument (MiSeq 

Reagent Kit v3, 600 cycles, Illumina) at the University of Hohenheim, StuAgart, Germany.  

The processing of raw sequences was carried out with QIIME2 v 2019.7 (Bolyen et al., 

2019) comprising the denoising of data with the DADA2 plugin (Callahan et al., 2016), adapter 

trimming and chimera checking. Amplicon sequence variants (ASV) with less than 100 

sequence reads were considered sequencing ar)facts and excluded from subsequent analyses 

resul)ng in a total of 5.26 million reads. The sequencing depth was rarefied to 15,203 reads 

per sample and the taxonomic composi)on determined via mapping ASV sequences to the 

Silva Database (Quast et al., 2013). The sequence data has been deposited at the European 

Nucleo)de Archive (ENA) at EMBL-EBI under accession number PRJEB57871 and is publicly 

available. Sta)s)cal analyses and data visualiza)ons of the microbiome data were carried out 

using R (v3.6.1) and the packages vegan, biomformat, phyloseq, moments, nortest, lmerTest, 

emmeans, sjPlot and ComplexHeatmap. Anderson-Darling and Shapiro-Wilks tests were used 

to test for normal distribu)on of microbiota related parameters. As non-normal distribu)on 

was confirmed, non-parametric tests like the Wilcoxon rank-sum test (WRST) were used for 

group comparisons followed by Benjamini-Hochberg (BH) false discovery rate correc)on (FDR) 

when mul)ple tes)ng was applied. Associa)ons between the taxonomic microbiota 

composi)on with the dietary interven)on or genotype were assessed via Generalized Linear 

Mixed Models (GLMMs). Only taxa with a rela)ve abundance of > 0.001%, which were found 

in at least two samples, were included. A pseudocount of 1 was added to all samples to replace 

zero counts and the resul)ng rela)ve abundances centered-log ra)o-transformed. 

Associa)ons of each rela)ve taxon abundance with fixed effects including the dietary 

interven)on (d), genotype (g), the interac)on between both effects (d:g), and controls, i.e. the 

amplifica)on plate batch effects, were assessed, while adjus)ng the model for repeated 

sampling within individuals and liAer mates as random effects. Model fits were verified using 

diagnos)c plots, es)mated marginal means (EMMs) of subgroups compared by Tukey’s Test 

and p-values adjusted using the BH procedure across all taxa. Significance thresholds were 

chosen as follows: q ≥ 0.05 not significant, q < 0.05 *, q < 0.01 ** and q < 0.001 ***. Odds 

ra)os (OR) with 95% likelihood-based confidence intervals (CI), as well as marginal and 

condi)onal R2 were calculated and reported for all significant models. 
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Quan0fica0on and sta0s0cal analysis 

Data were analysed by two-way ANOVA with Tukey’s mul)ple comparisons test, 

unpaired t-test or Kruskal-Wallis test. (Adjusted) p-value ≤ 0.0332 (two-way ANOVA, Kruskal-

Wallis test) or p-value ≤ 0.05 (unpaired t-test) was regarded as significant. Data was analysed 

in Microso^ Excel and ploAed using GraphPad Prism version 7.00.  
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Results  

Characteriza3on of the effect of HFD on two Nlrc5 deficient mouse lines  

 In order to inves)gate the effect of NLRC5 in HFD-induced obesity, two different Nlrc5 

deficient mouse lines were subjected to HFD feeding. Given its size, complete dele)on of the 

Nlrc5 locus is not feasible. Instead, specific exons coding for essen)al parts of the Nlrc5 protein 

were depleted. In the first Nlrc5 deficient line, which was generated by the lab of Philip 

Rosens)el (Chris)an-Albrechts University of Kiel, Germany), exons 4 – 7, coding for the NACHT 

domain (exon 4) and parts of the LRR domain (exon 5 – 7), were targeted for dele)on. This 

mouse line therefore will be referred to as Nlrc5DExon4-7. The second Nlrc5 deficient mouse line 

was generated by the lab of Dana PhilpoA (University of Toronto, Canada). In these animals, 

only the NACHT domain was deleted by targe)ng of exon 4 (Sun et al., 2019). Accordingly, 

these animals will be referred to as Nlrc5DExon4. Both mouse lines were generated on an 

C57BL/6N background. Nlrc5DExon4-7 mice were housed at the central animal facility of the 

University of Hohenheim while Nlrc5DExon4 mice were kept at the animal facility of the 

University of Sherbrooke. Both Nlrc5 deficient mouse lines and corresponding WT controls 

were subjected to HFD feeding, but feeding protocols varied. While Nlrc5DExon4-7 mice were fed 

a HFD or corresponding low-fat control diet for 11 weeks, using female mice only, Nlrc5DExon4 

mice were fed only HFD for 20 weeks, using both male and female animals. The effect of HFD 

feeding on both mouse lines is described below.  

 
Female Nlrc5DExon4-7 mice on HFD present with higher body weight gain and an 

increase in adipose ,ssue 

The following paragraph describes the effect of HFD feeding on female Nlrc5DExon4-7 

mice, which for beAer legibility in this sec)on will be referred to as Nlrc5-/- mice.  

To inves)gate the effect of NLRC5 in HFD-induced obesity, 8-week-old female Nlrc5-/- 

mice and wildtype (WT) liAermate controls were fed a HFD, containing 30% crude fat, or a 

control diet (ctrl.) matched in protein content, containing 4% crude fat, for 11 weeks (for 

detailed diet composi)on, see Suppl. Table 1). Genotype of mice was verified by endpoint PCR 

(Figure 2 A) and by determining the mRNA levels of Nlrc5 and its target H2K in epididymal AT 

(Figure 2 B, D) and liver (Figure 2 C, E). As expected, Nlrc5 was not to be detected and H2K 

levels were markedly reduced in Nlrc5-/- animals in both )ssues.  
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Figure 2: Characteriza.on of Nlrc5-/- mice. (A) Genotyping of Nlrc5-/- and WT mice by PCR using genomic DNA 
from tail 3ps. (B-E) Nlrc5 (B, C)) and H2K (D, E) mRNA expression in epididymal adipose 3ssue (AT) and liver of 
Nlrc5-/- and WT female mice aaer 11 weeks of HFD feeding (n = 2 per genotype). Data show mean ± S.D. 

All animals on HFD gained more weight compared to animals on control diet. 

Interes)ngly, Nlrc5-/- mice on HFD gained significantly more weight compared to WT animals 

on HFD, the difference becoming significant from week 4 of feeding on (Figure 3 A). As Nlrc5-/- 

animals presented with slightly higher baseline weight compared to WT mice, the body weight 

fold-change was calculated by normalizing on the star)ng weight. S)ll, Nlrc5-/- animals on HFD 

gained more weight compared to HFD-fed WT animals, the difference star)ng to be significant 

in week 6 of feeding (Figure 3 B). The higher body weight gain for Nlrc5-/- animals on HFD was 

also visible by eye (Figure 3 C) and was not due to hyperphagia, as Nlrc5-/- and WT animals on 

both diets consumed similar amounts of food (Figure 3 D). Also, metabolizable energy intake 

was similar between both genotypes on control or HFD (WT[ctrl.] 0.28 MJ/mouse/week; 

Nlrc5-/-[ctrl.] 0.28 MJ/mouse/week; WT[HFD] 0.36 MJ/mouse/week; Nlrc5-/-[HFD] 0.37 

MJ/mouse/week). HFD feeding increased the waist circumference for both genotypes, but 

A

+/+ +/++/- +/--/--/- ctrl. ctrl.

2113 bp 2197 bp

WT PCR KO PCR

B C

re
l. 

ex
pr

es
si

on
 [Δ

C
q]

 o
f H
2K

0

5

10

15

20 liver

WT Nlrc5-/-

re
l. 

ex
pr

es
si

on
 [Δ

C
q]

 o
f H
2K

0

1

2

3

4 epididymal AT

WT Nlrc5-/-

re
l. 

ex
pr

es
si

on
 [Δ

C
q]

 o
f N
lrc
5

0.00

0.01

0.02

0.03 liver

WT Nlrc5-/-

re
l. 

ex
pr

es
si

on
 [Δ

C
q]

 o
f N
lrc
5

0.00

0.02

0.04

0.06 epididymal AT

WT Nlrc5-/-

D E



The role of NLRC5 in obesity – Results 

 48 

sta)s)cal significance was only reached for Nlrc5-/- mice, which on top presented with 

significantly higher waist circumference compared to WT animals on HFD diet, again 

demonstra)ng more pronounced adiposity phenotype for Nlrc5-/- compared to WT mice 

(Figure 3 E). Interes)ngly, also body length was significantly increased for Nlrc5-/- animals on 

HFD compared to Nlrc5-/- animals on control diet and compared to HFD fed WT animals (Figure 

3 F). No significant difference in body length and waist circumference was observed for Nlrc5-/- 

animals on control diet, although a slight increase was to be seen compared to WT animals 

(Figure 3 E, F). As the increased body length for Nlrc5-/- animals might confound the 

significantly increased weight gain for those animals, final body weight was normalized to body 

length. The difference between the two genotypes was s)ll significant (WT [HFD] 2.609 g/cm, 

S.E.M. 0.147; Nlrc5-/- [HFD] 3.272 g/cm, S.E.M. 0.095; adjusted p value 0.0007 two-way ANOVA 

with Tukey’s mul)ple comparisons test). HFD feeding led to a significant increase in body fat 

for both genotypes (Figure 3 G, H). Concomitantly with the higher body weight gain, the gain 

in body fat upon HFD feeding was more pronounced for Nlrc5-/- mice, which at the end of the 

experiment presented with significantly larger epididymal (Figure 3 G) and inguinal (Figure 3 

H) AT depots compared to WT animals on HFD. Interes)ngly, this effect was already evident, 

albeit not sta)s)cally significant, for the KO animals on control diet, and largely reinforced by 

HFD feeding.  



The role of NLRC5 in obesity – Results 

 49 

 

WT Nlrc5-/-

ctrl.
WT Nlrc5-/-

HFD

fo
od

 u
pt

ak
e 

(g
/m

ou
se

/w
ee

k)

0

5

10

15

20

25

WT (HFD) Nlrc5-/- (HFD)
C D

WT (HFD) 
Nlrc5 -/-  (HFD) 

Nlrc5 -/-  (ctrl.) 
WT (ctrl.) 

weeks
0 1 2 3 4 5 6 7 8 9 10

10

20

30

40

**
*** ****

**** ****
**** ****

bo
dy

 w
ei

gh
t (

g)
A B

weeks

bo
dy

 w
ei

gh
t, 

fo
ld

-c
ha

ng
e

WT (HFD) 
Nlrc5 -/-  (HFD) 

Nlrc5 -/-  (ctrl.) 
WT (ctrl.) 

0 1 2 3 4 5 6 7 8 9 10
0.0

0.2

0.4

0.6

0.8

1.0

** ****

**** ****
****

F

9.5

10.0

10.5

11.0

11.5

12.0

bo
dy

 le
ng

th
 (c

m
) **

WT Nlrc5-/- Nlrc5-/-WT 
ctrl. HFD

**

G

0

1

2

3

ep
id

id
ym

al
 fa

t w
ei

gh
t (

g)

****

WT Nlrc5-/- Nlrc5-/-WT 
ctrl. HFD

****

*

in
gu

in
al

 fa
t w

ei
gh

t (
g)

0

0.5

1.0

1.5 ***

WT Nlrc5-/- Nlrc5-/-WT 
ctrl. HFD

H

**

****

w
ai

st
 c

irc
um

fe
re

nc
e 

(c
m

)

5

6

7

8

9

10
***

WT Nlrc5-/- Nlrc5-/-WT 
ctrl. HFD

E
****



The role of NLRC5 in obesity – Results 

 50 

Figure 3: Nlrc5 deficiency aggravates HFD-induced obesity. Female WT and Nlrc5-/- mice (n=5) were fed a control 
(ctrl.) or high-fat diet (HFD) for 11 weeks. (A) Body weight of mice over course of feeding. Data show mean ± S.D. 
of 5 animals per condi3on for each of the indicated 3me points. (B) Body weight fold-change of mice over the 
course of feeding. Body weight was normalized to star3ng weight for every animal. Data show mean ± S.D. of 5 
animals per condi3on for each of the indicated 3me points. (C) Representa3ve pictures of WT and Nlrc5-/- mice 
aaer 11 weeks of HFD feeding. (D) Average food uptake per mouse per week. Data show mean ± S.D. of two cages 
with two or three animals. (E, F) Mouse waist circumferences (E) and body lengths (F) aaer 11 weeks of feeding. 
Data show mean ± S.D. (G, H) Weights of epidydimal (G) and inguinal (H) fat depots aaer 11 weeks of feeding. 
Data show mean ± S.D. *adjusted p ≤ 0.0332, **adjusted p ≤ 0.0021, ***adjusted p ≤ 0.0002, and ****adjusted 
p < 0.0001 two-way ANOVA with Tukey’s mul3ple comparisons test. Data were generated and analysed by 
Vanessa Aeissen. 

Because of this very pronounced effect of Nlrc5 KO on AT, we took a closer look into 

fixed epididymal AT sec)ons of Nlrc5-/- and control animals on HFD. Nlrc5-/- mice presented 

with larger adipocytes (Figure 4 A) with increased mean adipocyte diameter and mean 

adipocyte area (Figure 4 B, D). In accordance, the size distribu)on by diameter or area of 

adipocytes in the epididymal AT shi^ed towards larger adipocytes in the Nlrc5-/- compared to 

the WT animals (Figure 4 C, E).  
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Figure 4: Nlrc5 deficiency increases epididymal adipocyte size. Female WT and Nlrc5-/- mice (n=5) were fed a 
control (ctrl.) or high-fat diet (HFD) for 11 weeks. (A) Representa3ve pictures of PFA fixed epididymal adipose 
3ssue sec3ons from WT and Nlrc5-/- mice on ctrl. or HFD. (B – E) Average adipocyte diameter (B, C) and area (D, 
E) in PFA fixed epididymal adipose 3ssue sec3ons of WT and Nlrc5-/- mice aaer 11 weeks of HFD feeding. (B, D) 
mean adipocyte diameter (B) or mean adipocyte area (D) per mouse, data show mean ± S.D. (C, E) histogram 
showing distribu3on of adipocytes by diameter (C) or by area (E), data show pooled results of 5 animals per 
condi3on. *p ≤ 0.0332, unpaired t-test. Data were generated and analysed by Vanessa Aeissen. Analysis of the 
adipocyte area was performed with help from Lucy Hezinger and Felix Biber.  

Given the pronounced adiposity phenotype in female Nlrc5-/- animals on HFD, mRNA 

levels of the pro-fibrogenic and pro-inflammatory cytokines Tgf-b and Tnf-a in epididymal AT 

(Figure 5 A, B) and liver (Figure 5 C, D) were determined. HFD non-significantly increased levels 

of Tnf-a and Tgf-b in the epididymal AT, but no difference between the genotypes was observed 

(Figure 5 A, B). In the liver, Tnf-a and Tgf-b levels remained stable independent of dietary 

interven)on or genotype (Figure 5 C, D). Next, serum cholesterol and serum triglycerides were 

measured. In accordance with the body and adipose )ssue weight gain, HFD feeding 

significantly increased serum cholesterol and serum triglyceride levels for both genotypes 

(Figure 5 E, F). Interes)ngly, in contrast to the more pronounced weight gain and AT forma)on, 

Nlrc5-/- mice on HFD presented with a trend to reduced serum cholesterol (Figure 5 E) and 

significantly reduced serum triglyceride levels (Figure 5 F) compared to the WT HFD group. A 

trend to reduced triglyceride levels was also observed for Nlrc5-/- animals on control diet 

(Figure 5 F).  

