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Abstract 

FAT10 is a small ubiquitin-like modifier (ULM) that is encoded in the major 

histocompatibility complex (MHC) and is synergistically inducible by tumor necrosis factor 

(TNF) and interferon gamma (IFN-γ). It is most prominently expressed in tissues and cells of 

the immune system, such as spleen, thymus, lymph nodes and maturing dendritic cells. 

Nevertheless, information regarding basal expression and inducibility of FAT10 in the 

different types of immune cells is scarce. Hence, we investigated fat10 mRNA expression in 

murine immune cell subsets. Different immune cell subsets were isolated from the spleen and 

the purified leukocytes were left untreated or stimulated with TNF and IFN-γ or LPS to 

induce FAT10 followed by quantitative real-time RT-PCR analysis. In general, basal 

expression of FAT10 mRNA and protein was low but strongly up-regulated by IFN-γ and 

TNF in all immune cell subsets. LPS treatment induced fat10 expression significantly in 

regulatory T cells. However, in macrophages, monocytes, and regulatory T cells, the fat10 

mRNA was expressed without induction. This finding suggests specific functions of FAT10 

in these cell types.  

Subsequently, the role of FAT10 in cytokine responses in mice upon viral infection was 

investigated. We used lymphocytic choriomeningitis virus (LCMV)-WE infection of mice to 

induce the IFN-γ and TNF-dependent expression of FAT10. In this study, we found that TCR-

stimulated splenocytes derived from FAT10-/- mice infected with LCMV for 3 days secreted 

less IFN-γ and expressed less mRNA for il-12 p40 but secreted more IL-17A, IFN-α and IFN-

β as compared to FAT10+/- mice. The reduction in IFN-γ secretion could be assigned to CD8+ 

T cells. Nevertheless, FAT10-/- mice displayed similar efficacy in LCMV viral clearance in 

comparison to its heterozygous counterparts. Furthermore, the observed altered cytokine 

profiles were no longer valid for TCR-stimulated splenocytes derived from FAT10-/- mice 

infected with LCMV for 7 days. In addition, there was no difference in the composition of 

lymphocyte subpopulations analyzed from splenocytes of FAT10+/- and FAT10-/- mice after 

LCMV infection.  

Since FAT10 has previously been reported to promote influenza A virus (IAV) replication in 

vitro we have studied the effect of FAT10 deficiency during IAV infection in mice. 

Unexpectedly, IAV titers and disease symptoms were not changed in FAT10-/- mice even 

though the fat10 mRNA was rapidly induced in the lung upon IAV infection. Besides, 

cytokine induced fat10 gene expression studies confirmed that the combination of IFN-γ and 
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TNF leads to highest fat10 mRNA expression in mouse embryonic fibroblasts (MEFs), mouse 

splenocytes and human PBMCs. Other cytokine and interferon stimulations were in contrast 

to previous observations, not effective. In conclusion, we find that FAT10 fine-tunes the 

balance of interferons during viral infection by lowering the production of type I and 

enhancing type II interferons. 

 

Zusammenfassung 

FAT10 gehört zu den small ubiquitin-like modifier (ULM) Molekülen und wird im Genlokus 

des Haupthistokompatibilitätskomplexes kodiert. Es ist synergistisch induzierbar durch 

Tumor Nekrose Faktor (TNF) und Interferon-gamma (IFN-γ). FAT10 wird in Geweben und 

Zellen des Immunsystems prominent exprimiert, z.B. in der Milz, im Thymus, in 

Lymphknoten und in heranreifenden dendritischen Zellen. Dennoch existieren nur wenige 

Information über die basale Expression und Induzierbarkeit von FAT10 in den verschiedenen 

Immunzelltypen. Daher haben wir die mRNA-Expression von Fat10 in murinen Immunzell-

Subtypen untersucht. Verschiedene Immunzell-Subtypen wurden aus der Milz isoliert und die 

gereinigten Leukozyten verblieben unbehandelt oder wurden mit TNF und IFN-γ oder LPS 

behandelt, um FAT10 zu induzieren. Hierauf folgte eine Analyse durch quantitative real-time 

PCR. Die basale Expression von FAT10 Protein und mRNA waren gering, jedoch erfolgte 

eine starke Induktion durch IFN-γ und TNF in allen Immunzell-Subtypen. Die Behandlung 

mit LPS induzierte die Expression von Fat10 signifikant in regulatorischen T-Zellen. In 

Makrophagen, Monozyten und regulatorischen T-Zellen lag jedoch auch eine Fat10-

Expression ohne Induktion vor. Dieses Ergebnis deutet auf spezifische Funktionen von 

FAT10 in diesen Zelltypen hin. 

Die Rolle von FAT10 für die Zytokin-Ausschüttung nach viraler Infektion wurde daraufhin in 

Mäusen untersucht. Für die IFN-γ- und TNF-abhängige Expression von Fat10 wurde das 

Mausmodell der Infektion mit Lymphozytärem Choriomeningitis-Virus (LCMV) verwendet. 

In dieser Arbeit zeigte sich, dass über den T-Zell-Rezeptor stimulierte Milzzellen aus FAT10-

/- Mäusen im Vergleich zu FAT10+/- Mäusen drei Tage nach der LCMV-Infektion weniger 

IFN-γ sekretierten und weniger mRNA für IL-12p40 exprimierten, jedoch mehr IL-17A, IFN-

α und IFN-β sekretierten. Die reduzierte IFN-γ-Sekretion konnte auf die CD8-T-Zellen 

zurückgeführt werden. Dennoch zeigten FAT10-/- Mäuse eine ähnliche Effizienz der 
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Viruselimination wie heterozygote Mäuse. Zudem wurden die veränderten Zytokin-

Sekretionsprofile nicht mehr bei über den T-Zell-Rezeptor stimulierten Milzzellen beobachtet, 

wenn FAT10-/- Mäuse für sieben Tage mit LCMV infiziert worden waren. Darüber hinaus 

wurde kein Unterschied in der Zusammensetzung der Lymphozyten-Subpopulationen in 

Milzzellen aus LCMV-infizierten FAT10-/- und FAT10+/- Mäusen gefunden. 

Bereits zuvor wurde gezeigt, dass FAT10 die Replikation von Influenza A Viren (IAV) in 

vitro verstärkt. Daher haben wir die Effekte einer FAT10-Defizient während einer IAV-

Infektion in Mäusen untersucht. Obwohl die Fat10 mRNA in der Lunge schnell nach einer 

IAV-Infektion induziert wurde, zeigten sich überraschenderweise keine Veränderungen von 

IAV-Titern und Krankheitssymptomen bei FAT10-defizienten Mäusen. Nebenbei wurde 

durch Untersuchung der Zytokin-induzierten Fat10 Expression bestätigt, dass IFN-γ und TNF 

die höchste Expression von FAT10 in murinen embryonalen Fibroblasten (MEFs), in murinen 

Milzzellen und in humanen Mononukleären Zellen des peripheren Blutes (PBMCs) 

induzierten. Andere Zytkine und Interferon-Stimulationen zeigten im Gegensatz zu 

vorherigen Beobachtungen keine Effekte. Zusammenfassend zeigen die Ergebnisse, dass 

FAT10 für die Feinabstimmung der Interferon-Antwort eine Rolle spielt, indem die 

Produktion von Typ-I Interferonen verringert und die Produktion von Typ-II Interferon erhöht 

wird.  
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Introduction 

The ubiquitin-like modifier FAT10 

1.1.1 FAT10 facts 

FAT10 is an ubiquitin like protein that was discovered by chromosomal sequencing as an 

effort to identify additional genes from the human major histocompatibility complex (MHC). 

Since it is encoded in the MHC locus, it was named according to its proximity to the HLA-F 

locus as HLA-F adjacent transcript 10 (FAT10) [1]. Further analyses revealed FAT10 as a di-

ubiquitin protein consisting of two ubiquitin-like domains [2]. Thus, it was also termed 

diubiquitin or ubiquitin D and to date, the gene name is referred to as Ubd.  

Recently, the structure of FAT10 has been solved by NMR analysis and it was confirmed that 

the two domains were arranged in a tandem head to tail formation joined by a short flexible 

linker [3] (Fig. 1). It is an 18 kDa protein which is made up of 165 amino acids. The two N- 

and C-terminal ubiquitin-like domains of FAT10 share 29% and 36% sequence identity to 

ubiquitin [2]. In contrast to ubiquitin that required posttranslational cleavage to expose its 

terminal diglycine motif, FAT10 protein is synthesized with an accessible diglycine motif at 

its C-terminus [2]. The diglycine motif is essential for the isopeptide linkage of FAT10 to 

hundreds of different substrates in a process termed FAT10ylation [4]. 

FAT10ylation is mediated by an activating E1 enzyme, a conjugating E2 enzyme, and 

possibly a E3 ligase enzyme cascade. Initially, FAT10 is activated by ubiquitin-like modifier- 

activating enzyme 6 (UBA6) (also termed UBE1L2, E1-L2, or MOP-4) which serves as the 

E1-type activating enzyme [5, 6]. It is an ATP-dependent process where the C-terminal 

glycine residue of FAT10 becomes adenylated at adenylation site within the E1 and is then 

transferred onto the active cysteine site [7, 8]. This leads to the formation of a thioester 

intermediate between the E1’s active site and the C-terminal glycine residue of FAT10. It was 

revealed that UBA6 binds FAT10 with higher affinity in comparison to ubiquitin. However, 

the process of adenylation and transthiolation reactions is much slower in FAT10 as compared 

to ubiquitin [8]. In the next step, the thioester-linked FAT10 is transferred from the active 

center of the E1 onto the active site cysteine of the E2. To date, the only known E2 

conjugating enzyme for FAT10 is UBA6-specific E2 conjugating enzyme 1 (USE1) [9]. 
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Figure 1: The FAT10 structure. The ribbon diagram of human FAT10 consists of an N- and 
a C-terminal ubiquitin-like domain tethered by a short linker and additional short and flexible 
regions at N- and C-terminus. Both domains adopt the characteristic ubiquitin- or β-grasp fold 
consisting of four β-strands and one α-helix. The structural model is adapted from [3]. 

As USE1 is bispecific for ubiquitin and FAT10, the conjugation of FAT10 to USE1 is slower 

than the transfer of ubiquitin. Then, USE1 that is charged with FAT10 will form a thioester 

intermediate between the active center of USE1 and the C-terminal glycine residue of FAT10. 

This leads to the formation of a stable isopeptide linkage between the lysine residue within 

USE1 and the C-terminal glycine residue of FAT10 [9]. This transfer take places in cis but not 

in trans, implying that each USE1 molecule transfers FAT10 from its own catalytic center 

onto its own internal lysine. As such, USE1 is not just a FAT10 E2 conjugating enzyme, but 

also serving as a substrate of FAT10ylation [9]. Thus far, no E3 ligase for FAT10 has been 

reported. It is also not clear whether there exist de-conjugating enzyme for FAT10.  

FAT10 is the only ubiquitin-like modifier that can target its substrates for proteasomal 

degradation. FAT10 and its conjugates are unstable and both are rapidly degraded by the 

proteasome. It has a short half-life of approximately 1 hour [10, 11]. The N-terminal fusion of 

FAT10 to a long lived protein markedly reduces its half-life [12, 13]. 

In a yeast two hybrid screen, NEDD-8 ultimate buster 1 long (NUB1L) was identified as a 

non-covalent binding partner of FAT10. It interacts non-covalently with FAT10 through its 

three C-terminal ubiquitin-associated (UBA) domains and with the 26S proteasome through 

its N-terminal ubiquitin-like domain (UBL). NUB1L is also an interferon-inducible protein 

that has been reported to interact with the ubiquitin-like protein neuronal precursor cell- 

expressed developmentally downregulated protein 8 (NEDD8), leading to accelerated 

NEDD8 degradation. Likewise, interaction between FAT10 and NUB1L, which is bound to 

the proteasome, could speed up the degradation rate of FAT10 and its conjugates [14]. 

Docking of FAT10 to the 26S proteasome occurs via the VWA domain of Rpn10 (S5a), while 

NUB1L can bind to both Rpn10 and Rpn1/s2 [14].  
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It was further shown by Schmidtke et al. through in vitro experiments that the presence of 

NUB1L accelerates the degradation of FAT10-linked proteins by the 26S proteasome, which 

occurs independently of polyubiquitylation. The incubation of FAT10-dihydrofolate reductase 

(DHFR) alone was insufficient to promote its degradation by the 26S proteasome, whereas the 

addition of NUB1L induced degradation of FAT10-DHFR in a dose-dependent manner [12]. 

However, the experimental approaches used by Buchsbaum and colleagues challenged this 

concept as they showed that the lysine-less ubiquitin resulted in stabilization of FAT10 and 

the degradation of FAT10 was sensitive to inhibition by the proteasome [15].  

The basal expression of fat10 mRNA is usually found in organs of the immune system like 

thymus, fetal liver, lymph nodes, and spleen [16]. Notably, expression of fat10 can be 

synergistically induced by the pro-inflammatory cytokines interferon (IFN)-γ and tumor 

necrosis factor (TNF) [17]. Fat10 mRNA is detectable very much earlier, within 2-3 h after 

stimulation [18]. However, high amounts of mRNA and FAT10 protein are only detectable 

after 24 hours of cytokine stimulation [19]. Gong et al. had shown that fat10 mRNA is one of 

the most highly up-regulated transcripts in some models of inflammation [20]. 

FAT10 was found to be involved in the removal of aggregated proteins via non-covalent 

interaction with histone de-acetylase 6 (HDAC6). HDAC6 is a linker protein that mediates 

retrograde transport of poly-ubiquitinated cargo to aggresomes [21]. Under conditions of 

proteasome impairment, FAT10 interaction with HDAC6 facilitates FAT10 localization to 

aggresomes in a microtubule-dependent manner. The binding of HDAC6 to FAT10 was 

mediated by two separate domains, namely the C-terminal ubiquitin-binding zinc-finger (BUZ 

domain) of HDAC6 and its first catalytic domain. As HDAC6 is required for the proper 

formation of FAT10-containing aggresomes, it may serve as an alternative route of FAT10-

mediated protein degradation [22].  

Furthermore, FAT10 was reported to bind non-covalently to aryl hydrocarbon receptor-

interacting protein-like 1 (AIPL1), which was described to be involved in photoreceptor 

maintenance. Mutations in the AIPL1 gene cause the degeneration of photoreceptor cells and 

inherited blindness and thus are associated with the retinal disease Leber congenital amaurosis 

(LCA). AIPL1 has been shown previously to bind to NUB1L and together with FAT10, a 

ternary complex was formed. Expression of AIPL1 inhibits NUB1L-mediated acceleration of 

FAT10 degradation, indicating a role of AIPL1 in the FAT10 clearance by the 26S 
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proteasome. This implies the involvement of AIPL1 in the regulation of FAT10 function in 

the retina together with NUB1L and FAT10 interaction [23]. 

 

1.1.2 FAT10 in immune response 

Given the fact that FAT10 is expressed in immune cells [16, 24, 25] and, under inflammatory 

conditions, is synergistically induced by IFN-γ and TNF [26] signifies that FAT10 might play 

a role in the immune response. Indeed, the first evidences of functional role of FAT10 in 

immune response and lymphocyte development were yielded from yeast two-hybrid screening 

of a human lymphocyte library and immunoprecipitation studies. FAT10 was shown to 

associate non-covalently with mitotic arrest deficient 2 (MAD2), a protein implicated in cell-

cycle check-point for spindle assembly during anaphase [27]. Moreover, previous findings 

reported on fat10 mRNA detection in germinal center-derived mature B cell lines, dendritic 

cells (DCs) derived in vitro from CD341 cells or monocytes, and epithelial cells scattered in 

germinal centers in inflamed tonsils. This further suggests that FAT10 may modulate cell 

growth during B cell or dendritic cell development and activation [2].  

Dendritic cells are considered to be the only antigen presenting cells (APCs) that are able to 

prime naïve CD8+ T cells upon viral infection [28]. In accordance with the notion that FAT10 

is encoded in the MHC locus [29] and can serve as a signal for proteasome-dependent protein 

degradation, a fusion protein consisting of the human cytomegalovirus (HCMV) derived pp65 

antigen N-terminally tagged with FAT10 proved better direct presentation of the HCMV 

pp65495-503 epitope and also cross presentation by lipopolysaccharide (LPS)-stimulated DC 

[30]. This implies that FAT10 plays a role in MHC-class-I restricted antigen presentation. In 

addition, N-terminal linear fusion of lymphocytic choriomeningitis virus (LCMV) 

nucleoprotein (NP) to ubiquitin or FAT10 showed accelerated proteasomal degradation of 

NP, resulting in increased presentation of an MHC class I derived NP epitope and 

subsequently stronger T cell response [31].  

Nevertheless, medullary thymic epithelial cells (mTECs) and cortical thymic epithelial cells 

(cTECs) from FAT10-deficient mice showed no difference in MHC-I and MHC-II surface 

expression when compared with wild type mice. This asserts that the maturation of mTECs 

proceeds normally without FAT10. However, analysis of different Vβ segments of T cell 

receptors (TCRs) depicted that the TCR-Vβ10b and TCR-Vβ12 from CD8SP and Vβ3, 
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Vβ5.1/2, Vβ6, Vβ10b, Vβ11, Vβ12, and Vβ14 for CD4SP T cells from FAT10-/- mice were 

different from its wild type counterparts. Moreover, P14 FAT10-deficient carrier mice 

showed reduced percentage in tg TCR (Vβ8.1/2) of CD8SP cells in the thymus and CD8+ 

cells in the spleen as compared to P14 FAT10-proficient mice. Male HY FAT10-/- mice also 

recorded less CD8SP cells in the thymus as compared to male HY FAT10-/+ mice. These 

observations indicated that there was enhanced negative selection in the thymi of FAT10-

deficient MHC-I–restricted male HY and LCMV carrying P14 TCR-tg mice. It was presumed 

that the observed differences in thymic selection in the absence of FAT10 was due to the fact 

that FAT10 expression altered the repertoire of peptides bound to MHC-I [32]. 

Subsequently, the functional role of FAT10 was investigated in a system, in which mouse 

embryonic fibroblasts (MEFs) were designed to express murine HA-tagged FAT10 or a 

diglycine-deficient mutant form in a tetracycline-repressible manner. This model 

demonstrated that FAT10 expression did not affect MHC-I cell surface expression or antigen 

presentation. However, wild type but not mutant FAT10 caused apoptosis within 24 hours of 

induction in a caspase-dependent manner as indicated by annexin V cell surface staining and 

DNA fragmentation. Thus, FAT10 induced caspase-dependent apoptosis can be abrogated by 

deletion of the C-terminal diglycine motif of FAT10 [11]. This might explain the many failed 

attempts to construct cell lines constitutively expressing FAT10 [18].  

The pro-apoptotic role of FAT10 was shown to contribute to the pathogenesis of renal 

disease. High FAT10 expression was observed in human immunodeficiency viruses (HIV)-

infected cells from renal tubular epithelial cell line (RTEC) from a patient with HIV-

associated nephropathy (HIVAN) and in kidneys from HIV-1–transgenic mice. To study the 

relation between FAT10 and high incidence of epithelial apoptosis observed in HIVAN, 

HPT-1 cells were transfected with either a plasmid encoding FAT10 or transduced with 

lentiviral shRNA against FAT10 transcripts. Ross et al. reported that inhibiting FAT10 

expression led to the reduction of the level of apoptosis and necrosis in HIV-induced RTEC 

[33].  

Furthermore, viral protein R (Vpr) -induced cell cycle dysregulation was also an important 

component leading to the pathogenesis of HIVAN. FAT10 was shown to interact with Vpr 

and colocalize to mitochondria. Subsequently, an RTEC line generated from FAT10-/- mice 

showed reduced Vpr-induced-cell death and hyperploidy, suggesting FAT10 as a critical 

mediator of Vpr-induced apoptosis in RTEC [34].  
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Contrastingly, FAT10 was described as a cardioprotective protein by exerting its anti-

apoptotic role. Under conditions of hypoxia/reoxygenation (H/R) stress, normal human and 

murine heart along with neonatal rat cardiac myocytes (NRCM) expressed high FAT10 

mRNA and protein. NRCM harboring high FAT10 expression under H/R stress showed 

reduced p53 phosphorylation, suppressed miR-34a expression and a shift in BCL2/BAX 

proteins against apoptosis. Moreover, FAT10 overexpressed NRCM treated with MG132 

resulted in no differences in the levels of p53, BCL2, BAX or miR-34a, corroborating that 

FAT10 exerts its anti-apoptotic effects through ubiquitin-proteasome system (UPS)-mediated 

degradation of p53 [35]. 

Later on, the same research group demonstrated that FAT10 protects cardiomyocyte apoptosis 

by stabilizing caveolin-3 (Cav-3), a protein essential for protective effect against various 

injuries in the heart [36]. As the expression of both FAT10 and Cav-3 were positively 

correlated in ischemic myocardial tissues and in hypoxic cardiomyocytes, FAT10 was shown 

to inhibit hypoxia-induced cardiomyocyte apoptosis by increasing Cav-3 expression. 

Following myocardial infarction, FAT10-/- rat exhibited aggravated cardiac dysfunction and 

increased cardiomyocyte apoptosis by reducing Cav-3 expression through UPS protein 

degradation. This substantiates that FAT10 stabilizes Cav-3 expression by inhibiting 

ubiquitination-mediated degradation in cardiomyocytes [37].  

The UPS protein degradation system is essential for the regulation of protein concentration in 

the cells and removal of misfolded proteins [38]. In the case of Huntington disease, it is the 

accumulation of aggregated proteins in the brain caused by insufficient degradation 

machinery that leads to the worsening of the disease [39]. In addition to the conventional UPS 

system, ubiquitin-like modifiers (ULM) such as FAT10 are known to accelerate protein 

degradation through a ubiquitin-independent manner [10]. Indeed, Nagashima et al. depicted 

that FAT10 binds preferably to huntingtin with a short polyglutamine (pQ) chain through their 

C-terminus glycine. This leads to the stabilization of the soluble huntingtin protein present in 

the nucleus and cytoplasm, where FAT10 facilitates their interaction with the proteasome and 

thus enhances its degradation by the proteasome. Seemingly, FAT10 knockdown in HEK293 

cells resulted in increased cell death due to high accumulation of huntingtin with a toxic 

length of pQ. This indicates the importance of FAT10 in the pathogenesis of pQ diseases [40]. 

Likewise, inefficiency of the 26S proteasome degradation rate contributed to the formation of 

Mallory-Denk bodies (MDBs), which are aggresomes made up of undigested ubiquitinated 
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short lived proteins [41]. Normally, the drop in the proteasome activity rate is caused by a 

shift towards an increase in the expression of the catalytic subunits of the immunoproteasome, 

namely LMP2, LMP7 and MECL-1, which replace the catalytic subunits of the constitutive 

proteasome [42]. Previous studies have shown that IFN-γ and TNF increase the expression of 

FAT10 [18, 25] and LMP2 [43]. Besides, IFN-γ and TNF co-treatment has been shown to 

activate promoter region of FAT10 and to upregulate the expression of all 3 catalytic subunits 

of the immunoproteasome through interferon-stimulated response element (ISRE) [44]. 

In addition, FAT10-/- mice fed with diethyl 1,4,-dihydro-2,4,6,-trimethyl-3,5-pyridine 

dicarboxylate (DDC) to induce MDB formation showed an increase in the polyubiquitylated 

proteins and a decrease in the chymotrypsin-like activity (mediated by β5 of the proteasome) 

in comparison to wild type mice fed with DDC [45]. Furthermore, the involvement of FAT10 

in NF-κB activation [20], which in turn leads to the formation of MDB in vitro [46] 

accentuated the role of FAT10 in MDB aggresomes formation.  

