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I. Summary 
 
Background and rationale: Mucosal-associated invariant T (MAIT) cells are an evolutionary 

conserved subset of T cells with a partially invariant T cell receptor (TCR). The recent discovery 

of their antigen (Ag), and MR1 as the Ag-presenting molecule, demonstrated their microbial 

restriction and stimulated their study in humans. Changes in their phenotype have been 

observed in infectious and autoimmune diseases. Decreases in MAIT cell frequency have been 

observed in several chronic inflammatory diseases. These alterations are particularly observed 

in the liver, where MAIT cells represent the most abundant T cell population in healthy 

humans. Moreover, studies conducted in animal models showed a deleterious effect of 

activated MAIT cells in liver fibrosis. The process leading to MAIT cell activation remains largely 

unexplored, and only biliary cells have been shown to be able to present Ag to them in the 

liver environment. Here we assessed the activation of MAIT cells by various human primary 

liver cell types. We also investigated the capacity of liver cells to generate active Ag from 

bacteria-derived precursor, and studied the influence of molecular cell-cell interactions and 

MR1-inhibitors on MAIT cell activation. 

Results: Primary human parenchymal and non-parenchymal cells efficiently present bacterial 

and synthetic Ag to MAIT cells. The comparison between the cells shows that hepatocytes are 

most efficient in inducing IFNγ secretion by MAIT cells. This effect is not mediated by IL-18, IL-

12 or IL-23. Primary liver cells are capable of generating the active antigen 5-OP-RU from its 

precursor 5-A-RU. This is of interest regarding our in silico data which predict passive diffusion 

of both compounds with a better score for 5-A-RU, the precursor. Liver cell-mediated MAIT 

cell activation is seen both in a MAIT cell clone derived from peripheral blood and in liver-

derived MAIT cell lines, and leads to downregulation of the TCR, as well as IFNγ and IL-17A 

secretion. The incubation of primary liver cells with MR1 blocking ligands leads to a drastic 

diminution of the activation. I also identify CLEC2D as a potent regulator of MAIT cell 

activation, the surface over-expression of which is strongly inhibiting MAIT cell activation, as 

well as leading to CD161 downregulation. 
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Discussion: Considering the hypothesized role of activated MAIT cells in the vicious circle of 

liver fibrosis, the identification of their activation mechanism is decisive. We established that 

all tested primary liver cells are prone to present bacteria derived Ag to MAIT cells. 

Additionally, we observed that hepatocytes, the most abundant liver cells, are the most 

efficient ones, as seen by the more pronounced cytokine secretion they induced in MAIT cells. 

With such myriad of APCs surrounding them, the availability of MAIT cell antigen in the liver 

is critical. Our in silico model suggests that active Ag and precursor can reach the liver. This is 

of particular importance regarding our evidence that primary liver cells can generate active 

Ag from precursor. The deleterious action of activated MAIT cells in the liver argues for the 

study of approaches preventing their stimulation. We demonstrated that the use of MR1 

blocking ligands was efficient in vitro, using primary human liver cells. Furthermore, our 

investigation of the mechanism behind the discordances of Ag presentation between liver 

cells lead us to consider the role of the ligand of CD161, CLEC2D. We demonstrated a CLEC2D 

dependent inhibition of IFNγ secretion associated with a downregulation of CD161 on MAIT 

cells. We do not know yet whether this mechanism explains the difference observed in Ag 

presentation. Nevertheless, these findings place CLEC2D as a new potential therapeutic target 

in immune regulation, especially in the liver, where the majority of T cells express CD161. 

Overall, this work increases our understanding of MAIT cell activation in the human liver. The 

diffusion of MAIT cell Ag to the human liver has yet to be proven, but would argue for a central 

role of the intestinal microbiota and the integrity of the gut barrier in liver health. The study 

of the presence of MAIT cell stimulatory Ag in the circulation and liver in the liver disease 

context will help us understand better the pathophysiology of liver inflammatory diseases. 
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II. Introduction 

 

A. MAIT cells 

 

1. Discovery and definition 

  

 The existence of T cells bearing a partially invariant T cell receptor (TCR) was first 

postulated in 1993 by Porcelli and colleagues(Porcelli et al., 1993). In this publication the 

authors purified CD4/CD8 double negative T cells. The rearrangement of their TCR was 

analyzed by random cloning of single chain PCR. Two semi-invariant alpha chain 

rearrangements were identified, one using Vα24, the other Vα7.2. In the 90s the T cells 

expressing the Vα24 chain were profoundly studied, their restriction to CD1d was 

demonstrated in 1997, and they have been termed invariant natural killer T cells (iNKT)(Exley 

et al., 1997). Probably because of their sparsity in mouse, the Vα7.2 invariant T cells remained 

mysterious until Lantz and colleagues formally proved their restriction to the non-polymorphic 

MHC-I like molecule MR1(Treiner et al., 2003). The same laboratory chose the name Mucosal 

Associated Invariant T (MAIT) cells for the cells, as they found them to be enriched in the 

intestinal mucosa. The antigen (Ag) was at the time still unknown but the development of an 

antibody (Ab) against the Vα7.2 chain permitted the characterization of MAIT cells, at the time 

defined as CD3+ Vα7.2+ CD161high(Martin et al., 2009). A study using transgenic mice over-

expressing Vα19 (ortholog to Vα7.2) show that MAIT cells are present in the gut lamina propria 

and can secrete TNF, IFN-γ, IL-10 and IL-4(Kawachi et al., 2006). In humans, MAIT cells were 

shown to be capable to react to several bacteria and to produce IFN-γ and TNF(Gold et al., 

2010; Le Bourhis et al., 2010). In adults MAIT cells show an effector memory phenotype with 

no surface expression of CCR7 but expression of CD45RO; these features are not present in 

human cord blood where a naïve phenotype can be seen(Dusseaux et al., 2011). On the 

transcription level MAIT cells were shown to co-express T-bet and RORγt(Billerbeck, 2010; 

Dusseaux et al., 2011). 
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Evolutionary studies have shown that MR1 and MAIT cells are highly conserved in evolution. 

Moreover, interspecies cross presentation is frequent, human MAIT cells can recognize bovine 

and rat MR1, and the absence of recognition of mouse MR1 is because of a single amino-acid 

exchange(Goldfinch et al., 2010; Huang et al., 2009). Huang and colleagues showed the 

endocytic pathway to require late endosome, but to be independent of the proteasome, 

indicating that the Ag might be non-peptidic despite the high homology between MR1 and 

MHC-I(Huang et al., 2009). The Ag nature mystery was finally solved in 2012, when the team 

of Prof. J. McCluskey could show that denatured MR1 was able to refold in the presence of 6-

formyl-pterin (6-FP), an UV-degradation product of folic acid. Hence, this study shows two 

surprising properties of MR1: it binds small organic polar ligands, and this binding is 

covalent(Kjer-Nielsen et al., 2012). 6-FP, although very affine for MR1, could not activate MAIT 

cells, but the same publication highlighted other vitamin B metabolites with this capacity: 6-

hydroxymethyl-8-D-ribityllumazine (rRL-6-CH2OH) and 6,7-dimethyl-8-D-ribityllumazine (RL-

6,7-diMe). Both ligands were capable of activating MAIT cells at µM levels, without covalently 

binding MR1. Two years later the same laboratory demonstrated the existence of much more 

potent MAIT cell activating molecules, capable of covalently binding MR1, namely 5-(2-

oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) and 5-(2-oxoethylideneamino)-6-D-

ribitylaminouracil (5-OE-RU). Both molecules can activate MAIT cells at a concentration below 

one nanomolar. The same team used this Ag to generate MR1 tetramer capable of staining 

MAIT cell TCR, establishing a non-ambiguous MAIT cell identification system(Corbett et al., 

2014). 