Thus, Nlrc5 deficiency in female mice on HFD led to an obesity-like phenotype with 

increased weight gain and waist circumference, more AT and larger adipocytes in the 

epididymal AT. However, despite the pronounced adiposity phenotype, lipid metabolism was 

not impaired, but rather improved, neither were inflammatory reac)ons affected by Nlrc5 

deficiency. Male mice were also included in the feeding study, however presented with a less 

robust and pronounced adiposity phenotype and therefore were not analysed further (data 

not shown). 
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Figure 5: Nlrc5-/- mice on HFD present with reduced serum triglyceride levels. Female WT and Nlrc5-/- mice (n=5) 
were fed a control (ctrl.) or high-fat diet (HFD) for 11 weeks. (A – D) mRNA expression of Tgf-b and Tnf-a in 
epididymal AT (A, B) and liver (C, D) determined by qRT-PCR. (E, F) Serum cholesterol (E) and serum triglyceride 
(F) levels. Data show mean ± S.D. *adjusted p ≤ 0.0332, ** adjusted p ≤ 0.0021, *** adjusted p ≤ 0.0002 two-way 
ANOVA with Tukey‘s mul3ple comparisons test. Data were generated and analysed by Vanessa Aeissen. 
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Microbiome composi,on of Nlrc5DExon4-7 animals 

Certain NLRs, such as NLRP12, may modulate the organismal threshold to obesity by 

affec)ng gut microbial community composi)on (Truax et al., 2018). As the effect of NLRC5 on 

microbiota composi)on here thereto has not been reported and to inves)gate if the observed 

HFD-induced phenotype in the Nlrc5 deficient animals could be related to microbial altera)ons 

in the gut, taxonomic profiling of faecal samples of Nlrc5DExon4-7 (here again referred to as 

Nlrc5-/-) and WT animals via 16S rRNA gene amplicon sequencing was performed (Figure 6, 

Figure 7). Overall, Nlrc5-/- mice showed a reduced microbiota alpha diversity compared to WT 

mice, which was significant for the HFD group (HFD[KO vs WT]: q = 0.018, control diet[KO vs 

WT]: q = 0.36, Shannon Index, WRST, Figure 6 A). The alpha diversity was influenced by batch 

effects (separate amplifica)on runs: p = 0.00025, WRST, Figure 6 B), but an even distribu)on 

of samples across these two batches, as well as the inclusion of the batch as a fixed effect in 

subsequent sta)s)cal analyses, were used to control for plate effects on composi)onal 

microbial analyses. The differences in microbial diversity were accompanied by altera)ons of 

the taxonomic composi)on as determined by generalized linear mixed models (GLMM). In 

total, ten bacterial taxa were differen)ally associated with either diet (d) or genotype (g) alone 

or the interac)on between diet and genotype (d:g) (Figure 6 C). Altered rela)ve abundances 

due to Nlrc5 KO or the HFD only were iden)fied for two genera each. Comparing Nlrc5 WT to 

KO mice revealed increased Ruminococcaceae UCG 004 (q = 0.015) and decreased 

Lachnospiraceae GCA 900066575 (q = 0.012) rela)ve abundance, whereas in response to the 

HFD, the genera Lactobacillus (q = 0.053) and Oscillibacter (q = 0.025) were both increased 

(GLMMFDR, Figure 6 C). Two taxa were further significantly associated with diet and genotype 

concurrently. While the genus Erysipelatoclostridium was increased by HFD (q = 0.031) and 

Nlrc5 KO (q = 0.0027) independently, the abundance of the family Ruminococcaceae was 

reduced by Nlrc5 deficiency (q = 0.0012) and increased by HFD (q = 0.03). The four remaining 

taxa, Ruminococcaceae UCG 003 (q = 0.013) and Clostridiales Family XIII AD3011 group (q = 

0.006), as well as the genera Lachnospiraceae NK4A136 group (q = 0.006) and Marvinbryan^a 

(q = 0.015) were associated with the interac)on of diet and genotype by the GLMM (Figure 6 

C). 
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Figure 6: HFD and Nlrc5 deficiency alter microbial diversity and composi.on. (A) Shannon Index of faecal 
samples from WT and Nlrc5-/- mice on control (ctrl.) or high-fat diet (HFD). (B) Shannon Index of amplifica3ons 
runs during library prepara3on. (A, B) Data show median with first and third quar3les and upper and lower 
Whiskers of in total 39 (ctrl.) or 40 (HFD) faecal samples collected from each of the 5 animals per condi3on at 8 
different 3me points. WRST with BH-corrected p for mul3ple comparisons. ns p ≥ 0.05, *p < 0.05, **p < 0.01, 
***p < 0.001. (C) GLMM analysis modelled with repeated measurements per mouse and liTermates as random 
effects. Significant (q < 0.05) associa3ons between rela3ve abundance altera3ons of microbial groups and dietary 
interven3on (d), gene knock out (g), both (d:g) and technical procedures (p) are shown. GLMM p values were BH-
corrected with *q < 0.05, **q < 0.01, ***q < 0.001. Data were generated and analysed by Alena M. Bubeck and 
Mona Scheurenbrand. 

However, post-hoc analysis of subgroups by Tukey’s Test revealed sta)s)cal significance 

only for the Lachnospiraceae NK4A136 group. For this genus, HFD significantly increased the 

rela)ve abundance in WT animals (q = 0.049), but not HFD-fed Nlrc5-/- mice (q = 0.044, Figure 

7 A). Similar trends were observed for the genus Clostridiales Family XIII AD3011 group, were 

Nlrc5 deficiency (q = 0.077) and HFD (q = 0.144) were separately correlated to increased 

rela)ve abundance, while a combina)on of both diminished the effect (q = 0.339, TukeyFDR, 

Figure 7 B). For Marvinbryan^a, HFD alone did not change the rela)ve abundance in WT 

animals (q = 0.574) but reduced it in KO animals (q = 0.0625, TukeyFDR, Figure 7 C). Although 
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for this taxon associa)ons with batch effects were iden)fied (Figure 7 D), due to the even 

distribu)on of samples across both batches, no obvious clustering by diet or genotype was 

determined which could explain the observed interac)on effect of diet and genotype. For 

Ruminococcaceae UCG 003, the diet:genotype interac)on was primarily driven by genotype, 

as the taxon was only present in half of the WT animals and further reduced when mice 

received HFD (q = 0.044, TukeyFDR, Figure 7 E). 

Taken together, HFD and Nlrc5 deficiency alone as well as the interac)on between diet 

and genotype influenced taxonomic gut microbiota composi)on. These microbiota altera)ons 

likely contribute to the adiposity phenotype observed for Nlrc5DExon4-7 mice.  
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Figure 7: Three bacterial species are altered in abundance by the interac.on between HFD and Nlrc5 deficiency. 
(A – C) Rela3ve abundance of (A) Lachnospiraceae NK4A136 group (B) Clostridiales Family XIII AD3011 group and 
(C) MarvinbryanAa in WT and Nlrc5-/- animals on control (ctrl.) or high-fat diet (HFD). (D) Rela3ve abundance of 
MarvinbryanAa in amplifica3on runs. (E) Rela3ve abundance of Ruminococcaceae UCG 003 in WT and Nlrc5-/- 
animals on control (ctrl.) or high-fat diet (HFD). Data show median with first and third quar3les and upper and 
lower Whiskers of in total 39 (ctrl.) or 40 (HFD) faecal samples collected from each of the 5 animals per condi3on 
at 8 different 3me points. Rela3ve abundances are displayed on a log-scale and sta3s3cs determined based on 
post-hoc comparisons of es3mated marginal means via Tukey’s Test with BH-corrected p for mul3ple 
comparisons. *q < 0.05, **q < 0.01, ***q < 0.001. Data were generated and analysed by Alena M. Bubeck and 
Mona Scheurenbrand. 

 

Nlrc5 deficiency does not affect obesity in Nlrc5∆Exon4 mice 

To further corroborate the adiposity phenotype observed for female Nlrc5DExon4-7 mice 

on HFD, the feeding study was repeated using a second Nlrc5 deficient mouse line lacking exon 

4 only (Sun et al., 2019), therefore termed Nlrc5∆Exon4 herea^er. Addi)onally, feeding dura)on 

was prolonged to 20 weeks. The feeding study was conducted in coopera)on with the group 

of Sheela Ramanathan, University of Sherbrooke, Canada. For beAer feasibility, Nlrc5∆Exon4 and 

WT animals were fed HFD only.  

The genotype of all animals was verified by endpoint PCR (Figure 8 A) and by 

determina)on of the mRNA levels of Nlrc5 (Figure 8 B) and its target H2K (Figure 8 C) in liver 

)ssue. For three animals, the genotype differed from the genotype stated from the animal 

facility. Mice 2.4 and 5.3 were genotyped as heterozygous, while mouse 3.1, which was stated 

to be WT, proved to be KO (Figure 8 A). These animals were excluded from further analysis. As 

seen for Nlrc5DExon4-7 mice (Figure 2 B – E), Nlrc5 was not detectable and H2K levels were 

diminished in Nlrc5∆Exon4 mice (Figure 8 B, C).  



The role of NLRC5 in obesity – Results 

 57 

 
Figure 8: Characteriza.on of Nlrc5∆Exon4 mice. (A) Genotyping of Nlrc5∆Exon4 mice by PCR using genomic liver DNA. 
(B, C) Nlrc5 (B) and H2K (C) mRNA expression in liver of Nlrc5∆Exon4 and WT mice aaer 20 weeks of HFD feeding. 
WT n = 1, Nlrc5∆Exon4 n = 3. Data show mean ± S.D. 

Other than expected body weights of Nlrc5∆Exon4 and WT animals did not differ a^er 20 

weeks of HFD feeding, neither for female nor for male mice (Figure 9 A, B). As female 

Nlrc5∆Exon4, like Nlrc5DExon4-7 mice, at baseline presented with slightly higher body weight 

compared to WT animals, the body weight fold-change was calculated by normalizing on the 

star)ng weight. S)ll, no difference was observed in weight gain between the two genotypes 

for both sexes (Figure 9 C, D). Consistent with the body weight, no difference in epididymal 

(Figure 9 E) and inguinal AT (Figure 9 F) nor liver weight (Figure 9 G) was observed between 

Nlrc5∆Exon4 and WT animals at the end of the experiment. Interes)ngly, female mice presented 

with significantly higher epididymal AT weight (Figure 9 E) whereas male mice were observed 

to have significantly higher liver weight (Figure 9 G). Also adipocyte size did not differ between 

Nlrc5∆Exon4 and WT animals in H&E stained epididymal AT sec)ons (Figure 9 H). 
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Figure 9: Nlrc5 deficiency does not influence body weight in Nlrc5∆Exon4 mice. Male and female Nlrc5ΔExon4 and 
WT animals were fed a high-fat diet (HFD) for 20 weeks. (A, B) Body weight of mice over the course of feeding. 
Data show mean ± S.D. of 5 (WT) or 8 (Nlrc5DExon4) animals per condi3on for each of the indicated 3me points. (C, 
D) Body weight fold-change of mice over the course of feeding. Body weight was normalized to star3ng weight 
for every animal. Data show mean ± S.D. of 5 (WT) or 8 (Nlrc5DExon4) animals per condi3on for each of the indicated 
3me points. (E – G) Weights of epididymal (E) and inguinal (F) fat depots and liver (G) aaer 20 weeks of feeding. 
Data show mean ± S.D. (H) Representa3ve pictures of PFA fixed and H&E stained epididymal adipose 3ssue 
sec3ons from WT and Nlrc5ΔExon4 mice on HFD. Scale bar = 100 µm. *adjusted p ≤ 0.0332, **adjusted p ≤ 0.0021, 
***adjusted p ≤ 0.0002, and ****adjusted p < 0.0001 two-way ANOVA with Tukey’s mul3ple comparisons test. 

To assess poten)al effects of Nlrc5Exon4 deficiency on pro-inflammatory processes in the 

AT, epididymal AT sec)ons were stained for CD68 to inves)gate macrophage infiltra)on (Figure 

10 A). Macrophages forming crown-like structures (CLS) surrounding adipocytes, typical 

features of obese AT (Cin) et al., 2005; Murano et al., 2008), were visible upon CD68 staining. 

In accordance with the literature (Medrikova et al., 2012; PeAersson et al., 2012), male mice 

presented with more macrophages and CLS compared to female mice, but no difference in 

macrophage infiltra)on was observed between the genotypes (Figure 10 A).  

To inves)gate poten)al metabolic altera)ons caused by Nlrc5Exon4 deficiency, 

intraperitoneal glucose (GTT) (Figure 10 B) and insulin tolerance tests (ITT) ( Figure 10 C) were 

performed on a subgroup of three to five animals per genotype at the last week of HFD 

feeding. As only female Nlrc5DExon4-7 mice presented with a pronounced adiposity phenotype 

on HFD (Figure 3, Figure 4), GTT and ITT were performed using female mice only. No difference 

in glucose tolerance was observed between Nlrc5∆Exon4 and WT animals for the )mepoints 

inves)gated (Figure 10 B). Also insulin tolerance did not differ between the genotypes (Figure 

10 C), although it has to be noted that due to the low amounts of serum available for 

conduc)ng the test, the lower detec)on limit might have been undercut. Thus, these data 

must be interpreted with cau)on. 

Taken together, the pronounced adiposity phenotype observed for female Nlrc5DExon4-7 

animals on a 11-week HFD could not be reproduced in Nlrc5Exon4 mice on a 20-week HFD.  
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Figure 10: Nlrc5 deficiency does not influence AT inflamma.on or glycaemia in Nlrc5∆Exon4 mice. (A) 
Representa3ve pictures of indirect immunofluorescent micrographs of epididymal AT sec3ons from WT and 
Nlrc5ΔExon4 mice on HFD. CD68 (red) staining is shown. Nuclei are stained with Hoechst (blue). (B, C) 
Intraperitoneal glucose tolerance test (GTT) (B) or insulin tolerance test (ITT) (C) was performed in female 
Nlrc5ΔExon4 and WT mice in week 20 of HFD feeding. Blood glucose levels were determined at the indicated 
3mepoints. Data show mean ± S.D. of 3 - 5 animals per genotype. 

 

Inves3ga3on of NLRC5’s effect on adipocyte differen3a3on in vitro 

The 3T3-L1 preadipocyte cell line is a suitable cell culture model for adipocyte 

differen,a,on 

 Given the strong effect of Nlrc5 deficiency on AT weight and adipocyte size in 

Nlrc5DExon4-7 mice (Figure 3 G, H; Figure 4), a cell culture model for adipocyte differen)a)on 

was established (Figure 11) to allow for studying the effects of Nlrc5 deficiency on adipocyte 

differen)a)on in vitro and to subsequently iden)fy the factors involved. We opted for the best 

characterized and most frequently used preadipocyte cell line, the 3T3-L1 cells. These cells are 

easily available and can be propagated for a substan)al number of passages (Ruiz-Ojeda et al., 

2016). During their differen)a)on they recapitulate every step of adipocyte differen)a)on 

(Tang & Lane, 2012) and they have been shown to morphologically (Novikoff et al., 1980) and 
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biochemically (MacDougald & Lane, 1995) resemble adipocytes in situ. 3T3-L1 cells have been 

established from MEFs obtained from 17 to 19-day-old disaggregated Swiss 3T3 mouse 

embryo cells (Green & Meuth, 1974). Under the influence of a hormonal cocktail consis)ng of 

insulin, dexamethasone and 3-Isobutyl-1-methylxanthin (IBMX), a cyclic adenosine 

monophosphate (cAMP)-eleva)ng substance, 3T3-L1 cells differen)ate to mature adipocytes 

within 14 days (Zebisch et al., 2012).  

 3T3-L1 cells were differen)ated following a modified version of the protocol of Zebisch 

et al. (Zebisch et al., 2012) (Figure 11 A). Briefly, cells were seeded five days prior to the 

induc)on of differen)a)on in a cell number that resulted in a confluent culture a^er two days 

as which cells were incubated for three more days. Differen)a)on was induced by a cocktail 

of insulin, dexamethasone and IBMX (differen)a)on medium I) for two days, before cells were 

cultured in medium containing insulin only for five more days. For the remaining seven days 

of differen)a)on, cells were kept in normal culture medium. All media were supplemented 

with sodium pyruvate. At days 0, 4, 7, 10 and 14 of differen)a)on, 3T3-L1 cells were stained 

using Oil Red O (Figure 11 B, C) and lysed for subsequent immunoblot analysis (Figure 11 D). 

Oil Red O Staining is a well-established method to stain intracellular neutral lipids and 

triglycerides. Thus, it is frequently applied to quan)fy lipid accumula)on, o^en used as a 

surrogate for differen)a)on efficiency, during adipocyte differen)a)on in vitro (Kraus et al., 

2016). Applying the differen)a)on protocol described above resulted in 3T3-L1 cells 

accumula)ng lipid droplets, their frequency and size increasing over the course of 

differen)a)on, indica)ng successful induc)on of adipocyte differen)a)on (Figure 11 B). 

Quan)fica)on of lipid accumula)on and thus differen)a)on efficiency was performed by 

elu)on of the Oil Red O from the cells and quan)fying the eluant’s absorbance. Absorbance 

increased over the course of differen)a)on, peaked at day 10 and then slightly subsided, 

highligh)ng day 10 as )mepoint of maximal differen)a)on (Figure 11 C). As a second readout 

for differen)a)on efficiency, the protein levels of Pparg and Fabp4 were determined. Them 

being the master regulator of adipogenesis and the most abundant protein in fat cells 

(Matarese & Bernlohr, 1988), respec)vely, they are o^en used as markers for adipocyte 

differen)a)on. Pparg1 was detectable from day 4 on, peaking at day 10 and then decreasing 

slightly towards the end of differen)a)on, mirroring the Oil Red O data. Pparg2, 2 kDa bigger 

in size, was detected at robust levels only at days 10 and 14 of differen)a)on (Figure 11 D). 
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Fabp4, like Pparg, was not detectable in undifferen)ated cells. Its levels peaked directly at day 

4 of differen)a)on, followed by gradual decrease over the remaining )me (Figure 11 D). 