The efficiency of protein degradation in the cells is an essential part of protein quality control 

[47]. The consequence of FAT10 in proteasomal degradation of modified protein was 

described by Ganesan and colleagues in a Hepatitis C virus (HCV) mouse model fed with 

ethanol. Accordingly, transcriptional activation of FAT10 by IFN-α in liver cells was 

attenuated by ethanol feeding in both HCV+ and HCV- mice. In addition, ethanol-fed HCV+ 

mice exhibited higher oxidative stress, lower chymotrypsin-like proteasome activity and 

reduced S-adenosylmethionine:S-adenosylhomocysteine (SAM:SAH) ratio which regulates 

methylation reaction in comparison to ethanol-fed HCV- mice. It was postulated that 

diminished FAT10 expression along with lowered proteasome activity may contribute to the 

stabilization of oxidatively modified proteins. However, the treatment of mice with betaine 

(pro-methylating agent) reverses the suppressive effect of ethanol on FAT10 expression by 

hindering the HCV–ethanol induced dysregulation of protein methylation, thereby protecting 

liver cells of mice from ethanol-induced oxidative stress through the restoration of FAT10 

level [48]. 

Under conditions of non-pathogenic settings, FAT10-/- mice exhibited increased fatty acid 

release and triglyceride turnover which are relatable to reduced adipose mass and decreased 

triglyceride per cells as compared to wild type mice. This phenomenon is associated to the 

extended lifespan of FAT10-/- mice [49]. Though the lymphocytes number from immune 

organ of FAT10-/- mice was comparable to wild type mice, there was increased apoptotic 
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death from the lymphocytes. Moreover, they have reported reduced pro-inflammatory gene 

expression in metabolic tissues of FAT10−/− mice and higher expression of IL-10 in skeletal 

muscles and from the serum. Besides, FAT10-/- mice demonstrated a high level of sensitivity 

toward endotoxin challenge, implying that FAT10 plays an important role in resisting sepsis 

from gram-negative bacteria [17]. 

Correspondingly, FAT10-/- mice were shown to be a part of the defense against intracellular 

bacteria by decorating autophagy-targeted Salmonella [50]. Efforts made to identify FAT10 

substrate through proteomic analysis leads to the finding that FAT10 interacts non-covalent 

with the autophagy adaptor p62 [51]. p62 contains LC3-interacting region (LIR) domain that 

targets pathogens for autophagosomal degradation. Later on, Spinnenhirn et al. observed that 

the binding of FAT10 with the autophagy adaptor p62 were recruited to cytosolic Salmonella 

Typhimurium in human cells. Moreover, in vivo studies revealed that the absence of FAT10 

leads to more Salmonella Typhimurium counts in the mesenteric lymph nodes, resulting in 

poor survival of FAT10-/- mice [52]. Additionally, a rat model for type 1 diabetes revealed 

that FAT10−/− rats displayed considerably reduced diabetes as compared to wild type rats, 

suggesting a role of FAT10 in autoimmunity [53].  

Subsequently, a novel role of FAT10 in viral defense was reported through its association 

with RNA helicases retinoic acid-inducible gene I (RIG-I), a key cytosolic RNA sensor that 

mediates innate immune defense against RNA viruses [54]. The non-covalent interaction 

between FAT10 and 2CARD domain of RIG-I leads to the precipitation of RIG-I in an 

insoluble form, such that the activity of interferon regulatory factor 3 (IRF3) and NF-κB 

which acts downstream of RIG-I were suppressed [55]. FAT10 is known to be an unstable 

protein with a half-life of approximately 1 hour [10]. Nonetheless, TRIM-25 overexpression 

in HEK293FT cells resulted in enhanced stability and accumulation of FAT10. As a 

consequence, FAT10 sequestered the active RIG-I away from the mitochondria to negatively 

regulate the RIG-I-mediated anti-viral signaling pathway [55]. 

In view of this, Zhang et al. manifested that recognition of the ssRNA of H5N1 influenza 

virus by RIG-I leads to enhanced FAT10 expression, promoting viral replication through 

suppression of type I interferons (IFNs) secretion [56]. In that study, FAT10 knockdown in 

the lung epithelial cell line A549 and human bronchial epithelial cells reduced virus-induced 

cell death, while FAT10 overexpression by lentiviral transduction increased the replication of 

influenza A virus (IAV). Overexpression of RIG-I and p65 with FAT10-Luciferase reporter 
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plasmids in HEK293T cells confirmed that FAT10 up-regulation was mediated by RIG-I, 

leading to NF-κB activation. Furthermore, increased Ifn-α and Ifn-β mRNA levels were 

observed in A549 cells that were transfected with siRNA against FAT10 and subsequently 

infected with IAV strains H5N1 or H1N1 [56]. Their work disclosed the mechanism of 

FAT10 in promoting viral infection.  

 

1.1.3 FAT10 in mitosis dysregulation 

Chromosome instability is a type of genomic instability that leads to unequal distribution of 

DNA to daughter cells upon mitosis, resulting in a failure of cells to maintain euploidy 

leading to aneuploidy [57]. This phenomenon underlies the development of tumorigenesis. In 

2004, the first report associating an involvement of FAT10 to cancer in the liver, colon and 

uterus was made [16]. Shortly, FAT10 was reported to interact non-covalently with MAD2. 

MAD2 is a key mitotic spindle checkpoint protein which ensures that all chromosomes are 

properly attached to the mitotic spindle before the onset of anaphase [58]. HCT116 colon 

carcinoma cells overexpressing FAT10 were demonstrated to reduce kinetochore localization 

of MAD2 with high degree of variability in chromosome number [59]. 

Additionally, the finding that FAT10 gene expression is negatively regulated by p53 [60], 

which is known to play an important role in cell-cycle regulation, leads to the observation that 

FAT10 is regulated at protein and transcript level during the cell cycle. Highest FAT10 

expression was observed in S-phase of the cell cycle, while the G2/M phase has reduced 

FAT10 expression. It was postulated that cells might have evolved to expressed less FAT10 

during G2/M phase to avoid interacting to and interfering with MAD2 [61]. 

Based on this information, efforts to discern the NMR structure and identifying the binding 

surface of MAD2 with FAT10 suggested that FAT10 domain 1 is responsible for binding to 

MAD2. Disrupting the interaction between FAT10 and MAD2 attenuated FAT10-induced 

tumor growth in vivo and reduced tumor progression in vivo. This signifies that abrogation of 

the FAT10-MAD2 interaction may curtail cellular malignancy [62]. 

Moreover, TNF which was known as a pro-inflammatory cytokine that contributes to FAT10 

expression in tumor setting [25], also leads to an abbreviated mitotic phase in cells. This 

shortened mitotic phase is correlated with a TNF-induced reduction in the kinetochore 

localization of MAD2 during prometaphase. However, this effect can be reversed by 
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inhibiting Fat10 gene expression, suggesting that FAT10 plays an important role in mediating 

the function of TNF during tumorigenesis by inducing cell cycle deregulation and 

chromosomal instability [63].  

FAT10 is known to be induced by TNF through the NF-κB pathway in cancer cells [63] and it 

can also activate NF-κB [20], suggesting a positive feedback-loop where TNF induces FAT10 

expression through NF-κB pathway and FAT10, in turn, activates NF-κB. Likewise, silibinin 

which has anticancer effects was reported to alter various signaling molecules/pathways like 

mitogen-activated protein kinases (MAPK), NF-κB and signal transducer and activator of 

transcription (STATs) signaling as well as cell cycle regulators. Indeed, silibinin was shown 

to suppress TNF/IFN-γ-induced FAT10 expression through IκBα downregulation and 

disrupting TNF/IFN-γ stimulated p65 nuclear translocation and NF-κB activation. This leads 

to a reduction of the pro-inflammatory cytokine-induced chromosome instability along with 

sensitizing cells to pro-inflammatory cytokine-induced apoptosis. Furthermore, silibinin 

suppressed intratumorally injected TNF-induced tumor growth in mice [64].  

 

1.1.4 FAT10 in cancer 

In the recent years, FAT10 has been found to be closely involved in the development of 

tumors. Lee and colleagues were among one of the 1st few research groups that reported on 

high FAT10 expression in tumors of hepatocellular carcinoma (HCC), gastrointestinal and 

gynecological tumors [16]. After this study, more correlation between FAT10 expression and 

disease progression of cancer in other organs such as the colon, breast, bladder and uterus 

were identified [65]. Up to date, HCC has been studied most extensively in the field of 

FAT10 as it is an aggressive and rapidly fatal malignancy representing one of the most 

common cancers worldwide.  

One of the most prevalent approaches used to study the function of a protein is to perform 

knockdown experiment. In order to have better understanding of the exact function of FAT10 

in HCC, Chen et al. had constructed an adenovirus-mediated RNA interference to knockdown 

FAT10 expression in HCC cells. In vitro studies showed that the absence of FAT10 could 

inhibit cell proliferation by preventing cell cycle S-phase entry and promoting cell apoptosis. 

Furthermore, nude mice bearing Hep3B (hepatocellular carcinoma cells) xenograft followed 



Introduction 

11 
 

by intratumor injection of Ad-siRNA/FAT10 showed suppressed tumor growth and prolonged 

lifespan in comparison to tumor bearing mice receiving Ad-siRNA/control [66]. 

With the help of mass spectrometry analysis and co-immunoprecipitation (co-IP) studies, it 

was shown that FAT10 interacted with many proteins that are involved in tumorigenesis. Yan 

and colleagues had shown the correlation between low WISP1 to high FAT10 expression in 

HCC tissues. WISP1 is the downstream target gene of β-catenin and plays an important role 

in tumorigenesis and progression of HCC. It was reported to suppress the proliferation of 

HCC in human HCC cell lines (HCCLM3). However, in the presence of FAT10 

overexpression, WISP1 protein was degraded by FAT10ylation, thus promoting the disease 

progression of HCC [67].  

Furthermore, there was high expression correlation between GRP78 and FAT10 in HCC 

tissues of patients. HCC patients with overexpressed GRP78 and FAT10 have overall poor 

survival rate compared to patients without overexpression of these proteins. GRP78 functions 

as an endoplasmic reticulum chaperone protein that is necessary for tumor cell proliferation, 

survival and therapeutic resistance. Under conditions where GRP78 was depleted in various 

HCC cell lines such as in HepG2, Huh7 & HCCLM3, FAT10 expression was significantly 

downregulated and tumor colony formation along with HCC cell proliferation were inhibited. 

Further experiments revealed that HCC cell lines with overexpressed GRP78 promoted 

phosphorylation and degradation of IκBα and the activation of NF-κBp65. Therefore, the 

interaction between GRP78 and FAT10 was regulated by NF-κB signaling and through 

activation of IKKα/β as both proteins (GRP78 and FAT10) do not interact directly with each 

other [68].  

Additionally, the Akt/GSK3β pathway was reported to mediate the influence of FAT10 on 

progression and prognosis of HCC. Research analysis carried out on various HCC cell lines 

confirmed that FAT10 enhances cell proliferation, inhibits apoptosis and promotes tumor cell 

invasion. Moreover, the phosphorylation of Akt was found to be significantly elevated in 

FAT10 overexpressing HCC cells. Akt signaling is well known for its role in cell 

proliferation, survival and apoptosis that affects the progression of various tumors [69]. Of the 

many downstream targets that activated Akt can regulate, only GSK3β was found to be 

inactivated by phosphorylation at serine 9. This indicates that FAT10 upregulation in HCC 

cells activates the Akt/GSK3β pathway that contributes to the worsening of the disease 

progression [70]. 
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Seemingly, high FAT10 fluorescence intensity was found in alcoholic steatohepatitis (ASH) 

and non-alcoholic steatohepatitis (NASH) group of patients compared to control groups, 

which is a disease that may lead to the development of HCC if left untreated. Interestingly, 

the expression level of FAT10 is significantly lower in the NASH than in ASH group of 

patients [71]. 

Accordingly, HOXB9 protein was also reported to correlate positively with high FAT10 

expression in samples of human HCC. Its first relation towards tumor metastasis was shown 

in lung cancer where overexpression of HOXB9 promotes angiogenesis and distal metastasis 

[72]. The cDNA microarray analysis performed by Yuan et al. revealed that FAT10 

knockdown downregulates HOXB9 expression in HCC cells. Further experiments 

demonstrated the clinical relevance and significance of FAT10 and HOXB9 overexpression in 

disease progression of HCC. As FAT10 does not interact directly with HOXB9, Yuan and 

colleagues proposed and demonstrated that FAT10 regulated HOXB9 expression by 

modulating the β-catenin/TCF4 pathway. Mechanistically, in the absence of FAT10, 

ubiquitination and degradation of β-catenin was increased and this leads to reduced TCF4 

transcriptional activity. These effects result in decreased HOXB9 expression which then 

reduces metastasis and invasion of HCC [73].  

Ma and colleagues proposed the concept that FAT10 regulates HOXB9 expression by 

enhancing cell invasion and metastasis in osteosarcoma. Positive correlation between FAT10 

and HOXB9 was confirmed by linear correlated assay and microarray assay. However, more 

mechanistic data are needed to support the claim that FAT10 affects the disease progression 

of osteosarcoma by regulating HOXB9 [74]. 

High levels of FAT10 protein in cells was attributed to increased mitotic nondisjunction and 

chromosome instability [59]. In regards to this information, efforts had been made to 

understand whether the dysregulation of FAT10 expression in the tumor tissues of HCC 

patients is due to mutations or aberrant methylation at the FAT10 promoter region 2. Results 

obtained from Chinese HCC patients verified that there were no mutations within the 1.3 kb 

region of the FAT10 promoter that could account for the differences in the expression 

between the tumor and adjacent non-tumorous tissues. However, methylation of the CG 

dinucleotides at the FAT10 promoter region might play a role in the regulation of FAT10 

expression level as the methylation status of HCC patients carrying either haplotype I or 

haplotype II were different [75]. 
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DNA damage is considered to be the primary cause of cancer [76]. Recent findings made by 

Chen and colleagues accentuate the association of FAT10 to DNA damage response (DDR) 

via FATylation of proliferating cell nuclear (PCNA) [77]. PCNA has an important role as a 

positive regulator and as a scaffold protein associated with DNA damage bypass and repair 

pathways by serving as a platform for the recruitment of associated components [78]. As seen 

in HeLa cells upon ultraviolet/ionizing radiation to induce DDR, FAT10 expression was 

enhanced while PCNA protein was diminished. Treatment of ionized cells with MG132 

revealed that the degradation of PCNA was markedly suppressed, thus confirming that FAT10 

regulates PCNA degradation via the 26S proteasome following DNA damage [77].  

The occurrence of cancer cell metastasis is driven by a process called epithelial-mesenchymal 

transition (EMT) which promotes cancer cell migration and invasion through the expression 

of E-cadherin, N-cadherin and vimentin [79]. The implication of ZEB2 in breast cancer was 

first made more than a decade ago, where ZEB2 acts as a transcriptional repressor of E-

cadherin and induces the EMT process [80]. Recently, direct interaction between FAT10 and 

ZEB2 in MDA-MB-231 (breast cancer cell line) was confirmed by mass spectrometry and co-

IP. Upon binding, FAT10 enhances the protein stability of ZEB2 by decreasing its 

ubiquitination, thus promoting metastasis in breast cancer cells. Moreover, patients with high 

FAT10 expression in their primary breast cancer tissues harbor malignancy phenotype that 

leads to overall poor survival rate [81].  

Likewise, similar findings were found in bladder cancer UMUC-3 cells where FAT10 protein 

expression was highly detectable, promoting EMT process and the formation of cancer 

initiating cells (CICs). Although FAT10 overexpression in UMUC-3 cells did not affect cell 

proliferation, E-cadherin expression was inhibited and vimentin and N-cadherin expression in 

UMUC-3 cells were induced by FAT10, verifying once again that FAT10 promotes cell 

invasion. Besides, UMUC-3 cells with overexpressed FAT10 were cisplatin resistant [82]. 

The anti-apoptotic role of FAT10 in bladder cancer was reported as the expression levels of 

Survivin and FAT10 were positively correlated in tissues of bladder cancer. Thorough 

investigation carried out in UMUC-3 cells transfected with exogenous His-FAT10 plasmid 

in the presence of MG132 demonstrated high cumulative Survivin levels. Additionally, co-IP 

and confocal microscopy analysis imply that FAT10 binds directly to and stabilizes Survivin 

protein by inhibiting ubiquitin-mediated degradation, thereby promoting cancer cell 

proliferation [83].  
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Tumor proliferation plays an important role in the tumorigenesis and development of tumor 

[84, 85]. To better understand the pro-oncogenic role of FAT10, eukaryotic translation 

elongation factor 1A1 (eEF1A1) was studied extensively as it is known to contribute towards 

cancer cell proliferation. In most of the tumor tissues, eEF1A1 is aberrantly upregulated [86, 

87] and Liu et al. has shown that there is a positive correlation between high eEF1A1 and 

FAT10 expression. Co-IP and in vivo ubiquitination assay results revealed that the 

downregulation of FAT10 increased the ubiquitination level of eEF1A1 and vice versa in 

various cancer cell lines tested. Mechanistic insights disclosed that FAT10 competed with 

ubiquitin (Ub) for binding to the same lysines on eEF1A1 to form either FAT10–eEF1A1 or 

Ub–eEF1A1 complexes, respectively, such that FAT10 overexpression decreased Ub–

eEF1A1 levels and increased FAT10–eEF1A1 levels. Thus, FAT10 regulates eEF1A1 

expression by antagonizing its ubiquitination to promote tumor proliferation [88]. 

Transcriptomic analysis used to study genome-wide expression profiles of human HCCs 

shown that most of the HCC tissues were readily inducible by a number of type I and type II 

interferon-regulated genes [89]. Based on the fact that FAT10 is synergistically induced by 

the pro-inflammatory cytokines IFN-γ and TNF [11, 27], Lukasiak et al. had reported the 

overexpression of FAT10 seen in HCC as well as in colon cancer were consequences of pro-

inflammatory immune response in the surrounding tumor environment [25]. Their findings 

were further supported by the significant correlation between FAT10 and LMP2 expression in 

HCC samples, where LMP2 is a member of the proteasome subunit which is readily inducible 

by IFN-γ and TNF [42]. Thus, they concluded that the upregulated FAT10 expression 

observed in the liver and colon cancer cells were an effect of the presence of IFN-γ and TNF 

in the tumor settings [25].  

Besides, positive immunostaining of FAT10 plus the immunoproteasome catalytic subunits of 

LMP2, LMP7 and MECL-1 in samples of colon biopsy of colon neoplasms at various stages 

of developments strengthened the idea that pro-inflammatory cytokines are involved in the 

mechanisms of colon carcinogenesis [90]. 

The mechanistic insight of how FAT10 drives the proliferative, invasive, migratory and 

adhesive functions in an immortalized, non-tumorigenic liver cell line NeHepLxHT was 

revealed by performing a series of small interfering RNA depletion experiments. FAT10 was 

found to activate NFκB, which in turn upregulated the chemokine receptors CXCR4 and 

CXCR7. Notably, siRNA depletion of CXCR7 and CXCR4 attenuated cell invasion of 
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FAT10-overexpressing cells, indicating that the CXCR4/7 is crucial for the FAT10-dependent 

malignant phenotypes. This suggests that NFκB and CXCR4/7 are key mediators by which 

FAT10 confers invasive and migratory properties in non-tumorigenic cells, thereby 

contributing to its malignant progression [91]. 

 

The Interferons 

1.2.1 Type I and type II IFN 

Interferons belong to a large class of proteins known as cytokines which serves as a crosstalk 

between cells of the immune system to coordinate multiple cellular processes [92]. They are 

named for their ability to interfere with viral replication upon virus infection [93]. To date, 

more than twenty distinct IFN genes and proteins have been discovered. These IFNs were 

classified into three major types depending on their receptor specificity, sequence homology, 

genetic loci and cell types responsible for their production [94]. The interferons, especially 

types I and II, overlap significantly in the genes they control resulting in a shared spectrum of 

diverse biological effects which includes regulation of both the innate and adaptive immune 

responses. For the interest of this thesis, only IFN-γ from type II and IFN-α and IFN-β from 

type I will be discussed in detail.  

 

1.2.1.1 IFN-α and IFN-β 

IFN-α and IFN-β belong to the same group of IFNs as they bind similarly to a specific cell 

surface receptor complex known as the interferon-alpha receptor (IFNAR) that consists of 

IFNAR1 and IFNAR2 chains [95]. Together with IFN-γ, they are essential in mediating innate 

cellular defense against viral infection. There are many cell types such as lymphocytes 

(natural killer (NK) cells, B-cells and T-cells), macrophages, fibroblasts, endothelial cells and 

osteoblasts that are known to secrete IFN-α and IFN-β. Precisely, IFN-α proteins are produced 

mainly by plasmacytoid dendritic cells (pDCs) and the IFN-β is produced in large quantities 

by fibroblast [96]. 

In addition to the antiviral properties of type I IFN, they also play an essential role in 

antitumor immunity as it can be produced by tumor cells as well. Type I IFN can activate T 
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cells, NK cells, DCs, and innate lymphoid cells, and can also negatively regulate immune 

suppressive cell types, such as myeloid-derived suppressor cells and regulatory T cells [97].  

IFN-α comes in 13 different subtypes where these genes were found together in a cluster on 

human chromosome 9. There are only 2 types of IFN-β which are coded by a gene docked on 

human chromosome 9. Both IFN-α and IFN-β share 40-50% of homology, where both 

proteins are made up of 166 amino acids and are stable at very acidic pH. IFN-β has a 

glycosylation site while IFN-α has not [98].  

Unlike IFN-γ, IFN-α and IFN-β are functionally active as monomers [99]. Upon binding to 

the same cellular receptor, they stimulate the production of intracellular molecules to interfere 

or inhibit with viral RNA and DNA replication. They also increase the expression of MHC 

class I molecules leading to enhanced viral recognition of virally infected cells by specific 

cytotoxic T lymphocytes. Furthermore, they can stimulate both macrophages and NK cells to 

elicit an antiviral response through IRF3/IRF7 pathways [100]. 

IRF3 and IRF7 are key transcription factors that together orchestrate the production of type I 

IFNs. IRF3 is expressed constitutively in a variety of tissues and is accountable for the early 

phase of virus-mediated type I IFN induction [101]. On the contrary, IRF7 is expressed lowly 

in most cell types apart from lymphoid cells and pDCs, and is inducible by type I IFN-

mediated signaling [102]. Even though IRF3 is crucial in the initial phase of IFN production, 

IRF7 is thought to be the master regulator of type I IFN as it is the key player in establishing 

secondary and larger wave of IFN secretion upon viral infection [103]. This is supported by 

the fact that IRF3 is degraded by virus infection at the later stage while the promoter of IRF7 

is highly induced to synthesize more IRF7 which leads to greater IRF7 and IFNs production 

[103]. 

 

1.2.1.2 IFN-γ 

IFN-γ is a dimerized soluble cytokine that was initially described as a product of human 

leukocytes stimulated with phytohemagglutinin and later on as a consequence of antigen-

stimulated lymphocytes [104, 105]. It belongs to type II IFN and is the sole member of it. It 

binds to interferon-gamma receptor (IFNGR), which consists of IFNGR1 and IFNGR2 chains. 

The Ifng gene is located on human chromosome 12. The IFNγ monomer consists of a core of 

six α-helices and an extended unfolded sequence in the C-terminal region. The biologically 
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active dimer is formed by anti-parallel inter-locking of the two monomers. In contrast to type 

I IFNs, it is unstable at an acidic pH which raised considerable concern in interferon-based 

therapy [98]. 

IFN-γ is secreted by activated T cells such as CD4+ T helper cell type 1 (Th1) lymphocytes 

and CD8+ cytotoxic lymphocytes, in addition to natural killer cells [106, 107]. Later on, there 

is evidence that B cells, natural killer T cells and professional antigen presenting cells (APCs) 

are secreting IFN-γ as well [108-111]. Interleukins such as IL-12 and IL-18 were known to 

induce and stimulate IFN-γ production [112], whereas IL-4, IL-10, transforming growth 

factor-β (TGF-β) and glucocorticoids serve as the negative regulators of IFN-γ production 

[94, 113-115]. 

IFN-γ plays critical roles in the maintenance of the innate and adaptive immune response 

against viral, some bacterial and protozoal infections. It is also recognized as macrophage-

activating factor as it regulates the activation of bactericidal and tumoricidal immunologic 

programs in monocytes/macrophages through increased MHC class I and class II protein 

expression [116]. Furthermore, IFN-γ enhanced the microbicidal activity of murine 

macrophages by upregulating the secretion of macrophage-derived mediators such as TNF, 

IL-1, IL-12 and NO and simultaneously downregulate the synthesis of anti-inflammatory 

mediators such as IL-10 within the cell settings [117-119].  