Hence, MAIT cells are defined as T cells expressing a TCR Vα7.2 chain reacting to 5-OP-RU 

presented by MR1. 
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Figure 1: Timeline highlighting some of the most relevant findings in the study of the role of 
MAIT cells in the liver. Findings in blue are crucial for the whole MAIT cell field, the green 
boxes show crucial tool development, and in red studies concerning the liver and MAIT cell 
are depicted.  
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2. Antigen recognition by MAIT cells 

 

 Several MAIT cell Ags have been discovered, so far all derived from the riboflavin 

(Vitamin B2) biosynthesis intermediate 5-amino-6-D-ribitylaminouracil (5-A-RU). The most 

powerful ones are the two closely related 5-OP-RU and 5-OE-RU, both derived from the 

condensation of the Ag precursor 5-A-RU with methylglyoxal and glyoxal, respectively (Fig. 

2)(Corbett et al., 2014). Before 5-OP-RU was discovered, it was already shown that MAIT cells 

react only to Ag derived from some bacteria but not others like Listeria monocytogenes, and 

not to several viruses in vitro(Gold et al., 2010). The discovery that riboflavin biosynthesis was 

indispensable for the generation of all MAIT cell Ags unmasked why MAIT cells react to some 

bacteria and not to others(Corbett et al., 2014).  

MAIT cell Ag is by definition not synthesized by mammalian cells, hence the Ag precursor 5-A-

RU is also absent in human cells, thus permitting the distinction between “self” and “non-self” 

for MAIT cells. In contrary, plants, fungi and many bacteria are capable of producing riboflavin. 

5-A-RU is found in most commensal and pathogenic bacteria, although with differences 

between phyla(Corbett et al., 2014; Magnúsdóttir et al., 2015). The amount of riboflavin 

produced by an organism varies depending on the context, the availability of riboflavin in the 

environment, and the amount of riboflavin transporter expressed(Cisternas et al., 2017; Mack 

et al., 1998; Schmaler et al., 2018). Moreover, riboflavin catabolism can vary among serotypes 

of a single strain, accordingly, Hartmann and colleagues showed that a distinct serotype of 

Streptococcus pneumoniae with lower riboflavin synthesis capacity was less activatory for 

MAIT cells in vivo. The authors hypothesize that modulation of riboflavin synthesis could be 

an immune escape mechanism(Hartmann et al., 2018).  

 MAIT cell Ags have unusual properties compared to other T cell Ags. Conventional T 

cells respond to peptide Ags presented by MHC-I or MHC-II, whereas CD1-restricted T cells 

recognize lipids. In both cases the molecules weigh usually between 1000 and 3000 Daltons 

and are stable in the absence of specific degradation enzymes. 5-OP-RU in contrast weights 

only 330 Da and is chemically unstable in solution, with a half-life in aqueous solution of 

approximately 2 hours(Corbett et al., 2014). Despite its instability, 5-OP-RU can be absorbed 

through the intestine and the skin and it is 5-OP-RU derived from the gut microbiota which is 

presented to thymocytes in the thymus and indispensable for MAIT cell development, hence 
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explaining the absence of MAIT cells in germ free animals(Legoux et al., 2019; Treiner et al., 

2003). Moreover, as opposed to conventional Ags, 5-OP-RU and 5-OE-RU are covalently bound 

in the hydrophilic pocket of MR1, which can explain their very high potency with their EC50 

being in the picomolar range(Awad et al., 2020; Schmaler et al., 2018). This binding makes it 

almost impossible to displace these Ags in physiologic conditions without denaturing MR1. 

Interestingly, the covalent binding relies on a single amino acid lysine in position 43, which is 

conserved in every species possessing a functional MR1 gene. Mutated MR1 proteins with 

alanine replacement of this lysine are still capable of capturing Ags but with weaker affinity. 

What is more, they are capable of refolding in the absence of Ag, but in this case cannot bind 

the MAIT cell TCR(Reantragoon, 2013). A further singularity of MR1 compared to any other Ag 

presenting protein, is the existence of blocking ligands. Like for MHC-I, binding to its ligand 

results in MR1 targeting to the plasma membrane, and in the case of MR1, to its upregulation 

at the membrane as the normal levels are very low(Kjer-Nielsen et al., 2012; Raghavan et al., 

2008). But opposite to MHC-I, several MR1 blocking ligands have been described, capable of 

covalently binding and stabilizing MR1, thereby promoting its membrane trafficking; however, 

they neither interact enough with the TCR to activate MAIT cells, nor do they bind MAIT cell 

TCRs when used in tetramer staining. Moreover, as opposed to endogenous peptides in MHC-

I, these metabolite ligands cannot be displaced from MR1 without degradation. Several 

aforementioned blocking ligands have been described, the most potent ones being the folate 

derivate 6-FP and its acetylated derivative Acetyl-6-FP, and the aspirin derivative 3-formyl-

salycilic acid(Keller et al., 2017). 

 The exact mechanism of MR1 loading, trafficking to the plasma membrane, and 

recycling is not fully understood, yet two pathways have been described. The first pathway, 

demonstrated with the use of exogenous Ag, showed that MR1 presentation of Ag is not 

sensitive to inhibitors of vesicle acidification. The large majority of MR1 was retained in the 

endoplasmic reticulum (ER) and associated with β2M after binding the ligand which reached 

the ER without endocytosis. The complex was then targeted to the Golgi and then to the 

plasma membrane(McWilliam et al., 2016; Ussher et al., 2016). The second model was 

established in studies on the presentation of Ags derived from M. tuberculosis. In this case, 

although the majority of MR1 was retained in the ER, the Ag presentation was dependent on 

the pool of MR1 in endosomes, and thus blocked by endosome acidification inhibitors.  
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In this model, MAIT cell response to M. tuberculosis was increased when the cells were primed 

with acetyl-6-FP. This priming likely lead to the delivery of MR1 from the ER to the membrane, 

and the later recycling made MR1 available for the intracellular bacterial Ags, which could 

then be loaded in the endosomes(Karamooz et al., 2018, 2019). Both pathways probably exist 

in parallel with probable differences depending on the APC type. MR1 loading on the cell 

surface is possible as well in vitro, but its relevance in vivo is so far not determined(Karamooz 

et al., 2018). 

 Several crystal structures of the TCR-MR1 complex loaded with 6-FP or with 5-OP-RU 

have been published, the presence of the blocking ligand slightly modifying but not preventing 

the complementarity-determining region (CDR)3β of the MAIT TCR to interact with MR1. The 

alteration is more pronounced with the CDR3α, which is the only interacting motif between 

the MAIT cell TCR and activating Ags; when MR1 is loaded with 6-FP this interaction is 

weakened. The CDR3α is the highly conserved between MAIT cell clones and among species, 

with a consensus motif CAXXDSNYQL. The most important amino acid in the CDR3α is tyrosine 

95, which is highly interacting with MR1 jaws, but also with the Ag in the pocket via a hydrogen 

bond(Eckle et al., 2014; López-Sagaseta et al., 2013). The CDR3β is much more variable 

although originating from oligoclonal recombination, and mostly interacting with MR1 jaws, 

similar also to both CDR1 and CDR2(Lepore et al., 2014; Reantragoon et al., 2012). 