Taken together, the 3T3-L1 preadipocyte cell line was successfully established as 

adipocyte cell culture model.  

 
Figure 11: The 3T3-L1 preadipocyte cell line is a suitable cell culture model for adipocyte differen.a.on. (A) 
Schema3c overview over the 3T3-L1 differen3a3on protocol adapted from (Zebisch et al., 2012). (B) 
Representa3ve pictures of Oil Red O stained 3T3-L1 cells at the indicated 3me point of differen3a3on. d = day of 
differen3a3on. (C) Absorbance of Oil Red O eluates of the cells from (B) at the indicated 3me point of 
differen3a3on. (D) Immunoblot of 3T3-L1 protein lysates at the indicated 3me point of differen3a3on. Blot was 
probed for Pparg, Fabp4 and β-ac3n as loading control. 
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Characteriza,on of 3T3-L1 Nlrc5 knockout lines 

 We next aimed at inves)ga)ng the effects of Nlrc5 deficiency on 3T3-L1 differen)a)on. 

To this end, Nlrc5 was modified by CRISPR/Cas9 technology, targe)ng either exon 2 (guide RNA 

2, gRNA2) or exon 3 (gRNA3) of Nlrc5 which code for the transcrip)onally ac)ve CARD domain 

(Neerincx et al., 2014; Yao & Qian, 2013). Len)viral transduc)on of 3T3-L1 cells with an 

expression plasmid encoding only the Cas9 endonuclease but no target sequence was used as 

empty vector (EV) control. Successfully transduced cells were submiAed to limited dilu)on to 

generate single cell clones. As no reliably working an)body detec)ng mouse Nlrc5 is available, 

the levels of b2M, a direct NLRC5 target (Ludigs et al., 2015; Meissner et al., 2010), were 

determined as a surrogate for Nlrc5 levels and func)onality. EV clones C and E presented with 

similar β2M levels compared to 3T3-L1 WT cells, indica)ng no modifica)on of Nlrc5 by the EV 

construct (Figure 12). However, as these EV clones in pilot experiments presented with defects 

in differen)a)on and cell adhesion, respec)vely (data not shown), EV clone D was used for 

further experiments. gRNA2 and gRNA3 clones presented with reduced β2M levels to varying 

degrees (Figure 12). Three clones, gRNA2 clone G and gRNA3 clones C and D presented with 

par)cularly low β2M levels, indica)ve of impaired Nlrc5 levels and/or func)onality in these 

clones. As gRNA2 clone G presented with defects in prolifera)on, gRNA3 clones C and D were 

chosen for further experiments. Modifica)on of Nlrc5 at the Cas9 cleavage site in these clones 

was verified by Sanger Sequencing. gRNA3 clone C proved to be highly modified with sequence 

altera)ons up- and downstream of the Cas9 cleavage site. gRNA3 clone D turned out to be 

polyclonal, presen)ng with various indels (data not shown).  
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Figure 12: Characteriza.on of 3T3-L1 clones with CRISPR/Cas9 modified Nlrc5. Nlrc5 in 3T3-L1 cells was modified 
by CRISPR/Cas9 technology using guide RNAs (gRNA) targe3ng exon 2 (gRNA2) or exon 3 (gRNA3) of the Nlrc5 
gene or an empty vector (EV) as control. Single clones were generated by limited dilu3on. Immunoblot of 3T3-L1 
cell clones with CRISPR/Cas9 modified Nlrc5 or WT cells is shown. Blot was probed for b-2-microglobulin (b2M) 
and b-ac3n as loading control. 

Upon induc)on, cells in all condi)ons differen)ated, their lipid accumula)on increasing 

over the course of differen)a)on (Figure 13 A, B). Compared to WT cells, gRNA3 clones C and 

D presented with markedly reduced lipid accumula)on, an effect more pronounced for gRNA3 

clone D cells which barely doubled their lipid content during differen)a)on (Figure 13 A, B). 

However, also EV clone D presented with a reduc)on in lipid accumula)on comparable to 

gRNA3 clone C (Figure 13 A, B). Notably, lipid accumula)on was not generally lowered, but 

most of the gRNA3 clones C and D and EV clone D cells did not differen)ate at all, while some 

cells differen)ated normally (Figure 13 A). In WT cells, the two adipocyte differen)a)on 

markers Pparg and Fabp4 were only detectable in differen)a)ng cells, their levels peaking at 

day 4 and 7, respec)vely. In comparison, CRISPR/Cas9 modified clones all showed reduced or 

not detectable levels of both proteins, again sugges)ng reduced differen)a)on ability (Figure 

13 C). Notably, especially Pparg2 was reduced by CRISPR/Cas9 interven)on, as it was either 

not or only detected at very low amounts (Figure 13 C). As observed before (Figure 12), b2M 

levels of gRNA3 clone C and especially clone D were reduced compared to WT cells, reflec)ng 

the data on reduced differen)a)on ability of these clones. Unexpectedly, also EV clone D 

presented with reduced b2M expression comparable to levels observed in gRNA3 clone C cells 

(Figure 13 C), paralleling its differen)a)on behaviour.  

Taken together, 3T3-L1 cells with targeted modifica)on of the Nlrc5 locus present with 

reduced differen)a)on ability compared to WT cells. However, the corresponding EV control 

cells also presented with reduced differen)a)on comparable to gRNA3 clone C cells. Thus, the 

ques)on arises, whether Nlrc5 modifica)on in 3T3-L1 cells truly results in reduced adipocyte 

differen)a)on, which notably would contrast the more pronounced adiposity phenotype of 

Nlrc5DExon4-7 animals (Figure 3, Figure 4), or if this observa)on is just an artefact of len)viral 

CRISPR/Cas9 interven)on or boAlenecking during (single cell) selec)on.   
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Figure 13: Characteriza.on of 3T3-L1 Nlrc5 KO lines. Nlrc5 in 3T3-L1 cells was modified by CRISPR/Cas9 
technology using a guide RNA (gRNA) targe3ng Exon 3 of the Nlrc5 gene (gRNA3) or an empty vector (EV) as 
control. Single clones were generated by limited dilu3on. (A) Representa3ve pictures of Oil Red O stained 3T3-L1 
WT, EV clone D, gRNA3 clone C and gRNA3 clone D cells at the indicated 3me point of differen3a3on. d = day of 
differen3a3on. (B) Absorbance of Oil Red O eluates of the cells from (A) at the indicated 3me point of 
differen3a3on. (C) Immunoblot of protein lysates of cells from (A) at the indicated 3me point of differen3a3on. 
Blot was probed for Pparg, Fabp4, b-2-microglobulin (b2M) and β-ac3n as loading control. 

 

Differen,a,on ability of Nlrc5 modified 3T3-L1 cell pools does not differ from WT 

cells 

 One of the drawbacks of using 3T3-L1 cells as cell culture model for adipocyte 

differen)a)on is their loss of differen)a)on ability upon heavy passaging (Wolins et al., 2006). 

Given the nature of genera)ng single cell clones, including selec)on of successfully transduced 

cells, followed by limited dilu)on and expansion of clones, the 3T3-L1 clones used in the 

previous experiment (Figure 13) had been passaged 13 to 22 )mes before being seeded for 

differen)a)on, while 3T3-L1 WT cells were seeded at considerably lower passage number. To 

control if the reduced differen)a)on ability observed for all CRISPR/Cas9 clones (Figure 13) 

was due to senescence, new CRISPR/Cas9 modified cell pools were generated from one batch 

of 3T3-L1 cells. 48 h a^er len)viral transduc)on with an expression plasmid for the Cas9 

endonuclease and a target sequence for either Nlrc5 exon 2 (gRNA2), exon 3 (gRNA3) or no 

target sequence (EV), cells were seeded for differen)a)on. No selec)on of successfully 

transduced cells was performed to avoid boAlenecking and to maintain cells at the same 

passage number. 3T3-L1 WT cells were treated according to the same protocol and alongside 

the other cell pools, with the only difference of no len)viral transduc)on. DNA modifica)on at 

the Cas9 cleavage site for gRNA2 and gRNA3 cell pools was verified by T7 endonuclease assay, 

which proved approximately 50% of the gRNA2 cell pool to have a modified Nlrc5 locus. For 

gRNA3 pool cells, cleavage efficiency was lower compared to the gRNA2 cell pool, but an exact 

number could not be calculated due to difficul)es in visualiza)on of the fragments cleaved by 

the T7 endonuclease (data not shown).  

 3T3-L1 WT, EV and gRNA2 and gRNA3 cell pools all presented with comparable lipid 

accumula)on over the course of differen)a)on (Figure 14 A, B). Protein levels of Pparg and 

Fabp4 were slightly reduced for gRNA2 and gRNA3 but also EV pool compared to WT cells. 

Also, b2M levels were altered in transduced cells, with EV and gRNA3 pools presen)ng with 

lower, while gRNA2 pool cells presented with higher levels compared to WT cells (Figure 14 C). 
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Thus, modifica)on of Nlrc5 in 50% of a passage-matched 3T3-L1 cell pool does not alter 

differen)a)on behaviour as measured by lipid accumula)on, indica)ng the pronounced 

reduc)on in differen)a)on ability of 3T3-L1 gRNA3 clones in comparison to WT cells (Figure 

13) to be caused by senescence due to heavy passaging.  
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Figure 14: Differen.a.on ability of Nlrc5 modified 3T3-L1 cell pools does not differ from WT cells. Nlrc5 in 
3T3-L1 cells was modified by CRISPR/Cas9 technology using two guide RNAs (gRNA) targe3ng exon 2 (gRNA2) or 
exon 3 (gRNA3) of the Nlrc5 gene or an empty vector (EV) as control. Cell pools were used for differen3a3on 48 
h aaer transduc3on. (A) Representa3ve pictures of Oil Red O stained 3T3-L1 WT, EV, gRNA2 and gRNA3 cell pools 
at the indicated 3me point of differen3a3on. d = day of differen3a3on. (B) Absorbance of Oil Red O eluates of 
the cells from (A) at the indicated 3me point of differen3a3on. (C) Immunoblot of protein lysates of cells from (A) 
at the indicated 3me point of differen3a3on. Blot was probed for Pparg, Fabp4, b-2-microglobulin (b2M) and 
b-ac3n as loading control. 

 

NLRC5 interacts with PPARg, co-regulates PPARg target genes and modulates 

PPARg’s an3-inflammatory capaci3es 

NLRC5 interacts with PPARg1 via its NACHT domain 

PPARg is the master regulator of adipocyte differen)a)on (Barak et al., 1999; Rosen et 

al., 1999; Tontonoz, Hu, & Spiegelman, 1994). As we observed pronounced changes in 

adipocyte size in the Nlrc5DExon4-7 animals on HFD, although this could not be reproduced in 

the Nlrc5∆Exon4 animals, we wanted to test, whether NLRC5 affects PPARg. To this end, we first 

tested for protein-protein interac)ons and used co-expression of either PPARg isoform 1 or 

PPARg isoform 2 with GFP-tagged NLRC5 in HEK293T cells. GFP-NLRC5 specifically co-

precipitated with PPARg1, but not PPARg2, and ac)va)on of PPARg by treatment with its 

specific agonist rosiglitazone slightly reduced binding of PPARg1 to GFP-NLRC5 (Figure 15 A). 

Taking advantage of stable HeLa cell lines with doxycycline-inducible expression of GFP-NLRC5 

(HeLa GFP-NLRC5) or GFP (HeLa GFP) as control, the binding of endogenous PPARg1, but again 

not PPARg2, to NLRC5 was confirmed (Figure 15 B). This is in line with data showing that NLRC5 

interacts with PPARg in endothelial cell types (Luan et al., 2019), albeit the isoform specificity 

was not addressed by these authors. To map the domain of NLRC5 responsible for interac)on, 

PPARg1 was expressed together with different FLAG-tagged NLRC5 dele)on constructs (Figure 

15 C) in HEK293T cells and co-immunoprecipita)on (co-IP) against FLAG was performed. Co-

purifica)on of PPARg1 was observed for full-length FLAG-NLRC5 (FLAG-NLRC5 FL), for the 

NLRC5 construct lacking the N-terminal uCARD domain, here termed death domain (DD) 

(FLAG-NLRC5 ∆DD) and, to a smaller extent, for NLRC5 isoform 3 (FLAG-NLRC5 Iso3), a naturally 

occurring NLRC5 isoform lacking most of the LRRs (Neerincx et al., 2010) (Figure 15 D). Co-

immunoprecipita)on was neither observed for the N-terminal DD nor for the C-terminal LRRs 

(Figure 15 D). This binding paAern shows that the NACHT domain of NLRC5 is necessary for 

interac)on with PPARg1.  
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As the NACHT domain is a common structural feature of all NLR proteins, FLAG-tagged 

NOD1 and CIITA, two other NLR family members that are phylogene)cally closely related to 

NLRC5 (Benko et al., 2010), were tested for interac)on with PPARg1. CIITA, like NLRC5, 

func)ons as transcrip)onal regulator and is known as the master regulator of MHC class II 

genes (Steimle et al., 1993). NOD1 in contrast func)ons as classical PRR, recognizing 

intracellular PGN and ini)a)ng pro-inflammatory responses (Caruso et al., 2014). PPARg1 co-

immunoprecipitated with FLAG-CIITA to a similar extend as NLRC5 FL. In contrast, no binding 

over background level of PPARg1 to FLAG-NOD1 was detected (Figure 15 D). Thus, binding of 

PPARg1 to the NACHT domain of NLRC5 seems to occur with high specificity, but not exclusivity, 

as PPARg1 also co-immunoprecipitated with NLRC5’s closest phylogene)c rela)ve, CIITA, but 

not with NOD1.  

In summary, our data show that PPARg isoform 1, but not isoform 2, interacts with 

NLRC5 via its central NACHT domain, proposing a role of NLRC5 in the regula)on of PPARg 

ac)vity. 
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Figure 15: NLRC5 interacts with PPARg isoform 1 by its NACHT domain. (A) Immunoblots from an3-GFP 
immunoprecipita3ons (IP) of HEK293T cells transfected with GFP-NLRC5, PPARg isoform 1 or PPARg isoform 2 and 
s3mulated overnight with 0.4 µg/ml rosiglitazone where indicated. IPs and whole cell lysates (WCL) were probed 
for GFP and PPARg. (B) Immunoblots from an3-GFP IPs of HeLa GFP and HeLa GFP-NLRC5 cells induced overnight 
with 1 µg/ml doxycycline. Blots were probed for GFP and PPARg. (C) Domain organiza3on of the NLRC5 constructs 
used in (D). (D) Immunoblots from an3-FLAG IPs from HEK293T cells transfected with PPARg isoform 1 and the 
indicated FLAG-NLRC5 construct. Blots were probed for FLAG and PPARg. Representa3ve blots of 1 (B) or 2 (A, D) 
experiment is shown. †, SDS-stable dimer; *, unspecific bands. 
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NLRC5 enhances transcrip,on of PPARg target genes  

Having demonstrated interac)on between NLRC5 and PPARg1, in a next step we 

inves)gated the effects of NLRC5 on PPARg-mediated transcrip)onal regula)on. To this end, 

HeLa GFP and HeLa GFP-NLRC5 cells were used which predominantly express PPARg isoform 1 

(Figure 16 A). Func)onality of the cell lines was verified on protein and mRNA level by 

immunoblot and qRT-PCR, respec)vely (Figure 16 A – C). GFP and GFP-NLRC5 were only 

detected upon doxycycline induc)on (Figure 16 A, B). As expected, expression of HLA-A or -B, 

two MHC class I molecules, was detectable on protein and mRNA level only in HeLa GFP-NLRC5 

cells (Figure 16 B, C). HLA-A/B was detected in both, induced and uninduced HeLa GFP-NLRC5 

cells, to a similar extend (Figure 16 B, C) due to a very low basal GFP-NLRC5 expression in 

uninduced cells (Figure 16 C). Thus, minor amounts of NLRC5 are sufficient to boost a full-

blown MHC class I response, highligh)ng the potency of NLRC5 as transcrip)onal regulator. To 

analyse the influence of NLRC5 on PPARg transcrip)onal ac)vity, we measured the expression 

of CD36 and FABP4, two known PPARg targets. Successful induc)on of NLRC5 expression was 

verified on mRNA level (Figure 16 D). To ac)vate PPARg, cells were treated with rosiglitazone. 

As expected (Seimandi et al., 2005; Vara et al., 2013), rosiglitazone treatment led to increased 

expression of both PPARg targets in HeLa GFP and HeLa GFP-NLRC5 cells (Figure 16 D). 

Expression of NLRC5 by doxycycline treatment alone was sufficient to increase FABP4 

transcrip)on to approximately the levels observed in rosiglitazone s)mulated HeLa GFP cells 

(Figure 16 D). As seen for MHC class I genes, even the very low expression of NLRC5 in 

uninduced HeLa GFP-NLRC5 cells was sufficient to drive FABP4 transcrip)on (Figure 16 D). 