IFN-γ is thought to be multifunctional as it is involved in the regulation of essentially all 

immune responses regarding host defense, inflammation, and autoimmunity [120]. During the 

event of an infection, NK cells acting as innate immune cells will immediately secrete IFN-γ. 

Subsequently, T lymphocytes will act as the sole secretors of IFN-γ during the adaptive 

immune response [94, 109]. It involves a series of cascading effect where IL-12 and IL-18 

produced by professional APCs like monocytes/macrophages and dendritic cells will promote 

IFN-γ synthesis in the cells [121]. This in turn leads to enhanced proliferation and function of 

activated T lymphocytes through the IFN-γ produced. Hence, the stimulation of IL-12 and IL-

18 in macrophages, NK and T cells will further enhance the production of IFN-γ [109, 113, 

122]. 
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1.2.2 Type I IFN signaling pathway 

1.2.2.1 Basal type I IFN signaling  

Type I IFNs comprise of a group of structurally similar cytokines and include 13 subtypes of 

IFN-α (in human) along with IFN-β, IFN-ε, IFN-κ, IFN-ω [123]. They are rapidly produced 

after pattern recognition receptor (PPR) stimulation as part of the innate antiviral immune 

response [124, 125]. Once produced, these cytokines will all bind to the same receptor- 

IFNAR. IFNAR is a heteromeric cell surface receptor that forms a ternary complex and 

consist of two subunits, namely IFNAR1 (low affinity subunit) and IFNAR2 (high affinity 

subunit) [126, 127]. The IFNAR1 subunit is constitutively associated with TYK2, whereas 

IFNAR2 is associated with JAK1 [128]. 

Upon binding of type I IFNs, IFNAR are endocytosed and activate their associated tyrosine 

kinases, JAK1 and TYK2 through rapid autophosphorylation. In the canonical pathway of 

IFNα/β-mediated signaling, activated JAK1 and TYK2 will phosphorylate STAT1 and 

STAT2 molecules that are present in the cytosol, leading to the dimerization, nuclear 

translocation and binding of these molecules to IRF9 to form the IFN-stimulated gene factor 3 

(ISGF3) complex [129]. The mature ISGF3 complex is composed of the phosphorylated 

(activated) forms of STAT1 and STAT2, together with IRF9, which does not undergo tyrosine 

phosphorylation [130]. This complex then leads to the activation of ISG transcription that 

induces the expression of several hundred interferon stimulated genes (ISGs), which is an 

essential primary barrier for virus infection and function to induce an innate and adaptive 

antiviral immune response within the cell.  

Apart from the phosphorylation of STAT1 and STAT2 upon binding by IFNα/β, different 

type I IFNs can lead to the activation of various STATs such as STAT3, STAT4, STAT5 and 

STAT6 [131-134]. Moreover, activation of STAT4 and STAT6 by IFN-α has been shown in 

endothelial cells or cells of lymphoid origins [135]. Other STAT complexes that are induced 

by type I IFNs include STAT1–STAT1, STAT3–STAT3, STAT4–STAT4, STAT5–STAT5 

and STAT6–STAT6 homo dimers, as well as STAT1–STAT2, STAT1–STAT3, STAT1–

STAT4, STAT1–STAT5, STAT2–STAT3 and STAT5–STAT6 heterodimers [136, 137].  

Such IFN-induced complexes bind to another type of element known as IFN-γ-activated site 

(GAS) element that is present in the promoter of ISGs to stimulate transcriptional activation 

of particular genes [138]. ISGs encode for a multitude of proteins that are responsible for 
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antiviral, antiproliferative, and immunoregulatory cellular responses, and it is believed that 

specificity is made possible by the preferential binding of different STAT dimers to specific 

sequence elements [139]. Therefore, different combinations of STATs can be induced by type 

I IFNs to target the transcription of functionally distinct genes for broad spectrum of 

immunoregulation. 

 

1.2.2.2 Toll-like receptor (TLR) signaling pathway  

TLRs are a family of evolutionarily conserved pathogen recognition receptors which play a 

pivotal role in innate immunity. They are type I integral membrane glycoproteins 

characterized by the extracellular domains containing varying numbers of leucine-rich-repeat 

(LRR) motifs and a cytoplasmic signaling domain homologous to that of the interleukin 1 

receptor (IL-1R), termed the Toll/IL-1R homology (TIR) domain [140]. Their receptor can 

sense a wide range of microorganism such as bacteria, fungi, protozoa, and viruses [141]. 

However, out of the 13 mammalian members of the TLR family, only TLR3, TLR7 and 

TLR9 are involved in the recognition of viral infections. TLR3 senses the dsRNA formed 

during the replication of positive-stranded RNA viruses [142], while TLR7 detects the purine-

rich ribonucleotide region of RNA [143], and TLR9 recognizes DNA pathogen-associated 

molecular patterns (PAMP) motifs encoding CpG dinucleotides [144]. 

TLR3 is the only TLR that signals through the MyD88-independent pathway by utilizing TIR 

domain-containing adaptor-inducing IFN-β (TRIF) and its downstream pathway. Upon 

dsRNA binding to a PAMP, TLR3 dimerizes and binds with TRIF [145, 146]. The interaction 

between TLR3 and TRIF leads to the recruitment of TNF receptor–associated factor 

(TRAF)6, TRAF3 and TBK1, resulting in the phosphorylation and activation of IRF3 by 

TBK1 and by inhibitor IKK-ε [147, 148]. After phosphorylation, the IRF3 protein dimerizes 

and is translocated into the nucleus to form an enhanceosome complex with NF-κB and other 

transcription factors, thereby inducing the expression of target genes such as IFNs [149].  
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Figure 2: Schematic illustration of the TLR signaling pathway. For detailed explanation 
see text. The figure is adapted from [150]. 

In the MyD88-dependent pathway, TLR7 and TLR9 associate with MyD88 to recruit IL-1R-

associated kinase (IRAK)-1 and IRAK-4 through a homophilic interaction of the death 

domains and interact with TRAF6 [151-153]. IRAK-1 and TRAF6 then dissociate from this 

receptor complex and associate with another complex composed of TAK1, TAB1 and TAB2 

[154]. This complex formation leads to the activation of TAK1, which in turn activates NF-

κB and AP-1 through the canonical IKK complex and the MAPK kinase pathway, 

respectively [155, 156]. The kinase activity of the IKK complex is modulated by its IKKγ 

subunit, NEMO [157, 158]. NF-κB is activated through phosphorylation, poly-ubiquitination 

and proteasomal degradation of its associated inhibitor IκBα [159-161]. The migration of NF-

κB into the nucleus results in IFN production [162]. 

1.2.2.3 RIG-I-like receptor (RLR) signaling pathway  

The RIG-I-like receptors (RLRs) are a family of DExD/H box RNA helicases that function as 

cytoplasmic sensors of PAMPs within viral RNA. The RLRs signal downstream transcription 

factors to drive type I IFN production and antiviral gene expression that elicit an intracellular 

immune response to control virus infection [163, 164]. RIG-I and MDA5 both have tandem 

N-terminal caspase recruitment domains (CARDs) with death domain folds, a DExD/H-box 

helicase (consisting of two RecA-like helicase domains, Hel1 and Hel2, and an insert domain, 

Hel2i), and a C-terminal domain [165, 166]. RIG-I recognizes short (<300 bp) dsRNAs that 
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have blunt ends and a 5′ triphosphate (5′-ppp) moiety [167, 168], whereas MDA5 

preferentially binds internally to long dsRNA (>1,000 bp) with no end specificity [169].  

Upon stimulation, RIG-I and MDA5 will induce a cascade of downstream signaling that will 

eventually activate the transcription of genes encoding IFNα/β through the regulation of IRF 

proteins. This is mediated by binding of RIG-I and MDA5 to the mitochondrial adaptor 

mitochondrial antiviral signaling (MAVS) protein (also known as IPS-1, Cardif or VISA) 

through CARD-CARD interaction [170-173]. MAVS is the key adaptor molecule for RLR 

signaling. Mammalian MAVS are usually composed of an N-terminal CARD domain, a 

central proline-rich region, and a C-terminal transmembrane (TM) domain. The TM domain 

of MAVS is essential, both for its localization to the mitochondrial outer membrane and for 

its induction of type I interferon [171]. 

MAVS activation will then lead to the formation of a signaling complex involving TRAFs, 

classical IκB kinases IKKα/IKKβ/NEMO responsible for NF-κB activation, and the TBK1 

and IKKε [170-174] that phosphorylate and activate IRF3 and IRF7. Phosphorylated IRF3 

and IRF7 form homo- and heterodimers that accumulate in the nuclei where they bind to 

target sequences to drive gene transcription and type I IFN production [175]. 

 

Figure 3 Schematic illustration of RIG-I mediated signaling. For detailed explanation see 
text. The figure is adapted from [176]. 
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1.2.2.4 Negative regulation of type I IFN production 

Type I IFN signaling is tightly regulated by a number of mechanisms to prevent aberrant 

interferon production which may otherwise lead to immune toxicity or the development of 

autoimmune disorders. The induction of negative regulators such as suppressors of cytokine 

signaling (SOCS)-1 and USP18 by type I IFN serve also as part of the negative feedback loop 

to limit the extent and duration of type I IFNs. SOCS proteins compete with STATs for 

binding to IFNAR and suppress JAK activity, whereas USP18 displaces JAK1 from IFNAR2 

[177, 178].  

Subsequently, p38 facilitates casein kinase II (CK2)-mediated phosphorylation of a degron 

sequence in the IFNAR cytoplasmic domain to increase ubiquitylation and degradation of 

IFNAR [179]. The type I IFNs are further regulated by miRNAs which are involved in the 

regulation of gene expression at the posttranscriptional level by degrading their target mRNAs 

and/or inhibiting their translation [180]. In CD8+ T cells, the expression of IFNAR–JAK– 

STAT pathway is strongly suppressed by miR-155, thereby enhancing CD8+ T cell responses 

to viral and bacterial pathogens by downregulating the negative effects of type I IFNs on T 

cell proliferation [181]. 

In the negative regulation of TLR signaling, Triad3A (RNF216) which is an E3 ubiquitin-

protein ligase can bind to TLR3, TLR4, and TLR9 to induce their proteasome-dependent 

degradation [182]. TRAM adaptor with GOLD domain (TAG) identified as a variant of 

TRAM, inhibits the TRIF-dependent pathway by displacing the adaptor TRIF with TRAM 

after LPS treatment [183]. Moreover, another TIR domain-containing protein- SARM can 

block TRIF complex formation by directly binding to TRIF, causing the inhibition of LPS-

mediated type I IFN production [184].  

Accordingly, the ubiquitination of TRAF6 is required for NF-kB activation. TANK was 

identified as a TRAF-binding protein and was shown to activate both NF-κB and IRFs in 

vitro. However, TANK-deficient mice exhibited enhanced NF-κB activation, suggesting that 

TANK is a negative regulator of TLR signaling by inhibiting suppression in ubiquitination of 

TRAF6 [185].  

Whereas in RLR signaling, IFN-inducible E3 ubiquitin ligase ring finger protein 125 

(RNF125) can target RIG-I, MDA5, and MAVS for ubiquitin-mediated proteasomal 

degradation. RNF125-mediated ubiquitination also requires IFN-inducible E2 ubiquitin 



Introduction 

23 
 

conjugating enzyme UbcH5c. This notion is supported by the observation that suppression of 

RNF125 by siRNA results in enhanced IRF3 activation and IFN production upon Sendai virus 

infection, while the overexpression of RNF125 showed opposite results.  

RIG-I signaling is also subjected to regulation by the ubiquitin editing protein A20. A20 

contains both a deubiquitinase and an ubiquitin ligase domain. Overexpression of A20 

selectively inhibited RIG-I-dependent activation of IRF3 and NF-κB whereas its depletion 

from cells enhanced virus induced signaling, suggesting that it functions as a negative 

regulator in the RLR pathway [186]. TNFR associated factor 3 (TRAF3), a K63-linked E3 

ubiquitin ligase that is essential for regulating virus-induced IRF3 activation, interacts with 

DUBs such as DUBA, OTUB1 and OTUB2 to render its activity [187]. In addition, it was 

reported that USP14 removes poly-ubiquitin chains from TRAF6 and USP25 removes poly-

ubiquitin chains from both TRAF3 and TRAF6 in a DUB activity-dependent manner [188, 

189]. 

 

1.2.3 Type II IFN signaling pathway 

1.2.3.1 IFN-γ signaling pathways 

IFN-γ signals mainly through JAK/STAT intracellular signal transduction pathway to achieve 

transcriptional activation of IFN-γ-inducible genes [190]. It involves sequential receptor 

recruitment and activation of the members of the JAKs and STATs to control transcription of 

target genes via specific response elements. The members of the cytoplasmic kinase JAKs 

includes JAK 1-3 and Tyk2, while the STAT family of transcription factors consists of seven 

members (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, STAT6) which are all 

involved in receptor signaling by various cytokines and growth factors [191]. 

The JAK-STAT signaling pathway is an essential pathway that is used by over 50 cytokines, 

growth factors and hormones to affect gene regulation. Mutations of JAK3 or TYK2 in 

humans lead to specific primary immunodeficiency syndromes designated severe combined 

immunodeficiency (SCID) and autosomal recessive hyperimmunoglobulin E syndrome (AR-

HIES) [192, 193], whereas STATs are crucial in T cell development, differentiation and 

functions [194].  
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IFN-γ dimerizes and binds to the interferon-gamma receptor (IFNGR) which comprises of 

two distinct chains, namely the high affinity IFNGR1 (alpha) and the low affinity IFNGR2 

(beta) [195, 196]. As a first step, IFN-γ binding induces the intracellular domains of the 

receptor chains to undergo a conformational change in lipid nano-domains, whereby the box 1 

domains on the IFNGRs are brought into proximity of each other allowing recruitment of 

JAK1 and JAK2 to the IFNGR1 and IFNGR2 chains, respectively [197]. Then, ligand binding 

induces JAK2 auto-phosphorylation and activation, which allows JAK1 transphosphorylation 

by JAK2 [198, 199]. Next, the activated JAK1 phosphorylates functionally critical tyrosine on 

residue 440 of each IFNGR1 chain to form two adjacent docking sites for the SH2 domains of 

inactive STAT1 [195]. Following then, STAT1 is activated by phosphorylation of tyrosine 

701 and translocate to the nucleus. The phosphorylated STAT1 binds to a regulatory DNA 

element termed gamma-activated sequence (GAS) and stimulates transcription of ISGs [200].  

Nevertheless, the observation that IFN-γ can induce gene expression in STAT1-deficient bone 

marrow-derived macrophages (BMDM) implied that IFN-γ can signal independently of 

STAT1 or in an alternative non-canonical way [201]. Indeed, it was shown that IFN-γ can 

activate STAT3 in a JAK-STAT dependent process resulting in activation of GAS-regulated 

genes in the absence of STAT1 [202, 203]. Furthermore, increased ERK activation upon IFN-

γ treatment in STAT1-deficient primary fibroblast or neurons indicated that IFN-γ can signal 

via other routes [204]. It has been demonstrated that STAT-independent IFN-γ signaling can 

take place through activation of other kinases such as Pyk2, ERK1/2, JNK or GSK3β, which 

then leads to the activation of other transcription factors [205-207].  

 

1.2.3.2 Negative regulation of the JAK-STAT signal 

An optimal antiviral response is accomplished by eliciting an effective immune response and 

simultaneously preventing damaging and harmful response mechanism due to overstimulation 

to the cells. In the context of IFN-γ cascade, downregulation of the pathway is pivotal to 

protect cells from the toxic effects of unregulated IFN-γ signaling.  

Control of the signaling cascade can take place at every level of the pathway. Essentially, the 

ligand binding complex of IFN-γ:IFNGR1 can be internalized and dissociated via the 

endosomal pathway after signal transduction [208]. In addition, the IFNGR1 chain will be 

uncoupled and dephosphorylated to degrade its ligand, thus allowing its recycling back to the 
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cell surface. The receptors were degraded entirely in other cell types to minimize IFNGR1 

surface expression [209, 210]. 

Following signal transduction, IFN-γ will induce the production of its own negative feedback 

inhibitor, namely SOCS-1. The SH2 domain of the SOCS-1 protein can bind to JAK1/2, 

thereby disrupting its tyrosine kinase activity to suppress downstream IFN-γ signaling [211-

213]. On top of that, SOCS-1 may further promote the degradation of the signaling machinery 

by binding to and targeting the molecules for the ubiquitin-proteasome pathway [214]. The 

prominence of SOCS-1 as inhibitor of IFN-γ signaling has been demonstrated in mice lacking 

SOCS-1, where they die rapidly due to excessive IFN-γ signaling, which can then be rescued 

by minimizing the IFN-γ load [215]. Besides, SOCS-1-/- mice die of IFN-γ-dependent, 

multisystem inflammatory tissue destruction in the absence of infection, thus indicating the 

crucial functions of IFN-γ [216, 217]. 

Subsequently, STAT1 tyrosine dephosphorylation by nuclear protein tyrosine phosphate 

(PTP) facilitates the release of bound DNA from STAT1 to uncover the nuclear export signal 

(NES) in STAT1 [218]. This entails the nuclear export of STAT1 through the recognition of 

NES by chromosomal region maintenance/exportin 1 (CRM1), which is an export receptor for 

NES containing proteins [219, 220]. Hence, the recycling of inactive STAT1 to the cytoplasm 

serves as a negative regulation of the signaling cascade. 

 

1.2.3.3 Implications of IFN-γ deficiency in disease 

IFN-γ is a pleiotropic molecule with associated anti-proliferative, pro-apoptotic and anti-

tumor mechanisms. It serves as a crosstalk between innate and adaptive immune response 

upon viral or bacterial infection. Thus, the need to maintain the homeostasis of IFN-γ is vital 

as excessive or limited amount of IFN-γ may disrupt the proper functioning of the health 

system.  

In human, increased IFN-γ expression can result in the development of systemic 

autoimmunity such as autoimmune nephritis [221], systemic lupus erythematosus [222, 223], 

multiple sclerosis [224], and insulin-dependent diabetes mellitus [225, 226]. Even though the 

exact mechanism whereby IFN-γ leads to the pathologies of systemic autoimmunity remains 

unclear, the significances of IFN-γ to T cell differentiation and immunoglobulin class 

switching in B cells underlines a substantial contribution to adaptive immune responses in 
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autoimmunity. In fact, IFN-γ has been demonstrated to promote B cells IgG class switching to 

more pathogenic (IgG2a and IgG3 in mice) autoantibodies leading to disease severity [227]. 

Besides, IFN-γ also plays a significant role in end organ damage due to excessive infiltration 

of IFN-γ secreting T cells resulting in macrophage activation, inflammation and tissue 

damage [228].  

The importance of IFN-γ in inflammatory response and immunoregulation has been 

highlighted in infants with defective IFN-γ production as they exhibited decreased neutrophil 

mobility and NK cell activity [229]. Patients with loss-of-function mutations in the IFNGR1 

or IFNGR2 chain were severely susceptible to poorly virulent mycobacteria, often presenting 

as early onset bacillus Calmette-Guerin infection and fatality in childhood [230, 231].  

Likewise, mice deficient in IFN-γ displayed shortcomings in natural resistance towards 

bacterial, parasitic and viral infections such as vaccinia virus, Theiler’s murine 

encephalomyelitis virus, Leishmania major, Toxoplasma gondii, Listeria monocytogenes, and 

several poorly virulent mycobacteria species [232-235]. Nevertheless, IFN-γ-/- mice are 

viable, fertile and showed no overt developmental defects as their immune system appears to 

develop normally [232]. 

Apart from function in host defense, IFN-γ is essential in tumor surveillance. C57BL/6 mice 

that lack the gene encoding IFN-γ displayed higher susceptibility to experimental (C57BL/6, 

RM-1 prostate carcinoma) and spontaneous (BALB/c, DA3 mammary carcinoma) models of 

primary and metastatic tumors [236, 237]. In addition, IFN-γ insensitive mice lacking the 

IFNGR1 subunit or STAT1 develop 3-methylcholanthrene (MCA)-induced sarcomas more 

rapidly and more frequently than their wild type counterparts, suggesting that IFN-γ plays an 

important role in tumor cell elimination [238].  
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Figure 4: Schematic diagram of the IFN signaling pathways induced by IFNα/β and 
IFN-γ. For detailed explanation see text. The figure is adapted from [239]. 
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Lymphocytic Choriomeningitis Virus (LCMV) 

1.3.1 The virion genome 

Lymphocytic choriomeningitis is a rodent-borne viral infectious disease caused by 

lymphocytic choriomeningitis mammarenavirus (LCMV). It is a member of the arenaviridae 

family of viruses that measures in the range of 60 to 300 nm in diameter [240]. The virus was 

first isolated incidentally by Charles Armstrong in 1933 as he studied epidemic encephalitis in 

St. Lois [241]. LCMV is an enveloped virus with a bisegmented, negative-stranded RNA 

genome that is noncytophatic in vivo. Hence, the cells are not killed directly during the course 

of infection [242]. Although the common house mouse, Mus musculus is the primary reservoir 

host for LCMV [243], the virus can infect human leading to infectious disease that present as 

aseptic meningitis or encephalitis. The transmissions from rodents to humans are most likely 

to occur through mucosal exposure to aerosolized virus, or by direct contact between 

contaminated fomites and abraded skin [244]. 

The LCMV genome consists of two negative-sense single stranded RNA segments, 

designated S and L, with approximate sizes of 3.4 and 7.2 kb, respectively [245, 246]. Each 

genomic RNA segment uses an ambisense coding strategy to direct the synthesis of two 

polypeptides that are encoded in opposite orientations, separated by a non-coding intergenic 

region with a predicted stable hairpin folding structure [247-249]. 

The S RNA directs synthesis of the three major structural proteins: the nucleoprotein, NP (ca. 

63 kDa) and two mature virion glycoproteins, GP-1 (40 to 46 kDa) and GP-2 (35 kDa), that 

are derived by posttranslational cleavage of a precursor polypeptide, GP-C (75 kDa). The 

GP-1 and GP-2 subunits associate to form the glycoprotein complex that forms the spikes 

observed on the surface of the virion structure and mediate receptor recognition and cell entry 

[250]. The L segment encodes the RNA-dependent RNA polymerase (L protein) (ca. 200 

kDa) and the matrix-like protein (Z) (ca. 11 kDa) that contains a RING finger motif, the latter 

of which participates in the formation of the virion structure and is also the driving force of 

virus budding [251, 252]. 

The NP, the most abundant viral protein in both infected cells and virions, is the main 

component of the virus ribonucleoprotein (RNP) [240]. It is associated with the viral RNA to 

form the nucleocapsid which is the template for the viral RNA polymerase [253]. NP and L 

were identified as the minimal viral trans-acting factors required for efficient LCMV genome 
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analogue replication and transcription [254]. The NP has also been suggested to interact with 

the Z protein to mediate the incorporation of viral RNPs into matured infectious virions [255-

257].  

 

1.3.2 The life cycle of LCMV 

The process of replication in LCMV starts by attachment of the virus to host receptors 

through its surface glycoproteins. The GP-1 and GP-2 subunits of LCMV will form a spike 

via ionic interactions that decorate the virus surface. GP-1 is responsible for LCMV receptor 

recognition and cell entry via receptor mediated endocytosis through interaction with α-

dystroglycan, a cellular surface receptor for viral entry [258, 259]. LCMV virions will be 

taken up in vesicles upon initial attachment of LCMV to target host cell [250]. Then the acidic 

environment within the vesicles will lead to a conformational change of the GP-2, exposing a 

fusogenic peptide that mediates fusion of the virion and host cell membranes [260-262]. 

This results in the release of the viral ribonucleoprotein into the cytoplasm of the infected cell, 

followed by viral RNA genome replication and gene transcription. Transcription by the viral 

L polymerase is initiated at promoters on each 5’end of the RNA segments, transcribing 

mRNA coding for the NP and L proteins. Transcription is terminated by structural motifs at 

the intergenic region (IGR) downstream of the 3’end of each open reading frame [263]. Low 

levels of NP at the beginning of infection seem to prevent the virus polymerase from reading 

through the IGR, hence favoring transcription over replication. Subsequently, as NP 

accumulates, the viral polymerase shifts to a replicase mode and moves across the IGR, 

generating full-length antigenome RNAs (agRNAs) which will serve as template for the 

synthesis of the GP-C and Z mRNAs. Complete viral genome is also amplified from the 

agRNA templates [264]. 