Interestingly, the described Ags occupy only a small fraction of the volume of the MR1 groove 

which is approximately 760 Å, moreover MR1 possesses two pockets, the basic hydrophilic A’ 

pocket and the mysterious F’ pocket(López-Sagaseta et al., 2013). It is thus probable that MR1 

could bind and present larger Ags, or, as the Ag in the A’ pocket is very strongly bound, 

accommodate a second Ag in the F’ pocket. 
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Figure 2: Chemical formation of pyrimidines and lumazines from condensation of 
methylglyoxal with 5-A-RU. 5-amino-6-D-ribitylaminouracil (5-A-RU) non enzymatically 
reacts with methylglyoxal to form the compelling antigen 5-(2-oxopropylideneamino)-6-D-
ribitylaminouracil (5-OP-RU), which can undergo spontaneous cyclization into the 1000 times 
weaker antigen 7-methyl-8-ribityllumazine (RL-7-Me). 
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3. MAIT cell profile 

 

Besides their Ag reactivity, MAIT cells express a unique combination of surface receptors, 

transcription factors and effectors which are not ubiquitous among T cells and inform us about 

their function. Some of these are universally expressed on MAIT cells, while others are tissue- 

or activation-dependent. MAIT cells all express TCR Vα7.2, CD26, IL-18 receptor, and a high 

level of CD161. Moreover, MAIT cells express several proteins usually found on natural killer 

(NK) cells, like CD56, and CD16a, associated with the chemokine receptors CCR2, CCR5, CCR6 

and CXCR6. The next chapter will describe these proteins and how their role in other immune 

cells can open perspectives about their function in MAIT cells. 

 

a) CD26 

 

CD26, also called dipeptidyl peptidase IV (DPPIV), is a serine protease which can be expressed 

on the external surface of the cell as well as in a soluble form. Hepatocytes, epithelial cells in 

the small intestine, and endothelial cells express it(Balaban et al., 2007; Itou et al., 2013; Pala 

et al., 2003). Because of its degradation capacity of glucagon-like peptide 1 (GLP-1), CD26 has 

been extensively studied in diabetes, and DPPIV inhibitors are part of the routine treatment 

for type 2 diabetes(Idris and Donnelly, 2007). CD26 is also expressed by immune cells, first 

characterized as an activation marker on T cells and NK cells, the protein was later shown on 

B cells(Aliyari Serej et al., 2017). The protease is also expressed in the myeloid compartment 

by macrophages and dendritic cells (DCs)(Waumans et al., 2015). Studies in mice and severe 

combined immunodeficiency (SCID) patients, which have only tiny levels of lymphocytes, 

suggest that they are the major source of soluble CD26 in the circulation(Casrouge et al., 

2018). Besides expression on activated lymphocytes, CD26 is mainly expressed on subsets of 

resting CD4 memory cells(Aliyari Serej et al., 2017; Bailey et al., 2017). Knock out studies in 

mice suggest its important role in T cell proliferation and T cell dependent Ab secretion(Yan 

et al., 2003). We can explain this by two characteristics of the enzyme, it can cleave terminal 

moieties of several cytokines, and act as a co-stimulatory signal for T cells. CD26 by its 

enzymatic activity can strongly affect the potency of many chemokines, or modulate their 

receptor spectrum.  
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For example, after cleavage CCL3 and CCL5 show decreased affinity for CCR3 but increased 

avidity for CCR1 and CCR2 respectively(Metzemaekers et al., 2016; Struyf et al., 1998). The co-

stimulatory aspect is independent of its catalytic activity; cross linking of CD26 on the T cell 

surface induces stimulation in a TCR dependent manner(Hegen et al., 1993, 1997). This cross-

linking can be induced by the binding of caveolin present at the surface of the Ag-presenting 

cell (APC)(Ohnuma et al., 2007). Interestingly, the binding of CD26 to caveolin will induce 

intracellular signaling in the APC leading to CD86 upregulation and hence an increased T cell 

stimulation(Ohnuma et al., 2004). Another pro-stimulatory aspect of surface CD26 expression 

for T cells is its binding of the enzyme adenosine deaminase (ADA) which degrades adenosine 

into inosine. As adenosine is an inhibitor of T cell activation, this is an additional pro-

stimulatory mechanism(Linnemann et al., 2009). The combination of all these features 

explains why CD26 is critical for many T cell functions, like their recruitment into tissue(Rai et 

al., 2012). 

 The role of CD26 on MAIT cells is not well studied, but they represent by far the largest 

population of CD8 T cells expressing constitutively high levels of CD26(Sharma et al., 2015). 

Hence, higher levels suggest more co-stimulation potential mediated by caveolin-1, which is 

interesting because, opposite to many other co-stimulatory ligands, caveolin-1 is 

constitutively expressed on non-professional APCs, whereas most co-stimulation ligands are 

not(Goronzy and Weyand, 2008). MAIT cells can produce CCL5 (RANTES), a known substrate 

of DPPIV/CD26; hence, it is possible that CCL5 secreted by MAIT cells is post-translationally 

modified by CD26. As the cleavage mediated by CD26 diminishes affinity of CCL5 for CCR3, it 

will increase CCL5 signaling toward CCR2 and CCR5 instead(Maekawa et al., 2018; 

Metzemaekers et al., 2016). This would lead to flawed chemotaxis towards monocytes and 

lymphocytes compared to eosinophils(Bertrand and Ponath, 2000; Fantuzzi et al., 2019). The 

exact role of CD26 needs to be more precisely assessed in future studies. 
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b) IL-18 receptor 

 

IL-18 receptor is a heterodimer composed of IL-18 receptor α chain (IL18 Rα; also called 

CD218) and IL-18 receptor β chain. In humans the receptor is highly expressed on NK cells, 

and also on approximately 1/3 of T cells, mostly on Th1(Gherardin et al., 2018; Yoshimoto et 

al., 1998). Naïve T cells, basophils, mast cells, and CD4 natural killer T (NKT) cells primed with 

IL-12 upregulate IL-18 receptor(Nakanishi et al., 2001). IL-18Rα binds IL-18 with a low affinity 

but this permits the heterodimerization of the receptor with IL-18Rβ, leading to a 

conformational change increasing the affinity and signaling through MyD88, TRAF and NF-

κB(Yasuda et al., 2019). IL-18Rα can also bind IL-37 and dimerize with IL-1R8 leading to an 

inhibitory signal through STAT3. IL-18 was first discovered on Kupffer cells, but later shown to 

be produced by many cells belonging or not to the immune compartment. IL-18 is produced 

as an inactive precursor called pro-IL-18 in a similar fashion as IL-1β(Fantuzzi et al., 1998; Ushio 

et al., 1996). This precursor needs to be processed by the inflammasome to form the active 

IL-18(Shi et al., 2017). Hence, the production of active IL-18 is highly dependent on the 

inflammasome, which can be induced by pro-inflammatory signaling, mediated through 

pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns 

(DAMPs). Additional enzymes can process pro-IL-18, like proteinase-3, or granzyme B, which 

is produced by MAIT and other cytotoxic T cells upon activation. Hence, when a MAIT cell kills 

its effector target, if the cytosol of these cells contained pro-IL-18, the killing will deliver active 

IL-18 into the surrounding(Catalfamo and Henkart, 2003; Omoto et al., 2010). After signaling 

through its receptor, IL-18 has pro-inflammatory effects, increasing the secretion of IL-13 in 

mast cells, and up-regulating adhesion molecules on endothelial cells, as examples. In T cells, 

IL-18 increases IFN-γ secretion and in combination with IL-12 is capable of activating subsets 

of T cells in a TCR independent manner. Because of this characteristic, these T cells are named 

innate-like T cells, which comprise some γδ T cells, iNKT and MAIT cells(Gutierrez-Arcelus et 

al., 2019). MAIT cells constitutively express high levels of IL-18Rα, and this expression is used 

to detect them, by flow cytometry or in tissue sections. IL-18 alone is not sufficient to induce 

MAIT cell activation, but needs to be associated with another signal, the best studied is the 

combination with IL-12(Jo et al., 2014; Ussher et al., 2014).  
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Other cytokine combinations have been shown to be capable to act in synergy with IL-18: 

type-I IFNs, TNF, and IL-15(Loh, 2016; Sattler et al., 2015; van Wilgenburg et al., 2016). 