Simultaneous rosiglitazone treatment and expression of GFP-NLRC5, both, basal and induced, 

led to a strong synergis)c ac)va)on of FABP4 transcrip)on compared to rosiglitazone-treated 

HeLa GFP cells. As seen for the cells without rosiglitazone treatment, only a slight further 

increase was observed when inducing the expression of GFP-NLRC5 by doxycycline treatment 

(Figure 16 D). For CD36, similar observa)ons were obtained, although the effect was less 

pronounced compared to FABP4 (Figure 16 D).  

To further inves)gate the posi)ve synergis)c effect of NLRC5 on PPARg-mediated 

transcrip)on of target genes, the expression of FABP4 in HeLa GFP and HeLa GFP-NLRC5 cells 

treated with increasing concentra)ons of rosiglitazone was analysed (Figure 16 E). As shown 

above, FABP4 expression was not detectable in untreated HeLa GFP cells but increased upon 

rosiglitazone treatment, expression peaking at a concentra)on of 0.2 µg/ml (Figure 16 E, white 
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bars). In HeLa GFP-NLRC5 cells, FABP4 expression was readily detectable without rosiglitazone 

treatment and treatment of these cells with rosiglitazone poten)ated the expression of FABP4 

compared to HeLa GFP cells, valida)ng a synergy in transcrip)onal ac)va)on between NLRC5 

and PPARg. Minor amounts of NLRC5 were sufficient to mediate this synergis)c transcrip)onal 

ac)va)on of FABP4, as the leaky expression of NLRC5 in HeLa GFP-NLRC5 cells was sufficient 

to drive this synergis)c effect (Figure 16 E, grey bars, middle panel) and induc)on of NLRC5 

expression by doxycycline treatment only slightly further enhanced this effect for the lower 

concentra)ons of rosiglitazone (Figure 16 E, grey bars, right panel). Inhibi)on of PPARg by the 

specific antagonist GW9662 led to complete abroga)on of the rosiglitazone-induced increase 

in FABP4 transcrip)on in both HeLa GFP and HeLa GFP-NLRC5 cells. GW9662 also abolished 

the synergis)c effect of NLRC5 expression on FABP4 transcrip)onal upregula)on in HeLa GFP-

NLRC5 cells but did not affect NLRC5-induced FABP4 expression (Figure 16 F). These data 

conclusively support that PPARg and NLRC5 synergis)cally drive the transcrip)on of PPARg 

target genes.  

While PPARg as a nuclear receptor is localized to the nucleus (Akiyama et al., 2002; 

Umemoto & Fujiki, 2012), NLRC5 is predominantly present in the cytoplasm but able to 

translocate into the nucleus (Benko et al., 2010; Meissner et al., 2010; Meissner et al., 2012a; 

Neerincx et al., 2012). The nuclear shuAling is mediated by a NLS localized between the CARD 

and NACHT domains of NLRC5 (Meissner et al., 2010). In a next step, we sought to inves)gate 

which NLRC5 localiza)on is needed to mediate its synergis)c effect with PPARg on FABP4 

transcrip)on. For this, we used stable HeLa cell lines with doxycycline inducible expression of 

three different NLRC5 variants which we recently characterized (Neerincx et al., 2012): NLRC5 

NLS I harbours a muta)on in the NLS rendering it incapable of transloca)ng to the nucleus, 

NLRC5 2xNLS possesses two SV40 NLS and therefore is predominantly localized to nucleus, and 

NLRC5 isoform 3, lacking most of the LRR domain, presents with impaired nuclear export and 

thus is localized predominantly to the nucleus compared to WT NLRC5 (Neerincx et al., 2012). 

As seen before, GFP-NLRC5 expression in combina)on with rosiglitazone treatment led to a 

strong increase in FABP4 expression compared to a GFP expressing control cell line (Figure 16 

G). In contrast, expression of GFP-NLRC5 NLS I did not upregulate FABP4 and ac)va)on of 

PPARγ in these cells led to a less pronounced increase in FABP4 transcrip)on compared to HeLa 

GFP-NLRC5 cells (Figure 16 G). As seen in previous work for MHC class I genes (Neerincx et al., 

2012), expression of GFP-NLRC5 Isoform 3 did not induce FABP4 transcrip)on over the levels 
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observed in HeLa GFP cells. Expression of GFP-NLRC5 2xNLS failed to induce FABP4 expression 

and simultaneous ac)va)on of PPARg in these cells led to a somewhat lower increase in FABP4 

transcrip)on compared to GFP-NLRC5 WT cells (Figure 16 G). Thus, nuclear localiza)on, the 

NLRC5 C-terminal LRR domain and, to a lesser extent, nuclear shuAling are important for PPARg 

target gene ac)va)on by NLRC5, confirming a model in which direct interac)on in the nucleus 

is necessary for the observed biological effects. 

 
Figure 16: NLRC5 enhances FABP4 transcrip.on. (A, B) Immunoblot of protein lysates from HeLa GFP and HeLa 
GFP-NLRC5 cells, induced overnight with doxycycline where indicated. Probing for GFP, PPARg, HLA-B and GAPDH 
as loading control is shown. (C - G) Expression of NLRC5 (C, D), HLA-A (C), CD36 (D) and FABP4 (D – G) in HeLa cell 
lines expressing GFP, GFP-NLRC5 (C - G) or GFP-tagged NLRC5 mutants (G). (C) HeLa GFP and HeLa GFP-NLRC5 
cells were treated with 1 µg/ml doxycycline and 0.1 µg/ml rosiglitazone for 20 - 24 h. (D) HeLa GFP and HeLa GFP-
NLRC5 cells were treated with 0.2 µg/ml doxycycline and 0.02 µg/ml rosiglitazone 20 - 24 h. (E) HeLa GFP and 
HeLa GFP-NLRC5 cells were treated with 1 µg/ml doxycycline and the indicated concentra3ons of rosiglitazone 
for 20 - 24 h. (F) HeLa GFP and HeLa GFP-NLRC5 cells were treated with 1 µg/ml doxycycline, 0.1 µg/ml 
rosiglitazone and 10 µM GW9662 for 20 - 24 h. (G) HeLa GFP, HeLa GFP-NLRC5 WT or HeLa cells stably expressing 
GFP-tagged NLRC5 mutants were treated with 1 µg/ml doxycycline and 0.2 µg/ml rosiglitazone for 20 - 24 h. (C - 
G) Gene expression was determined by qRT-PCR. Data show mean ± S.D. of at least two independent experiments 
conducted in technical replicates.  
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Sin3A influences FABP4 transcrip,on by NLRC5 

Recently, our group iden)fied Sin3A and nega)ve elonga)on factor (NELF) B as novel 

interac)on partners of the NLRC5 N-terminal DD using yeast 2-hybrid (Y2H) screening and co-

immunoprecipita)ons assays (Kienes, 2021). Sin3A is an essen)al scaffold for the histone 

deacetylase (HDAC) complex, interac)ng with eight core proteins, and controls transcrip)on 

both posi)vely and nega)vely (Silverstein & Ekwall, 2005). NELFB is part of the NELF complex 

that binds and stalls the RNA polymerase II complex at the promoter region downstream of 

the transcrip)onal start site (TSS) (Li et al., 2013; Nechaev et al., 2010). Thus, as both novel 

NLRC5 interac)on partners func)on as transcrip)onal regulators, we inves)gated the 

influence of Sin3A and NELFB on the NLRC5-mediated PPARg target gene expression. To this 

end, siRNA-mediated KD of either Sin3A or NELFB was performed in HeLa GFP and HeLa GFP-

NLRC5 cells. PPARg was ac)vated by rosiglitazone treatment a^er KD and FABP4 levels were 

determined by qRT-PCR. As we showed above that the leaky expression of NLRC5 in 

combina)on with PPARg ac)va)on was sufficient to induce high levels of FABP4 transcrip)on, 

GFP-NLRC5 expression was not ac)vely induced by doxycycline treatment. As shown above, 

PPARg ac)va)on highly increased transcrip)on of FABP4 in HeLa GFP-NLRC5 cells compared to 

HeLa GFP cells. Whereas KD of NELFB did not affect FABP4 expression in both cell lines, 

reduced levels of Sin3A led to an increased expression of FABP4 in HeLa GFP as well as HeLa 

GFP-NLRC5 cells compared to cells treated with a non-targe)ng control siRNA (siNT). This 

effect was more pronounced in HeLa GFP-NLRC5 than in HeLa GFP cells, as Sin3A KD in GFP-

NLRC5 expressing cells led to more than a 120% increase in FABP4 expression compared to a 

92% increase in FABP4 mRNA for HeLa GFP cells (Figure 17 A). This effect of Sin3A KD was 

specific for the PPARg target FABP4 as Sin3A KD barely increased HLA-A mRNA levels compared 

to siNT control (Figure 17 B). KD of Sin3A and NELFB was verified by qRT-PCR, as no reliable 

an)body for Sin3A was available. KD led to a significant reduc)on of the corresponding mRNA 

level by more than 50% compared to non-targe)ng control siRNA (siNT) (Figure 17 C, D).  

Taken together, Sin3A, one of the two transcrip)onal regulators iden)fied as novel 

NLRC5 interac)on partners, contributes to the synergis)c transcrip)onal regula)on of FABP4 

by NLRC5 and PPARg. 
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Figure 17: Sin3A influences FABP4 induc.on by NLRC5. FABP4 (A), HLA-A (B), Sin3A (C) and NELFB (D) expression 
in HeLa GFP and HeLa GFP-NLRC5 cells aaer siRNA-mediated Sin3A or NELFB knockdown. Cells were treated with 
0.2 µg/ml rosiglitazone for 22 h aaer 48 h of knockdown. Gene expression was determined by qRT-PCR. Data 
show mean ± S.D. of two (HLA-A) or three (FABP4, Sin3A, NELFB) independent experiments. 
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pronounced adiposity phenotype in Nlrc5DExon4-7 animals (Figure 3, Figure 4), the involvement 

in inflammatory signalling of PPARg and NLRC5, the interac)on between both (Figure 15) and 

the regula)on of PPARg targets by NLRC5 (Figure 16), we next sought to inves)gate if NLRC5 

might also be implicated in the an)-inflammatory proper)es of PPARg. To this end, the 

monocy)c cell line THP-1 was used in which NLRC5 was depleted by CRISPR/Cas9 technology. 

KO of NLRC5 was verified by immunoblot (Figure 18 A). To assess NLRC5’s poten)al 

involvement in PPARg’s an)-inflammatory proper)es, PMA-differen)ated THP-1 macrophage-

like WT and NLRC5-/- cells were treated with the indicated concentra)ons of LPS and 

rosiglitazone for 6 h and TNF-a secre)on was determined (Figure 18 B). TNF-a secre)on 

increased dose-dependently with increasing concentra)ons of LPS for WT and NLRC5-/- cells. 

Interes)ngly, TNF-a secre)on in general was slightly higher for NLRC5-/- compared to WT THP-1 

cells, arguing for an inflamma)on-reducing effect of NLRC5. In accordance with the literature 

(Hong et al., 2003), PPARg s)mula)on by rosiglitazone moderately, but dose-dependently 

decreased TNF-a secre)on in THP-1 WT cells. In contrast, reduced TNF-a secre)on in THP-1 

NLRC5-/- cells was only observed for the higher rosiglitazone concentra)on used. NLRC5-/- cells 

treated with 0.4 µg/ml rosiglitazone presented with comparable TNF-α secre)on to cells not 

treated with rosiglitazone (Figure 18 B). Thus, NLRC5 seems to aid PPARg in conferring its an)-

inflammatory func)on. However, as the effect of rosiglitazone treatment on TNF-a secre)on 

was only moderate, we set out for a second approach to inves)gate the effects of NLRC5 

deficiency on PPARg ac)va)on in the context of LPS-induced inflamma)on. To this end, TNF-a 

and IL6 mRNA levels were determined by qRT-PCR in THP-1 NLRC5-/- and WT cells treated with 

rosiglitazone for 6 h and 100 ng/ml LPS for the indicated amount of )me (Figure 18 C – F). 0.4 

µg/ml rosiglitazone were used, as this concentra)on was sufficient to reduce TNF-α secre)on 

in THP-1 WT cells (Figure 18 B). For both, NLRC5-/- and WT THP-1 cells, TNF-a and IL6 levels 

increased un)l 90 minutes of LPS s)mula)on and then subsided (Figure 18 C, E). In contrast to 

what was observed for TNF-a secre)on, NLRC5-/- cells presented with less TNF-a (Figure 18 C) 

or similar IL6 (Figure 18 E) mRNA levels as THP-1 WT cells in the first 30 minutes of LPS 

s)mula)on. However, upon prolonged LPS s)mula)on, NLRC5-/- cells presented with higher 

TNF-a (90 minutes) and IL6 (60 and 90 minutes) levels compared to WT cells (Figure 18 C, E). 

Rosiglitazone treatment reduced TNF-a and IL6 levels in both cell lines for every )mepoint 

inves)gated (Figure 18 C, E), but the effect size of PPARg ac)va)on differed between WT and 

NLRC5-/- cells. Calcula)ng the expression fold-change of TNF-a (Figure 18 D) and IL6 (Figure 
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18 F) by normalizing on cytokine expression without rosiglitazone treatment, proved NLRC5-/- 

cells to respond less to rosiglitazone treatment, and thus to present with a lower reduc)on of 

pro-inflammatory cytokine mRNA compared to WT THP-1 cells at most )mepoints 

inves)gated. These results further point towards NLRC5 aiding PPARg in its an)-inflammatory 

proper)es in LPS-induced inflamma)on.  

 
Figure 18: NLRC5 deficiency in THP-1 macrophage like cells increases pro-inflammatory cytokine produc.on 
and reduces PPARg’s an.-inflammatory proper.es in LPS-induced inflamma.on. THP-1 WT and NLRC5-/- cells 
were differen3ated using 100 nM PMA for 24 h. (A) Immunoblot of protein lysates from differen3ated THP-1 WT 
and NLRC5-/- cells. Blot was probed for NLRC5 and b-ac3n as loading control. (B) TNF-a secre3on of differen3ated 
THP-1 WT and NLRC5-/- cells s3mulated with rosiglitazone and LPS in the indicated concentra3ons for 6 h. TNF-a 
secre3on was measured by ELISA. (C - F) Differen3ated THP-1 WT and NLRC5-/- cells were s3mulated with 0.4 
µg/ml rosiglitazone for 6 h and treated with 100 ng/ml LPS for the indicated 3me. (C, E) TNF-a (C) and IL6 (E) 
mRNA levels were determined by qRT-PCR. Data show mean ± S.D. of technical duplicates. (D, F) Expression fold-
change of TNF-a (D) and IL6 (F) mRNA levels upon rosiglitazone treatment, normalized to control cells not treated 
with rosiglitazone. Data is shown as 2-ΔΔCt. Data were generated and analysed by Theresa Auer in the context of a 
Bachelor’s Thesis supervised by Sarah Bauer. 
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To further consolidate these findings, the effects of PPARg ac)va)on and NLRC5 

deficiency on p38 MAPK phosphoryla)on, and thus ac)va)on, were inves)gated. p38 MAPK 

is ac)ng downstream of TLR4 and together with other MAPK enables the expression of pro-

inflammatory cytokines and type I IFNs via ac)va)ng protein 1 (AP-1) (Kawai & Akira, 2006). 

Thus, p38 ac)va)on is a suitable readout in the context of LPS-induced inflamma)on. THP-1 

WT and NLRC5-/- cells were treated with 0.4 µg/ml rosiglitazone for 24 h before being 

s)mulated with 100 ng/ml LPS for the indicated )me (Figure 19). LPS s)mula)on readily 

increased p38 phosphoryla)on a^er 15 minutes of LPS s)mula)on. Phosphorylated p38 (p-

p38) levels increased un)l 30 to 60 minutes of LPS s)mula)on, and then slowly subsided 

(Figure 19 A). In THP-1 WT cells, rosiglitazone treatment reduced levels of p-p38 for up to 60 

minutes of LPS s)mula)on (Figure 19 A, le^). This was also seen upon normalizing p-p38 band 

intensity to total p38 band intensity (Figure 19 B). In THP-1 NLRC5-/- cells, PPARg ac)va)on 

showed no reducing effect on p-p38 levels. In contrast, rosiglitazone treatment enhanced p-38 

phosphoryla)on (Figure 19 A right, C).  

In summary, NLRC5 supports PPARg in reducing LPS-induced pro-inflammatory 

responses in THP-1 macrophage-like cells. 