Budding of LCMV infectious progeny will take place at the cell surface membrane. The 

formation and release of arenavirus infectious progeny requires that assembled viral RNPs 

associate at the cell surface with membranes that are enriched in mature viral GP [265]. It has 

been shown that both GP and Z are strictly required for the formation of infectious LCMV 

virus like particles [265], and that Z is the main driving force for the virus budding. Lastly, 

S1P, a cellular protease that is responsible for correct processing of GP-C into GP-1 and GP-2 

will also determine the successful generation of infectious progeny [266, 267]. 
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1.3.3 Detection of LCMV and induction of antiviral response 

The replication of LCMV genome RNA results in the generation of diverse PAMPs including 

dsRNA, uncapped 5’-triphosphate, small RNA species and ssRNA molecules that could be 

recognized by different PRRs including both membrane associated Toll-like receptors TLR-3 

and TLR-7 and cytoplasmic RIG-I-like receptors RIG-I and MDA5. The expression of the 

TLRs was found primarily on DC and macrophages, whereas RLRs are commonly expressed 

in most cell types [268].  

Since LCMV enters the cell via the endosome [269], it is detected by the endosomal TLR-7 

and -8 that respond to viral ssRNA [270]. TLR receptor expressed on macrophages and 

conventional DCs signal via MyD88-dependent pathway to promote translocation of AP-1 

and NF-κB to the nucleus, thereby inducing gene transcription of pro-inflammatory cytokines 

such as TNF and IL-12 [143]. Moreover, plasmacytoid DC activation by LCMV through TLR 

MyD88-dependent pathway along with the kinases IRAK-1 and IKKα results in the 

production of type I IFNs in vivo, especially IFN-α to induce a CTL response and eventually 

virus elimination [271].  

Even though TLR2 is not required for the elimination of LCMV, it can trigger pro-

inflammatory cytokine production such as IL-6 via the NF-κB in response to viral proteins. 

Furthermore, it was demonstrated that mice deficient in TLR2 have diminished bioactivity of 

IFN-I in the serum following LCMV infection, suggesting that TLR2 contributes to IFN-I 

production [272]. In contrast, TLR3 that recognizes dsRNA are not involved in the immune 

response to LCMV infection [273].  

Contrary to TLRs, RIG-I and MDA5 detect nuclei acids in the cytosol. They recognize 5’-

triphosphate RNA and dsRNA, respectively, which are formed as part of the LCMV 

replication cycle [274]. Binding of LCMV’s PAMPs to RIG-I and MDA5 stimulates their 

ATPase/helicase activity, resulting in the recruitment of a signaling complex containing 

TRAF3, TBK1 and IKKε which induces the expression of early IFN-I subtypes IFN-α4 [103] 

and IFN-β [275]. These early IFN-I species then signal in an autocrine and paracrine manner 

to induce the expression of ISGs including Irf3 and Irf7. The IRF7:IRF7 and IRF7:IRF3 

complexes then translocate to the nucleus and induce the amplification of a secondary IFN-I 

production to mediate antiviral effects against LCMV [103, 276]. 
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1.3.4 Implication of LCMV infection in mice 

Virus clearance or persistence is determined by a critical balance between the virus-specific 

immune response and the rate of virus replication. The extent of severity and outcome of the 

LCMV infection within the mice are determined largely by the age, immunocompetence, 

genetic background as well as the route of infection and the strain and dose of infecting virus 

applied [244, 277].  

The effect of LCMV infection in mice is characterized mainly by the deletion and functional 

exhaustion of T cell responses [278, 279]. It has been demonstrated that the severity of 

exhaustion is dependent on the level of antigen stimulation [280]. In fact, CD8+ T cells 

exposed to persistent antigen stimulation for 1 week after LCMV infection were able to 

differentiate into fully functional CD8+ memory T cells. On the other hand, T cells exposed to 

persisting antigen for 2–4 weeks undergo T cell exhaustion and they failed to differentiate 

into memory cells even after the removal of antigen stimulation [281, 282]. In addition, 

NFAT and SPRY2 which are key molecules in specific TCR-dependent pathways were 

implicated in T cell exhaustion, consistent with a role for ongoing TCR stimulation [283, 

284]. Thus, the level and duration of chronic antigen stimulation and infection appear to be 

main drivers that lead to T cell exhaustion and correlate with the severity of dysfunction 

during chronic LCMV infection. 

Furthermore, dysregulation of innate immunity upon LCMV infection was shown where IFN-

I production by pDCs was suppressed, resulting in impaired NK cell responses in LCMV-

infected mice challenged with MCMV as an opportunistic pathogen [285]. Besides, IFN-I 

secretion during acute phase of LCMV infection leads to impairment of specific antibody 

responses through interaction with T cell-dependent B cells, thereby promoting disruption of 

B cell follicles, development of hypergammaglobulinemia (HGG), and expansion of the T 

follicular helper cell population [286]. 

Despite this constrained environment, adult immunocompetent mice with many LCMV 

strains could induce a protective immune response that mediates virus clearance within 10–14 

days. This control over persistent infections in mice infected with the non-cytopathic LCMV 

are mediated by an early and dramatic elevation of IFN-α/β within 2 to 3 days of infection 

[287, 288], followed by the adaptive T-cell immune response which is characterized by 

profound CD8+-T-cell expansion and IFN-γ production by day 7 to 9 after infection, resulting 

in the clearance of the virus by CD8+ T cells [289, 290]. 
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Influenza virus 

1.4.1 The virion genome 

The first influenza pandemic occurred in 1918 which resulted in 20 million deaths within the 

duration of 4 months. Nevertheless, it was only until 1933 that the first successful isolation of 

this virus was made possible by the infection of ferrets with human nasal washings to study 

the causative agent of 1918 pandemic [291]. Ever since then, many more outbreaks of this 

disease had occurred in different continents of the world. There are three types of influenza 

virus, namely A, B and C type based on the antigenicity of the ribonucleoprotein [292]. 

However, the majority of influenza virus endemic and all pandemics so far are caused by 

influenza virus type A (IAV). For the scope of this thesis, only type A influenza will be 

discussed in detail. 

IAV are characterized by segmented, negative strand RNA genomes and is the only species of 

the Alphainfluenzavirus genus of the Orthomyxoviridae family of viruses. They are either 

spherical or filamentous in shape, with the spherical forms of 100 nm in diameter and the 

filamentous forms of 300 nm in length [293]. IAV are divided into subtypes based on two 

proteins on the surface of the virus: the hemagglutinin (HA) and the neuraminidase (NA). HA 

is a protein that mediates binding of the virion to target cells and entry of the viral genome 

into the target cell. NA is involved in release from the abundant non-productive attachment 

sites present in mucus as well as the release of progeny virions from infected cells [294]. 

The influenza A virion is studded with glycoprotein spikes of HA and NA projecting from a 

host cell–derived lipid membrane. A smaller number of matrix (M2) ion channels traverse the 

lipid envelope [295]. The envelope and its three integral membrane proteins HA, NA, and M2 

overlay a matrix of M1 protein, which encloses the virion core [296]. Internal to the M1 

matrix are the nuclear export protein (NEP; also called nonstructural protein 2, NS2) and the 

ribonucleoprotein complex, which consists of the viral RNA segments coated with 

nucleoprotein and the heterotrimeric RNA-dependent RNA polymerase [297, 298]. 

The IAV genomes comprise eight negative-sense, single-stranded viral RNA segments with a 

total of about 14,000 nucleotides in length [299, 300]. Since the polarity of the RNA is 

labeled 3’ and 5’, it requires an RNA-dependent RNA polymerase of viral origin for 

replication. Upon entry of virion into the cells, these 8 RNAs will be copied into positive 

strand mRNA. Each segment of the RNA encode for protein needed to make new influenza 
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virus particles. For instances, segment 4 and 6 code for viral HA and viral NA protein, 

respectively, while segment 5 and 7 are responsible for coding of the nucleoprotein and M1 

matrix protein, respectively [301]. 

 

1.4.2 Influenza virus replication cycle 

Following attachment of the spikes of HA form on the influenza lipid membrane to the host 

cell’s sialic acid residues, receptor-mediated endocytosis occurs and the virus enters the host 

cell in an endosome [302-304]. Low pH of around 5 to 6 in the endosome triggers the fusion 

of the viral and endosomal membranes [305-307]. The HA precursor, HA0, is made up of two 

subunits: HA1, which contains the receptor binding domain, and HA2, which contains the 

fusion peptide. The low pH induces a conformational change in HA0, leading to maintenance 

of the HA1 receptor-binding domain but exposing the HA2 fusion peptide [308]. This fusion 

peptide inserts itself into the endosomal membrane, bringing both the viral and endosomal 

membranes into contact with each other [309]. Furthermore, the acidic environment of the 

endosome also opens up the M2 ion channel to facilitate the release of viral RNPs from the 

viral matrix into the cellular cytoplasm [310]. 

Once liberated from the virion, the viral RNPs will be facilitated by the nuclear localization 

signals (NLSs) that can bind to the cellular nuclear import machinery to direct entry of viral 

RNPs into the nucleus [310-313]. The nucleus is the location of all influenza virus RNA 

synthesis. The viral RNA-dependent RNA polymerase uses the negative-sense viral RNA 

(vRNA) as a template to synthesize two positive-sense RNA species: mRNA templates for 

viral protein synthesis, and complementary RNA (cRNA) intermediates from which the RNA 

polymerase subsequently transcribes more copies of negative-sense, genomic vRNA [314, 

315]. This leads to the synthesis of the envelope proteins HA, NA, and M2 from mRNA of 

viral origin on membrane-bound ribosomes into the endoplasmic reticulum, where they are 

folded and trafficked to the Golgi apparatus for post-translational modification [316]. 

Subsequently, the viral genomic segments are randomly packed into virions [317]. 

Nevertheless, there was a new study which claimed that the packing of viral segments into 

virion are mediated by specific packaging signals that dictates which segments are to be 

packaged into the virions [318, 319]. 
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Once there is enough accumulation of M1 matrix protein at the cytoplasmic side of the lipid 

bilayer, the newly made viral particles can bud off at the cell membrane. At this point, HA 

spikes will continue to bind the virions to the sialic acid on the cell surface [320]. Lastly, the 

cleavage of sialic acids from glycoprotein and glycolipids from the cell surface membrane 

allows the release of virion progeny into the host [321]. 

 

1.4.3 Activation of innate immune signaling upon intracellular detection of 

IAV infection 

Major detectors of transcriptional intermediates of IAVs in the infected host cells such as 

RIG-I and TLR-7 lead to the downstream activation of transcription factors including NF-κB, 

IRF3, and IRF7. This results in the transcription of genes encoding type I IFN-I and pro-

inflammatory cytokines that are crucial to initiate the immune response and limiting viral 

spread. The importance of type I IFN in antiviral responses has been implicated in IFNAR-

deficient mice where they failed to control the replication of highly-pathogenic influenza 

virus. Moreover, excessive secretion of pro-inflammatory cytokines (IL-1β, IL-6 and IFN-γ) 

and significantly lowered anti-inflammatory cytokines like IL-10 in IFNAR-deficient mice as 

compared to wild type mice resulted in higher mortality rate of IFNAR-deficient mice [322]. 

Even though over production of pro-inflammatory cytokines can lead to excessive 

inflammation in mice infected with IAV [322], TNF and IL-1 are crucial to induce endothelial 

adhesion molecules which trigger the migration of innate immune cells such as macrophages, 

blood borne DCs, and NK cells to the site of infection [323]. The recognition of IAV-HA by 

NK cells resulted in lysing of the infected cells, thus eliminating IAV infection [324]. The 

specialized antigen-presenting cell, DC, serves as a crosstalk between innate and adaptive 

immune response during IAV infection. Upon infection with IAV, DCs will present antigen 

derived from IAV to virus-specific CD8+ cytotoxic T cells [325-327]. Furthermore, viral 

proteins degraded in endosomes/lysosomes will be presented by MHC II molecules to CD4+ T 

helper cells, giving rise to B cell proliferation and maturation to antibody producing plasma 

cells [328]. T cells and B cells are crucial players in adaptive immunity against IAV infection. 

The virus specific CD8+ cytotoxic T cell response is crucial for the restriction of viral 

infection. Consequently, mice lacking CD8+ T cells show delayed virus clearance [329]. Upon 

infection by IAV, naïve CD8+ T cells are activated by DCs in the lymphoid tissues to 
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differentiate into cytotoxic T lymphocytes (CTLs) and are recruited to the site of infection to 

limit the production of viral progeny [325, 330]. The secretion of pro-inflammatory cytokines 

like type I IFNs, IFN-γ, IL-2 and IL-12 also assists CD8+ T cells differentiation into CTLs 

[331, 332]. The release of perforin from CD8+ T cells leads to the membrane permeabilization 

of infected cells and consequent release of granzyme into the cell to induce apoptosis [333, 

334]. Moreover, CTL also induce apoptosis of IAV infected cells by expressing cytokines 

such as TNF, FasL and TRAIL to recruit death receptors in IAV-infected cells [335]. The 

viral clearance of C57BL/6 mice infected with primary IAV takes usually about ten days. 

Memory T cell pools were shown to be stable for at least 500 days in murine models [336, 

337]. These memory CTLs that were circulating in the blood or in the lymphoid organs post-

infection were efficient in response to secondary IAV infection. IAV-specific memory CD8+ 

T cells are pivotal in facilitating viral elimination in the nasal epithelial to prevent the 

development of pulmonary disease and in the lung to defend against heterologous IAV 

infection [338]. Remarkably, Puleston et al. has demonstrated that autophagy is essential for 

the establishment of memory CD8+ T cells as Atg7-deficient mice failed to form CD8+ T cell 

memory against IAV infection [339]. 

Depending on the presence of co-stimulatory molecules and type of antigen, CD4+ T cells can 

differentiate into Th1, Th2, Th17, regulatory T cells (Tregs) and follicular helper T cells that 

can contribute to the restriction of IAV replication. Th1 effector CD4+ T cells secrete antiviral 

cytokines like IFN-γ, TNF, and IL-2 to regulate CD8+ T-cell differentiation to clear the viral 

infection [340]. Th2 cells produce IL-4 and IL-13 to promote B cell responses [341], while 

Th17 and Tregs cells are involved in regulating cellular immunity against IAV infection 

[342]. In addition, co-stimulatory ligands like CD40L expressed by CD4+ T cells contribute to 

B cell activation and antibody production [328, 343].  

The humoral response coordinated by B cells to induce a virus-specific antibody response is 

essential to neutralize surface glycoproteins HA and NA of IAV [344]. The binding of HA-

specific antibodies to the trimeric globular head of the HA inhibits virus attachment and entry 

into the host cell [345]. Besides, it facilitates phagocytosis of virus particles by Fc receptor 

expressing cells and mediates antibody-dependent cell-mediated cytotoxicity (ADCC) which 

is crucial against diverse HA subtypes [346]. Additionally, binding of antibodies to NA limits 

their enzymatic activity, thus rendering the cleavage of sialic acid on the cell surface thereby 

inhibiting the spread and release of newly formed virus particles [347]. The main antibody 

isotypes in the influenza-specific humoral immune response are IgA, IgM and IgG [348, 349]. 
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They are present mainly in the respiratory tract to initiate complement mediated neutralization 

of influenza virus to curtail the pathogenesis and transmission of IAV [350]. 
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Aim of the thesis 

The revelation that the human MHC class I region contains a number of nonclass I genes 

including FAT10 attracts attention to inquire further into the functional role of this protein [1]. 

Interestingly, IFN-γ and TNF displayed strong synergism in their ability to induce FAT10 

expression [17], thereby indicating a role of FAT10 in the immune response. Indeed, the basal 

expression of Fat10 mRNA is primarily found in the organs of the immune system, e.g. 

thymus, lymph nodes and spleen [16, 24, 25]. However, the information regarding the 

expression levels and inducibility of Fat10 mRNA at the cellular level are still missing. In 

light of this, we were motivated to elucidate the fat10 mRNA expression from murine 

leukocyte populations of the adaptive and innate immune system to understand the potential 

cell type-specific functions of FAT10. 

It was previously observed during my master thesis that in vitro stimulated (plate-bound 

αCD3ε/αCD28 antibody) splenocytes derived from lymphocytic choriomeningitis virus 

(LCMV)-WE infected FAT10-/- mice (3 days post infection) showed differences in levels of 

cytokine secretion as compared to wild type C57BL/6 mice. Therefore, we wanted to further 

elaborate the underlying mechanism behind this observation. Moreover, FAT10 has been 

shown to play a role in viral replication by interfering with the RIG-I signaling pathways. It 

was observed that FAT10 up-regulation following H5N1 virus infection in vitro promoted 

H5N1 viral replication through the inhibition of type I interferons, thus reducing the viability 

of infected cells [56]. For this reason, we wanted to investigate the cytokine profile of FAT10-

deficient mice upon acute infection with LCMV-WE strain and Influenza A virus as a mean to 

understand the role of FAT10 in viral immunity.  
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Materials and Methods 

2.1 Mouse strains  

C57BL/6 mice (H-2b) were originally purchased from Charles River Laboratories, Germany. 

FAT10-deficient (FAT10-/-) mice were kindly provided by A. Canaan and S.M. Weissman 

(Yale University School of Medicine, New Haven, USA) [49] and backcrossed onto C57BL/6 

background for at least 10 generations. FAT10+/- mice were generated by crossing C57BL/6 

and FAT10-/- mice. C57BL/6 FOXP3-GFP reporter mice were kindly provided by H.C. 

Probst [351]. All mice were kept in a specific pathogen free facility and kept under pathogen-

free conditions at the animal facility, University of Konstanz. Experimental animals were 

used at 8 – 12 weeks of age. 

2.2 Infection 

Age- and sex-matched mice were infected intravenously (i.v.) with 200 pfu LCMV-WE 

(provided by F. Lehmann-Grube, University of Hamburg, Germany) and propagated on the 

fibroblast cell line L929. For infection with influenza A virus, age- and sex-matched mice 

were anesthetized with isofluorane and infected intranasally (i.n.) with influenza virus strain 

A/Regensburg/D6/09 (H1N1pdm09, RB1) (provided by O. Planz, University of Tübingen, 

Germany) at 10 X 50% of a mouse lethal dose (MLD50) (10 X MLD50 = 5 X 104 pfu). The 

weight of the mice was monitored daily and mice were euthanized at the clinical end point of 

75% of the initial bodyweight. 

2.3 Generation of mouse embryonic fibroblasts (MEFs) 

The preparation of MEFs was performed as previously described [352] by A. Bitzer and M. 

Basler and was kindly provided by them. 

2.4 Blood collection and serum preparation 

Blood collection by cardiac puncture was performed using a 1 mL syringe (26 gauge) (BD 

Biosciences). After collection of the whole blood in a microvette® (Sarstedt), the blood 

sample was centrifuged at 10,000 rpm for 5 min. Following centrifugation, the supernatant 

(serum) was transferred to an Eppendorf tube (Sarstedt) and was stored at -20 °C for further 

analysis.  
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2.5 Peripheral blood mononuclear cell (PBMC) isolation  

Blood donations for research purposes were approved by the Ethics Committee of Konstanz 

University, and individual donors gave written consent. PBMCs from healthy donors were 

enriched by density gradient centrifugation on Ficoll-Paque™ Plus (GE Healthcare).  

2.6 Preparation of single cell suspension 

Complete IMDM 
90% (v/v) IMDM with GlutaMAX 

0.5% (v/v) β-Mercaptoethanol 

10% (v/v) FCS 

100 U/mL penicillin 

100 µg/mL streptomycin 

All purchased from Invitrogen-Life Technologies 

 

Spleen of around 8 - 12 week old mice was extracted and placed in a 15 mL Falcon tube (TPP 

Techno Plastic Products AG) containing 5 mL of complete IMDM. Cell isolation was 

performed under sterile conditions in 10 mL sterile Petri dishes (Roth). The spleen was 

smashed through a fine wire mesh using a sterile syringe (BD Biosciences). Leftover tissues 

were removed from the fine wire mesh and single cell suspension was transferred back to the 

Falcon tube. The tube containing the single cell suspension was left on the bench for a few 

minutes to settle down the sediments. 

2.7 MACS sorting 

1x PBS, pH 7.4 MACS buffer 

137 mM NaCl (Roth) 0.5% (v/v) FCS (Invitrogen)  

10 mM Na2HPO4 (Sigma-Aldrich) 2 mM EDTA (Sigma-Aldrich) 

1.8 mM KH2PO4 (Sigma-Aldrich) in 1x PBS, sterile-filtered 

2.7 mM KCL (Roth) 

in ddH20, autoclaved  

 

The different leukocyte populations were isolated from spleen of C57BL/6 mice by MACS in 

accordance with the manufacturers’ protocols (Miltenyi Biotech). The regulatory T cells were 

purified further by fluorescence activated cell sorting (FACS) (see next chapter). The purity 
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of the MACS sorted cells was determined by flow cytometry (Accuri® C6 flow cytometry). 

The antibody used to analyze the purity of positively sorted immune cell subsets is 

summarized in Table 1. The MACS kit used for isolation of the different immune cell types 

are listed in Table 2.  

Table 1: Antibodies used to identify the purity of positively sorted cells. 

Epitope Isotype Clone Supplier 

CD4-APC Rat IgG2b GK1.5 Thermo Fischer Scientific 

CD8-APC Rat IgG2a 53-6.7 BD Biosciences 

CD11b-PE Rat IgG2b M1/70 BioLegend 

CD11c-FITC Armenian 
Hamster IgG 

N418 Thermo Fischer Scientific 

CD19-APC Rat IgG2a 1D3 BD Biosciences 

CD90.2-PE Rat IgG2b 53-2.1 BD Biosciences 

Ly-6G-FITC Rat IgG2b RB6-8C5 Thermo Fischer Scientific 

 

Table 2: MACS kits used to isolate immune cell subsets. 

MACS kit Cell type Kit number 

CD4 MicroBeads CD4+ T cells 130-117-043 

CD8 MicroBeads CD8+ T cells 130-117-044 

CD11b MicroBeads Macrophages and 
Monocytes 

130-049-601 

CD11c MicroBeads UltraPure Dendritic cells 130-108-338 

CD19 MicroBeads B cells 130-121-301 

CD90.2 MicroBeads Pan T cells 130-121-278 
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Anti-Ly-6G MicroBead Kit Granulocytes 130-092-332 

CD4+ T Cell Isolation Kit Regulatory T cells 130-104-454 

 

2.8 Isolation of regulatory T cells 

Sorting buffer 
2% (v/v) FCS 

2 mM EDTA (Sigma-Aldrich) 

In 1x PBS, sterile-filtered 

 

CD4+ cells were pre-sorted from the spleen of C57BL/6 FOXP3-GFP reporter mice using 

autoMACS Pro Separator according to the manufacturer’s protocols (Milteny Biotech). The 

enriched CD4+ T cells were stained with anti-CD4 antibody (GK1.5) (BioLegend) at 4 °C for 

20 min. Cells were washed three times with sorting buffer to remove excess antibodies. 

Sorting of CD4+GFP+ Tregs was performed on a BD FACSAria lllu cell sorter (BD 

Biosciences) and the cells were collected in a 15 mL Falcon tube containing 2 mL sorting 

buffer + 10% FCS (performed by flow cytometry facility, University of Konstanz). After 

sorting, the Tregs were washed with complete IMDM and distributed into three wells at equal 

numbers. The Tregs were stimulated for 24 hours with 1 µg/mL LPS (from E. coli O111:B4) 

(Sigma-Aldrich), with 400 U/mL TNF and 200 U/mL IFN-γ (both from PeproTech) or left 

untreated in complete IMDM. The sorting strategy used for FACS-isolation of Treg is 

depicted in Figure 5. The sorting efficiency was determined by re-analysis of untreated Tregs. 