Moreover, IFN-γ produced by MAIT cells can induce TNF and IL-18 secretion by the APCs, likely 

representing a positive feedback(Meierovics and Cowley, 2016; Sattler et al., 2015). This 

cytokine activation mechanism allows MAIT cells to respond to non-riboflavin producing 

bacteria and to viral infection, which induces cytokine production by APCs, via activation of 

toll-like receptors (TLRs)(Jo et al., 2014; Ussher et al., 2018). Cytokine activation of MAIT cells 

is also suspected to be an important mechanism of their deleterious effect in several 

autoimmune diseases(Chiba, 2017; Hayashi, 2016). Interestingly, MAIT cells activated by TCR 

alone, cytokines, or a combination of both display non-overlapping functions. The response 

to TCR stimulation is quick and short whereas the cytokine stimulation takes more time and 

lasts longer(Lamichhane et al., 2019). MAIT cells stimulated only by their TCR, produce and 

secrete proteins involved in tissue repair and in epithelial barrier function, cytokines and 

chemokines, among them CCL4, CCL3, and CCL20(Hinks et al., 2019; Lamichhane et al., 2019). 

“TCR only” stimulated MAIT cells increase wound healing in vitro, and in humans have been 

shown to be localized close to epithelial cells in the intestine(Leng et al., 2019). This tissue 

repair function has so far not been studied enough, but this particular function could explain 

the interest of harboring a high population of MAIT cells in tissues. Moreover, this singular 

function among T cells could stem from the unique transcription factor combination found in 

MAIT cells. MAIT cells co-express RORγt, PLZF, EOMES, Blimp-1 and T-bet, a combination not 

seen in any other T cell type, some of these transcription factors being usually mutually 

exclusive(Dias et al., 2019; Gibbs, 2017; Lantz and Legoux, 2018). Moreover the expression of 

C/EBPδ by MAIT cells, unique among lymphocytes, could be of importance in the tissue repair 

function(Lee et al.; Provine and Klenerman, 2020). 
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c) CD161 / KLRB1   

 

KLRB1 was first discovered in rat as a cell surface expressed homodimer, which, once triggered 

by an Ab, would increase NK cell cytotoxicity(Chambers et al., 1989). Multiple homologues 

were discovered in mice and a single one in humans called KLRB1, or more recently 

CD161(Lanier et al.). In humans, the transmembrane homodimer is expressed on the majority 

of NK cells and approximately 1/4 of T cells including both CD4 and CD8(Lanier et al.). 

Interestingly, three populations at least can be characterized for CD161 surface expression: 

CD161 negative, low and high. Differences in gene expression between these three 

populations have been demonstrated(Fergusson, 2016; Fergusson et al., 2014). CD161 

signaling has been shown to decrease NK cell cytotoxicity, and cytokine production, in humans 

and mice(Aldemir et al., 2005; Aust et al., 2009). Studies in T cells are more controversial, 

some studies implied a co-stimulatory role with an increased cytokine secretion, whereas 

others showed the opposite(Exley et al., 1998; Rosen et al., 2008). However, many studies 

used anti-CD161 Ab without clearly characterizing whether its effect is activating, inhibitory, 

or Fc-receptor mediated(Llibre et al., 2016a). Moreover, studies conducted in mice should be 

considered with caution, as human CD161 lacks the LCK binding motif present in the murine 

version(Exley et al., 1998). The natural ligand for CD161 in humans is a protein coded by the 

CLEC2D gene (C-type lectin domain family 2 D) also called OCIL (osteoclast inhibitory lectin), 

CLAX (C-type lectin activation expressed) or LLT-1 (lectin-like transcript 1). The main transcript 

codes for a transmembrane protein, but several soluble isoforms have been described(Boles 

et al., 1999). CLEC2D is expressed by various cells, among them monocytes, DCs, subsets of B 

cells, subsets of T cells, and non-immune cells(Mathew et al., 2004) Moreover, its surface 

expression is increased on B cells by TLR or IFN-γ signaling (Llibre et al., 2016b). The interaction 

between CLEC2D on the surface of a myeloid cell and CD161 on a lymphocyte results in 

signaling in both cells(Bambard et al., 2010; Llibre et al., 2016a). The binding of CLEC2D on the 

surface of an APC to CD161, present on NK cells, will result in an inhibition of cytotoxicity, and 

cytokine secretion(Aldemir et al., 2005; Aust et al., 2009; Rosen et al., 2008). The exact 

signaling cascade is not clear in humans, but the main hypothesis is that the intra-cellular part 

of CD161 would act as a weak inhibitory ITIM motif, hence activating the phosphatase SHP-1, 

which counteracts the activation of a receptor with ITAM motif(Kirkham and Carlyle, 2014; 
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Rosen et al., 2008). This inhibition of NK cells is used by several tumor cells, which have been 

show to overexpress CLEC2D on the surface(Marrufo et al., 2018; Mathew et al., 2016; Santos-

Juanes et al., 2019). Besides its function on modulating T cells and NK cells, CLEC2D has been 

shown to have a cell signaling function itself(Llibre et al., 2016c). B cells in the germinal center 

express high levels of CLEC2D on the surface, and its signaling promotes their activation(Llibre 

et al., 2016b). MAIT cells represent the largest population of CD161high T cells in adults, and 

the combined surface expression of their TCR α chain Vα7.2 with a high expression of CD161 

has been part of their definition for years(Negrotto et al., 2015; Provine and Klenerman, 2020). 

Interestingly, although CD161high expression is the principal MAIT cell characteristic, only few 

studies have assessed its functional role(Freeman et al., 2017; Le Bourhis et al., 2013). The 

study by Freeman and colleagues shows a decreased expression of CD161 on T cells, especially 

on MAIT, in HIV-infected patients. This fact questions many previous studies claiming loss of 

MAIT cells in the periphery during viral infection, as these studies based their MAIT definition 

on high surface expression of CD161(Dias et al., 2019; Paquin-Proulx et al., 2017). Concerning 

the modulation of MAIT cell function by CD161, a single study performed concluded that 

CD161 multimerization diminishes their cytotoxicity without affecting their cytokine 

secretion(Le Bourhis et al., 2013). This work was conducted using CD161 Abs, hence the effect 

of the natural ligand is not clear yet. Studying this interaction would be of great interest 

regarding the diversity of cells expressing CLEC2D, its regulation by pro-inflammatory signals, 

and the expression of CD161 by other T cells. Moreover, recent work suggests that CLEC2D is 

a receptor for extracellular histones released upon cell death, which could influence the 

binding of CD161 (Lai et al., 2020). 

In addition to CD161, CD26, and IL-18Rα, which are constantly present on all MAIT cells, 

various surface proteins are expressed proportionally on more MAIT than conventional T cells. 

Among these are the chemokine receptors CXCR4, CCR5, CCR6, CXCR6, and receptors shared 

with NK cells (CD16, CD56) or with subsets of T cells (CD8, CD45RO). 
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d) CD8 

 

CD8 is the generic name given to two surface proteins called CD8α and CD8β. Both are 

transmembrane glycoproteins belonging to the immunoglobulin (Ig) family, and can serve as 

a co-receptor upon TCR activation. T cells are the most notable CD8 expressing cells, but CD8 

is also found on subsets of NK cells, macrophages and DCs(Baba et al., 2006; Shortman and 

Heath, 2010; Suck et al., 2007). The protein is always present as a dimer on the cell membrane, 

most cells expresses the αβ heterodimer, but αα homodimers can be found as well. In 

peripheral blood, between 1/4 and 1/3 of T cells express the CD8αβ dimer in both the memory 

and the naïve compartment, while CD8αα homodimers are fairly rare, and only present on 

memory cells(Magalhaes, 2015). Certain tissues are enriched for the CD8αα homodimer, like 

the skin and the intestine(Jarry et al., 1990; Zhu et al., 2013a). CD8αβ has been clearly shown 

to interact with the α3 domain of MHC-I, hence increasing the probability of interaction 

between the TCR and the α1 and α2 domains of MHC(Garcia et al., 1996). Moreover, the 

molecules also act as a co-activation receptor upon TCR activation(Jarry et al., 1990; Zhu et 

al., 2013a). In adults, 80% of MAIT cells express CD8α, among the CD8 negatives most are not 

expressing CD4, hence are called “double negative” (DN), and a small fraction of 1-2% express 

CD4 on the surface, although the existence of true CD4 MAIT cells is debated(Chen et al., 

2019). Among the CD8α, around 60% of MAIT cells are CD8αα, and 40% are CD8αβ(Chen et 

al., 2019; Walker et al., 2012). Whether CD8 plays the same role regarding the interaction with 

MR1 as it does with MHC-I, is not established, but several clues point to that direction. There 

is a certain level of homology between the α3 domain of HLA-A/B/C in the CD8β binding region 

and the MR1 equivalent(Riegert et al., 1998). Moreover, anti-CD8 blocking Abs have been 

shown to abrogate the activation of certain MAIT cell clones reacting to M. tuberculosis, and 

to diminish polyclonal MAIT cell responses to E. coli(Gold et al., 2013; Kurioka et al., 2017). 