 
Figure 19: NLRC5 deficiency in THP-1 macrophage like cells reduces PPARg’s an.-inflammatory proper.es on 
p38 ac.va.on in LPS-induced inflamma.on. Differen3ated THP-1 WT and NLRC5-/- cells were s3mulated with 
0.4 µg/ml rosiglitazone for 24 h, followed by s3mula3on with 100 ng/ml LPS for the indicated 3me. (A) 
Immunoblot probed for p38, phosphorylated p38 and b-ac3n as loading control. (B, C) Quan3fica3on of 
phosphorylated p38 band intensity normalized to p38 band intensity for THP-1 WT (B) and NLRC5-/- (C) cells. Data 
is representa3ve of 2 independent experiments. Data were generated and analysed by Theresa Auer in the 
context of a Bachelor’s Thesis supervised by Sarah Bauer. 
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NLRC5 deficiency in murine bone marrow-derived macrophages increases pro-

inflammatory responses and reduces PPARg’s an,-inflammatory proper,es in 

LPS-induced inflamma,on 

To corroborate the results obtained in THP-1 macrophage like cells in primary cells, we 

used BMDMs from WT and Nlrc5DExon4-7 (in the following referred to as Nlrc5-/-) animals. 

BMDMs were treated with 0.4 µg/ml rosiglitazone overnight, followed by s)mula)on with 50 

ng LPS for 6 h. Tnf-a secre)on was measured by ELISA. LPS s)mula)on highly induced Tnf-a 

secre)on in both WT and Nlrc5-/- cells (Figure 20 A). As seen for the THP-1 macrophage-like 

cells, Nlrc5 KO cells showed higher Tnf-a levels compared to WT cells, again indica)ng an an)-

inflammatory effect of NLRC5 in the context of LPS-induced inflamma)on. PPARg ac)va)on by 

pre-treatment of BMDMs with rosiglitazone markedly reduced Tnf-a secre)on. This effect was 

obvious in both WT and Nlrc5 KO cells (Figure 20 A). However, alike what was observed for 

NLRC5-/- THP-1 cells, in Nlrc5-/- BMDMs the reducing effect of rosiglitazone was less stringent 

as in the WT BMDMs (Figure 20 B, 63% reduc)on of Tnf-a produc)on in WT vs. 48% reduc)on 

in KO BMDMs). Iden)cal to the experimental setup used for THP-1 macrophage-like cells, 

Nlrc5-/- and WT BMDMs were s)mulated with 0.4 µg/ml rosiglitazone overnight, treated with 

50 ng/ml LPS for the indicated )me and p38 phosphoryla)on was inves)gated (Figure 20 C – 

E). For both genotypes, p-p38 levels increased un)l 60 minutes of LPS s)mula)on and then 

subsided. For WT cells, rosiglitazone treatment highly reduced p-p38 levels for all )mepoints 

inves)gated (Figure 20 C le^, D), whereas this effect in the Nlrc5-/- cells was only visible for the 

early )mepoint of LPS s)mula)on. For 90 and 120 minutes of LPS s)mula)on, no more 

difference was observed between rosiglitazone treated and untreated KO cells (Figure 20 C 

right, E). Thus, also in primary murine macrophages, NLRC5 acts together with PPARg 

ac)va)on in dampening LPS-induced inflamma)on.  

All taken together, these findings obtained in THP-1 macrophage-like cells as well as 

primary macrophages point towards a synergis)c effect of NLRC5 and PPARg, not only in PPARg 

target gene induc)on as seen in the HeLa Flp-In cell lines (Figure 16), but also in the context of 

LPS-induced inflamma)on. This might indicate that besides a direct effect on adipocytes, 

NLRC5 might also regulate pro-inflammatory macrophages in the AT and thus eventually 

influence obesity-associated low-grade inflamma)on.  
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Figure 20: NLRC5 deficiency in murine bone marrow-derived macrophages increases pro-inflammatory 
responses and reduces PPARg’s an.-inflammatory proper.es in LPS-induced inflamma.on. Bone marrow-
derived macrophages (BMDMs) from WT and Nlrc5-/- animals were treated with 50 ng/ml LPS for 6 h (A, B) or the 
indicated 3me (C – E). If indicated, BMDMs were treated overnight with 0.4 μg/ml rosiglitazone prior to LPS 
treatment. (A) Tnf-a secre3on of WT and Nlrc5-/- BMDMs normalized on the Tnf-a secre3on of WT BMDMs + 
50 ng/ml LPS - rosiglitazone. (B) % reduc3on of Tnf-a secre3on by rosiglitazone treatment in WT and Nlrc5-/- 
BMDMs. (C) Immunoblot probed for p38, phosphorylated p38 and β-ac3n as loading control. (D, E) Quan3fica3on 
of phosphorylated p38 band intensity normalized to p38 band intensity for WT (D) and Nlrc5-/- (E) BMDMs. (A, B) 
Data show mean ± S.D. of three independent experiments conducted in biological duplicates with n = 4 (WT) or 
3 (Nlrc5-/-) animals. (C - E) Data is representa3ve of 2 independent experiments using 2 (WT) or 3 (Nlrc5-/-) animals 
in total. 
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Inves3ga3on of the molecular mechanisms underlying PPARg target gene 

regula3on by NLRC5  

NLRC5 reduces PPARg’s transcrip,onal ac,vity in luciferase reporter gene assays 

 NLRC5, itself a known transcrip)onal regulator (Meissner et al., 2010), co-regulates 

PPARg target genes (Figure 16) and contributes to PPARg’s an)-inflammatory func)on in 

macrophages (Figure 18, Figure 19, Figure 20). As we addi)onally show here that NLRC5 and 

PPARg directly interact (Figure 15), these data open the intriguing possibility that NLRC5 and 

PPARg act together, as a transcrip)onal complex, and bind to the promoters of PPARg target 

genes, thereby synergis)cally regula)ng their transcrip)on. Thus, we aAempted to gain 

mechanis)cal insights into how NLRC5-mediated the synergis)c co-regula)on of PPARg 

targets. PPARg is bound to the promoters of its target genes by a consensus AGGTCA sequence 

repeated once and separated by one nucleo)de, the so-called DR-1 or PPRE (A et al., 1997), 

thereby media)ng its transcrip)onal ac)vity. To inves)gate if PPRE ac)vity was influenced by 

NLRC5, reporter gene assays were conducted using HEK293T cells transfected with a PPRE-

containing luciferase reporter construct (PPRE X3 TK Luc (Forman et al., 1995)). Func)onality 

of the reporter construct was verified by increased luciferase ac)vity upon treatment of cells 

with rosiglitazone (Figure 21 A). In contrast to the data obtained before, transfec)on of 

increasing amounts of NLRC5 decreased PPRE-mediated luciferase ac)vity in both, 

rosiglitazone treated and untreated cells (Figure 21 A).  

For DNA binding, PPARg requires heterodimeriza)on with the nuclear RXR (Lehrke & 

Lazar, 2005; Miyata et al., 1994). We hypothesized HEK293T cells to have too liAle endogenous 

RXR expression to guarantee sufficient PPARg DNA binding and thus co-transfected the 

indicated amounts of an RXR expression plasmid alongside NLRC5. Combined RXR and NLRC5 

expression however did not enhance luciferase ac)vity compared to cells transfected with 

NLRC5 only (Figure 21 B).  

CCAAT/enhancer-binding protein α (C/EBPα) besides PPARg is considered the most 

important factor in adipogenesis, and PPARg and C/EBPα mutually induce each other’s 

expression in late stage adipogenesis to keep adipocytes in a differen)ated state (Rosen et al., 

2002; Rosen & MacDougald, 2006; Tontonoz, Hu, & Spiegelman, 1994; Wang et al., 1995). 

Thus, we tested, whether C/EBPα expression was the missing factor eventually contribu)ng to 

increased PPRE ac)vity by NLRC5. However, as observed for co-expression of RXR and NLRC5, 
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also combined C/EBPα and NLRC5 expression did not enhance luciferase ac)vity compared to 

cells transfected with NLRC5 only (Figure 21 C). 

As we were not able to recapitulate the enhancing effect of NLRC5 on PPRE ac)vity in 

HEK293T cells that was expected based on the previous results generated with HeLa cells, we 

set out for a closer inves)ga)on of the PPRE luciferase reporter plasmid used. The PPRE 3X TK 

Luc reporter plasmid contains three copies of the PPRE of the acyl-CoA oxidase gene (Forman 

et al., 1995). Given the close homology of PPREs throughout the PPAR family, the PPRE of the 

acyl-CoA oxidase gene is bound by and mediates PPARg transcrip)onal ac)vity (Figure 21 A – 

C). However, the acyl-CoA oxidase PPRE originally has been described to be targeted by PPARa 

(Demoz et al., 1994; Tugwood et al., 1992). Thus, we hypothesized NLRC5 to confer a certain 

level of specificity when regula)ng PPARg transcrip)onal ac)vity which might be conferred by 

different PPREs. As we previously showed that NLRC5, in synergy with PPARg, induces the 

transcrip)on of FABP4 (Figure 16) we decided to generate a new luciferase reporter construct, 

containing the PPRE of the murine Fabp4 for the following two reasons. First, we wanted to 

stay as close to the murine system as possible, given the pronounced adiposity phenotype for 

female Nlrc5DExon4-7 mice on HFD. And second, upon screening of the murine Fabp4 promoter 

sequence, consensus sequence modules were detected (data not shown) resembling the S, X 

and Y box consensus sequences of MHC class I genes and other known NLRC5 targets (Ludigs 

et al., 2015). Interes)ngly, some of these sequence modules clustered around the PPRE. Thus, 

a new luciferase reporter construct was cloned (mFabp4 PPRE), containing a 2,300 bp fragment 

of the murine Fabp4 promoter, including the PPRE and most of the consensus sequence 

modules. Func)onality of the mFabp4 PPRE reporter construct was tested by transfec)on of 

the indicated amounts alongside 2 ng of PPARg1 into HEK293T cells and treatment with 

rosiglitazone (Figure 21 D). Luciferase ac)vity was considerably lower compared to the PPRE 

X3 TK Luc reporter construct, probably because the new construct contained only one PPRE 

copy, but increased upon rosiglitazone treatment at reporter concentra)ons of 75 ng and 

more, verifying reporter construct func)onality. Thus, the mFabp4 PPRE reporter construct 

was co-transfected with 2 ng PPARg1 and the indicated amounts of NLRC5 into HEK293T cells 

(Figure 21 E). S)ll, NLRC5 expression dose-dependently decreased luciferase ac)vity in 

rosiglitazone treated cells. No change in luciferase ac)vity was observed for non-s)mulated 

cells (Figure 21 E). Taken together, NLRC5 overexpression reduced PPARg’s transcrip)onal 

ac)vity as measured by reporter gene assays.  
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Figure 21: NLRC5 reduces PPARg’s transcrip.onal ac.vity in reporter gene assays. Reporter gene assays in 
HEK293T cells overexpressing 50 ng PPRE 3X TK Luc (A-D) or 100 ng mFabp4 PPRE Luc (D, E) reporter gene 
constructs if not indicated otherwise and (A) the indicated amount of myc-NLRC5; (B, C) 2 ng myc-NLRC5 and the 
indicated amounts of RXR (B) or C/EBPα (C) or (D, E) the indicated amounts of myc-NLRC5 and 2 ng PPARg. Data 
show mean ± S.D. of three independent experiments each conducted in technical triplicates. 
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Analysis of the NLRC5:DNA interac,on at the FABP4 promoter by ChIP 

Luciferase reporter gene assays are useful to study gene expression, however they are 

also prone to genera)ng artefacts. In addi)on, it has been shown that some NLRs are able to 

ar)factually inhibit luciferase ac)vity by post-transcrip)onal modifica)ons (Ling et al., 2012), 

an effect that has also been observed by members of our lab (personal conversa)on). Also, 

reporter gene assays are prone to )tra)on effects, such as overexpression of transcrip)onal 

co-factors possibly leading to reduced instead of increased promoter ac)va)on because an 

excess of co-factor scavenges the transcrip)onal complex and thus inhibits promoter 

ac)va)on (T. A. Kufer, personal conversa)on). Thus, to directly assess binding of NLRC5 to the 

promoter of PPARg targets, chroma)n-immunoprecipita)on (ChIP) studies were conducted 

using HeLa Flp-In GFP-NLRC5 cells. Two different protocols of GFP-NLRC5 pulldown were 

conducted, using an)body-coupled protein G beads (Figure 22) or a commercially available 

GFP-Trap agarose resin (Figure 23), respec)vely. If indicated, cells were treated with 1 µg/ml 

doxycycline and 0.4 µg/ml rosiglitazone overnight prior to crosslinking, cell harvest and lysis. 

Chroma)n was sheared using ultrasound, yielding DNA fragments of 500 bp and smaller 

(Figure 22 A, Figure 23 A). A^er pulldown, immunoprecipitated DNA was analysed by ChIP qRT-

PCR, amplifying the promoter region of the indicated genes. For HLA-B, FABP4 and HLA-DRA 

the promoter regions containing the docking sites for NLRC5, PPARg and CIITA, respec)vely, 

were amplified. For glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a 180 bp fragment 

containing the TATA box and the TSS was amplified. Data is presented as % Input, reflec)ng the 

amount of DNA pulled down by the indicated an)body in respect to the amount of DNA used 

per reac)on.  

First, pulldown was performed using an an)-GFP or an)-RNA polymerase II (RNA Pol II) 

an)body bound to protein G beads. Beads bound to a species-matched isotype control 

an)body were used to control for unspecific DNA binding (Figure 22 B – E). Detec)on of highly 

increased RNA Pol II binding to the promoter of the house keeping gene GAPDH verified 

successful pulldown and assay func)onality (Figure 22 B). NLRC5 is known to associate with 

the promoters of MHC class I genes (Meissner et al., 2010; Neerincx et al., 2012). Thus, to 

control for successful pulldown of GFP-NLRC5-bound chroma)n, immunoprecipitated DNA 

was analysed for the abundance of HLA-B promoter fragments (Figure 22 C). Induc)on of 

HLA-B by doxycycline-mediated expression of NLRC5 was verified by binding of the RNA Pol II 

to the HLA-B promoter (Figure 22 C, white and black bars) which was determined by IP of RNA 
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Pol II using a specific an)body. For GFP-NLRC5, only marginal binding over isotype control at 

the HLA-B promoter was detected (Figure 22 C, compare light to dark grey bars) and % Input 

levels were generally low. To answer the ques)on of poten)al NLRC5 binding to the FABP4 

promoter, chroma)n co-immunoprecipita)ng with GFP-NLRC5 was analysed for the 

abundance of the PPRE-containing FABP4 promoter region (Figure 22 D). Enhanced binding 

over isotype control was observed for uninduced HeLa GFP-NLRC5 cells and, to a higher 

extend, for cells treated with doxycycline and rosiglitazone, matching the data on enhanced 

FABP4 transcrip)on mediated by low, leaky levels of NLRC5 and the synergis)c induc)on of 

high FABP4 levels by NLRC5 and PPARg ac)va)on (Figure 16 C, D). However, no binding of GFP-

NLRC5 to the FABP4 promoter was seen for induced cells not treated with rosiglitazone nor 

was RNA Pol II binding to the FABP4 promoter observed for induced and rosiglitazone treated 

cells, contras)ng the data on FABP4 induc)on by NLRC5 and PPARg (Figure 16 C, D). The 

general small amount of DNA that was co-immunoprecipitated ques)oned the robustness of 

the data, especially as NLRC5 presented with similar binding paAern and % Input levels at the 

promoter of HLA-DRA (Figure 22 E), which as an MHC class II gene is not regulated by NLRC5 

(Meissner et al., 2010; Neerincx et al., 2012). This is also reflected by RNA Pol II not binding to 

the HLA-DRA promoter over isotype control (Figure 22 E, white and black bars).  
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Figure 22: Analysis of NLRC5:DNA interac.on at the FABP4 promoter by ChIP assays using GFP an.body-
coupled beads. HeLa GFP-NLRC5 cells were treated with 1 µg/ml doxycycline and 0.4 µg/ml rosiglitazone 
overnight, where indicated. Cells were lysed, chroma3n was sheared by ultrasound and chroma3n 
immunoprecipita3on (ChIP) was performed (A) Sheared chroma3n of HeLa GFP-NLRC5 cells treated as indicated. 
(B – E) Immunoprecipitated chroma3n was analysed by qRT-PCR for the abundance of promoter sequences of 
the indicated genes. Data is presented as % Input, reflec3ng the amount of DNA pulled down by the indicated 
an3body in respect to the amount of DNA used per reac3on. 
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The low levels of HLA-B detected in the GFP-NLRC5-precipitated DNA indicated 

experimental problems with the pulldown of GFP-NLRC5 and bound DNA, hampering drawing 

conclusions on poten)al NLRC5 binding to the FABP4 promoter. Thus, we improved GFP-NLRC5 

pulldown by using a commercially available GFP-Trap agarose resin, which in previous 

experiments proved to be highly efficient in pulling down GFP-tagged NLRC5 (Figure 15 A, B). 