 

Figure 5: Sorting strategy for isolation of Tregs. MACS pre-sorted CD4+ T cells from 
splenocytes of FOXP3-GFP reporter mice were stained with anti-CD4 antibodies. After 
washing, cells were subjected to FACS. First, total splenocytes were identified (1) followed 



Materials and Methods 

42 
 

by CD4+ cells (2). Finally, Tregs were identified and sorted from the gate including FOXP3-
GFP+ cells (3). Successful purification of Tregs was assessed by flow cytometry re-analysis of 
the sorted population in the sorting gate (right plot). Numbers next to gates indicate 
percentage of positive cells of parent populations. SSC, side scatter; FSC, forward scatter; A, 
area. 

2.9 In vitro T cell stimulation and cell culture 

Complete RPMI 

90% (v/v) IMDM with GlutaMAX 

10% (v/v) FCS 

100 U/mL penicillin 

100 µg/mL streptomycin 

All purchased from Invitrogen-Life Technologies 

 

5 µg/mL each of anti-CD3ε (145-2C11) and anti-CD28 (37.51) (both from Thermo Fischer 

Scientific) were added to 1x PBS and plated in 96 well-plate with 100 µL per well and left at 

room temperature for at least 1 hour. Then, the 96 well-plate were washed three times with 

200 µL of 1x PBS to remove the excess/un-bounded anti-CD3ε/anti-CD28. Next, splenocytes 

from C57BL/6, FAT10+/- and FAT10-/- mice were added to the wells and stimulated in vitro 

with plate-bound anti-CD3ε/anti-CD28 and cultured for 24 hours in complete IMDM. 

C57BL/6 MEFs (in complete RPMI) and the sorted immune cell subsets from mice (in 

complete IMDM) or PBMCs (in complete RPMI) were stimulated with the following 

cytokines: 400 U/mL TNF, 200 U/mL IFN-γ, 400 U/mL IL-6 (all from PeproTech), 

200 U/mL IFN-α (BioLegend) and 1000 U/mL IFN-β (PBL Assay Science) for 24 hours 

unless otherwise stated.  

2.10 ELISA 

Cytokines were analyzed by ELISA kits (IFN-γ, TNF, IL-17A: ThermoFischer, IFN-α: PBL 

Assay Science, IFN-β: BioLegend) according to the manufacturers’ instructions. Supernatants 

from cultured cells were collected at the indicated time points and frozen at -80 °C until 

further use. Upon thawing, samples were diluted appropriately to measure cytokine 

concentrations in the linear range as indicated by the cytokine standard dilution series. 

Absorbance was measured in a TECAN plate reader (TECAN group Ltd.) at 450 nm 

measurement wavelength and 570 nm reference wavelength.  
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2.11 Quantitative real-time RT-PCR 

RNA was purified using the RNeasy® Plus Mini Kit (Qiagen) according to the 

manufacturer’s instructions. For synthesis of single-stranded cDNA from total RNA, the 

Reverse Transcription System (Promega) was used. To set up PCR reactions, the Biozym 

Blue S’ Green qPCR Kit (biozym) was used according to the manufacturer’s instructions. 

PCR reactions were run with 2 µL (=20 ng) of cDNA and 0.5 µM of each primer. Gene 

expression was measured by TOptical Gradient 96 Real-Time PCR-Thermocycler and the 

qPCRsoft V3.1 software (both from Analytik Jena), with the following primers listed in Table 

3: Primer pairs for quantitative RT-PCR.Table 3. 

Table 3: Primer pairs for quantitative RT-PCR.  

mRNA Forward (5′ to 3′) 
Reverse (5′ to 3′) 

Annealing 
temperature 

(MOUSE) 

fat10 

GGGATTGACAAGGAAACCACTA 

TTCACAACCTGCTTCTTAGGG 
59 °C 

(MOUSE) 

ifn-γ 

TGA ACG CTA CAC ACT GCA TCT TGG 

CGA CTC CTT TTC CGC TTC CTG AG 
66 °C 

(MOUSE) 

il-12 p35 

AACT TTGGCATTGTGGAAGG 

ACACATTGGGGGTAGGAACA 
59 °C 

(MOUSE) 

il-12 p40 

CAGAAGCTAACCATCTCCTGGTTTG 

TCCGGAGTAATTTGGTG CTTCACAC 
58 °C 

(MOUSE) 

il-17a 

TCAGCGTGTCCAAACACTGAG 

CGCCAAGGGAGTTAAAGACTT 
56 °C 

(MOUSE) 

il-12 Rβ1 

GCCAAGATTAAGTTCTTGGTG 

ATTCTTGGGGTTCTTGGAGGC 
48 °C 

(MOUSE) 

il-12 Rβ2 

GGGAGTACATAGTGGAATGGA 

GCGTCGGTACTGAATTTCGCA 
50 °C 

(MOUSE) 

il-23 p19 

CCAGCAGCTCTCTCGGAATC 

TCATATGTCCCGCTGGTGC 
56 °C 

(MOUSE) 

irf-1 

CAGAGGAAAGAGAGAAAGTCC 

CACACGGTGACAGTGCTGG 
50 °C 

(MOUSE) 

stat-4 

GAAGTAGCTTCTAACAATGAAAC 

CCCTGATCCATTGTCTGAATTG 
46 °C 

(MOUSE) TGAAGGCATCAACATTTCTGG 57 °C 
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rpl13a GGTAAGCAAACTTTCTGGTAG 

(MOUSE) 

gapdh 

GTGTTCCTACCCCCAATGT 

TGTCATCATACTTGGCAGGTTTC 
59 °C 

(MOUSE) 

β-act 

GACCTCTATGCCAACACAGT 

ACTCATCGTACTCCTGCTTG 
66 °C 

(MOUSE) 

mx1 

CCTGGAGGAGCAGAGTGACAC 

GGTTAATCGGAGAATTTGGCAA 
60 °C 

(MOUSE) 

hprt 

CCAGCAGGTCAGCAAAGAACTTA 

TGGACAGGACTGAAAGACTTG 
59 °C 

(HUMAN) 

Fat10 

CTGTGTGCATGTCCGTTCCGA 

GGGTAAGGTGGATGGTCTTCTCT 
64 °C 

(HUMAN) 

Rpl13a 

CTACAGAAACAAGTTGAAGTACCTG 

ATGCCGTCAAACACCTTGAG 
60 °C 

 

Relative gene expression was calculated using the Excel-based relative expressions software 

tool (REST©) according to the Pfaffl method [353]. The normalization to housekeeping genes 

was done as indicated in the figure legends. mRNA expression levels are shown as arbitrary 

units (AU) of real-time RT-PCR data. 

Table 4: General PCR program using the qPCRsoft V3.1 software. 

 Step Duration Temperature 

Polymerase 
activation Denaturation 10 min 95 °C 

Amplication 
(40 cycles) 

Denaturation 10 s 95 °C 

Annealing 5 s Primer independent 

Elongation Amplicon size in 
bp/25 

72 °C 

Melting curve 
Annealing 0 s 60 °C 

Melting 1 °C increments 
at 5 °C/s 

60 °C to 95 °C 
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2.12 Focus forming assay for LCMV viral load 

Titers of LCMV in spleens of i.v.-infected mice were determined on adherent fibroblasts cells 

(MC57) as previously described [354]. Briefly, total spleen was homogenized on ice upon 

harvest. Supernatant was collected to perform dilutions (100 to 105) for infection of an MC57 

cell monolayer under a 2% methylcellulose-MEM overlay. 2 days later, MC57 monolayers 

were fixed with 4% Formalin-PBS and permeabilized with Triton X-100, and stained with Rat 

anti-LCMV mAb (VL-4) (kind gift of M. Basler). Secondary staining with Goat anti-Rat HRP 

(Jackson ImmunoResearch Laboratories) and ο-Phenylenediamine (Sigma-Aldrich) was used 

to induce a colorimetric reaction to quantify LCMV-infected foci. 

2.13 Influenza virus plaque assay 

To assess the number of infectious particles in the lungs, a plaque assay using AVICEL® 

(FMC BioPolymer) was performed in 96 well plates as described previously [355]. In brief, 

Madin Darby canine kidney (MDCK II) cells were grown to confluency in 96 well dishes, and 

then they were washed with PBS and infected with serial dilutions of the supernatants in 

PBS/BSA for 30 min at 37 °C. After incubation, cells were overlaid with overlay medium 

[1:1, MEM medium containing 0.2% BSA, antibiotics and 2.5% AVICEL® Medium (FMC 

BioPolymer)] for 24 hours. Afterwards, virus infected cells were immunostained by 

incubating for 1h with a monoclonal antibody specific for the influenza A virus nucleoprotein 

(clone:AA5H, isotype: IgG2a) (Serotec), followed by 30 min incubation with peroxidase 

labeled anti mouse antibody (DIANOVA) and 10 min incubation with True Blue™ 

peroxidase substrate (KPL). Viral titers are shown as the logarithm to the base 10 of the mean 

values. 

2.14 Flow cytometry 

FACS Buffer 

2% (v/v) FCS 

2 mM EDTA (Sigma-Aldrich) 

0.02 mM NaN3 (Riedel-de Haen) 

In 1x PBS, sterile-filtered 

 

50 μL of single cell suspension were added into one well of a 96 round-bottom well plate and 

centrifuged at 1500 rpm for 90 s. Supernatants were discarded and cells were stained with the 
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following antibodies listed on Table 5. After incubation time of 20 min at 4 °C, cells were 

washed twice with 150 μL of FACS buffer, resuspended in 150 μL FACS buffer and analyzed 

by FACSVerse (BD Biosciences). Flow cytometry data were analyzed with the FlowJo 

software version 8.8.7 (TreeStar). 

Table 5: Antibodies used for flow cytometry. 

Epitope Isotype Clone Supplier 

CD3-APC Rat IgG2b 17A2 Thermo Fischer Scientific 

CD4-PE Rat IgG2a GK1.5 Thermo Fischer Scientific 

CD8-FITC Rat IgG2a 53-6.7 BD Biosciences 

CD11b-APC Rat IgG2b M1/70 BD Biosciences 

CD11c-FITC Armenian Hamster 
IgG 

N418 Thermo Fischer Scientific 

CD19-APC Rat IgG2a 1D3 BD Biosciences 

CD90.2-PE Rat IgG2b 53-2.1 BD Biosciences 

Ly-6G-FITC Rat IgG2b RB6-8C5 Thermo Fischer Scientific 

NK1.1-PE Mouse IgG2a PK136 Thermo Fischer Scientific 
 

2.15 Intracellular cytokine staining (ICS) 

Permeabilization buffer 

0.1% (w/v) Saponin (Sigma) 

in 1x FACS buffer 

 

Isolated splenocytes were stimulated in vitro with plate-bound anti-CD3ε (145-2C11) and 

anti-CD28 (37.51) for 19 h at 37 °C, followed by 10 μg/mL brefeldin A (Sigma Aldrich) for 5 

h at 37 °C. Then, cells were surface stained with PE-conjugated anti-CD4 (GK1.5) (Thermo 

Fisher Scientific) and APC-conjugated anti-CD8 (53-6.7) (BD Biosciences) for 20 min at 

4 °C in FACS buffer. The cells were washed twice with FACS buffer before they were fixed 

with 4% paraformaldehyde (Thermo Fisher Scientific) in PBS for 5 min at 4 °C. Afterwards, 

cells were washed twice with permeabilization buffer for permeabilization and were then 

labeled intracellularly with FITC-conjugated rat anti-IFN-γ antibody (clone XGM1.2) 

(BioLegend) in permeabilization buffer overnight at 4 °C. The next day, cells were washed 

twice and resuspended in FACS buffer for flow cytometry. Flow cytometric analyses were 
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performed on FACSVerse (BD Biosciences). Data analysis was performed with FlowJo 

software version 8.8.7 (TreeStar). 

2.16 Statistical analysis 

For statistical analyses, groups from similar experiments were pooled and analyzed for 

significant differences as indicated in the graph. All statistical analyses were performed using 

GraphPad Prism software (version 6.04) (GraphPad, San Diego, CA). 
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Results 

3.1 FAT10 expression pattern in murine immune cell subsets 

High basal expression of Fat10 mRNA is predominantly found in organs of the immune 

system like thymus, foetal liver, lymph nodes, and spleen [16, 17, 25]. So far, endogenous 

Fat10 expression at the cellular level has been assigned to mature DC and B cells [2], mTECs 

[32], and to long-term cultures of human Treg [356]. However, there is scarce information 

about fat10 expression in the different immune cells.  

Hence, we have investigated the expression levels of fat10 mRNA in the murine leukocyte 

populations of the adaptive and innate immune system in their naive state, upon stimulation 

with pro-inflammatory cytokines, and endotoxin treatment. To determine in which of the 

main leukocyte populations fat10 is expressed or inducible by different stimuli the different 

leukocyte subsets were isolated from mouse splenocytes via MACS or in case of regulatory 

T cells by FACS. The purity of the cell preparations was assessed by flow cytometric re-

analysis and varied between 86.2% and 100% (Table 6). The purified cells were left 

untreated, stimulated overnight with IFN-γ and TNF, or with LPS. 

 

Table 6: Purity of the purified murine leukocytes. 

Cell Type Marker Mean ± SD 
CD4+ T cells CD4 86.2 ± 0.9 
CD8+ T cells CD8 93.3 ± 0.9 

Macrophages & Monocytes CD11b 92.8 ± 1.3 
Granulocytes Ly-6G 93.1 ± 1.0 

B cells CD19 87.6 ± 1.4 
Dendritic cells CD11c 96.3 ± 1.2 

Regulatory T cells FOXP3-GFP 100.0 ± 0.0 
 

In cells of the adaptive immune system such as CD4+ and CD8+ T cells as well as B cells, we 

did not detect fat10 expression in untreated or LPS-treated cells (Fig. 6A, 6B and 6D). Only 

the cytokines IFN-γ and TNF jointly induced expression of fat10 in these cell types. The 

mRNA levels were similar in CD4+ and CD8+ T cells that were 2.3 and 2.5 log2 fold change, 

respectively, but only increased significantly in CD4+ T cells. In B cells, the level of fat10 

expression was twice as high (5.2 log2-fold change). Notably, Treg showed basal fat10 

expression, which rose significantly upon LPS treatment (Fig. 6C). When treated with 
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Figure 6: Fat10 mRNA expression profile of immune cell subsets from mouse spleen. 
Murine cells were sorted magnetically (A, B, D-G) or were purified by FACS (C) from 
spleens of C57BL/6 mice. After isolation, the cells were stimulated with 1 µg/mL LPS or 
400 U/mL TNF and 200 U/mL IFN-γ for 24 h or were left untreated. Then, fat10 mRNA 
expression was quantified by real-time RT-PCR. We used cDNA prepared from total 
splenocytes of FAT10-deficient mice as negative control (shown as dashed line). We depicted 
fat10 expression as log2-fold change normalized to rpl13a and actb. Statistical significance 
was determined with an ordinary one-way ANOVA followed by the uncorrected Fisher’s 
LSD test only comparing untreated with treated samples. **p< 0.01, ***p< 0.001. [n=3 per 
group for all experiments].  

cytokines, Treg expressed fat10 even stronger attaining levels of 6.9 log2-fold change. High 

basal expression of fat10 in Treg is in accordance with a previous report showing that 

overexpression of FOXP3 leads to Fat10 up-regulation [356]. These results infer that all cells 

of the adaptive immune system express fat10 in an inflammatory setting since the pro-

inflammatory cytokines IFN-γ and TNF induced its expression in the aforementioned cell 

types.  
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We also analysed macrophages and monocytes (M&M), DC and granulocytes, i.e. cells of the 

innate immune system, for fat10 expression (Fig. 6E, 6F and 6G). DC showed low basal fat10 

expression when untreated (Fig. 6F) and LPS treatment completely repressed this basal 

expression. In granulocytes, we did not detect fat10 mRNA in untreated cells, but could 

stimulate fat10 expression with LPS slightly (Fig. 6G). Both cell types up-regulated fat10 

significantly upon cytokine induction (Fig. 6F and 6G), where DC expressed fat10 at 

6.2 log2-fold change and granulocytes at 4.0 log2-fold change. Highest expression levels were 

found in M&M (Fig. 6E). These cells had high basal fat10 expression, which significantly 

increased with cytokines but not with LPS. When stimulated with the pro-inflammatory 

cytokines IFN-γ and TNF, upregulation of fat10 mRNA expression in DC and M&M reached 

similar levels of 6.2 log2-fold change in DC and 6.4 log2-fold change in M&M (Fig. 6E and 

6F). 

Taken together, our results indicate that upon IFN- and TNF treatment, fat10 is expressed in 

all immune cell subsets, which we analysed. Interestingly, M&M as well as Treg already 

express fat10 in a naive state or non-inflammatory setting suggesting that FAT10 is necessary 

for cell-type specific functions unrelated to acute inflammation. 

 

3.2 Fat10 mRNA becomes up-regulated upon LCMV infection 

Previous studies have found higher expression of Fat10 in lymphoid organs, such as thymus, 

spleen, lymph nodes and fetal liver [16, 24, 25]. To examine whether LCMV infection can 

lead to induction of the fat10 gene, wild type mice were infected with LCMV-WE for either 3 

days or 8 days. Quantitative real-time RT-PCR analysis was performed on total spleen and 

thymus, as well as magnetically purified CD4+, CD8+ and CD19+ cells (purity: over 85%) 

from the spleen (Fig. 7). Compared to naive mice, fat10 gene expression in CD4+ T cells was 

significantly induced on day 3 post LCMV infection and was not further increased on day 8 

post infection (Fig. 7C). In the thymus and in CD19+ B cells, a significantly elevated fat10 

mRNA expression could only be observed on day 8 post infection (Fig. 7B and 7E), while 

LCMV infection leads to a gradual increase in fat10 gene expression in the spleen and in 

CD8+ T cells (Fig. 7A and 7D). These results suggest that LCMV infection leads to overall 

fat10 mRNA induction, with early (3 days post LCMV infection) or late (8 days post LCMV 

infection) expression depending on the type of immune cell or organ.  
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Figure 7: LCMV-WE induced fat10 gene expression. Quantification of fat10 mRNA levels 
in C57BL/6 mice without (naive) or with LCMV-WE infection for either 3 days (LCMV d3) 
or 8 days (LCMV d8). Fat10 mRNA expression was determined by real-time RT-PCR and 
normalized to rpl13a. The relative mRNA expression was calculated with the value for naive 
being arbitrarily set to unity. Fat10 gene expression in spleen (A) and thymus (B) of C57BL/6 
mice. Splenocytes of C57BL/6 naive, LCMV d3 or LCMV d8 infected mice were 
magnetically sorted for CD4+ T cells (C), CD8+ T cells (D) and CD19+ B cells (E). *p< 0.05; 
**p< 0.01; *** p< 0.005; ****p< 0.001; ns, statistically not significant by one-way ANOVA 
Tukey’s multiple comparisons test. Error bars represent mean ± SEM. [n=3 per group for all 
experiments]. 

 

3.3 Reduced IFN-γ production in LCMV day 3 infected FAT10-/- mice 

IFN-γ is an important pro-inflammatory cytokine for the early and late defense against LCMV 

[357, 358]. Since FAT10 silencing has caused an elevation of the type I interferon response 

upon virus infection in vitro [56] and since IFN- downregulate IFN- production, we have 

investigated whether FAT10 deficiency in LCMV-infected mice would affect the IFN- 

response. FAT10 is strongly induced in CD4+ and CD8+ cells on day 3 post LCMV infection 

(Fig. 7C and 7D). Therefore, splenocytes from LCMV infected wild type (WT), FAT10+/- and 

FAT10-/- mice (3 days post infection) were stimulated in vitro with plate bound 
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Figure 8: Reduced IFN-γ production in splenocytes of LCMV-WE infected FAT10-/- 
mice. Splenocytes of uninfected (naive) mice (A) or mice infected with LCMV-WE for 3 
days (LCMV d3) (B) were stimulated overnight with plate bound αCD3ε/αCD28 antibodies 
and IFN-γ in the supernatant was determined by ELISA. (C) Mice were infected with LCMV-
WE for 72 h (LCMV d3) and for 96 h (LCMV d4). IFN-γ levels in the serum were measured 
by ELISA. The control (Naive) represents wild type mice without LCMV-WE infection. (D) 
Quantification of ifn-γ mRNA expression levels from splenocytes of mice infected with 
LCMV-WE (day 3) and stimulated overnight with plate bound αCD3ε/αCD28 antibodies. Ifn-
γ mRNA expression was determined by real-time RT-PCR and normalized to rpl13a. The 
relative mRNA expression was calculated with the value for unstimulated being arbitrarily set 
to unity. (E) Splenocytes of mice infected with LCMV-WE (day 3) were stimulated overnight 
with plate bound αCD3ε/αCD28 antibodies and intracellular cytokine staining (ICS) for IFN-γ 
of CD4+ and CD8+ cells were analyzed by flow cytometry. *p< 0.05; **p< 0.01; ***p<0.005; 
****p<0.0001; ns, statistically not significant by Student’s t-test except for (C). (C) is 
analyzed by one-way ANOVA Tukey’s multiple comparisons test. Error bars represent mean 
± SEM. [n= 20 from 5 independent experiments for (A), n= 25 from 6 independent 
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experiments for (B), n= 5 from 2 independent experiments for (C), n= 9 from 3 independent 
experiments for (D) and n= 8 from 2 independent experiments for (E)]. 

αCD3ε/αCD28 antibodies and IFN-γ secretion into the supernatant was assessed. No 

difference in IFN-γ concentrations in the supernatant of splenocytes between uninfected WT 

and FAT10+/- mice compared to FAT10-/- mice was found (Fig. 8A). In contrast, on 3 days 

post LCMV infection, when FAT10 is strongly induced (Fig. 7), splenocytes of FAT10-/- mice 

secreted about 50% less IFN-γ (Fig. 8B). This was further confirmed by the assessment of 

mRNA expression levels of ifn-γ in splenocytes of LCMV infected FAT10-/- mice (3 days post 

infection) (Fig. 8D). However, no differences in IFN-γ level could be observed in the serum 

on day 3 or day 4 post LCMV infection (Fig. 8C).  

T cells are the major producers of IFN-γ during LCMV infection [359]. To test 

whether T cells contribute to reduced IFN-γ production in FAT10-/- mice, we assessed 

intracellular IFN-γ production of CD4+ and CD8+ cells from LCMV infected (day 3) FAT10+/- 

and FAT10-/- mice. Splenocytes of mice were stimulated in vitro with plate bound 

αCD3ε/CD28 antibodies for 24 hours and IFN-γ was stained intracellularly. CD8+ cells from 

splenocytes of FAT10-/- mice secreted less IFN-γ compared to FAT10+/- mice whereas no 

difference was seen for CD4+ cells (Fig. 8E). Thus, reduced IFN-γ secretion observed in 

TCR-stimulated FAT10-/- splenocytes (Fig. 8B) can be assigned at least in part to CD8+ T 

cells (Fig. 8E).  

 

3.4 Analysis of CD8+ T cells from FAT10-/- mice in IFN-γ production 

The murine immune response to LCMV involves the activation of CD8+ T cells and the 

production of virus-specific CTL [279]. At 3 days post LCMV infection, we had identified 

CD8+ T cells as the immune cells that contribute to diminished IFN-γ secretion based on ICS 

of IFN-γ from splenocytes of FAT10-/- mice (Fig. 8E). Hence, we want to investigate whether 

TCR-stimulation of CD8+ T cells alone would yield similar results as previously observed in 

ICS from bulk splenocytes. Splenocytes of mice infected with LCMV for 3 days were MACS 

sorted for CD8+ T cells (purity over 84%). In parallel, splenocytes depleted of CD8+ T cells 

(referred to as CD8- cells) were stimulated overnight with plate bound αCD3ε/αCD28 

antibodies. Indeed, supernatants collected from overnight TCR-stimulated cultures showed 

that CD8+ T cells from FAT10-/- mice secreted significantly less IFN-γ as compared to its 

heterozygous counterparts (Fig. 9B). Whereas no difference in IFN-γ secretion was observed 

from CD8- cells of FAT10-/- mice (Fig. 9A). To examine whether the findings made on protein 
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level was translatable to genetic level, mRNA was prepared from CD8+ T cells and CD8- cells 

purified on day 3 after LCMV infection that were left unstimulated or stimulated with plate 

bound αCD3ε/αCD28 antibodies. Quantification of ifn-γ mRNA expression level revealed that 

the declined IFN-γ gene expression was shown only in CD8+ T cells (Fig. 9D) and not in 

CD8-cells (Fig. 9C). These results confirm our earlier work showing CD8+ T cells are 

responsible for the observed reduced IFN-γ production in the absence of FAT10. 