The exact interaction between CD8 and MR1 and the involved residues are undiscovered yet 

in the absence of crystallographic analyses, but studies suggest distinct properties between 

CD8 and DN MAIT. Dias and colleagues suggested an increased sensitivity for apoptosis in DN 

MAIT and a differential gene expression signature between the two subsets(Dias, 2018). 
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e) CD56 

Neural cell adhesion molecule (NCAM), also called CD56, is a glycoprotein belonging to the Ig 

family. It is an adhesion molecule involved in homophilic interaction, present on the surface 

of neurons but also on NK cells, subsets of T cells and DCs(Van Acker et al., 2017). In 

immunology it is used as a marker for NK cells, where its dim or bright expression defines the 

two main transcriptionally distinct NK subsets. 

 The fraction of αβ T cells expressing CD56 is around 5% and is dependent on IL-12 

signaling(Guia et al., 2008). Expression of CD56 on αβ T cells is correlated to cytotoxicity and 

correlates with the expression of other NK markers like CD16 and NKG2D; CD56 positive CD8 

T cells can secrete IFN-γ in response to cytokine stimulation(Chan et al., 2013; Guia et al., 

2008). The expression of CD56 can be induced in vitro on T cells by IL-15(Correia et al., 2011). 

CD56 is expressed by approximately 1/3 of MAIT cells in the periphery, thus suggesting that 

many previous studies on CD56+ CD8 T cells performed before characterization of MAIT cells, 

present in high frequencies in peripheral blood, might have been conducted on a population 

highly enriched in MAIT cells(Brozova et al., 2016; Dias, 2018). The role of CD56 on MAIT cells 

is still enigmatic, as it is the case for its role in conventional cytotoxic T cells. 

Taken together, the expression of NCAM could be the sign of a recent activation, a recent 

interaction with an APC, or manifestation of a pro-migratory capacity, as NCAM is essential 

for NK cell motility(Mace et al., 2016). Moreover, because of its homophilic interaction, NCAM 

on the T cell can bind NCAM present on the APCs. Interestingly, it has been shown that NCAM 

expressing DCs induce preferential activation of CD56 expressing T cells(Nieda et al., 2015). 
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f) CD16a 

 

CD16a, also called Fc fragment receptor IIIa (FcγRIIIa) is a low affinity transmembrane receptor 

binding the Fc fragment of antibodies. The protein is present on the surface of neutrophils, 

monocytes, macrophages, NK cells and subset of T cells. On NK cells, the receptor mediates 

antibody-dependent cellular cytotoxicity (ADCC), and is a strong inducer of NK cell activation.   

It was shown that CD16 is the only receptor capable of inducing NK cell degranulation without 

the activation of a second receptor(Bryceson et al., 2006). CD16 is expressed by the majority 

of T cells bearing a γδ TCR and a small fraction (1-2%) of αβ T cells(Braakman et al., 1992; 

Clémenceau et al., 2011). Like in NK cells, CD16 crosslinking on T cells induces activation and 

ADCC; this is true for both αβ and γδ T cells, although these processes are much less studied 

in T cells than in NK cells(Clémenceau et al., 2011). In the periphery, CD16 is expressed by 

approximately 10-30% of MAIT cells with a higher frequency in the CD8 positive MAIT 

cells(Brozova et al., 2016). How CD16 modulates MAIT cell activation is unknown, but 

regarding its general effect on T cells one could hypothesize that crosslinking of the receptor 

increases MAIT cell activation.  
 

g) Chemokine receptors 

Among their particularities compared to other T cells, MAIT cells express an uncommon 

chemokine receptor pattern (Fig. 3). The majority of MAIT cells constitutively express CCR2 

and CCR5 on the surface whereas the latter is only expressed by 1% of CD8 T cells(Lee et al.; 

Sand et al., 2013). Both receptors allow detection of the chemokines CCL2, CCL3, and CCL5, 

among others, hence allowing the migration of MAIT cells towards inflammation sites(Ward 

et al., 1998). MAIT cells all express high levels of CCR6, which contributes to their tissue 

homing, which is very unusual for circulating CD8 T cells. Indeed, CCR6 surface expression is 

only seen in a minority of CD8 memory T cells. CCR6 is the only receptor for CCL20, produced 

in mucosal tissue and in the liver. Hence, CCR6 is believed to home T cells to the mucosa and 

liver, two tissues highly enriched for MAIT cells(Kondo et al., 2007; Provine and Klenerman, 

2020).  
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Indeed, the chemokine CCL20 was first named “liver activation regulated chemokine” (LARC), 

because of all tissues tested the expression was highest in the liver(Hieshima et al., 1997). The 

CCL20-CCR6 axis is also a key factor in the formation of mucosal lymphoid tissues like Peyer’s 

patches; whether MAIT cells are involved in this process is not known(Randall and Mebius, 

2014). Besides, half of the circulating MAIT cells express CXCR6 on their surface, which is 

uncommon in circulating memory CD8 T cells(Lee et al.). The ligand for CXCR6 is CXCL16, which 

is the biggest CXC chemokine in humans, and the only one existing as a transmembrane 

form(Heesch et al., 2014; Radtke et al., 2015). The CXCR6-CXCL16 axis is another homing signal 

directed to the liver where the expression of CXCR6 has been shown to favor CD8 T cell survival 

by an unknown mechanism(Heesch et al., 2014). Hence, the dual expression of CCR6 and 

CXCR6 with the absence of CCR7 is likely to be part of the mechanism explaining the very high 

abundance of MAIT cells in the human liver. 
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Figure 3: Surface receptors and secreted proteins characterizing MAIT cells. Names in blue 
represent proteins expressed in NK and T cells, names in green represent proteins expressed 
mostly on T cells, names in black represent proteins expressed by various cells. An antigen 
presenting cell is represented in grey. Transcription factors are depicted in the nucleus of the 
MAIT cell. MCP: Monocyte Chemoattractant protein, a family of chemokines comprising CCL2, 
CCL7, CCL8 and CCL13.  
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4. MAIT cell distribution and role in homeostasis and disease 

 

Besides their uncommon expression of proteins, the key element making MAIT cells different 

from conventional T cells is their recognition of MR1-bound bacterial Ag. Recently, several 

studies suggested the existence of other MR1 restricted T cells not reacting to bacterial Ag; 

their Ag is however so far unknown, and they represent less than 1/5000 peripheral T 

cells(Crowther et al., 2020; Lepore et al., 2017). Because of their high frequency in blood and 

in tissue, MAIT cells represent by far the most abundant MR1-restricted T cell population 

discovered so far (Fig. 4). Although first shown to be enriched in the mucosa, which is the 

origin of their name, MAIT cells are also numerous in the circulation, where they represent 

approximately 3% of all T cells. MAIT cells are depleted in secondary lymphoid organs 

compared to tissues, where they usually represent between 2 and 10% of total T 

cells(Dusseaux et al., 2011; Voillet, 2018). One organ categorically out-competes the rest of 

the human body in terms of MAIT cell frequency: the liver, where in adults MAIT cells 

represent up to 40% of total T cells(Dusseaux et al., 2011; Ghazarian et al., 2017; Tang et al., 