Sheared chroma)n (Figure 23 A) was incubated with GFP-Trap agarose or the corresponding 

control resin and precipitated DNA was analysed for the abundance of HLA-B (Figure 23 B) and 

FABP4 (Figure 23 C) promoter fragments. Independent of treatment, an approximate two-fold 

increased binding over control of NLRC5 to the HLA-B promoter was detected (Figure 23 B), 

matching the data on robust and low threshold MHC class I induc)on by NLRC5 (Figure 16 A, 

B). Generally, more DNA was immunoprecipitated compared to pulldown with GFP an)body-

coupled protein G beads (Figure 22 C), proving GFP-Trap agarose resin to be more efficient for 

GFP-NLRC5 pulldown in ChIP assays. Analysing co-immunoprecipitated chroma)n for the 

abundance of FABP4 promoter fragments revealed no enrichment of NLRC5 over control at 

the FABP4 promoter for untreated cells or cells treated with either doxycycline or rosiglitazone 

alone (Figure 23 C), contras)ng the data generated by pulldown of GFP-NLRC5 with protein G 

beads (Figure 22 C). For HeLa GFP-NLRC5 cells induced by doxycycline and s)mulated with 

rosiglitazone, slightly enhanced binding of NLRC5 over control was detected (Figure 23 C), in 

turn reflec)ng what has been observed for the pulldown using GFP an)body-coupled protein 

G beads (Figure 22 C). However, it must be noted that binding of the control beads to the 

FABP4 promoter was lower compared to the other pulldown condi)ons, ques)oning the 

enhanced binding of NLRC5 to be a real effect of NLRC5 induc)on in synergy with PPARg 

ac)va)on or rather an artefact caused by reduced binding of the control beads to the FABP4 

promoter for reasons that remain to be determined.  

In summary, binding of NLRC5 to the FABP4 promoter over control was observed for 

some experimental condi)ons (Figure 22 D; Figure 23 C), reflec)ng the induc)on of FABP4 by 

NLRC5, alone or in synergy with PPARg. However, given the low amounts of DNA pulled down 

with GFP-NLRC5 and the varying results for the experimental condi)ons, these data must be 

interpreted cau)ously. Thus, the hypothesis of NLRC5 and PPARg together as one 

transcrip)onal complex binding to the promoters of PPARg target genes involved in 

adipogenesis and inflamma)on, thereby synergis)cally regula)ng their transcrip)on, needs 

valida)on by independent means.  
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Figure 23: Analysis of NLRC5:DNA interac.on at the FABP4 promoter by ChIP assays using GFP-Trap agarose 
resin. HeLa GFP-NLRC5 cells were treated with 1 µg/ml doxycycline and 0.4 µg/ml rosiglitazone overnight, where 
indicated. Cells were lysed, chroma3n was sheared by ultrasound and chroma3n immunoprecipita3on (ChIP) was 
performed using GFP-trap agarose beads. (A) Sheared chroma3n of HeLa GFP-NLRC5 cells treated as indicated. 
(B, C) Immunoprecipitated chroma3n was analysed by qRT-PCR for the abundance of promoter sequences of the 
indicated genes. Data is presented as % Input, reflec3ng the amount of DNA pulled down by the indicated 
an3body in respect to the amount of DNA used per reac3on. 
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its associated morbidi)es (Bauer et al., 2023b). In addi)on, to put their expression in the 

context of the whole NLR family, the expression of Nlrp1b, Nlrx1, Nlrc3 and Nlrp10 was 

inves)gated, which so far have not been implicated in metabolic processes.  

NLPR1B belongs to the inflammasome forming NLR proteins, and is ac)vated by the 

cleavage of the N-terminus, resul)ng in its proteasomal degrada)on and libera)on of the 

CARD-containing C-terminal fragment which downstream induces Caspase-1 ac)va)on (Chui 

et al., 2019; Robinson et al., 2020; Sandstrom et al., 2019). Recently, human but not murine 

NLRP1B was iden)fied as direct sensor for double stranded (ds) viral RNA (Bauernfried et al., 

2021). NLRX1 recognizes viral RNA and has been implicated in the regula)on of type I IFN 

responses (Snaka & Fasel, 2020). Targeted to the mitochondria (Arnoult et al., 2009; Moore et 

al., 2008), NLRX1 maintains mitochondrial homeostasis (Chu, Wu, & Raju, 2019; Jaworska et 

al., 2014; Stokman et al., 2017) by regula)ng autophagy, mitophagy and produc)on of 

mitochondrial reac)ve oxygen species (ROS) (Huang et al., 2018; Lei et al., 2012; Zhang et al., 

2019). NLRC3 is primarily known as nega)ve regulator of innate immune signalling and has 

been shown to inhibit NF-kB-mediated inflamma)on, type I IFN responses and inflammasome 

forma)on (Sun et al., 2022). NLRP10, the smallest NLR family member, has been implicated in 

enhancement of NF-kB-mediated pro-inflammatory signalling upon bacterial infec)on (Lautz 

et al., 2012; Mirza et al., 2019) and was recently iden)fied to form an inflammasome upon 

sensing of mitochondrial damage (Prochnicki et al., 2023).  

Nlrc5 and Nod1 presented with a non-significant increase in expression upon HFD 

feeding which was more pronounced in the AT (Figure 24 A, B; Figure 25 A, B). Nod2 in the AT 

also presented with a non-significantly increased expression (Figure 24 C), while in the liver 

Nod2 levels were unchanged (Figure 25 C). The Nod1 and Nod2 associated kinase Ripk2 

presented with a faint decrease in expression in AT (Figure 24 D) and stable expression levels 

in the liver comparing control and HFD fed animals (Figure 25 D). Expression of Nlrp3 and its 

adaptor molecule Asc did not differ in the AT of the two interven)on groups (Figure 24 E, F) 

whereas mRNA levels of both proteins were increased the liver, reaching high sta)s)cal 

significance for Asc (Figure 25 E, F). Nlrp6 and Nlrp12, also inflammasome forming NLRs, 

presented with a non-significant reduc)on in expression in the AT (Figure 24 G, H). For Nlrp12, 

this reduced expression was also observed in the liver (Figure 25 H), where Nlrp6 presented 

with unchanged expression levels (Figure 25 G). It must be noted that Nlrp6 and Nlrp12 were 

only very low expressed in the AT, which must be considered upon data interpreta)on. Nlrx1 
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expression did not change upon HFD feeding in both organs (Figure 24 I; Figure 25 I). Nlrp1b 

and Nlrc3 were only expressed in liver )ssue, both presen)ng with faintly increased expression 

in the HFD group (Figure 25 J, K). Notably, the only NLR presen)ng with significant altera)ons 

in expression by HFD was Nlrp10, whose expression was highly increased in both, epididymal 

AT and liver (Figure 24 J; Figure 25 L).  

In summary, the expression of many of the inves)gated NLRs and accessory proteins 

were influenced by HFD (Figure 24 K; Figure 25 M). However, expression changes for most NLRs 

were marginal and did not reach sta)s)cal significance, with excep)on of Asc and Nlrp10, 

which were increased significantly in liver or both )ssues inves)gated, respec)vely.  
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Figure 24: NLR expression in mouse adipose .ssue. (A – J) mRNA expression of the indicated NLR or adjacent 
signalling molecule in the epididymal adipose 3ssue of female WT mice aaer 11 week of control (ctrl.) or high-fat 
diet (HFD). n = 5 animals per group. 4 animals from the study described in Figure 3 and one animal from a pilot 
experiment using the same experimental setup were used. Data show mean ± S.D. (K) Change of mRNA 

expression by HFD. Data show !!"#$	!&'(	")*+",,-.$	./	012	3+.4*
!"#$	!&'(	")*+",,-.$	./	56+7.3+.4*

" − 1. n.s. = non-significant, *p ≤ 0.05 unpaired 

t-test. 
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Figure 25: NLR expression in mouse liver .ssue. (A – L) mRNA expression of the indicated NLR or adjacent 
signalling molecule in the liver of female WT mice aaer 11 week of control (ctrl.) or high-fat diet (HFD). n = 5 
animals per group. 4 animals from the study described in Figure 3 and one animal from a pilot experiment using 
the same experimental setup were used. Data show mean ± S.D. (M) Change of mRNA expression by HFD. Data 

show !!"#$	!&'(	")*+",,-.$	./	012	3+.4*
!"#$	!&'(	")*+",,-.$	./	56+7.3+.4*

" − 1. n.s. = non-significant, *p ≤ 0.05, ***p ≤ 0.0005 unpaired t-test. 

 

Expression of NLRC5, NOD1 and NOD2 in obese human individuals 

 To consolidate the NLR expression data generated in mice, expression of some NLRs 

was determined in obese pa)ents with BMI ranging from 30.3 to 62.9 kg/m2, using cDNA 

obtained from full blood RNA, which was kindly provided by the group of Stephan Bischoff 

(University of Hohenheim, StuAgart). Due to limited sample availability, only the mRNA levels 

of NLRC5, NOD1 and NOD2 were determined. NLRC5 was chosen to poten)ally be able to 

transfer the data on more pronounced adiposity for Nlrc5DExon4-7 animals to the human se�ng, 

whereas NOD1 and NOD2 where selected based on the already exis)ng data on their 

regula)on in obese individuals (Lappas, 2014; Shiny et al., 2013; Zhou et al., 2015), serving as 

reassurance of assay func)onality. Given the highly increased expression of Nlrp10 upon HFD 

feeding in mice (Figure 24, Figure 25), addi)onal detec)on of NLRP10 was aAempted, however 

failed due to too low expression in the whole blood samples.  

 NLRC5 expression correlated nega)vely with BMI (Figure 26 A, dashed red line). This 

nega)ve correla)on, however, was mainly driven by two samples presen)ng with 

extraordinary high NLRC5 expression in comparison the other samples (Figure 26 A, red dots). 

The laboratory data of these pa)ents revealed increased alanine aminotransferase (ALT) levels, 

indica)ve of liver damage possibly caused by viral infec)on. Given that viral infec)ons are 

known to drive NLRC5 expression (Kuenzel et al., 2010), these two samples were excluded 

from analysis, resul)ng in no more correla)on of NLRC5 expression with BMI (Figure 26 A, solid 

black line). For NOD1, a nega)ve corela)on with BMI was found (Figure 26 B). Also NOD2 

expression correlated nega)vely with BMI (Figure 26 C), although it must be noted that NOD2 

levels in the full blood samples were very low, which must be considered upon data 

interpreta)on. 

 Taken together, NOD1 nega)vely correlates with BMI in full blood samples of obese 

pa)ents. The same might held true for NLRC5 and NOD2, whereby here the limita)ons listed 

above must be considered upon data interpreta)on.  
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Figure 26: NLRC5, NOD1 and NOD2 expression in obese human individuals. (A – C) Expression of NLRC5 (A), 
NOD1 (B) and NOD2 (C) obtained from full blood RNA samples of obese human individuals. Data show mRNA 
expression in correla3on to body mass index (BMI). n = 14.  
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Discussion 

NLRC5 initially has been identified as the master regulator of MHC class I genes 

(Meissner et al., 2010; Neerincx et al., 2014; Neerincx et al., 2012). While MHC class I 

regulation is undoubtedly a key function, NLRC5 was additionally shown to be involved in the 

negative regulation of NF-kB-mediated pro-inflammatory responses (Benko et al., 2010; Cui 

et al., 2010; Li et al., 2014; Tong et al., 2012) and modulation of antiviral type I IFN responses 

(Cui et al., 2010; Kuenzel et al., 2010; Neerincx et al., 2010; Tong et al., 2012; Wu et al., 2017). 

In the recent years, NLRC5 has also been implicated in metabolic traits (Cao-Lei et al., 2019; 

Charlesworth et al., 2009; Hosseinzadeh et al., 2019; Lin et al., 2018; Meeks et al., 2017). 

However, so far, no confirmation of these singular observations is available nor have 

functional mechanisms been proposed or experimentally proven. Thus, we set out to 

investigate the effect of NLRC5 in obesity in vivo, using two different Nlrc5 deficient mouse 

lines, and in vitro, using the 3T3-L1 preadipocyte cell line with modified Nlrc5 expression, and 

embarked to unravel the molecular mechanisms behind NLRC5’s effect on diet-induced 

adiposity. 

  

The effect of Nlrc5 deficiency on diet-induced obesity, microbiome composi,on and 

in vitro adipocyte differen,a,on 

Nlrc5DExon4-7 mice presented with highly increased body and adipose tissue weight gain 

and significantly bigger adipocytes. Interestingly, another study also reported a trend towards 

increased weight gain in Nlrc5 deficient animals on HFD, however without mechanistically 

elaborating on this finding (Ma & Xie, 2017). In the human setting, two independent 

epigenome-wide associations studies identified the NLRC5 locus to be differentially 

methylated in normal weight versus obese individuals, but with conflicting results. Meeks et 

al. positively and Cao-Lei et al. negatively associated methylation of the NLRC5 locus with 

obesity (Cao-Lei et al., 2019; Meeks et al., 2017), BMI and waist circumference (Meeks et al., 

2017). In most cases, DNA methylation mediates gene repression (Moore, Le, & Fan, 2013). 

Thus, our results are in line with the work of Meeks et al. finding associations of lower 

accessibility of the NLRC5 locus with obesity (Meeks et al., 2017). Matching these data, we 

found NLRC5 expression in whole blood samples from obese patients to be negatively 

correlated with BMI. It should be noted, however, that this corelation was mainly driven by 
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two samples presenting with comparably high NLRC5 expression, potentially driven by viral 

infection, complicating data interpretation.  

In contrast to the more pronounced adiposity of Nlrc5DExon4-7 mice, serum triglycerides 

were significantly reduced compared to WT mice on HFD. SNPs in NLRC5 have been associated 

with alterations in lipid metabolism (Charlesworth et al., 2009; Hosseinzadeh et al., 2019; Lin 

et al., 2018). Charlesworth et al. showed that SNPs in NLRC5 significantly correlated with HDL 

cholesterol levels (Charlesworth et al., 2009). In line, Hosseinzadeh et al. correlated SNPs in 

NLRC5 with HDL cholesterol, total cholesterol and triglyceride levels (Hosseinzadeh et al., 

2019) and one SNP in NLRC5 (rs2178950) has been associated with low-density lipoprotein 

(LDL) and total cholesterol dyslipidaemia (Lin et al., 2018). Together with our observations on 

reduced serum triglyceride levels of Nlrc5DExon4-7 compared to WT mice, these data point 

towards an influence of NLRC5 on lipid metabolism, the nature of which remains to be 

determined in more detail in further studies.  

In this work, we identify a strong adiposity phenotype for female Nlrc5DExon4-7 mice. We 

did also include male Nlrc5DExon4-7 mice in the feeding study, but the results were inconclusive 

compared to the strong phenotype in female mice (data not shown). Strikingly, female mice 

have been shown to be fairly resistant to diet-induced obesity, a protection that is conferred 

by the female sex hormone oestrogen (Dakin et al., 2015; Pettersson et al., 2012; Stubbins et 

al., 2012; Yasrebi et al., 2017). Alike PPARg, the oestrogen receptors (ER) belong to the family 

of NRs and share their common domain architecture (Fuentes & Silveyra, 2019). NLRC5 was 

shown to interact with the LBD of PPARg (Luan et al., 2019). As the LBD of NRs contains some 

conserved structural features (Huang, Chandra, & Rastinejad, 2010; Wurtz et al., 1996) this 

opens up the possibility that NLRC5 also interacts with ERs and modulates their signalling, 

thereby mediating the strong effect of diet-induced obesity on female compared to male mice. 

Investigation of the underlying mechanisms mediating the sex-specificity of Nlrc5 deficiency 

in the obesity context should be subject to future research. 

For other NLRs, effects on gut microbiota composition have been reported, that in the 

case of NLRP12 were associated with weight gain (Truax et al., 2018). Faecal microbiome 

composition analysis by 16S rRNA sequencing of Nlrc5DExon4-7 mice on HFD revealed 10 

bacterial taxa to be significantly altered in abundance and seven of those being associated 

with our dietary intervention. Of those, most (Ruminococcaceae, Oscillibacter, Lactobacillus, 

Erysipelatoclostridium and Clostridiales Family XIII) have been described to be altered in 
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abundance by HFD or in the obesity context before (Bailen et al., 2020; Daniel et al., 2014; He 

et al., 2022; Jo et al., 2021), reflecting our result. Only for Lachnospiraceae NK4A136, our data 

is contradicting the finding of reduced relative abundance upon HFD feeding, as described by 

others (Bisanz et al., 2019; Li et al., 2020). The reasons for these conflicting findings remain to 

be determined. Interestingly, two of the three bacterial groups that were differentially 

affected by diet:genotype interactions in a broader sense are associated with metabolic traits. 

Lachnospiraceae NK4A136 has been shown to be increased in abundance in rats with T2DM 

(Cui et al., 2019). And the relative abundance of Marvinbryantia was increased in rats upon 

high fructose intake (Wang et al., 2020) and in rabbits after HFD feeding (Guo et al., 2022). 