 

 

Figure 9: Analysis of CD8+ T cells from FAT10-/- mice in IFN-γ production. Splenocytes 
of mice infected with LCMV-WE for 3 days were stimulated overnight with plate bound 
αCD3ε/αCD28 antibodies. (A, B) IFN-γ in the supernatant of CD8- cells (A) and CD8+ T cells 
(B) were determined by ELISA. (C, D) Quantification of ifn-γ mRNA expression levels was 
performed on CD8- cells (C) and CD8+ T cells (D). The ifn-γ mRNA expression was 
determined by real-time RT-PCR and normalized to rpl13a. The relative mRNA expression 
was calculated with the value for unstimulated being arbitrarily set to unity. *p< 0.05; ns, 
statistically not significant by Student’s t-test. Error bars represent mean ± SEM. [n= 9 from 3 
independent experiments for (A) and (C); n= 12 from 4 independent experiments for (B) and 
(D)]. 
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3.5 Increased IL-17A production in LCMV day 3 infected FAT10-/- mice 

So far, the studies presented here were driven mainly by the observation that IFN-γ secretion 

was less in splenocytes of LCMV day 3 infected FAT10-/- mice (Fig. 8B). Though IFN-γ was 

known to be one of the main pro-inflammatory cytokines secreted upon viral challenge, other 

pro-inflammatory cytokines such as TNF, IL-1β and IL-17A, to name a few were also 

prominent [360]. Therefore, we were interested to know whether FAT10 deficiency upon 

LCMV infection could lead to changes in the secretion of TNF and IL-17A (Fig. 10). A 

similar experimental approach was taken to detect the cytokine levels. Splenocytes from 

FAT10+/- and FAT10-/- mice were infected with LCMV for 3 days and stimulated in vitro with 

plate bound αCD3ε/αCD28 antibodies, followed by the detection of the aforementioned 

cytokines from the supernatant. FAT10-/- mice secreted equal amount of TNF with or without 

TCR stimulation (Fig. 10A). On the contrary, splenocytes derived from FAT10-/- mice with or 

without TCR stimulation both secreted significantly higher IL-17A compared to FAT10+/- 

mice (Fig. 10B). Splenocytes from FAT10-/- mice that received TCR stimulation produced 

about 3 fold more IL-17A as compared to without stimulation. In addition, quantitative real-

time RT-PCR analysis performed on in vitro cultured splenocytes revealed that FAT10-/- cells 

without stimulation had significantly higher il-17a gene induction as compared to FAT10+/- 

cells. However, the previously observed high IL-17A secretion upon TCR stimulation by 

FAT10-/- splenocytes (Fig. 10B) was not translatable on a gene expression level. No 

difference in il-17a mRNA expression after 24 hours TCR stimulation between splenocytes of 

FAT10-/- and FAT10+/- mice was found (Fig. 10C). These data suggests that the elevated 

secretion of IL-17A upon TCR stimulation might compensate for the reduced IFN-γ 

production in FAT10-deficient mice during LCMV infection.  
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Figure 10: Increased IL-17A production of splenocytes derived from LCMV (day 3) 
infected FAT10-/- mice. Splenocytes of mice infected with LCMV-WE for 3 days were 
stimulated overnight with plate bound αCD3ε/αCD28 antibodies and TNF (A) and IL-17A 
(B) in the supernatant was determined by ELISA. (C) Quantification of il-17a mRNA 
expression levels from splenocytes of mice infected with LCMV-WE (day 3) and stimulated 
overnight with plate bound αCD3ε/αCD28 antibodies. Il-17a mRNA expression was 
determined by real-time RT-PCR and normalized to rpl13a. The relative mRNA expression 
was calculated with the value for unstimulated cells being arbitrarily set to unity. *p< 0.05; 
**p< 0.01; ns, statistically not significant by Student’s t-test. Error bars represent mean ± 
SEM. [n= 8 from 2 independent experiments for (A), n= 12 from 3 independent experiments 
for (B), n= 9 from 3 independent experiments for (C)]. 
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3.6 The cytokine receptor signaling pathways are not altered in FAT10-

deficient mice 

Cytokines represent a diverse group of small proteins (~5-20 kDa) that transmit intercellular 

signals using multiple signaling pathways [361]. In the interest of our previous findings in 

regard to reduced IFN-γ and increased IL-17A secretion by splenocytes of FAT10-/- mice at 3 

days post LCMV infection (Fig. 8B and 10B), the IL-12 family of heterodimeric cytokines 

such as IL-12 and IL-23 and a few transcription factors involved in downstream signaling 

were identified as key players for further studies.  

IL-12 produced by monocytes, dendritic cells and macrophages is involved in the 

differentiation of naive T cells into Th1 cells and stimulates the production of IFN-γ of T cells 

via STAT-4 signaling [362]. Since IL-12 could not be detected in the supernatant of TCR-

stimulated LCMV infected (day 3) splenocytes, real-time RT-PCR was performed to 

determine the gene expression level of il-12 with subunits, p35 and p40. Splenocytes of 

FAT10-/- mice showed significantly less mRNA expression for the il-12 p40 subunit but no 

difference for the il-12 p35 subunit in comparison to FAT10+/- mice (Fig. 11A and 11B). A 

reduced il-12 p40 expression can account for diminished IFN- production in the absence of 

FAT10. 

IL-12 and IL-23 both signal through heterodimeric receptor complexes that contain 

IL-12 receptor subunit beta 1 (IL-12Rβ1) paired with either IL-12 receptor subunit beta 2 

(IL-12Rβ2) for the IL-12 receptor or with IL-23 R for the IL-23 receptor [363]. Despite 

having less il-12 p40 expression from TCR-stimulated splenocytes from FAT10-deficient 

mice, no differences were found in the gene expression of il-12rß1 and il-12rß2 between 

FAT10+/- and FAT10-/- mice (Fig. 11C and 11D). These findings ruled out the possibility that 

the IL-12 receptors were responsible for declined IFN-γ production by splenocytes of 

FAT10-/- mice.  

Curtis et al. demonstrated that co-cultured CD8+ T cells promote the in vitro 

differentiation of naive CD4+ T cells into Th17 that secretes IL-17 and represses IFN-γ 

production. In addition, IL-23 was shown to promote IL-17 production by total CD8+ T cells 

in vitro [364]. This inspired us to next look at IL-23 p19 subunit expression level. In our 

experimental conditions, FAT10-/- mice exhibited similar expression of il-23 p19 subunit 

mRNA as compared to FAT10+/- mice (Fig. 11E) despite the observed elevated production of 

IL-17A by splenocytes of FAT10-/- mice (Fig. 10B).  
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The diminished secretion of IFN-γ by FAT10-deficient CD8+ T cells led us to further 

investigate the two transcription factors involved in the downstream signaling pathway of 

type II interferon signaling, namely IRF-1 and STAT4. When activated, both are responsible 

for Th1 polarization, cytotoxic T lymphocytes development and eventually IFN-γ production 

[365]. However, the absence of FAT10 in our system has no influence on the gene expression 

level of both irf-1 and stat4 (Fig. 11F and 11G). These data indicate that the maintenance of 

low IFN-γ and elevated IL-17A production does not involve the IL-12 cytokine receptor and 

type II interferon signaling pathways. 

 

 
Figure 11: Cytokine receptor signaling pathways are not altered in FAT10-deficient 
mice. Quantification of gene expression levels from splenocytes of mice infected with 
LCMV-WE (day 3) and stimulated overnight with plate bound αCD3ε/αCD28 antibodies. (A) 
IL-12 p35, (B) IL-12 p40, (C) IL-12Rβ1, (D) IL-12Rβ2, (E) IL-23 p19, (F) IRF-1 and (G) 
STAT-4. The mRNA expression was determined by real-time RT-PCR and normalized to 
rpl13a. The relative mRNA expression was calculated with the value for unstimulated being 
arbitrarily set to unity. *p< 0.05; ns, statistically not significant by Student’s t-test. Error bars 
represent mean ± SEM. [n= 9 per group from 3 independent experiments for all experiments]. 
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3.7 No differences in cytokine expression profile from FAT10-/- mice 

infected with LCMV for 7 days 

Acute infections of wild type C57BL/6 mice with LCMV were known to induce an expansion 

of LCMV-specific CD8+ T cells in the spleen that peaks at day 7 to 8 after challenge [366]. 

We have previously shown, by real-time RT-PCR analysis, that FAT10 was highly elevated in 

the spleen, CD8+ T cells and CD19+ B cells at day 8 post infection with LCMV (Fig. 7). Thus, 

we wanted to investigate the cytokine response of mice at 7 days post LCMV infection. Even 

though the amount of IFN-γ detected from TCR-stimulated splenocytes was twice as high on 

day 7 post infection as compared to day 3 post infection, the level of IFN-γ produced by TCR-

stimulated splenocytes of FAT10-/- mice was comparable to FAT10+/- mice (Fig. 12A). In 

contrast, the IFN-γ level produced by splenocytes of FAT10-/- mice without any stimulation 

was significantly lower in comparison to FAT10+/- mice (Fig. 12A). A similar trend in IL-17A 

secretion level was also observed. While unstimulated splenocytes of FAT10-/- mice produced 

significantly more IL-17A as compared to its heterozygous counterparts (Fig. 12B), no 

difference in IL-17A production was seen in stimulated splenocytes (Fig. 12B). 

 Next, the splenocytes were surface stained with CD4 and CD8 and intracellularly 

stained with IFN-γ to identify the contributor of the diminished IFN-γ in unstimulated 

splenocytes (Fig. 12A). In general, the percentage of T cells specific for IFN-γ secretion was 

marginally low in unstimulated splenocytes, both for CD4+ and CD8+ cells. However, CD8+ 

cells from FAT10-/- mice produced significantly less IFN-γ in comparison to CD4+ cells, 

suggesting that CD8+ cells are accountable for reduced IFN-γ secretion (Fig. 12C and 12D), 

further strengthening the analysis made previously in mice infected with LCMV for 3 days 

(Fig. 8E and Fig. 9). Even though there was no difference in the percentage of IFN-γ from 

TCR-stimulated CD4+ and CD8+ cells (Fig. 12C and 12D), it is of importance to note that the 

percentage of IFN-γ+ of CD8+ cells was around 10 times higher than that of CD4+ cells. 

Consistent with other reports in the literature [367, 368], CD8+ T cells are the main 

lymphocyte population that produce IFN-γ in the adaptive immune response.  

 Lastly, the gene expressions of a few candidates from the cytokine receptor signaling 

pathway were evaluated by real-time RT-PCR. RNA purified from TCR-stimulated and 

unstimulated splenocytes infected with LCMV for 7 days were analyzed for their gene 

expression levels, namely ifn-γ, il-12 p35, il-12 p40, il-17a, il-12rβ2 and il-23 p19. The 

relative mRNA expression was calculated with the value for unstimulated being arbitrarily set 
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to unity. Both strains of mice expressed similar levels of all tested genes (Fig. 12E). Taken 

together, these results demonstrate that FAT10 does not influence the cytokine response of 

splenocytes upon TCR stimulation at 7 days post LCMV infection.  

 

Figure 12: No differences in cytokine expression profile from TCR-stimulated 
splenocytes of FAT10-/- mice infected with LCMV for 7 days. (A, B) Splenocytes of mice 
infected with LCMV for 7 days were left unstimulated (left) or stimulated overnight with 
plate bound αCD3ε/αCD28 antibodies (right) and IFN-γ (A) and IL-17A (B) in the 
supernatant were determined by ELISA. (C, D) Splenocytes of mice infected with LCMV for 
7 days were left unstimulated (left) or stimulated overnight with plate bound αCD3ε/αCD28 
antibodies (right) and intracellular cytokine staining (ICS) for IFN-γ of CD4+ (C) and CD8+ 
(D) cells were analyzed by flow cytometry. (E) Quantification of ifn-γ, il-12 p35, il-12 p40, il-
17a, il-12rβ2 and il-23 p19 mRNA expression levels from splenocytes of mice infected with 
LCMV (day 7) and stimulated overnight with plate bound αCD3ε/αCD28 antibodies. Ifn-γ 
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mRNA expression was determined by real-time RT-PCR and normalized to rpl13a. The 
relative mRNA expression was calculated with the value for unstimulated being arbitrarily set 
to unity. *p< 0.05; ****p<0.0001; ns, statistically not significant by Student’s t-test. Error 
bars represent mean ± SEM. [n= 6 from 2 independent experiments for all experiments]. 

 

3.8 FAT10-deficient mice exhibit similar lymphocyte numbers in spleen 

The rate and efficiency of lymphocyte proliferation upon viral challenge determines the speed 

and efficacy of viral clearance [369]. Since FAT10-/- mice in our experimental setting 

responded differently as compared to FAT10+/- mice in their cytokine profile upon LCMV 

challenge for 3 days, the question of whether FAT10-/- mice have altered lymphocyte 

proliferation in the spleen arises. Therefore, we wanted to examine the number of 

lymphocytes per spleen of mice. For these experiments, the splenocytes of uninfected and 

LCMV infected mice (day 3 and day 7) from both strains were subjected to flow cytometric 

analysis. FAT10-/- and FAT10+/- mice displayed equal amount of lymphocyte counts under 

naive or infected conditions (Fig 13). At 3 days post LCMV infection, the number of 

lymphocyte counts from both strains was comparable to the uninfected mice, 

 

 
Figure 13 : FAT10 deficient mice exhibit similar lymphocyte numbers in spleen. The 
total number of lymphocytes per spleen was determined by flow cytometry from (A) 
uninfected (naive) mice, (B) LCMV day 3 (LCMV d3) and (C) LCMV day 7 (LCMV d7) 
infected mice. ns, statistically not significant by Student’s t-test. Error bars represent mean ± 
SEM. [n= 16 from 4 independent experiments for (A), n= 20 from 4 independent experiments 
for (B), n= 8 from 2 independent experiments for (C)]. 

recording with a mean value of about 1.8 X 105 cells (Fig. 13A and 13B). This might be due 

to the fact that the lymphocytes are still expanding at the initial stage of viral infection. At 

later time points (day 7) of the LCMV infection, the number of lymphocytes had expanded to 

an average value of around 1.8 X 108 cells, which is 1000 fold higher as compared to day 3 
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post infection (Fig. 13C). These data suggest that FAT10 does not influence the physiology of 

lymphocyte expansion in the spleen upon LCMV infection at early or later time points. 

 

3.9 Similar profile of cell type compositions in LCMV infected FAT10-/- 

mice 

Splenic lymphocytes of mice can be categorized into innate- and adaptive immune cells. Each 

has a distinct role that works towards the single aim of viral clearance upon challenge [370]. 

The data generated so far point towards the notion that CD8+ T cells were partly accountable 

for the diminished IFN-γ secretion detected from splenocytes of LCMV (day 3) infected 

FAT10-/- mice (Fig. 8E). Moreover, the amount of IFN-γ secreted was positively correlating 

to the quantity of cells plated for TCR stimulation (supplementary Fig. S1A). The studies 

presented here were undertaken to examine whether reduced IFN-γ secretion from 

splenocytes of FAT10-/- mice could be attributed to a change of cell type composition. Thus, 

different lymphocyte sub-populations (CD3, CD4, CD8, CD19, NK1.1, CD11c and CD90.2) 

in the spleen of naive or LCMV-infected (day 3 and day 7 post infection) FAT10+/- and 

FAT10-/- mice were analyzed (Fig. 14). In the absence of FAT10, NK1.1 was the only 

lymphocyte population that had significantly less lymphocyte counts at 3 day post LCMV 

infection (Fig. 14B). As for the rest of the cell types analyzed, no significant differences in the 

composition and absolute cell number of lymphocyte sub-populations were observed in either 

uninfected (naive) (Fig. 14A) or in LCMV-infected mice for 3 days (Fig. 14B) and for 7 days 

(Fig. 14C). These results suggest that FAT10 is not involved in the development and 

maturation of lymphocytes in mice. 
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Figure 14: Lymphocyte sub-populations of FAT10+/- and FAT10-/- mice. Splenocytes from 
uninfected (naive) mice (A) and mice infected with LCMV-WE for 3 days (B) or for 7 days 
(C) were stained with indicated antibodies and analyzed by flow cytometry. Depicted are the 
percentages of indicated markers of lymphocytes (1st and 3rd vertical lane) for the absolute 
cell number (2nd and 4th vertical lane). *p< 0.05 by Student’s t-test. Error bars represent mean 
± SEM. [n=11 per group from 3 independent experiments for (A), n=9 per group from 3 
independent experiments for (B) and n=8 per group from 3 independent experiments for (C)].  

 

3.10 Increased type I IFN levels in LCMV infected FAT10-/- mice 

IFN-α/IFN-β were shown to negatively regulate IFN-γ expression of natural killer cells and T 

cells [371]. Having demonstrated the reduced IFN-γ expression in FAT10-/- splenocytes (Fig. 

8B), we next asked whether FAT10-/- mice could secrete more type I IFNs as a means to 

control the viral infection. Thus, FAT10+/- and FAT10-/- mice were infected with LCMV and 

IFN-α and IFN-β production in the spleen and serum were analyzed on day 3 post infection. 

Significantly higher IFN-α and IFN-β secretion from splenocytes of FAT10-/- mice compared 
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Figure 15 : Increased type I IFN levels in LCMV-WE infected FAT10-/- mice. 
Splenocytes from FAT10+/- and FAT10-/- mice infected with LCMV-WE for 72 h were 
cultured without stimulation. IFN-α (A) and IFN-β (B) from supernatants were measured after 
a 24 h culture by ELISA. IFN-α (C) and IFN-β (D) in the serum of these mice were measured 
by ELISA. (E) Splenocytes of LCMVD3 infected mice were magnetically sorted for CD4+ T 
cells, CD8+ T cells and CD19+ B cells. IFN-α from supernatants were measured after a 24 h 
culture without stimulation by ELISA. Dotted lines on graphs represent the detection limit of 
the ELISA. Naive represents uninfected mice. *** p< 0.005; ns, statistically not significant by 
Student’s t-test for (A), (B) and (E). *p< 0.05; **p< 0.01; ****p< 0.001; ns, statistically not 
significant by one-way ANOVA Tukey’s multiple comparisons test for (C) and (D). Values 
represent mean ± SEM. [n=12 per group from 3 independent experiments for all experiments]. 
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to their heterozygous littermates were found (Fig. 15A and 15B). Although reduced IFN-γ 

levels in FAT10-/- mice were not detectable in the serum (Fig. 8C), type I IFNs were increased 

in the serum of FAT10-/- mice (Fig. 15C and 15D) with IFN- but not yet IFN-β levels 

reaching statistical significance (Fig. 15D). Additionally, immune cell subsets like CD4+ T 

cells, CD8+ T cells and CD19+ B cells were magnetically sorted from LCMV infected mice to 

detect IFN-α secretion in the supernatant after incubation for 24 hours. CD4+ T cells and 

CD19+ B cells but not CD8+ T cells showed a significantly higher secretion of IFN-α (Fig. 

15E). Taken together, our data showed that splenocytes, serum and certain immune cell 

subsets from FAT10-/- mice 3 days post LCMV infection secreted higher amounts of type I 

IFNs.  

 

3.11 The efficacy of LCMV clearance in FAT10-/- mice is similar to that of 

FAT10+/- mice 

During LCMV infection, IFN-γ secreted by natural killer cells and CD8+ T cells is crucial for 

viral clearance [372]. Since FAT10-/- splenocytes showed reduced IFN-γ secretion (Fig. 8B), 

we investigated the efficiency of LCMV viral clearance in FAT10-/- mice (Fig. 16). A similar 

viral burden as compared to FAT10+/- mice was measured in spleens of FAT10-/- mice on day 

3 post infection. Since reduced IFN-γ secretion by FAT10-/- mice was detectable only on 

 

 

Figure 16: Similar LCMV titers in FAT10+/- and FAT10-/- mice. (A) LCMV titers in the 
spleens of FAT10+/- and FAT10-/- mice infected with LCMV-WE for 3, 4 and 6 days. ns, 
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statistically not significant by Student’s t-test. Error bars represent mean ± SEM. [n=12 per 
group from 3 independent experiments for all experiments]. 

day 3 post LCMV infection, the effect in viral clearance might be visible at later time points 

of infection. However, no difference in viral titers could be found neither on day 4 nor on day 

6 post infection when LCMV titers had already declined tenfold (Fig. 16). These data show 

that FAT10 is dispensable for LCMV clearance. 

 

3.12 FAT10 deficiency doesn’t affect symptoms, viral titers but alters the 

IFN-α response to influenza A virus  

In vitro studies have shown that FAT10 promotes IAV replication by interfering with type I 

IFN secretion and reducing STAT1 phosphorylation [56]. Therefore, we assessed type I IFN 

and IFN-γ secretion in FAT10+/- and FAT10-/- mice infected intranasally with 10 x LD50  of 

influenza A virus (IAV) strain A/Regensburg/D6/09 (H1N1pdm09, RB1). Splenocytes and 

lung cells derived from IAV infected mice (day 2 and day 4) were incubated in vitro for 24 

hours at 37 °C without further stimulation. No differences in IFN-α, IFN-β and IFN-γ 

secretion from splenocytes and lung cells of FAT10-/- mice compared to FAT10+/- mice were 

detected on day 2 and day 4 post IAV infection (Fig. 17A, 17B and 17C). Serum collected 

from FAT10-/- mice secreted significantly less IFN-α compared to FAT10+/- mice on day 2 

post IAV infection, followed by a significantly higher IFN-α secretion on day 4 post IAV 

infection (Fig. 17D). However, the IAV titers in the lung of FAT10+/- and FAT10-/- mice on 

day 2 and day 4 after infection showed no differences (Fig. 17E). Next, the susceptibility of 

FAT10+/- and FAT10-/- mice to IAV was investigated. The body weight of the mice was 

monitored daily and mice were euthanized when weight loss reached 25% of their initial body 

weight. FAT10+/- and FAT10-/- mice exhibited comparable weight loss (Fig. 17F). All mice 

had reached the clinical end point by day 12 post IAV infection (Fig. 17F). It was reported 

that Fat10 mRNA was up-regulated following H5N1 virus infection in A549 cells in vitro 

[56]. This prompted us to investigate whether IAV infection would lead to FAT10 up-

regulation in the lung of the infected mice. Fat10 mRNA was up-regulated in mice infected 

with IAV, starting from day 1 till day 4 post infection as compared to the uninfected mice, 

with a maximum of fat10 mRNA expression found on day 2 post IAV infection (Fig. 17G). 

Collectively, these data showed that even though fat10 was markedly up-regulated upon IAV 

infection, FAT10 deficiency did not affect the course of the disease. 
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Figure 17: Disease symptoms and interferon responses in IAV infected FAT10-/- mice. 
Splenocytes and lung cells from FAT10+/- and FAT10-/- mice infected with IAV for 48 h (Day 
2) or 96 h (Day 4) were cultured overnight. Supernatants were collected and (A) IFN-γ, (B) 
IFN-α and (C) IFN-β levels were measured by ELISA. (D) Serum from FAT10+/- and FAT10-

/- mice infected with IAV for 48 h (Day 2) or 96 h (Day 4) were collected and IFN-α levels 
were measured by ELISA. (E) IAV titers of FAT10+/- and FAT10-/- mice infected for 48 h 
(Day 2) or 96 h (Day 4) were determined. (F) The body weight and survival curve of 
FAT10+/- and FAT10-/- mice after IAV infection. (G) Fat10 mRNA expression from C57BL/6 
lung was determined by real-time RT-PCR and normalized to GAPDH. *p< 0.05; **p< 0.01; 
ns, statistically not significant by Student’s t-test. Error bars represent mean ± SEM. [n=10 
per group from 2 independent experiments on day 2 and n=11 per group from 2 independent 
experiments on day 4]. 
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3.13 The combination of TNF and IFN-γ is by far most potent in the 

induction of fat10 mRNA expression 

Since fat10 expression was induced quite early after i.n. IAV infection (Fig. 17G), we were 

interested to compare type I and type II IFNs and the combination of them with TNF with 

respect to their ability to enhance fat10 mRNA expression. C57BL/6 MEFs were stimulated 

for 24 hours with the respective cytokines alone and in combination. Real-time RT-PCR 

analysis revealed that sole IFN-γ stimulation showed the highest fat10 mRNA induction when 

compared with single stimulations with IFN-, IFN- and TNF. A joined treatment with TNF 

and IFN-γ achieved by far the highest fat10 mRNA expression when compared with 

combination of TNF/IFN- and TNF/IFN- (Fig. 18A). Real-time RT-PCR analysis of the 

mRNA of the mx1 gene, which is a known interferon inducible gene, was assessed to 

ascertain the functionality of the type I interferons used (Supplementary Fig. S2A). Recently, 

joined stimulation of TNF and IL-6 in HepG2 cells was reported to up-regulate Fat10 mRNA 

expression [373]. Thus, we decided to quantitatively compare the potency of combinations of 

TNF/IFN- with TNF/IL-6 for Fat10 mRNA induction in T cells and B cells magnetically 

sorted from both mouse splenocytes and human PBMCs. The purity of the magnetically 

sorted cells was over 90% for all preparations. Unexpectedly, while TNF/IFN- strongly 

induced Fat10 mRNA in mouse and human B and T cells, we found no significant induction 

of fat10 by TNF/IL-6 except for a twofold enhancement in CD3+ mouse splenocytes (Fig. 