2013). MAIT cells have been shown to be protective in some diseases and deleterious in 

others, moreover their frequency among T cells is altered in many conditions(Toubal et al., 

2019). Because of their Ag restriction, MAIT cells are expected to be part of the immune 

defense against several pathogens. This has been confirmed in numerous infections. In 

patients infected with M. tuberculosis, MAIT cells accumulate in the lungs and are 

consequently depleted in the periphery(Gold et al., 2010; Le Bourhis et al., 2010). MAIT cells 

migrating to infected tissues have also been suggested by an elegant study conducted by the 

laboratory of Prof. V. Cerundolo: Healthy volunteers were challenged orally with Salmonella 

enterica, and their circulating MAIT cells were analyzed pre-infection, during infection and 

after successful antibiotic treatment. The authors could show an oligoclonal proliferation of 

MAIT cells, a decrease in their frequency in circulation followed by a recovery after 

treatment(Howson et al., 2015). Similar findings were discovered with Shigella dysenteriae 

oral vaccine, and non-human primates had an accumulation of proliferative MAIT cells at the 

site of BCG vaccination(Greene, 2017; Le Bourhis et al., 2013). All these studies point towards 

an immune-protective role of MAIT cells in bacterial infections, which is underpinned by the 

study of Grimaldi and colleagues showing that patients with lower MAIT cell frequency had 
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the worst outcome in sepsis(Grimaldi, 2014). Viruses cannot synthesize riboflavin, hence are 

not producing MAIT cell Ag. Yet, MAIT cell frequency and function are altered in different viral 

infections, and a protective role of MAIT cells is even suggested in this context(Ussher et al., 

2018). MAIT cells are activated during acute HBV, HCV, HTLV-1, dengue fever and influenza 

infection; this was shown by their increased surface expression of PD-1, CD69, or CD38. 

Interestingly, in all these infections except dengue fever, MAIT cell frequency in the periphery 

was decreased, an effect usually reversed by treatment(Barathan, 2016; Billerbeck, 2010; 

Bolte, 2017; Hengst, 2016; Loh, 2016; Paquin-Proulx et al., 2017; van Wilgenburg et al., 2016). 

The unusual increase in frequency, seen in the periphery during dengue fever, seems opposite 

to the findings in all previously cited viral diseases. If the change in frequency is however due 

to migration towards the infected site, associated with local proliferation, then the increased 

MAIT cell frequency observed in peripheral blood could be due to dengue virus infecting blood 

cells, hence the inflamed site being the circulation. To date, a protective effect of MAIT cells 

in viral infection has only been shown in a mouse model of influenza(Wilgenburg, 2018). 

Several mouse models have shown this protective effect in bacterial infections, which is of 

major interest regarding the low MAIT cell frequency in rodents; together with the data 

obtained in patients, the results suggest a similar function of MAIT cells in humans(Georgel et 

al., 2011; Meierovics et al., 2013; Wang, 2018). 

 Because of their TCR-independent activation capacity, MAIT cells can also take part in 

sterile inflammation; studies conducted in patients or disease models have reported beneficial 

or harmful capacity depending on the context(Toubal et al., 2019). In ankylosing spondylitis, 

the frequency of MAIT cells is decreased in the blood, enriched in the synovial fluid, and they 

secrete more IL-17A(Gracey, 2016; Toussirot et al., 2018). This secretion of IL-17 is interpreted 

as a deleterious effect, as the cytokine is pro-inflammatory and associated with numerous 

autoimmune diseases(Kuwabara et al., 2017). The same cytokine is the reason why MAIT cell 

activation is associated with a harmful effect in asthma. The frequency of IL-17 secreting and 

activated MAIT cells is associated with the severity of asthma in young children(Ishimori, 2017; 

Lezmi, 2018). Activated and secreting MAIT cells are also seen in systemic lupus 

erythematosus, psoriatic skin, and in the circulation of type 2 diabetic patients.  

In all conditions their activation is suspected to be damaging(Chiba, 2017; Cho, 2014; 

Magalhaes, 2015; Teunissen et al., 2014). Protective roles have been demonstrated as well, 
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for most part in mouse models. In NOD mice, MAIT cells participate in the protection of the 

gut integrity, whereas in human type 1 diabetic patients they were histologically shown to be 

absent from pancreatic lesions(Kuric, 2018; Rouxel, 2017). In a colitis model, transfer of MAIT 

cells into 2,4,6-trinitrobenzenesulfonic acid (TNBS) challenged mice resulted in lower disease 

activity in the recipient(Ruijing, 2012). These findings have to be interpreted with vigilance, as 

alternative conclusions can be taken from a human study showing increased IL-17 producing 

MAIT cells in the circulation of IBD patients(Serriari, 2014). Regarding their high proportions, 

MAIT cells should be a major regulator of inflammation in the liver. Indeed, in a cohort of 

patients with type 1 autoimmune hepatitis, MAIT cells were shown to be the most altered 

immune population in the liver(Renand et al., 2018). The study conducted by Böttcher and 

colleagues on all autoimmune liver diseases found a lower frequency of MAIT cells in liver and 

circulation. This depletion was correlated with the fibrosis score in the tissue and the 

remaining cells secreted IL-17A, which is shown to activate hepatic stellate cells (HSCs), the 

main drivers of liver fibrosis generation(Böttcher et al., 2018). The study published by Setsu 

and colleagues on primary biliary cholangitis (PBC) patients, shows similar depletion of MAIT 

cells in the liver and the blood, interestingly this depletion was partially reversed after 

ursodeoxycholic acid (UDCA) treatment. In this paper, liver MAIT cells are also shown to 

express lower levels of IL-7 and IL-18 receptors compared to controls, and frequency of CD69+ 

MAIT cells in the circulation correlated with the level of liver enzymes(Setsu et al., 2018). Jiang 

and colleagues assessed MAIT cell phenotype and function in liver and blood of a large cohort 

of PBC patients (Jiang et al., 2018). The results show decreased MAIT cell frequency in patient 

blood associated with a more apoptotic phenotype. Interestingly, a slight increase in absolute 

numbers of MAIT cells in the liver is shown; the authors assessed them by in situ microscopical 

evaluation, whereas every other study in human liver assesses MAIT cell frequency versus 

CD3+ by flow cytometry, which might explain the discrepancy to studies reporting decreased 

MAIT cell frequencies in the liver. Like in the previous study, 6 months of UDCA therapy 

partially restored the MAIT cell frequency in the blood. The treatment also decreased their 

apoptosis propensity and their CD25 surface expression, which could be a sign of lower 

activation. Moreover, the authors showed an increased serum IL-7 level in PBC patients and 

demonstrated an increased IL-7, IL-12 and IL-23 secretion by a hepatocyte cell line upon 

stimulation of the Farnesoid X Receptor (FXR) with agonists. Hence, the authors speculate on 
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a role of cholic acid, an FXR agonist, in the deleterious role of MAIT cells, as IL-7 induces higher 

granzyme expression in activated MAIT cells(Jiang et al., 2018). To date few studies have been 

conducted on MAIT cells in non-alcoholic fatty liver disease (NAFLD), and their results are 

inconsistent. The study published by Hedge and colleagues, shows a decreased frequency of 