The identified alterations in relative abundance were only small and based on compositional 

data, which does not allow conclusion to be drawn on absolute changes of specific bacteria 

(Gloor et al., 2016). Still, these microbial changes could contribute to the phenotype of 

Nlrc5DExon4-7 animals.  

In contrast to female Nlrc5DExon4-7 mice, male and female Nlrc5DExon4 mice did not 

present with increased adiposity compared to WT mice on HFD, even though the HFD feeding 

duration was increased with 20 compared to 11 weeks. The possible reasons for this 

discrepancy are manifold. Both Nlrc5 deficient mouse lines were generated via the Cre/LoxP 

system in C57BL/6N background. While in Nlrc5DExon4-7 mice the NACHT domain and parts of 

the LRR domain are deleted, Nlrc5DExon4 mice only lack the NACHT domain. Both the ATPase 

activity of the NACHT and the presence of the LRR domain of NLRC5 have been shown to be 

essential for NLRC5’s transcriptional activity (Neerincx et al., 2012). Thus, no functional Nlrc5 

constructs should be present in either of the two Nlrc5 deficient mouse lines, rendering it 

unlikely that the differences observed between Nlrc5DExon4-7 and Nlrc5DExon4 mice result from 

different targeting strategies for Nlrc5 deletion. A more likely cause for the different reactions 

of the two Nlrc5 deficient mouse lines on HFD feeding are differences in microbiome 

composition, which was only investigated for the Nlrc5DExon4-7 mice. The microbiome of 

laboratory mice is known to influence experimental outcome and reproducibility and to be 

influenced by many factors, including housing, diet and stress factors like handling or noise 

(Laukens et al., 2016). The two feeding studies were conducted in different animal facilities by 

different people. Although both animal facilities have SPF status, this only guarantees the 

absence of certain pathogens, but does not allow any conclusions to be drawn on the 

microbiome composition of the housed animals. Nlrc5DExon4-7 mice were kept in open cages 
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whereas Nlrc5DExon4 animals were housed in individually ventilated cages. On top, Nlrc5DExon4-7 

and Nlrc5DExon4 mice received a different HFD with slightly varying nutrient composition. 

Nlrc5DExon4-7 mice received a diet containing 54 kcal% fat, 29 kcal% carbohydrates and 17 kcal% 

protein, whereas Nlrc5DExon4 mice received a diet higher in fat (60 kcal%) and protein (20 kcal%) 

and lower in carbohydrates (20 kcal%). On top, dietary intervention for Nlrc5DExon4-7 mice was 

started simultaneously for all animals, while Nlrc5DExon4 mice were started on HFD as and when 

the mice became available. Thus, Nlrc5DExon4-7 and Nlrc5DExon4 mice almost certainly presented 

with different microbiome compositions. As we show the gut microbiome composition to be 

altered by both, Nlrc5 deficiency and HFD feeding, the effect of Nlrc5 deficiency on diet-

induced obesity might be influenced by the microbiome composition, relying on the presence 

and/or absence of certain bacterial species. Further studies will be needed to address this 

question.  

Due to the pronounced effect of NLRC5 on AT and adipocytes, we set out to investigate 

the effects of Nlrc5 deficiency on adipocyte differentiation using the 3T3-L1 preadipocyte cell 

line. 3T3-L1 differentiation to mature adipocytes was successfully established. Nlrc5 modified 

3T3-L1 clones presented with reduced differentiation compared to WT cells, however this was 

also true for the non-modified EV control clone. 3T3-L1 cells are known to lose their 

differentiation behaviour with high passage number (Wolins et al., 2006), although a precise 

maximal passage number has not yet been determined. Generation of new, passage-matched 

CRISPR/Cas9 cell pools did not reveal any differences in differentiation between Nlrc5 

modified, EV and WT pool cells, indicating senescence due to heavy passaging of the Nlrc5 

modified 3T3-L1 cell clones to be the reason for the reduced differentiation behaviour 

observed. In addition, as Pparg and Fabp4 protein levels were reduced in all cell pools, 

independent of the presence of a Nlrc5 targeting gRNA, lentiviral transduction independent 

of DNA modification might artifactually reduce the expression of adipocyte differentiation 

markers. The absence of an effect of Nlrc5 modification on in vitro adipocyte differentiation 

in this study does not necessarily imply that NLRC5 does not influence adipogenesis. 

Modification of the Nlrc5 locus by CRISPR/Cas9 technology was verified by T7 endonuclease 

assays and Sanger Sequencing, however, could not be verified on protein level, as no suitable 

antibody targeting murine Nlrc5 was available. Introduction of insertions or deletions (INDELs) 

by CRISPR/Cas9-induced DNA double strand breaks and subsequent DNA repair by non-

homologous end joining (NHEJ) can result in alternative transcriptional start codon usage or 
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exon skipping, generating truncated proteins with potentially retained functionality (Tuladhar 

et al., 2019). This, however, in our case is highly unlikely, as we targeted exon 2 or 3 which 

encode for the transcriptionally active DD domain of Nlrc5 (Neerincx et al., 2014; Yao & Qian, 

2013). More likely, Nlrc5 modification in only up to 50% of the newly generated CRISPR/Cas9 

pool cells is not sufficient to perceivably influence 3T3-L1 differentiation behaviour. Thus, the 

effect of Nlrc5 deficiency on adipocyte differentiation awaits further investigation. Future 

studies should focus on using adipocyte cell lines not prone to senescence or even primary 

preadipocytes from WT and Nlrc5 deficient animals. Additionally, adipocyte cell lines with 

shorter differentiation duration like the murine bone marrow-derived OP9 stromal cell line 

(Wolins et al., 2006) could be used, allowing transient gene silencing as means for investigating 

the effect of NLRC5 on adipocyte differentiation.  

 

NLRC5 interacts with PPARg and synergis,cally regulates PPARg target genes 

involved in metabolism and inflamma,on 

Understanding the molecular details behind a phenotypic effect is pivotal for the 

development of preventive or therapeutic interventions. Thus, we set out to explore the 

mechanism behind the pronounced effect of NLRC5 on diet-induced adiposity observed in 

Nlrc5DExon4-7 mice.  

In agreement with published work (Luan et al., 2019) we show that the master 

regulator of adipogenesis, PPARg, interacts with the NACHT domain of NLRC5. We further 

characterize this interaction by providing evidence that only PPARg isoform 1, but not isoform 

2, is binding to NLRC5. PPARg2 differs from PPARg1 only by possessing 28 additional N-

terminal aminos acids (Elbrecht et al., 1996; Janani & Ranjitha Kumari, 2015). Hence, it was 

unexpected that only the shorter PPARg isoform interacts with NLRC5, especially taking into 

consideration that the binding site for NLRC5 has been mapped to the C-terminal LBD of PPARg 

(Luan et al., 2019). PPARg ligand-binding has been shown to be regulated via intra-domain 

communications between the N-terminal domain and the LBD, and modifications of the PPARg 

N-terminus result in altered ligand-binding affinity (Shao et al., 1998). Thus, differences in the 

isoforms’ N-termini could explain the differential binding of NLRC5. We also observed the co-

immunoprecipitation of CIITA, but not NOD1, with PPARg1. CIITA, like NLRC5, functions as a 

transcriptional activator, is considered the master regulator of MHC class II genes (Steimle et 

al., 1993) and phylogenetically is NLRC5’s next closest relative, especially concerning the 
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NACHT domain (Benko et al., 2010). The fact that PPARg1 did not associate with NOD1, which 

is NLRC5’s next closest phylogenetic relative in the NACHT domain after CIITA (Benko et al., 

2010), highlights the high specificity of the PPARg1:NLRC5 interaction. CIITA has been shown 

before to interact with PPARg in a human lung fibroblast cell line (Xu, Farmer, & Smith, 2007). 

Interestingly, this study provided evidence for PPARg aiding CIITA in the transcriptional 

suppression of collagen synthesis by being recruited to CIITA sitting at the promoter of 

collagen genes. In addition, the authors showed transcriptional enhancement of CIITA by 

ectopical PPARg expression (Xu, Farmer, & Smith, 2007). This illustrates that NLR proteins can 

act in synergy with PPARg and thus opens up the possibility of a functional implication of the 

NLRC5:PPARg interaction, potentially involving a positive feedback loop, with PPARg 

upregulating NLRC5 expression. In fact, Luan et al. showed PPARg to bind to the NLRC5 

promoter and to facilitate NLRC5 transcription (Luan et al., 2019).  

The main transcriptional targets of NLRC5 known so far are MHC class I and associated 

genes (Biswas et al., 2012; Ludigs et al., 2015; Meissner et al., 2010; Meissner et al., 2012b). 

As NLRC5 is devoid of a bona fide DBD, its association with chromatin at the MHC I promoter 

is mediated indirectly via the MHC enhanceosome complex (Neerincx et al., 2012), a 

multiprotein DNA binding complex binding to conserved S/X/Y motifs in MHC class I gene 

promotors (Ludigs et al., 2015; Meissner et al., 2010; Neerincx et al., 2012). We show here 

that NLRC5 is also involved in the regulation of the PPARg target FABP4. FABP4 is an 

intracellular lipid chaperone responsible for lipid storage, lipolysis, and metabolism (Amiri et 

al., 2018; Chmurzynska, 2006; Hotamisligil & Bernlohr, 2015; Lee, Lui, & Lam, 2021). For FABP4 

induction, NLRC5 nuclear localization was needed and NLRC5 isoform 3 failed to mediate 

FABP4 transcription, similar as observed earlier for NLRC5-mediated MHC class I gene 

expression (Meissner et al., 2012a; Neerincx et al., 2012), rendering it likely that nuclear 

shuttling of NLRC5 is a prerequisite for the transcriptional activation of PPARg targets. 

Interestingly, there is independent evidence that NLRC5 is a potent transcriptional regulator 

beyond MHC class I genes (Dang et al., 2021; Luan et al., 2019). In accordance with our data, 

Luan et al. showed reduced FABP4 and CD36 mRNA levels upon KD of NLRC5 in human aortic 

smooth muscle cells and upregulation of PPRE activity by NLRC5 in a HEK293T cell-based PPRE 

reporter gene assay (Luan et al., 2019). We were not able to reproduce this enhancing effect 

of NLRC5 on PPRE activity in HEK293T cells but witnessed a dose-dependent decrease in 

luciferase activity for both PPRE reporter constructs used. The reason for this discrepancy 
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remains to be determined. As reporter gene assays are highly artificial systems prone to 

artefacts (Ling et al., 2012), they eventually lie within subtle differences in the experimental 

set-up and reporter constructs used. The reporter construct used by Luan et al. was not 

specified (Luan et al., 2019), impairing the investigation of potential differences to the 

reporter construct used by us. It has been shown that the NLR proteins NLRX1 and NLRC3 are 

able to reduce luciferase activity independent of the controlling transcription factor response 

element by means of post-transcriptional modifications, presumably targeting luciferase 

mRNA translation or protein stability (Ling et al., 2012). Additionally, it was observed that 

titration of co-factors can lead to decreased reporter gene activity due to scavenging of 

transcriptional complexes, impeding DNA binding and promoter activation (T. A. Kufer, 

personal communication). These facts question the suitability of luciferase reporter gene 

assays as tool for investigating the effects of NLRs on promoter activation in general and the 

specificity of the NLRC5-mediated decreasing effect on PPRE-mediated luciferase activity 

observed by us in specific.  

Apart from regulation of PPARg targets and transcriptional activity discussed above 

(Luan et al., 2019), NLRC5 has recently also been shown to regulate the transcription of BTN 

genes via an atypical S/X/Y module (Dang et al., 2021), thereby proving NLRC5 to be implicated 

in transcriptional regulation far beyond MHC class I genes. Both studies provide evidence for 

NLRC5-mediated regulation of non-MHC class I genes. NLRC5 via PPARg activation alleviated 

vascular remodelling and neointima formation (Luan et al., 2019) and NLRC5-regulated BTN3A 

gene expression was proposed to aide in anti-mycobacterial immunity (Dang et al., 2021). 

Thus, it is likely that the synergistic regulation of PPARg targets by PPARg and NLRC5 observed 

by us is functionally connected to the obesity-phenotype we observed in Nlrc5DExon4-7 animals. 

Together with the interaction data, these results suggest the scenario of PPARg and NLRC5 

functioning as a transcriptional complex, binding to the promoters of PPARg target genes via 

PPARg:PPRE interaction, resulting in synergistic regulation of transcription. ChIP assays 

performed to investigate this possibility however yielded inconclusive results. Detection of 

NLRC5 binding to the promoter of HLA-B, a known NLRC5 target (Meissner et al., 2010; 

Neerincx et al., 2012) and thus serving as positive control, was weak. Coherently, no consistent 

binding of NLRC5 to the FABP4 promoter at site of the PPRE was observed over control. As 

mentioned above, NLRC5 associates with the promoters of its target genes indirectly 

(Neerincx et al., 2012), complicating NLRC5-bound chromatin pulldown as direct protein:DNA 
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interaction is missing. Also in the case of FABP4, indirect promoter binding via PPARg would 

be expected. Additionally, high-molecular weight proteins like NLRC5 are prone to 

degradation upon chromatin sonication (Pchelintsev, Adams, & Nelson, 2016), likewise 

hampering NLRC5 pulldown. Thus, to answer the question of NLRC5 binding to the promoter 

of PPARg target genes, thereby synergistically regulating their transcription, further 

refinement of the ChIP conditions is needed to allow for more efficient NLRC5 pulldown.  

NLRC5 confers its specificity towards MHC class I genes and its transcriptional activity 

via its N-terminal DD, albeit this domain presents with comparably low activation potential 

(Neerincx et al., 2014). In this study we show that silencing of Sin3A, a most recently identified 

interactor of the NLRC5 DD (Kienes, 2021), enhances NLRC5-regulated FABP4 transcription. 

Sin3A is primarily known as a transcriptional repressor by providing a scaffold for 

transcriptional complex formation, most prominently the Sin3-HDAC1/2 complex. Sin3A has 

no intrinsic DNA binding activity and thus needs the interaction with transcription factors, 

direct or via a third adaptor molecule, to be able to associate with the DNA (Silverstein & 

Ekwall, 2005). Murine Sin3A has been shown to be recruited to the PPARg promoter by TGF-b1 

stimulation in the scenario of cardiac pressure overload, leading to PPARg repression (Gong et 

al., 2016). Interestingly, Sin3A has also been shown to interact and thus help with the 

recruitment of HDACs to the two co-repressor complexes NCoR and SMRT (Heinzel et al., 

1997; Laherty et al., 1997; Nagy et al., 1997; Wen et al., 2000), both known to associate with 

and mediate the transcriptional repression of type II nuclear hormone receptors, like PPARg, 

in unliganded state (Yu et al., 2005) (reviewed in (Feige & Auwerx, 2007)). Upon ligand binding, 

the co-repressor complex is released and co-activators are recruited (Lehrke & Lazar, 2005; 

McKenna & O'Malley, 2002).  

Thus, a possible working hypothesis would be a “double” negative transcriptional 

regulation of PPARg targets in the absence of ligands: Once by the binding of the long-known 

transcriptional co-repressor/Sin3A/HDAC complexes and once by Sin3A (via NLRC5’s DD) 

binding to and mediating additional HDAC recruitment to the NLRC5:PPARg complex sitting at 

the FABP4 promoter (Figure 27 A). While the classical co-repressor complexes are exchanged 

for co-activators upon ligand-binding, the Sin3A/NLRC5 complex remains associated with 

PPARg, thereby fine-tuning PPARg target gene transcription (Figure 27 B). This role of Sin3A in 

refining transcription would explain the moderate effect of Sin3A KD (Figure 27 C) on FABP4 

transcription. In line with this working hypothesis, Sin3A has been shown to fine-tune the 
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transcriptional response of the thyroid hormone (TH) receptor, also a type II nuclear hormone 

receptor, via interaction with a newly identified protein interacting with the DBD of the TH 

receptor (Mathur, Tucker, & Samuels, 2001).  

 
Figure 27: Proposed working model of NLRC5-mediated regula.on of PPARg target genes. (A) NLRC5 interacts 
with the PPARg ligand-binding domain (LBD) and thus associates with the PPAR response element (PPRE) in the 
FABP4 promoter. Simultaneously, Sin3A interacts with the death domain (DD) of NLRC5 and, in the absence of 
the PPARg ligand rosiglitazone (R), also with the co-repressor complexes NCoR and SMRT, which restrain PPARg-
mediated transcrip3on. Sin3A recruits histone-deacetylases (HDACs), thereby repressing transcrip3on of FABP4, 
while NLRC5 even in the absence of a ligand mediates a certain level of FABP4 transcrip3on. (B) In the presence 
of a ligand, the co-repressor complex is exchanged for a co-ac3vator complex and FABP4 transcrip3on is ini3ated 
by PPARg and NLRC5 in synergy, with NLRC5-bound Sin3A fine-tuning transcrip3on. (C) Upon Sin3A KD, this fine-
tuning effect is lost and FABP4 transcrip3on is further increased.  