18B and 18C). Next, a kinetic study of Fat10 mRNA induction in T cells and B cells from 

human PBMCs with TNF/IL-6 treatment was performed. Fat10 mRNA levels in human pan T 

cells and CD19+ human B cells were first down-regulated and then slightly up-regulated at 

24 hours post TNF/IL-6 treatment thus indicating that also at earlier time points after TNF/IL-

6 stimulation no transient up-regulation occurred (Fig. 18D). This weak stimulation by 

TNF/IL-6 was not due to a failure of the used IL-6 to activate the IL-6R because single 

stimulation of mouse splenocytes or human PBMCs with IL-6 (400 U/mL) readily induced 

IL-6-dependent STAT3 phosphorylation (Supplementary Fig. S2B). These results indicate 

that FAT10 expression can be much more efficiently induced by a combined treatment with 

TNF and IFN-γ as compared to joint TNF/IL-6 stimulation. 
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Figure 18: The combined stimulation with TNF and IFN-γ leads to highest Fat10 mRNA 
expression. Quantification of Fat10 mRNA levels in (A) C57BL/6 MEFs, (B) C57BL/6 pan 
T and B cells (C, D) PBMCs. The single immune cell subsets were magnetically sorted from 
splenocytes of mouse (B) or from PBMCs (C, D). Cells were left untreated or treated with 
indicated cytokines for either 24 h (A, B, C) or for indicated time periods (D). Fat10 mRNA 
expression was determined by real-time RT-PCR and normalized to (A) hprt, (B) β-actin and 
rpl13a and (C, D) Rpl13a. The relative mRNA expression was calculated with the value for 
untreated being arbitrarily set to unity. *p< 0.05 by Student’s t-test. Error bars represent mean 
± SEM. [n=3 independent experiments for all experiments]. 
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Discussion and Outlook 

4.1 Fat10 mRNA induction by various stimuli  

An important feature of the immune system is to detect and recognize structural features of 

the pathogen or toxin as non self and to initiate a series of immune response to eliminate the 

threat without damaging its own tissues [374]. Over the centuries, humans and other 

mammals have evolved to develop an extensive and sophisticated arm of innate and adaptive 

immune responses to ensure the removal of pathogens from the host. Nevertheless, 

pathogenic organisms such as bacteria or viruses have evolved concurrently to escape 

detection by the immune response and thrive to cause indisposition in humans [375].  

About twenty years ago, FAT10 was discovered coincidentally as a gene encoded in the MHC 

locus [1]. The MHC is a crucial molecule of the acquired immune response accountable for 

the binding of foreign peptide fragments and for displaying them on the cell surface for 

recognition by appropriate T cells [376]. Consequently, FAT10 was thought to be associated 

with the immune response. Moreover, high basal expression of Fat10 detected exclusively in 

the organs of the immune system such as thymus, lymph nodes and spleen strengthens the 

engagement of FAT10 in pathogens clearance [16].  

As a matter of fact, the pro-inflammatory cytokines, IFN-γ and TNF which mediate 

inflammation as an act of fighting and healing against harmful stimuli in the body, were 

shown to upregulate expression of MHC class I molecules as well as of FAT10 [17]. The first 

evidence of Fat10 induction by the pro-inflammatory cytokines was provided by Rassi et al. 

through northern blot analysis in several human cell lines that were treated with the cytokines 

for two days. There, it was confirmed that IFN-γ and TNF but not IFN-α lead to Fat10 mRNA 

expression [18]. Subsequently, Lukasiak et al. demonstrated that the combined stimulation of 

IFN-γ/TNF in HCC cell line for 16 hours leads to significantly higher Fat10 expression as 

compared to single cytokine stimulation [25]. 

The mRNA level of Fat10 upon synergistic cytokine stimulation was visible by 4 hours of 

stimulation and it peaks at 24 hours post stimulation. On the other hand, FAT10 protein was 

detectable via western blots only after 24 hours of IFN-γ/TNF stimulation in HEK293 cells 

[51]. Thus, C57BL/6 MEFs were incubated with cytokines for 24 hours in our experimental 

set-up and the amount of cytokine used was adopted from Lukasiak et al. [25]. The results 

revealed that in contrast to IFN-α or IFN-β, only the IFN-γ can upregulate fat10 expression 
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(Fig. 18A). Likewise, synergistic stimulation of IFN-γ/TNF showed the most effective way of 

inducing fat10 expression in comparison to combination of TNF with either IFN-α or IFN-β 

(Fig. 18A). One postulation was that since all three major cytokines, namely IFN-γ, TNF and 

type I IFNs bind to different surface receptors that activate distinct molecular pathway, this 

resulted in the transcription of diverse genes that can contribute to the differences in induction 

of FAT10 level. For instances, binding of TNF to the TNF receptor type I on the plasma 

membrane leads to the subsequent signal transduction resulting in phosphorylation and 

degradation of IκBα to liberate NF-κB [377]. Gong and colleagues reported that FAT10 

mediates TNF-induced NF-κB activation and consequently promotes the transcription of NF-

κB regulated genes [20]. The FAT10 promoter consists of three STAT binding sites and a 

minimum of five NF-κB binding sites. Binding of STAT3 to NF-κB stabilizes the interaction 

of NF-κB on the FAT10 promoter, thus resulting in enhanced FAT10 expression [373]. Even 

though both IFN-γ and IFN-α/IFN-β were able to activate and induce the transcription of 

STAT3 and NF-κB, the outcome of the activation by both IFN type was different [202, 378]. 

Hence, it is plausible that the FAT10 promoter is responsive to transcription via signaling by 

the IFN-γ/TNF axis. In order to fully address this question, it would be interesting to compare 

the signaling effect of each cytokines and the combination of cytokines to activate Fat10 gene 

expression in order to understand the mechanism underlying FAT10 induction.  

Previously, it has been reported that joint stimulation of TNF and IL-6 leads to enhanced 

Fat10 mRNA expression in HepG2 cells [373]. The HepG2 cells were stimulated with 10 

ng/mL of TNF and IL-6 for different time periods and Fat10 mRNA and protein expression 

were recorded. Choi and colleagues showed that Fat10 mRNA was induced within 3 hours of 

combined stimulation and peaked at 12-15 hours in comparison to single stimulation. In that 

study, FAT10 protein became visible by 6 hours of TNF/IL-6 stimulation and the expression 

was maintained till 30 hours post combined stimulation [373]. In our experimental set-up, we 

cultured bulk T cells and B cells that were sorted magnetically from mouse splenocytes or 

human PBMCs with 400 U/mL of TNF and IL-6 for 24 hours (Fig. 18B and Fig.18C). The 

untreated samples were incubated for 24 hours and Fat10 mRNA induction of treated samples 

was measured relative to the untreated samples. Interestingly, apart from bulk T cells from 

mouse splenocytes, none of the tested immune cell subsets showed enhanced fat10 expression 

upon TNF/IL-6 stimulation (Fig. 18B and 18C). This further confirmed that fat10 expression 

is optimally and synergistically induced by specifically combining TNF and IFN-γ [26, 379, 

380].  



Discussion and Outlook 

73 
 

With this in mind, the expression of fat10 via synergistic stimulation by TNF and IFN-γ was 

further tested in immune cell subsets from splenocytes of mice. Fat10 mRNA from all 

immune cell subsets of mice analyzed was readily inducible by cytokine stimulation (Fig. 6). 

Additionally, LPS was included in the experimental settings to verify its involvement in fat10 

mRNA induction. Even though the binding of LPS to TLR4 can lead to activation of NF-κB 

which was known to induce FAT10 expression [381], this phenomenon was not observed in 

the immune cell subsets other than in regulatory T cells. Ocklenburg and colleagues had 

reported previously that the overexpression of Foxp3, a specific lineage marker of Treg, led to 

Fat10 up-regulation in long-term cultures of CD4+CD25hi -derived human Treg [356]. 

Correspondingly, we found that Foxp3+ Treg sorted from splenocytes of mice express fat10 in 

a naive state and fat10 expression is further boosted upon LPS and cytokine stimulation (Fig. 

6C). Thus, transient FAT10 expression could be involved in fine-tuning Treg function during 

inflammation. Besides, they demonstrated that Fat10 overexpression in CD4+CD25- T cells 

enhanced CD25 surface expression and reduced Il-4 and Il-5 mRNA levels, in addition to 

rendering proliferation and reducing the Ca2+-flux upon TCR stimulation [356]. We found 

that CD4+ T cells express fat10 only in the presence of pro-inflammatory cytokines (Fig. 6A). 

Next, fat10 induction in B cells was examined in which no basal expression of FAT10 was 

detected (Fig. 6D). This was surprising as it contradicts to the observation made by Bates et 

al.. They reported that Fat10 is highly expressed in most EBV- transformed mature B cell 

lines and not in precursors B cell lines. Nevertheless, the results were perplexing as some 

mature B cells expressed Fat10 even in the absence of EBV infection, whereas not all mature 

B cell lines infected with EBV expressed Fat10 [382]. Therefore, it is conceivable that the 

observed Fat10 expression was an effect of the EBV latency rather than B cell maturity as 

EBV latency causes NK-κB and STAT3 activation [383, 384], which again can lead to 

enhanced Fat10 expression [26]. In light of these results, we conclude from our data that non-

transformed mature B cells do not express fat10 unless stimulated by the pro-inflammatory 

cytokines, TNF and IFN-γ.  

Interestingly, high basal fat10 expression was also detected in macrophages and monocytes of 

mice (Fig. 6E). Macrophages are key player of the innate immune response and serve as a 

crosstalk between the innate and the adaptive immune response. Additionally, it is also an 

antigen presenting cells [385]. Hence, detectable fat10 expression from this cell population in 

the absence of inflammatory setting signifies FAT10 involvement in innate immune response. 

Nonetheless, even though the presence of LPS does not change the expression of fat10, it can 
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be further stimulated by the addition of pro-inflammatory cytokines. For future experiments, 

it will be interesting to identify which subsets of macrophages and monocytes express the 

highest basal fat10 expression in order to dissect the exact role of FAT10 in innate immunity.  

Concurrently, the expression profile of Fat10 in the human leukocytes from peripheral blood 

was determined. Generally, the basal expression of FAT10 mRNA and protein was low but 

strongly up-regulated by IFN-γ and TNF in all immune cell subsets. However, the Fat10 

mRNA was expressed without induction in human CD8+ T cells, NK cells, NK T cells and 

DCs. The data concerning the expression profile of Fat10 in human and murine immune cell 

subsets revealed the cell-type specific and species to species differences in basal Fat10 

expression [26]. 

Subsequently, we showed that LCMV infection can lead to fat10 induction in immune organs 

and cells of mice (Fig. 7). In the first 72 hours of LCMV infection in mice, innate immune 

cells like NK cells and APCs will initiate a series of immune responses including cytokine 

production to facilitate antiviral response. Later during infection, virus-specific CD8+ T cell 

responses begin to peak to efficiently clear the virus [386]. Both the innate and adaptive 

immune cells secrete pro-inflammatory cytokines like IFN-γ, TNF, IL-6 and IL-1β to 

coordinate an antiviral state in the cellular environment for effective viral clearance [387]. As 

we and others have validated that endogenous fat10 expression can be best upregulated by 

combined stimulation of TNF and IFN-γ, it was presumed that the enhanced fat10 mRNA 

observed was due to the effect of inflammatory settings caused by LCMV infection in the 

spleen (Fig. 7). Noteworthily, CD8+ and CD4+ T cells that were crucial in the arm of acquired 

immunity and are major producers of IFN-γ [367] showed enhanced fat10 expression already 

by day 3 post LCMV infection (Fig. 7C and 7D), whereas fat10 expression in B cells was 

detectable only on day 8 post infection (Fig. 7E). It was reported that CD4+ T cells have the 

ability to enhance antibody-mediated immunity by driving affinity maturation and the 

development of long-lived plasma cells and memory B cells [388, 389]. Furthermore, CD4 T 

follicular helper (TFH) cells were demonstrated to activate B cells via induction of germinal 

centers to generate long-term humoral immunity [390]. Therefore, it is possible that the early 

(day 3) detectable FAT10 expression in CD4+ T cells was required to facilitate FAT10 

induction in B cells at later stage of LCMV infection. Next, we found that the expression of 

fat10 was further enhanced at day 8 post LCMV infection in CD8+ T cells (Fig. 7D) and not 

in CD4+ T cells (Fig. 7C). Since the activity of virus-specific CD8+ T cells peaks at around 
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day 8 to 10 after LCMV infection and they are essential for effective LCMV clearance in the 

mice, the data generated further strengthens the importance of FAT10 in adaptive immunity. 

Recently, Zhang and colleagues reported that recognition of the ssRNA of H5N1 virus by 

RIG-I leads to enhanced Fat10 expression. They demonstrated that A549 cells infected with 

H5N1 showed increased Fat10 mRNA in a time-dependent manner and it peaks at 24 hours 

post infection. Moreover, BALB/c mice infected with H5N1 expressed highest fat10 mRNA 

at 24 hours post infection and it dropped to half on day 2 and was barely detectable on day 3 

post H5N1 infection [56]. In our experimental setting, C57BL/6 mice were infected with IAV 

strain A/Regensburg/D6/09 (H1N1pdm09, RB1) and were monitored for a period of 4 days 

for fat10 quantification. Accordingly, fat10 mRNA was detectable starting day 1 post IAV 

infection and it peaks at day 2 post infection (Fig. 17G). The difference in strains of mice and 

virus used could account for the differences in fat10 mRNA observed. Given the fact that the 

primary CD8+ T cell responses for IAV peaks at day 10 post infection [391], the time points 

assessed for FAT10 up-regulation should be looked at later days post IAV infection. 

Nevertheless, it can be concluded that FAT10 expression can be upregulated by viral infection. 

A major drawback of quantifying fat10 expression in mice is the lack of reliable and sensitive 

antibody for FAT10 protein assessment. Consequently, the entire study was limited to the 

quantitative analysis of fat10 mRNA levels. In spite of that, FAT10 mRNA and protein levels 

in human cells were closely correlated as FAT10 has only a short-half-life of approximately 1 

hour [10, 51, 392]. Hence, it is plausible to assume that the amount of mRNA detected closely 

resemble to the FAT10 protein level. In general, the basal mRNA expression of Fat10 in 

organs of the immune system is easily detectable, but low [26]. As such, this alone serves as a 

major challenge for the development of murine FAT10 antibodies which must be sensitive 

enough to detect endogenous FAT10 protein. 

 

4.2 The role of FAT10 in adaptive immune response (Part I) 

The profile of cytokines secreted by immune cells upon viral infections serves as a 

cornerstone of the immune response and is crucial in controlling acute infections. The major 

cytokines that were secreted upon LCMV infection includes interferons of type I (IFN-α and 

IFN-β) and type II (IFN-γ), TNF and IL-2 [393]. The aim of this study was to assess the 

function of FAT10 in antiviral immune responses in an in vivo setting.  
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A key finding of this study is that splenocytes derived from FAT10-/- mice infected with 

LCMV for 3 days have an impaired ability to secrete IFN-γ. This observation was validated 

on both mRNA (Fig. 8D) and protein level (Fig. 8B). IFN-γ plays a multifunctional role in the 

maintenance of the innate and adaptive immune response [208]. The major producers of 

IFN-γ are NK and NKT cells as part of the innate immune response, and CD4 Th1 and CD8 

cytotoxic T lymphocytes effector T cells once antigen specific immunity develops [394]. 

Noteworthily, the reduction of IFN-γ production in this study could be assigned to CD8+ T 

cells, which in contrast to CD4+ T cells, showed reduced IFN-γ content in intracellular IFN-γ 

staining experiments (Fig. 8E). Previously, it has been reported by several groups that the 

progression of the disease caused by LCMV infection is solely dependent on CD8+ effector T 

cells and not on CD4+ T helper cells [395-399]. Seemingly, LCMV virus elimination 

following peripheral infection is mediated by virus-specific CD8+ T cells [400, 401], but not 

CD4+ T cells or antiviral antibodies [402, 403]. In respect of this, FAT10 might develop a 

mechanism that allows it to concentrate on maximizing the antiviral capacity of CD8+ T cells 

during LCMV infection, thus explaining the lowered IFN-γ secreted by CD8+ T cells but not 

CD4+ T cells observed in FAT10-/- mice.  

Nevertheless, one strong argument against this clarification towards our findings lies on the 

fact that the experiment was performed on day 3 post LCMV infection. Normally, innate 

immune responses were observed during the first 72 hours of infection and CD8+ T cells 

response usually peaks at later time points [393]. In the experimental design of this study, 

total splenocytes of mice were stimulated overnight with αCD3ε/αCD28 antibodies. In 

principle, also NK cells could contribute to the observed phenotype, but after one day 

stimulation of αCD3ε/αCD28 antibodies in vitro, NK cells did not persist under the employed 

culture conditions. Hence, another possible rationale for the observed outcome is defective T-

cell receptor signaling in the absence of FAT10. 

TCR signaling in response to antigen recognition has a central role in the adaptive immune 

response. The activation of T cells is initiated by the recognition of peptide loaded MHCs on 

antigen-presenting cells by T cell receptors together with additional signals from co-receptors 

[404-406]. Nevertheless, co-stimulation by CD3 and CD28 which provide an antigen-

independent TCR signaling can lead to the priming of CD8+ T cells [407-409]. This strategy 

was employed mainly in our experimental design to study the cytokine profile of FAT10-/- 

mice post LCMV infection. Moreover, TCR activation via CD3 and CD28 co-stimulation 

promotes a number of signaling cascades that ultimately determine cell fate through 
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regulating cytokine production, cell survival, proliferation and differentiation [410, 411]. In 

the case of our study, it is possible that either one or combinations of the aforementioned 

effects of TCR activation were dysfunctional in the absence of FAT10.  

Furthermore, it has been reported that CD8+ T cells produce higher levels of IFN-γ than CD4+ 

T cells after TCR stimulation [412], thus explaining the lower percentage of IFN-γ from CD4+ 

T cells as compared to CD8+ T cells. The mechanism is explained by the interaction that 

occurs between TCR from CD8+ T cells and MHC-I expressing antigen presenting cells that 

is sufficient to induce the secretion of IFN-γ, whereas CD4+ T cells need a series of other 

stimuli in addition to TCR stimulation [413].  

At this point, it is impracticable to make a conclusive remark as the molecular mechanism 

behind the influence of FAT10 in TCR signaling is not within the scope of this thesis. In spite 

of that, one can imagine that there are multiple ways to approach this observed phenomena as 

there are many key proteins, adaptors or scaffold proteins that are involved in the TCR 

signaling pathway [414]. Besides, it is of importance to mention that FAT10 is the only 

ubiquitin-like modifier which directly targets its substrate proteins for rapid degradation by 

the proteasome [10, 11] or promoting its stabilization [81, 83]. Hence, it is conceivable that 

FAT10 might interact with either one or many of the key players of the TCR signaling 

cascade to alter the fate of the CD8+ T cell priming, thereby elucidating the decline in IFN-γ 

secretion by FAT10-/- mice upon TCR stimulation. 

Even though the molecular mechanism concerning the function of FAT10 in TCR signaling is 

unclear, we could demonstrate that it is the single culture and TCR stimulation of CD8+ T 

cells alone that showed decline in IFN-γ production, but not TCR-stimulated splenocytes 

depleted of CD8+ T cells (referred to as CD8- cells) (Fig. 9). This observation ruled out the 

conviction that the reduced IFN-γ observed might be contributed by other immune cells such 

as CD19+ B cells, professional APCs or NK cells in the co-culture that were known to 

influence or are responsible for IFN-γ secretion [108-111]. 

Considering another perspective, cytokines such as IL-2 and IL-12 are necessary for T-cell 

activation and to stimulate IFN-γ induction, respectively [415, 416]. The transcription of IL-2 

gene via the TCR signaling pathway is promoted by the transcription factors NFAT upon the 

activation of the phosphatase calcineurin [414]. It is probable that the malfunctioning of either 

one of these substances resulted in undermined CD8+ T cell differentiation, thus impairing the 

ability of FAT10-/- mice in IFN-γ secretion. In addition, attempts have been made to record 



Discussion and Outlook 

78 
 

the secretion level of IL-12 from the supernatants of TCR-stimulated splenocytes derived 

from mice infected with LCMV. IL-12 is a heterodimeric cytokine with many functions 

including induction of IFN-γ by NK cells and Th1 cells along with expansion of protective 

CD8+ CTL [417]. Nonetheless, basal IL-12 secretion was not readily detectable unless 

stimulated in vivo with IL-12 inducer [416]. As a consequence, we failed to detect IL-12 

secretion in on our experimental set-up via ELISA (data not shown).  

Previously, Canaan and colleagues had described the profiles of inflammatory gene 

expression in FAT10-/- mice under non-pathogenic settings. It was demonstrated that the pro-

inflammatory gene expression like TNF and MCP-1 were reduced in FAT10-/- mice, while 

anti-inflammatory genes such as IL-10 were highly upregulated. High IL-10 secretion was 

further validated in skeletal muscles and serum of FAT10-/- mice, suggesting that the absence 

of FAT10 promotes an immunosuppressive environment in the skeletal muscles [49]. 

Collective with our key finding, the lowered pro-inflammatory cytokine secretion by FAT10-/- 

mice in non-pathogenic settings suggested that FAT10 is prone to function as a pro-

inflammatory mediator in regards of the presence or absence of indisposition. 

Moreover, Spinnenhirn and colleagues had displayed the antibacterial properties of FAT10 

where FAT10-deficient mice showed higher bacterial load in the mesenteric lymph nodes 

after 14 days of Salmonella Thyphimurium infection [52]. On the other hand, despite showing 

reduced IFN-γ secretion, FAT10-/- mice displayed an unaltered competence in clearing LCMV 

as compared to FAT10+/- mice (Fig. 16). This might be due to the non-redundant role of 

ubiquitin and FAT10. Whereas FAT10 is expressed only under pro-inflammatory conditions, 

ubiquitin is expressed ubiquitously in all cell types [16, 24, 25]. Both modifiers function as a 

protein signal for rapid degradation of substrate proteins through the proteasome. FAT10 

shares many functional similarities to the ubiquitin, both being equally efficient at targeting 

proteins for degradation [392]. Therefore, ubiquitin might have taken over the role of FAT10 

in its absence, resulting in no differences in LCMV clearance in FAT10-/- mice. 

On the contrary, TCR-stimulated splenocytes of FAT10-/- mice produced more IL-17A in 

comparison to FAT10+/- mice after 3 days of LCMV infection (Fig. 10B). IL-17A is a pro-

inflammatory cytokine and Th17 cells are the primary source of its production [418]. IL-17A 

mediates its biological function through the IL-17R via the activation of NF-κB and MAPK, 

leading to the production of pro-inflammatory cytokines and chemokines [419, 420]. There 

were many studies that addressed the functional implications of IL-17A in response to viral 

infections. In particular, McKinstry and colleagues had demonstrated the protective role of 
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IL-17A that is independent of IFN-γ against influenza virus through the adoptive transfer of 

Th17 polarized antigen-specific effector cells [421]. Furthermore, IL-17A was shown to 

inhibit the NK cell-mediated host immune response during vaccinia virus infection [422], 

thereby serving as probable explanations towards predicaments in measuring IFN-γ secretion 

by NK cells during LCMV infection. Thus, FAT10 might fine tune the IFN-γ/IL-17A ratio to 

facilitate effective viral clearance. 