MAIT cells in the circulation of NAFLD patients, and a pro-fibrogenic role of MAIT cells in a 

fibrosis model (CCL4 induced liver injury), using either control, MAIT-deficient or MAIT-

enriched mice(Hegde et al., 2018). The study of Li and colleagues - though showing the same 

decrease in circulation - shows a protective effect of MAIT cells in mice fed a 

methionine/choline deficient diet. This effect was mediated through the secretion of IL-4 and 

IL-10(Li et al., 2018). Therefore, more studies need to be conducted to conclude on the role 

of MAIT cells in NAFLD. Interestingly, bile acids can modulate MAIT cell function through IL-7 

induction(Jiang et al., 2018). A very recent article found major differences between 

conjugated and non-conjugated biliary acids, the ratio of which is highly dependent on the 

entero-hepatic cycle, hence on the liver and the microbiota. Clearly, the relation between liver 

MAIT cells and gut microbiota has been neglected so far and would need to be elucidated in 

relation with liver diseases(Mendler et al.). 
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Figure 4: Distribution of MAIT cells in human tissues. The frequency of MAIT cells in the 
tissues of a healthy adult as mean of multiple studies, reviewed by Provine and Klenerman, 
additional data from Bedin and colleagues and Zumwalde and colleagues (Bedin et al., 2019; 
Provine and Klenerman, 2020; Zumwalde et al., 2018). 
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B. Liver microenvironment 

 

1. Liver structure microanatomy 

 

The liver is the largest internal organ of the human body representing 2.5 – 3.5% of the total 

body mass, and receiving 1/3 of the blood flow.(Clemente Carmine D.; Karlstadt et al., 2004). 

On the cellular level, hepatocytes represent 80% of the liver volume, and 60% of the cells. 

Non-parenchymal cells are mostly endothelial cells which represent 20% of liver cells, 

lymphocytes representing 10%, and Kupffer cells, the liver resident macrophages,  

representing around 8%(Racanelli and Rehermann, 2006). In lower proportion, the liver is 

populated by biliary epithelial cells draping bile ducts, and HSCs, residing under the 

endothelial layer of the sinudoids. HSCs are highly specialized pericytes, which secrete 

cytokines and store the majority of the vitamin A in the human body. They are a major 

regulator of wound healing and key players in fibrogenesis(Puche et al., 2013). The human 

liver carries out a large amount of physiologic functions covering production of bile, hormones 

and plasma proteins, storage of glycogen and vitamins, removal of toxic substances, and 

homeostatic regulation of the plasma constituents(Kalra and Tuma, 2020). With these specific 

functions comes a captivating anatomical singularity: the liver is the only organ supplied by 

both venous and arterial blood, with the venous blood coming from the intestine through the 

portal vein. Thus, the liver is the first organ reached by digestion-derived products, which 

facilitates their metabolism, and their storage. Anatomically the liver is divided into two lobes, 

themselves histologically divided into lobules. A liver lobule is a hexagonal unit with a branch 

of a portal venule, a hepatic artery and a bile duct at each corner (Fig. 5). The association of 

the three vessels is named the portal triad. The center of each lobule contains a central vein 

which collects the blood coming from the hepatic artery and the portal vein, after its mixing 

in the small fenestrated capillary-like structures called the liver sinusoids. The bile, secreted 

by hepatocytes, flows in the opposite direction towards the portal fields and is collected into 

bile canaliculi (Fig. 5). 
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Figure 5: Microanatomy of the liver. Representation of a human liver (A) structure of the 
liver’s functional units, the lobules (B&C). Zoom into a part of a liver lobule (D): Blood enters 
through branches of the portal vein and hepatic artery, then flows through sinusoids. Bile is 
secreted by hepatocytes and flows into the opposite direction and is collected in bile ductules. 
Closer look at the cellular players present in the liver (E). 
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2. Gut-liver axis 

 

The gut-liver axis designates the interconnexion between the intestine, its microbiota and the 

liver through the portal vein in one direction and through the bile in the other. 

 

a) The microbiota 

 

The gut microbiota consists of an elaborate microbial community of over 100 trillion 

microorganisms in the gut, making it by far the densest microbial community, with the colon 

containing two thirds of the microbes in/on the human body. It is composed of all kinds of 

microorganisms: fungi, archaea, viruses, protozoans and bacteria, the last being the most 

prevalent(Sekirov et al., 2010). This metabolically active gut microbial community is an 

indispensable partner for the human digestive system, allowing the degradation of dietary 

products outside of the human digestive enzyme spectrum(Sakanaka et al., 2019). Besides, 

the gut microbiota is an essential source of metabolites, neuro-mediators and hormones that 

directly regulate gut function and influence extra-intestinal organs such as the liver, brain, and 

kidneys(McIntyre et al., 2011; Niwa, 2011; Quesada-Vázquez et al., 2020; Yano et al., 2015). 

For decades culture based microbial analysis gave a wrong picture of the digestive tract flora, 

as an example the stomach was long thought to be sterile in healthy individuals(Nardone and 

Compare, 2015). The development of 16s ribosomal RNA sequencing granted culture-

independent microbiota definition(Weisburg et al., 1991). The recent depreciation in 

sequencing cost opened the way to microbial definition of important cohorts in multiple 

microbial niches. Microbial composition and concentration is highly variable along the 

digestive system. The stomach contains around 100 microorganisms per gram of content. 

When healthy, the organ contains mostly Firmicutes from the Streptococcus and Lactobacillus 

geni and Actinobacterium commonly from the Propionibacterium genus. The colonization by 

H. pylori alters this ecosystem and is harmful for the host.  

The duodenum directly adjacent to the stomach contains a similar to slightly higher 

concentration of microorganism with around 102 to 103 colony forming units (CFUs) per mL 

(O’Hara and Shanahan, 2006). Firmicutes, Proteobacteria, Bacteroidetes and Actinobacteria 

all together represent 99% of the present phyla, with Firmicutes and Proteobacteria 
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representing 60% and 20%, respectively. At the genus level, most Firmicutes belong to the 

Bacilli genus, and Pseudomonas represent the most abundant Proteobacteria(Mei et al., 2018; 

Nistal et al., 2016). 

 The microbe density keeps increasing along the digestive track, in the jejunum the 

number of microbes per mL reaches 104 to 105. Along with this topographic increase comes 

diversification, with the apparition of phylum Fusobacteria in significant amounts, 

representing 7% of all organisms(Sundin et al., 2017). The evolution of the microbiota 

continues along the small intestine until the ileum, which contains 107 bacteria/mL. Ribosomal 

RNA sequencing of mucosal samples reveals an evolution towards aerotolerant and anaerobic 

bacteria, with Firmicutes representing the by far best represented phylum followed by 

Actinobacteria(Villmones et al., 2018). Microbiota in the jejunum and the ileum show the 

highest donor to donor fluctuation in the digestive tract, however the limited number of 

studies advocate for prudence in interpretations(Booijink et al., 2010). In the colon, microbial 

density reaches its highest concentration in the human body from 108 CFU/mL in the cecum 

to 1011 CFU/mL in the rectum. All phyla represented elsewhere in the digestive tract, namely 

Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia 

are represented in the colon. Present in equivalent proportion, Firmicutes and Bacteroidetes 

are the most abundant and together represent close to 90% of all bacteria. Several studies 

reported the presence of Cyanobacteria, a phylum usually present in oceans and the soil. To 

date, no specimen has been isolated and cultivated; Di Rienzi and colleagues suggested the 

existence of a new phylum closely related to Cyanobacteria, based on their whole genome 

reconstruction. They named the phylum Melainabacteria, showing once more that study of 

the microbiota can lead to unexpected discoveries(Di Rienzi et al., 2013). Most studies 

concerning colon microbiota were conducted by sequencing 16s ribosomal RNA in feces. 