How exactly the synergistic regulation of FABP4 by NLRC5, PPARg and eventually Sin3A 

is connected to the obesity-like phenotype of Nlrc5Exon4-7 animals on HFD remains to be 

clarified. Interestingly, it has been shown that Fabp4 deficient mice are protected against the 

development of diet-induced IR and impaired glucose tolerance albeit the development of 

more severe obesity, and that adipocytes of Fabp4-/- animals present with reduced lipolysis 

efficiency (Hotamisligil et al., 1996). In line, genetically obese mice (ob/ob mice) presented 

with significantly reduced blood glucose levels and insulin sensitivity upon genetic disruption 

of Fabp4, which was accompanied by higher body weight and reduced plasma triglyceride and 

cholesterol levels (Uysal et al., 2000). A more recent study demonstrated that RNA 

interference (RNAi)-mediated germline KD of Fabp4 increased body weight and fat mass in 

diet-induced obesity in mice but did not affect plasma glucose and lipid homeostasis or insulin 
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sensitivity (Yang et al., 2011). These data match our working model in which NLRC5 deficiency 

would lead to highly reduced FABP4 transcription, culminating in increased body weight gain, 

adipose tissues and adipocyte size, eventually due to defective adipocyte lipolysis (Figure 28), 

but improvements in serum cholesterol and triglyceride levels in the Nlrc5DExon4-7 animals. As 

CD36 was also upregulated in GFP-NLRC5 compared to GFP expressing HeLa cells it is likely 

that also other PPARg targets involved in metabolism are co-regulated by NLRC5, their 

dysfunctional regulation by NLRC5 deficiency possibly contributing to the here-described role 

of NLRC5 in HFD-induced obesity. 

 
Figure 28: Proposed molecular mechanism behind NLRC5's effect on diet-induced adiposity. In vivo, high-fat 
diet (HFD)-feeding leads to PPARg ac3va3on and Fabp4 transcrip3on, which is reduced upon Nlrc5 KO. The 
resul3ng decrease in Fabp4 leads to higher body weight and more adipose 3ssue compared to WT animals. 

Obesity is accompanied by a chronic state of sterile, low-grade inflammation which is 

known to at least contribute if not cause obesity-associated morbidities (Hotamisligil, 2006). 

PRRs in general and NLRs in specific in the recent years have been implicated in this metabolic 

inflammation (Bauer et al., 2023b). The role of NLRC5 in inflammation is controversially 

discussed. NLRC5 has been shown to inhibit NF-kB signalling and pro-inflammatory cytokine 

secretion in vitro in HEK293T cell-based reporter gene assays and murine RAW264.7 

macrophages (Benko et al., 2010; Cui et al., 2010; Li et al., 2014). In vivo, Nlrc5 KO was shown 

to lead to enhanced NF-kB activation, pro-inflammatory cytokine secretion and accelerated 

cardiac fibrosis upon HFD feeding (Ma & Xie, 2017; Tong et al., 2012). In contrast, Nlrc5 

deficiency reduced diabetic kidney injury by NF-kB suppression (Luan et al., 2018). For some 

Nlrc5 KO mouse models, no differences in NF-kB activation and downstream signalling were 

found (Kumar et al., 2011; Robbins et al., 2012; Yao et al., 2012). In humans, DNA methylation 

of NLRC5 has been positively associated with circulating TNF-α levels and inversely correlated 

with the risk of coronary heart disease (Aslibekyan et al., 2018). Our results on increased 
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TNF-a secretion of NLRC5 deficient THP-1 macrophage-like cells and Nlrc5 KO BMDMs is in 

accordance with most of published data, which describe an anti-inflammatory role of NLRC5 

(Aslibekyan et al., 2018; Benko et al., 2010; Cui et al., 2010; Li et al., 2014; Ma & Xie, 2017; 

Tong et al., 2012) and together, these data suggest a protective role of NLRC5 in the context 

of obesity-associated low-grade inflammation. It must be noted that we could not confirm this 

in our Nlrc5DExon4-7 mice, as these, in contrast to the findings of Ma and Xi (Ma & Xie, 2017), 

did not present with differences in Tnf-a and Tgf-b mRNA levels in liver and epididymal AT 

upon HFD feeding compared to WT animals. This discrepancy might be explained as we 

examined different tissues (liver and AT vs. heart) and by differences in the study design, as 

we used females and 11 weeks of intervention compared to male animals and 15 weeks of 

HFD (Ma & Xie, 2017). Interestingly, deficiency in NLRC5 not only enhanced pro-inflammatory 

responses in THP-1 macrophage-like cells and BMDMs, but also reduced their responsiveness 

to PPARg activation as seen by lower reduction of TNF-a secretion and p38 activation upon 

PPARg stimulation. This indicates synergistic action between NLRC5 and PPARg also in the 

context of LPS-induced inflammation. Given the fact that obesity-associated low-grade 

inflammation has been shown to be driven in major parts by adipose tissue macrophages 

(Olefsky & Glass, 2010), it is tempting to speculate that NLRC5 might play an important role in 

obesity-associated low-grade inflammation, with lowered or absent NLRC5 expression not 

only driving adipose tissue accumulation but also obesity-associated inflammation.  

Different mechanisms behind PPARg’s anti-inflammatory properties have been 

proposed, ranging from degradation (Hou, Moreau, & Chadee, 2012) or nuclear translocation 

impairment of the NF-kB subunit p65 (Zhang et al., 2016) to interaction of PPARg with and 

thus trapping of NF-kB (Chung et al., 2000). How exactly PPARg confers its anti-inflammatory 

properties, however, is not clear. Given the interaction between NLRC5 and PPARg, it might 

be possible that NLRC5 aides PPARg in NF-kB trapping and inhibition of DNA binding. In 

addition, PPARg ligands have been shown to trigger PPARg SUMOylation, allowing for DNA-

independent interaction with and thus stabilization of NCoR/SMRT co-repressor complexes at 

the promoters of pro-inflammatory genes, preventing their transcription (Pascual et al., 2005). 

NLRC5 might aid PPARg in blocking the recruitment of ubiquitin-conjugating enzymes and 

subsequent proteasomal degradation of the co-repressor complex (Pascual et al., 2005) by 

interaction with PPARg.  
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In summary, NLRC5 co-regulates PPARg targets involved in metabolism and modulates 

PPARg’s anti-inflammatory properties. Dysfunctional regulation of these processes by NLRC5 

deficiency possibly contributes to the here-described role of NLRC5 in protecting against HFD-

induced obesity and potentially obesity-associated low-grade inflammation.  

 

Other NLRs and their expression in rela,on to HFD 

NLR proteins in the recent years have been identified as important players in adiposity, 

essentially contributing to obesity-associated morbidities (Bauer et al., 2023b). Upon 

investigation of the influence of an 11-week HFD feeding on the expression of several NLR 

family members and accessory signalling molecules in liver and AT of female WT mice, we 

found Asc and Nlrp10 to be significantly upregulated in liver or both tissues, respectively. In 

line with our data, Asc has been shown to be upregulated in the liver of WT mice by HFD 

feeding before (Yang, Lee, & Lee, 2016). Coherently with its increased expression by HFD, ASC 

was shown to contribute essentially to obesity-associated NAFLD, with Asc deficient animals 

presenting with reduced liver steatosis (Sokolova et al., 2019; Vandanmagsar et al., 2011) and 

increased hepatic insulin sensitivity upon HFD feeding (Sokolova et al., 2019). NLRP10 is highly 

expressed in the skin (Lautz et al., 2012), but also hepatic NLRP10 expression has been 

reported, although the data vary. Wang et al. reported weak expression of NLRP10 in the liver 

and in the hepatic cell line HepG2 (Wang et al., 2004). In contrast, Lech et al. showed NLRP10 

to be highly expressed in human liver samples relative to its expression in the spleen, with 

considerably weaker Nlrp10 expression for murine liver samples (Lech et al., 2010). No data 

on adipose tissue expression of NLRP10 is available so far and neither are data on a role of 

NLRP10 in obesity and its associated morbidities. Recently, NLRP10 was identified as 

inflammasome forming NLR, sensing mitochondrial damage (Prochnicki et al., 2023). Given 

that excessive nutrient intake leads to mitochondrial dysfunction and ROS production 

(Bournat & Brown, 2010; Furukawa et al., 2004; Traba & Sack, 2017), this opens up the 

intriguing possibility that NLRP10 is functioning as sensor of nutrient-induced mitochondrial 

dysfunction. As it has been shown that the NLRP10 inflammasome in intestinal epithelial cells 

is dispensable at steady-state but confers protective effects in dextran sodium sulphate (DSS)-

induced colitis (Zheng et al., 2023), Nlrp10 upregulation might serve to alleviate HFD-induced 

inflammation. These data highlight NLRP10 as promising candidate to further investigate the 

role of NLR proteins in obesity. 
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In contrast to published data, we did not observe significant upregulation of Nlrp3 

(Finucane et al., 2015; Jager et al., 2007; Nagareddy et al., 2014; Sokolova et al., 2019; 

Vandanmagsar et al., 2011; Yin et al., 2014) and Nod1 (Sharma et al., 2022) by HFD, although 

a non-significant increase of Nlrp3 and Nod1 expression was observed in liver and AT, 

respectively. Reasons for these discrepancies remain elusive, but eventually lie within 

differences in HFD composition and feeding duration. In the human setting, NOD1 negatively 

correlated with BMI in obese patients, contrasting published data on increased NOD1 

expression in the AT of MetS patients and women with gestational diabetes (Lappas, 2014; 

Zhou et al., 2015). NOD2 also negatively correlated with BMI, which would be in line with the 

reported protective effect of NOD2 in obesity and associated morbidities (Carlos et al., 2020; 

Cavallari et al., 2020a; Cavallari et al., 2017; Cavallari et al., 2020b; Denou et al., 2015). It has 

to be noted, however, that NOD2 expression in whole blood samples was very low, 

necessitating careful data interpretation. In general, the low sample number as well as the 

lack of normal weight individuals to determine steady-state NLR expression limit data validity. 

Thus, the effect of HFD and obesity on NLR expression awaits further clarification, but also 

highlights NLRP10 as promising new starting point to further unravel the roles of NLRs in 

obesity.  

 

In summary, in this work we show female Nlrc5DExon4-7, but not Nlrc5DExon4 mice, to 

present with strongly enhanced HFD-induced adiposity compared to WT animals. While the 

effect of Nlrc5 deficiency on in vitro adipogenesis remains elusive, we show NLRC5 to interact 

with the master regulator of adipogenesis PPARg and further describe a synergistic regulation 

of the PPARg target FABP4 by PPARg activation and NLRC5 expression. Additionally, our data 

demonstrate a contribution of NLRC5 to PPARg’s anti-inflammatory properties in LPS-induced 

inflammation. NLRC5’s co-regulation of PPARg targets might be mediated by forming a 

transcriptional complex with PPARg and Sin3A, although we were not able to clearly prove an 

association of NLRC5 with the promoter regions of PPARg targets. Lastly, this work revealed 

that Nlrp10 expression is induced by HFD. This highlights NLRP10 as an interesting candidate 

to further investigate the role of NLR proteins in obesity. 
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Supplement 
 
Suppl. Table 1: Diet composi.on of ssniff® low-fat control (E15000) and high-fat diet (E15186) according to 
supplier. N/S = not specified.  

 Low-fat control diet High-fat diet 
Energy MJ/kg MJ/kg 
Gross energy 18.0 24.2 
Metabolizable energy (calculated 
with the Atwater factors) 

15.0 20.8 

Crude Nutrient % % 
Dry matter 95.2 96.3 
Crude protein 20.8 20.8 
Crude fat 4.2 30.1 
Crude fibre 5.0 5.0 
Crude ash 5.6 5.6 
N free extracts 59.4 34.6 
Starch 46.8 16.3 
Sugar/dextrins 10.8 17.8 
Minerals % % 
Calcium 0.90 0.92 
Phosphorus 0.63 0.62 
Sodium 0.19 0.19 
Magnesium 0.21 0.21 
Potassium 0.97 0.97 
Fatty acids % % 
C  4:0 N/S 0.12 
C  6:0 N/S 0.11 
C  8:0 - 0.50 
C 10:0 - 0.45 
C 12:0 - 2.81 
C 14:0 0.02 1.77 
C 16:0 0.45 8.57 
C 16:1 0.02 0.34 
C 17:0 N/S 0.13 
C 18:0 0.19 2.63 
C 18:1 1.07 8.83 
C 18:2 2.12 1.60 
C 18:3 0.26 0.12 
C 20:0 0.02 0.07 
C 20:1 - 0.01 
C 20:4 N/S 0.02 
C 20:5 - N/S 
C 22:6 - N/S 
Cholesterol mg/kg mg/kg 
 N/S 171 
Amino acids % % 
Lysine 1.71 1.71 
Methionine 0.73 0.73 
Met+Cys 0.82 1.02 
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 Low-fat control diet High-fat diet 
Threonine 0.93 0.93 
Amino acids % % 
Tryptophan 0.27 0.27 
Arginine 0.76 0.76 
Histidine 0.66 0.66 
Valine 1.42 1.42 
Isoleucine 1.09 1.09 
Leucine 2.05 2.05 
Phenylalanine 1.11 1.11 
Phe+Tyr 2.22 2.22 
Glycine 0.43 0.43 
Glutamic acid 4.69 4.69 
Aspartic acid 1.55 1.55 
Proline 2.39 2.39 
Alanine 0.68 0.68 
Serine 1.24 1.24 
Vitamins per kg per kg 
Vitamin A 15,000 IU 15,000 IU 
Vitamin D3 1,5000 IU 1,5000 IU 
Vitamin E 150 mg 150 mg 
Vitamin K (as menadione) 20 mg 20 mg 
Vitamin C 30 mg 30 mg 
Thiamin (B1) 16 mg 16 mg 
Riboflavin (B2) 16 mg 16 mg 
Pyridoxin (B6) 18 mg 18 mg 
Cobalamin (B12) 30 µg 30 µg 
Nicotinic acid 49 mg 49 mg 
Pantothenic acid 56 mg 56 mg 
Folic acid 19 mg 19 mg 
Biotin 310 µg 310 µg 
Choline-Chloride 1,040 mg 1,040 mg 
Inositol 80 mg 80 mg 
Trace elements per kg per kg 
Iron 166 mg 166 mg 
Manganese 98 mg 98 mg 
Zinc 65 mg 65 mg 
Copper 14 mg 14 mg 
Iodine 1.2 mg 1.2 mg 
Selenium 0.14 mg 0.14 mg 
Cobalt 0.15 mg 0.15 mg 
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Suppl. Table 2: Diet composi.on of Research Diets Inc. high-fat diet (D12492) according to supplier.  

D12492
Product Data

Description
Rodent Diet with 60% kcal% fat.

Used in Research 
Obesity
Diabetes

Packaging
Product is packed in 12.5 kg box.
Each box is identified with the
product name, description, lot
number and expiration date.

Lead Time
IN-STOCK. Ready for next day
shipment.

Gamma-Irradiation
Yes. Add 10 days to delivery time.

Form 
Pellet, Powder, Liquid

Shelf Life
Most diets require storage in a cool
dry environment. Stored correctly
they should last 3-6 months. Because
of the high fat content is best if kept
frozen.

Control Diets
D12450B

Formulated by E. A. Ulman, Ph.D., Research Diets, Inc., 8/26/98
and 3/11/99.  

Formula
Product # D12492

gm% kcal%
Protein 26.2 20
Carbohydrate 26.3 20
Fat 34.9 60

Total 100
kcal/gm 5.24

Ingredient gm kcal
Casein, 80 Mesh 200 800
L-Cystine 3 12

Corn Starch 0 0
Maltodextrin 10 125 500
Sucrose 68.8 275.2

Cellulose, BW200 50 0

Soybean Oil 25 225
Lard* 245 2205

Mineral Mix, S10026 10 0
DiCalcium Phosphate 13 0
Calcium Carbonate 5.5 0
Potassium Citrate, 1 H2O 16.5 0

Vitamin Mix, V10001 10 40
Choline Bitartrate 2 0

FD&C Blue Dye #1 0.05 0

Total 773.85 4057

Copyright © 2006 Research Diets, Inc. All rights reserved. D12492

Research Diets, Inc.
20 Jules Lane

New Brunswick, NJ 08901
Tel: 732.247.2390
Fax: 732.247.2340

info@researchdiets.com

*Typical analysis of cholesterol in lard = 0.95 mg/gram.
Cholesterol (mg)/4057 kcal = 232.8
Cholesterol (mg)/kg = 300.8



The role of NLRC5 in obesity – EidesstaAliche Erklärung 

 135 

Eidessta?liche Erklärung 
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