The polarization of CD4+ T cells to Th17 profile requires the presence of TGF-β to induce the 

expression of RORγt and FOXP3 transcription factors [423]. The co-expression of these two 

factors will determine the inhibition towards Th17 differentiation under the influence of IL-6. 

In the presence of IL-6, STAT3 is activated to interrupt inhibition initiated by FOXP3, thus 

favoring Th17 differentiation. In the absence of IL-6, inhibition of RORγt induced by FOXP3 

will promote the development of Treg [424]. It has previously been reported that 

overexpression of FOXP3 led to Fat10 up-regulation in human Treg [356]. In addition, we 

could confirm that Foxp3+ Treg sorted from splenocytes of naive mice express fat10 (Fig. 6C). 

Since the activity of FOXP3 determines the fate of Th17 differentiation, it is probable that 

high IL-17A secretion in the absence of FAT10 is driven by the preferences towards Th17 

differentiation. Anyhow, detailed analysis should be carried out to study the functional role of 

FAT10 in T cell polarization. 

Of interest, profound reductions in splenic ifn-γ mRNA expression (Fig. 8D) were 

accompanied by diminished il-12 p40 mRNA expression from TCR-stimulated splenocytes of 

FAT10-/- mice (Fig. 11B). IL-12 is a heterodimeric cytokine composed of the p35 and p40 

subunits that is crucial for the production of IFN-γ by T cells and NK cells. IL-12 in 

cooperation with IL-18 and TCR signaling induces IFN-γ production [425]. The expression of 

il-12 p40 and il-12 p35 is controlled primarily at the level of transcription. Studies using 

knockout mice have depicted that the members of the IRF family of transcription factors are 

responsible in regulating the inducible expression of il-12 [426]. Moreover, IRF-1 is a 

transcription factor that is activated in response to IFN-γ, in which mice deficient in IRF-1 

displayed attenuated production of IL-12 and IFN-γ in serum [427]. Considering that TCR-

stimulated splenocytes from FAT10-/- mice post LCMV infection showed an impaired ability 

to secrete IFN-γ (Fig. 8B), this could be associated to the reduced activation of IRF-1 which 

leads to diminished gene expression of il-12 p40. Nevertheless, studies should be conducted 

to address the mechanistic linkage between ameliorated IFN-γ productions to diminished 

il-12 p40 gene expression in the absence of FAT10. Whether IRF-1 expression is modulated 
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by FAT10 through IFN-γ or whether IL-12 gene expression is also regulated by FAT10 

during viral infection has yet to be explored.  

As studies have shown that the primary CD8+ T cell responses peak at day 7 post LCMV 

infection, our results indicated that the differences observed in the secretion of IFN-γ and 

IL-17A were abrogated in TCR-stimulated splenocytes of mice infected with LCMV for 7 

days (Fig. 12). An explanation for this observation may be that those T cells that become 

activated during 7 days of LCMV infection are indeed LCMV-specific at some level and have 

TCRs that have some affinity for LCMV-peptide-MHC complex [428]. Therefore, the ex vivo 

TCR stimulant employed in this experimental design does not lead to the activation of those 

LCMV peptide-specific T cells. This is further supported by the results that splenocytes of 

FAT10-/- mice without any stimulation 7 days after LCMV infection resemble the findings of 

TCR-stimulated splenocytes of FAT10-/- mice post 3 days LCMV infection (Fig. 12). In this 

context, the diminution in IFN-γ (Fig. 12A) and heightened IL-17A (Fig. 12B) secretions 

observed from unstimulated splenocytes of FAT10-/- mice 7 days post infection suggested that 

FAT10 might be involved in regulating the activation status of immune cells during viral 

infection. 

 

4.3 The role of FAT10 in the adaptive immune response (Part II) 

Type I IFN production is a critical part of the innate immune response. It plays dual roles 

during the host response to viruses: it provides innate defense and promotes adaptive CD8+ T 

cell responses [97, 429]. In this thesis, the functional role of FAT10 in eliciting an IFN-I 

response during LCMV infection and their relative impact on CD8+ T cells response was 

defined. As yet, there is no consensus regarding the role of FAT10 in IFN-I response during 

LCMV infection.  

A previous report indicated that recognition of the ssRNA of H5N1 IAV by RIG-I leads to 

enhanced Fat10 expression, promoting viral replication through suppression of type I IFNs 

secretion. In that study, FAT10 knockdown in the lung epithelial cell line A549 and human 

bronchial epithelial cells reduced virus-induced cell death, while FAT10 overexpression by 

lentiviral transduction increased the replication of IAV. Overexpression of RIG-I and NF-κB 

p65 combined with FAT10-Luc reporter plasmids in HEK293T cells confirmed that FAT10 

up-regulation was mediated by RIG-I, leading to NF-κB activation. Furthermore, increased 

Ifn-α and Ifn-β mRNA levels were observed in A549 cells that were transfected with siRNA 
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against FAT10 and subsequently infected with IAV strains H5N1 or H1N1 [56]. This work 

had inspired us to look at IFN-α and IFN-β secretion in FAT10-/- mice post LCMV-WE 

infection. Indeed, we observed that FAT10-/- mice secreted more IFN-α and IFN-β in 

comparison to FAT10+/- mice on day 3 post LCMV infection (Fig. 15).  

LCMV infection was known to induce robust type I IFN production and it has been 

demonstrated that LCMV genomic RNA strongly activates type I IFNs through a 

RIG-I/MDA5- dependent signaling pathway [274]. The recruitment of MAVS upon viral 

recognition by RIG-I/MDA-5 results in TRAF3 K63-linked auto-ubiquitination, which 

provides docking sites for the TBK1/IKKε complex [171, 430, 431]. This leads to subsequent 

phosphorylation of its substrates, IRF3/7, which results in type I IFN production [432].  

Lately, increasing evidence has shown that ubiquitination and de-ubiquitination of adapter 

proteins involved in the IFN-I signaling pathway were required for the precise regulation of 

antiviral response activity [433]. In fact, OTUB1, serving as a deubiquitinase, has been 

reported to cleave TRAF3 ubiquitin chains in response to viral infection [187]. Further 

analysis performed by Peng and colleagues elucidated the detailed mechanism behind the 

negative regulation in cellular antiviral response. They demonstrated that HSCARG associates 

with TRAF3 and cooperates with OTUB1 to remove the TRAF3 poly-ubiquitin chain that is 

crucial for the recruitment of the TBK1/IKKε kinase complex. This resulted in mitigated 

recruitment of IKKε, hinders IRF3 phosphorylation and dimerization, thus resulting in a 

declined level of IFN-β transcription [434].  

Furthermore, recent analysis made by Bialas and colleagues demonstrated that FAT10 is 

involved in the functionality of OTUB1. The covalent FAT10ylation of OTUB1 leads to its 

degradation by the proteasome, whereas a direct, non-covalent interaction between FAT10 

and OTUB1 enhanced the stability of OTUB1. Moreover, overexpression studies in HEK293 

cells depicted that the presence of FAT10 contributed to the deubiquitylating function of 

OTUB1 on TRAF3 [435]. This indicates that the non-covalent interaction between FAT10 

and OTUB1 gives rise to enhanced K63 poly-ubiquitin chain removal of TRAF3 by OTUB1, 

leading to reduced phosphorylation of TBK1/IKKε complex and subsequently of IRF3/7, 

thereby ensuing lessened transcription of type I IFN genes. This serves as an explanation for 

the increased type I IFN observed during LCMV infection in the absence of FAT10.  

Concurrently, members of our lab have identified IKKε as the kinase that mediates FAT10 

phosphorylation. HEK293T cells expressing FLAG-FAT10 that were transiently transfected 
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with IKKε and activated upon TNF treatment confirmed that FAT10 was phosphorylated by 

IKKε [436]. Even though the consequential effects of FAT10 phosphorylation has yet to be 

discovered, we postulated that FAT10 phosphorylation might influence its activity to stabilize 

OTUB1, thus serving as a negative regulator of IFN-I signaling.  

As a matter of fact, IKKε was reported to be involved in regulating the balance between the 

IFN-I and IFN-II signaling pathway. The association of activated STAT1 and STAT2 to IFR9 

in the event of IFN-I signaling leads to the formation of ISGF3 which promotes antiviral state 

in the cells. On the other hand, IFN-II signaling results in the homodimerization of STAT1 to 

form the gamma-activated factor (GAF) complex. They demonstrated that IKKε 

phosphorylates STAT1, thereby rendering STAT1 homodimerization and eventually assembly 

of GAF, but does not disrupt the formation of ISGF3. This indicates that IKKε can modify 

IFN signaling by the regulation of STAT1 incorporation into either ISGF3 or GAF [437]. In 

consequence, the presence of IKKε favors the production of type I IFN. Since IKKε was 

shown to phosphorylate FAT10 [436], and FAT10 stabilizes OTUB1 via a non-covalent 

interaction [435], this enhanced poly-ubiquitin chain removal of TRAF3 by OTUB1 might 

results in impaired IFN-I gene transcription. This postulation is in conformity with the 

observation that FAT10-/- splenocytes have an impaired ability to secrete IFN-γ while they 

produce enhanced levels of type I IFNs upon LCMV infection. It hence appears that FAT10 

fine tunes the interferon responses to viral infection by counter-regulating type I and type II 

interferons. 

Seemingly, FAT10 was reported to modulate the protein solubility of RIG-I by associating 

non-covalently to the 2CARD domain of RIG-I to sequester it away from the mitochondria 

and subsequently hindering RIG-I mediated antiviral response. The activation of RIG-I via 

K63 poly-ubiquitination is regulated by TRIM25 which is an E3 ubiquitin ligase. It was 

demonstrated that TRIM25 stabilizes FAT10 through the inhibition of its proteasome-

dependent degradation. This in turn leads to attenuation of RIG-I downstream signaling seen 

by inhibition in IRF3 nuclear localization and IRF3 phosphorylation in the setting of FAT10 

overexpression [55]. The ability of FAT10 to inhibit RIG-I supports our observation that 

FAT10 is capable of modulating the virus-mediated inflammatory response. 

Concomitantly, this is in line with the observation made by Zhang et al., and is in accordance 

with a report by Wilson et al., which demonstrates that blocking type I IFN signaling during 

persistent LCMV infection led to enhanced IFN-γ production. This allowed better control of 

the virus in LCMV-infected mice [438]. Similarly, Teijaro et al. reported that IFN-I blockade 
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resulted in increased IFN-γ production 24 hours post LCMV infection leading to reduced 

virus titers in mice [439]. 

Besides, there is piling evidence that the deleterious effect of sustained elevation of type I IFN 

expression in the events of persistent viral infections causes inflammation and 

immunosuppression. For instance, chronic HIV infection leads to sustained IFN-I signaling 

that results in CD4+ T cell exhaustion [440]. Recent results in humanized mice infected with 

HIV-1 have shown that IFNR blockade resulted in reduced expression of several exhaustion 

markers in CD8+ T cells—including PD-1, CD160, and TIM-3—along with enhanced IFN-γ 

and IL-2 production in virus-specific T cells [441-443]. Based on the data that we have 

obtained, this suggests that FAT10 might fine balance the secretion of type I- and type II IFNs 

to prevent CD4+ and CD8+ T cell exhaustion. In addition, the influence of FAT10 in the 

generation of LCMV-specific memory CD8+ T cells might be off interest to study as IFN-I is 

crucial for the survival of memory CD8+ T cells [444-447]. 

Generally, the priming of naive CD8+ T cells and differentiation into CTLs is regulated by 

DCs as they are capable of processing and presenting antigen, in addition to releasing type I 

IFN and other inflammatory cytokines [448]. The presence of IFN-I is critical to promote 

CTL responses in an indirect manner by delivering maturation signals to DCs and by 

modulating the degree of antigen presentation and co-stimulation [444]. Moreover, pDCs are 

considered to be the major producers of IFN-I in response to viruses [449]. So far, we did not 

identify the contributions of pDCs in IFN-I secretions according to our experimental set-up. 

Nevertheless, it would be interesting to study the relationship and synergism between FAT10 

and IFN secretions towards CD8+ T cell priming.  

Even though we have seen increased type I IFNs and reduced IFN-γ production in LCMV-

infected mice, these differences did not affect the ability of FAT10-/- mice to clear LCMV (Fig. 

16). An attractive hypothesis for the function of FAT10 is that it might get conjugated to some 

virus-derived proteins thereby irreversibly targeting them for proteasomal degradation and 

slowing their rate of multiplication. This idea is in accordance with a late appearance of 

FAT10 in evolution possibly as a response to the emergence of a certain pathogen in 

mammals, given that FAT10 is only present in mammals and has evolved much later than the 

adaptive immune system. However, at least for the viruses tested in this study, FAT10 was 

not pivotal to control their replication. 
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To use a second model of viral infection and to investigate the impact of FAT10 on IAV 

expansion in vivo, FAT10-/- mice were infected with influenza virus strain 

A/Regensburg/D6/09 (H1N1pdm09, RB1). No differences in the levels of type I and II 

interferons were detectable in the lungs between FAT10+/- and FAT10-/- mice on day 2 or day 

4 post infection (Fig. 17). Consistently, IAV titers did not differ in the lungs of FAT10-

deficient and -proficient mice on day 2 and 4 post infection and no effect of FAT10 deficiency 

on weight loss or survival after lethal IAV infection was observed (Fig. 17F). Similar to the 

reported Fat10 induction after IAV infection of human A549 cells in vitro, fat10 was readily 

induced in murine lungs after i.n. IAV infection in vivo. However, it is unclear why the 

suppression of FAT10 mRNA and protein in human A549 cells resulted in significantly 

reduced IAV replication and approximately two-fold enhanced IFN-α as well as IFN-β 

production by the infected A549 cells. The observed in vitro effects may not be strong enough 

to affect interferon production and IAV replication in vivo. Alternatively, this discrepancy 

may reflect a species difference between the human and the mouse or the complex innate 

immune response in the mouse lung may overrule such differences. In any case, our in vivo 

data are not supporting the conception that FAT10 may be a promising drug target for 

pharmacologically ameliorating the course of an IAV infection. 

 

4.4 The cell compositions in FAT10-deficient mice 

The first successful generation of a FAT10 gene knockout mice using gene targeting 

technology by Canaan et al. has opened up the window of opportunities to study the 

biological role of FAT10 in vivo. Of the first few experiments that were performed, it was 

revealed that FAT10-deficient mice exhibited similar lymphocyte sub-populations in 

comparison to its wild type counterparts. They reported that cells fractionated from the spleen, 

thymus, bone marrow and lymph nodes of mice demonstrated no difference in the distribution 

of cell types among the FAT10-proficient and -deficient mice. The motivation behind this 

experiment was to address whether FAT10 influences the hematological cellular profile of 

mice [24].  

Similarly, we have investigated the lymphocytes sub-populations of FAT10-heterozygous and 

FAT10-deficient mice post LCMV infection (Fig. 14). The rationale behind this investigation 

was due to the observation that CD8+ T cells of FAT10-/- splenocytes secreted lesser amount 

of IFN-γ at day 3 post LCMV infection (Fig. 8E). Therefore, we wanted to inquire whether 
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this phenomenon was related to altered cell compositions in FAT10-/- mice. With the 

exception of NK cells, all other immune cell subsets analyzed showed equal composition of 

cells among the two cohorts of mice (Fig. 14B). Furthermore, analysis carried out in un-

infected mice resembles the same observation as mice infected with LCMV (Fig. 14A). This 

finding was in conformity with reports claimed by Canaan and colleagues [24]. The reduced 

NK cell counts from FAT10-/- splenocytes can be attributed to the impaired IFN-γ produced 

by splenocytes of FAT10-/- mice. Nevertheless, even though we failed to detect the 

intracellular IFN-γ secretion by the NK cell population according to our experimental set-up, 

we should not overrule the fact that NK cells might contribute to the reduced IFN-γ observed 

from FAT10-/- splenocytes at day 3 post LCMV infection.  

Since we observed no differences in the lymphocyte sub-populations from splenocytes of 

FAT10-/- mice during viral infection, we did not consider the idea of investigating further into 

the prospect of apoptosis from our experimental design. However, there were several studies 

that acknowledged FAT10 involvement in apoptosis. It appears that FAT10 was shown to 

influence pathways and processes that resulted in either a pro- or anti-apoptotic effects. In 

principle, FAT10 was demonstrated to induce or influence apoptotic processes by becoming 

conjugated to apoptosis-modulating molecules and targeting them for proteasomal 

degradation. Moreover, Canaan and colleagues have demonstrated that leukocytes derived 

from FAT10-/- mice were more susceptible to cellular death in comparison to wild type mice. 

Indeed, there were a number of studies that implied the linkage between the expression of 

human Fat10 gene to cellular apoptosis and tumor growth [24]. The generation of 

tetracycline-regulated FAT10 transfectants to induce FAT10 biosynthesis in the absence of 

tetracycline resulted in heightened cell death. This indicates that FAT10 induces apoptosis 

and it was mediated by its ability to form conjugates [11].  

Subsequently, high Fat10 expression detectable in HCC and cancers of gastrointestinal and 

female reproductive system were found to associate with key players that regulate apoptosis 

such as p53 and MAD2 [16, 59, 60]. p53 is a transcriptional regulator that is coined as 

‘guardian of the genome’ and is crucial for the regulation of cell cycle, response to DNA 

damage and apoptosis [450-452]. It was demonstrated that the expression and promoter 

activity of FAT10 was low in p53-positive cell lines but high in p53-negative cell lines. In 

addition, the presence of a vector containing wild type p53 in a p53-negative cell line 

significantly repressed endogenous Fat10 transcript expression. This indicates that p53 

negatively regulates FAT10 promoter activity [60]. Since p53 was known to negatively 
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regulate certain genes including those engaged in apoptosis and the G2/M of the cell cycle, 

this might serve as an explanation for the involvement of FAT10 in promoting cancer 

progression. Furthermore, the non-covalent interaction between FAT10 and MAD2 leading to 

increased mitotic nondisjunction and chromosome instability further strengthens the notion of 

FAT10 as carcinogenesis driver [59]. 

In the meantime, the pro-apoptotic role of FAT10 was demonstrated in a renal disease model 

called HIVAN, which is caused by dysregulated apoptosis of the renal tubular epithelial cells 

(RTEC). In general, high Fat10 expression induced by HIV infection observed in RTEC was 

positively correlated to enhanced apoptosis in RTEC in vitro [33]. Since our working model 

was based on viral infections and we demonstrated that fat10 gene expression was induced by 

the viral particles, it might be of interest to study the implications of viral infection towards 

FAT10’s ability in regulating apoptosis in the infected cells, which is yet to be discovered. 

Moreover, it might be useful to investigate from the kidney of LCMV-infected mice to 

comprehend the influence of FAT10 in apoptosis.  

Nevertheless, attempts had been made by our lab members using various model systems to 

study the relationship between FAT10 expression and apoptosis induction or progression. The 

results demonstrated that the in vitro incubation of extracellular death receptor ligands did not 

alter the Fat10 mRNA expression in Jurkat cells. However, transient expression of FAT10 in 

HeLa and HEK293 cells led to enhanced cell death as compared to wild-type cells. In addition, 

T cells derived from FAT10-/- mice activated via plate bound anti-CD3ε and anti-CD28 

antibody for 2 days and incubated with TNF, IFN-γ and the apoptotic stimuli anti-CD95 for 2 

or 3 days recorded lower cell death in comparison to wild type T cells. Their observation 

suggests that FAT10 might play a role in T cell homeostasis restoration post infection 

clearance [453]. With references to this finding, it might be worthwhile to investigate the 

effect of various apoptotic stimuli incubation in LCMV-infected T cells derived from FAT10-

deficient mice.  

In summary, we could show that fat10 mRNA was up-regulated upon LCMV and IAV 

infection. FAT10-/- splenocytes have an impaired ability to secrete IFN-γ while they produced 

enhanced levels of type I IFNs. It appears that FAT10 is involved in the regulation of 

interferon responses during viral infection by fine tuning the type I and type II interferons 

production. 
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Supplementary Data 

 

Supplementary Figure 1: IFN-γ level of FAT10+/- mice. The titration of (A) FAT10+/- 
splenocytes and (B) FAT10+/- CD90.2+ cells from mice infected with LCMV-WE for 3 days 
were cultured and stimulated overnight with plate bound αCD3ε/αCD28 antibodies. IFN-γ in 
the supernatant was measured using ELISA. The experiment was performed once with n=1 
mouse splenocytes cultured in triplicates.  

 

 

Supplementary Figure 2: Quality control of cytokines used. (A) Quantification of mx1 
mRNA levels in C57BL/6 MEFs by real time RT-PCR and normalized to hprt. (B) Detection 
of p-STAT3 protein expression in IL-6 (400 U/mL) stimulated (30 min) and unstimulated 
(UN) human PBMCs.  
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H/R hypoxia/reoxygenation 

IFNAR IFN-α receptor 

IFNGR interferon-gamma receptor 

IFN interferon 

IFN-γ Interferon-γ 

IGR intergenic region 

IRAK IL-1R-associated kinase 

IRF interferon regulatory factor 

ISRE interferon-stimulated response 

element 

JAK Janus kinase 

LCA Leber congenital amaurosis 

LCMV lymphocytic choriomeningitis 

virus 

LIR LC3-interacting region 

LPS lipopolysaccharide 

LRR leucine-rich-repeat 

MAD2 mitotic arrest deficient 2 

MAPK mitogen-activated protein 

kinases 

MAVS mitochondrial antiviral signaling 

MDB Mallory-Denk bodies 

MEF mouse embryonic fibroblast 

MHC major histocompatibility 

complex 

mTECs medullary thymic epithelial cells 

NA neuraminidase 

NASH non-alcoholic steatohepatitis 

NEDD8 neuronal precursor cell- 

expressed developmentally 

downregulated protein 8 

NEP nuclear export protein 

NES nuclear export signal 

NFAT nuclear factor of activated T 

cells 

NFκB nuclear factor kappa-light-chain 

enhancer of activated B cells 

NK natural killer 

NMR nuclear magnetic resonance 

NO Nitric oxide 

NP nucleoprotein 

NRCM neonatal rat cardiac myocytes 

NUB1L NEDD8 ultimate buster 1 long 

PAMP pathogen-associated molecular 

patterns 

PBMC peripheral blood mononuclear 

cell 
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pDCs plasmacytoid dendritic cells 

PPR pattern-recognition receptor 

pQ polyglutamine 

PTP protein tyrosine phosphate 

RIG-I retinoic acid inducible gene 1 

RLR RIG-I-like receptors 

RNA ribonucleic acid 

RNP ribonucleoprotein 

RTEC renal tubular epithelial cell line 

SARM sterile α- and armadillo-motif-

containing protein 

SCID severe combined 

immunodeficiency 

SOCS-1 suppressor of cytokine 

signaling-1 

STAT signal transducer and activator 

of transcription 1 

TBK1 TANK binding kinase 1 

TCR T cell receptor 

TFH T follicular helper 

Th1 T helper cell type 1 

TIR Toll/IL-1Rhomology 

TLR Toll-like receptor 

TM transmembrane 

TNF tumour necrosis factor 

TRAF TNF receptor associated factor 6 

Treg(s) regulatory T cell(s) 

TRIF TIR domain-containing adaptor-

inducing IFN-β 

TYK Tyrosine kinase 

Ub ubiquitin 

UBA ubiquitin-associated domain 

UBA6 ubiquitin-like modifier- 

activating enzyme 6 

UBL ubiquitin-like 

ULM ubiquitin-like modifier 

UPS ubiquitin-proteasome system 

USE1 UBA6-specific E2 conjugating 

enzyme 1 

USP ubiquitin-specific protease 

vRNA viral RNA 

Vpr viral protein R 

WISP1 WNT1 inducible signaling 

pathway 1 

ZEB2 Zinc Finger E-Box Binding 

Homebox 2 
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