Although informative concerning the composition of the microbes living in the human gut, 

these studies give a very inaccurate picture of the bacteria in contact with the intestinal 

epithelium. Hence, biopsy-based or mucosa-based sequencing methods are superior towards 

this aim. Therefore, it is the above mentioned approach that we are currently using in the 

laboratory in order to analyze changes in microbiota associated with NAFLD. 
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b) Gut influence on the liver 

 

(1) Polysaccharide depolymerisation 

 

Hosting the intestinal microbiota has multiple advantages for the host. Mammals lack the 

enzymatic machinery to digest most complex carbohydrates. By themselves they cannot take 

advantage of most polysaccharides, or dietary fibers, like pectin, several forms of amylose or 

cellulose. Interestingly, the host indirectly selects for organisms beneficial in this regard, 

hence the gut population is enriched in microbial proteins capable of breaking down dietary 

polysaccharides(Gill et al., 2006). The study of complex sugar degradation by intestinal 

bacteria started more than 40 years ago and has focused mainly on Bacteroidetes(Salyers et 

al., 1977). The model organism used to study carbohydrate metabolism is Bacteroides 

thetaiotaomicron. According to transcriptome and genome analysis of B. thetaiotaomicron, 

18% of the bacterial genome is dedicated to polysaccharide degradation(Martens et al., 2008). 

More recently, Firmicutes have been shown to play an important role in carbohydrate 

degradation as well. Ruminococcaceae like R. bromii show better ability to degrade resistant 

starch and promote starch utilization by other commensal bacteria from the Eubacterium and 

Bifidobacterium genus(Flint et al., 2012; Ze et al., 2012). 

 

(2) Short chain fatty acids 

 

The liberation of monosaccharides from their corresponding polymer makes them available 

for the host to use them as an energy source or building block. Part of them are used by the 

bacteria themselves and fermented. The main intermediary products are ethanol, succinate, 

and lactate. These are further modified mostly in the colon to form the principal end product: 

short-chain fatty acids (SCFAs). Their concentration is dependent on the amount of fiber 

ingested but is between 90 and 120 mM in the colon with a higher proportion of acetate. 

Interestingly, SCFAs are absorbed at 90%. Acetate and propionate are used as building blocks 

in the liver, for lipogenesis and gluconeogenesis respectively. Butyrate is preferably used as 

an energetic substrate by colonic epithelial cells. On top of their metabolic utility, SCFAs also 

have important signaling properties.  



39 

 

Butyrate modifies gene expression by inhibiting histone deacetylase (Lazarova et al., 2013). 

SCFAs can signal through GRP41 and GPR43, largely expressed in the digestive system. In 

hepatocytes, GPR43 signaling diminishes HBV-mediated inflammation(He et al., 2020).  

 

(3) Secondary bile acids 

 

Bile acids secreted by the liver into the duodenum decrease the proliferation of sensitive 

microbes and are indispensable for fat digestion. These detergents are also crucial for the 

absorption of lipids and hydrophobic vitamins, namely vitamin A, D, E and K. Moreover, bile 

acids can signal through the liver X receptor (LXR), the FXR, and the G-protein-coupled 

receptor TGR5(Jia et al., 2019; Yamagata et al., 2004). The two bile acids synthesized in 

hepatocytes from cholesterol, cholic acid (CA) and chenodeoxycholic acid (CDCA), are called 

primary bile acids. CDCA and CA are mostly secreted in a conjugated form with glycine or 

taurine. This conjugation is removed in the intestine by the commensal microorganisms 

increasing the pool of unconjugated bile acids. These can be metabolized by gut bacteria into 

so called secondary bile acids. The main representatives are deoxycholic acid (DCA) and 

lithocholic acid (LCA), formed by dihydroxylation of CA and CDCA, respectively. Both primary 

and secondary bile acids are reabsorbed in the colon, forming an entero-hepatic cycle(Ridlon 

et al., 2006). Secondary bile acid levels and their composition are important for humans. They 

bind the classical bile acid receptor and bile acid transporter with a different affinity than their 

respective precursors. Moreover, LCA was suspected to be a partial FXR antagonist, and 

decreases the expression of the bile salt export pump (BSEP), this mechanism contributing to 

its cholestatic effect(Yu et al., 2002). DCA is implicated in the pathogenesis of NAFLD and 

inhibits NF-κB signaling in hepatocytes thus inducing their apoptosis(Rodrigues et al., 2015).  
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(4) Other plant metabolites 

 

Human diet contains an enormous quantity of non-energetic plant secondary metabolites, 

among these polyphenols are the most abundant antioxidants(Grootaert et al., 2015). 

Polyphenols and flavonoids have been reported to exert beneficial health effects, increasing 

interest in the study of their bioavailability, and biological activities(Clavel et al., 2006). Most 

polyphenols are glycosylated in the diet and converted by the microbiota, the unglycosylated 

form is the only bioavailable one(D’Archivio et al., 2010). Hence, the microbiota strongly affect 

the absorption of these active molecules, with diverse biological repercussions. Local effects 

happen already at the intestinal epithelium where terpenoid like Andrographolide increase 

the secretion of anti-microbial peptide β-defensin(Sechet et al., 2018). Different flavonoids 

like apigenin have hepato-protective effects in mice undergoing LPS-induced liver failure, with 

more than 50% reduction in mortality(He et al., 2019). Similar hepato-protection was 

demonstrated in diet-induced inflammation, where apigenin reduced the severity of 

NAFLD(Feng et al., 2017). In a broader perspective, polyphenol and flavonoids have been 

proposed as a therapeutic hit for the treatment of colitis and autoimmune diseases. Genistein, 

a polyphenol discovered in Genista tinctorial, has been used as a supplement in a clinical trial 

with NAFLD patients. The compound improved insulin resistance and significantly decreases 

serum levels of IL-6 and TNF(Amanat et al., 2018). 

 

(5) Amino acid derivatives 

 

High-protein diet results in an increased level of amino acids in the colon, hence also 

increasing their degradation products. Among these, branched-chain amino acids (BCAAs), 

derivative phenyl acetic acid and kynurenine are of major interest for human health. The 

effect of BCAAs and their microbial fermented counterpart BCAs is controversial. In a large 

cohort of diabetic patients insulin resistance was associated with a higher level of 

BCAs(Pedersen et al., 2016). Similar findings have been shown in obese adults where BCA 

serum levels are higher than in lean subjects(Newgard et al., 2009).  
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On the other hand, several studies conducted in humans have shown that BCAA dietary 

supplementation ameliorates symptoms, prognosis and the quality of life of cirrhotic 

patients(Kawaguchi et al., 2011; Kitajima et al., 2018). Aromatic amino acid metabolism is a 

source of interesting metabolites as well. Tryptophan degradation by gut bacteria generates 

a mixture of indole compounds which have been shown to have pharmacological 

activities(Hendrikx and Schnabl, 2019). The best studied indole derivative receptor in humans 

is the aryl hydrocarbon receptor (AHR), which is eminently expressed on immune cells but 

likewise outside of the immune compartment, in hepatocytes and in melanocytes(Aizarani et 

al., 2019; Esser et al., 2013). In the intestine, indole binding to AHR induce mucin expression 

and strengthens the mucosal barrier by increasing epithelial tight junctions(Bansal et al., 2010; 

Shimada et al., 2013). In NAFLD patients, tryptophan supplementation reduced serum levels 

of inflammatory cytokines and improved LDL as well as γ-glutamyltransferase levels(Celinski 

et al., 2014).  

 

(6) Vitamins 

 

Vitamins are small organic molecules belonging to the essential nutrients along with essential 

minerals, essential amino acids and essential fatty acids. They differ from the first by their 

organic nature, and from the two latter by their low abundance. Unlike essential amino and 

fatty acids, vitamins are needed in lower quantity and are not used as building blocks. 

According to their structure, vitamins are classified into two groups, hydrophilic and lipophilic 

vitamins. Lipophilic vitamins include the retinol family (vitamin A), the calcitriol family (vitamin 

D), the tocopherol family (vitamin E) and the quinone family (vitamin K). Vitamin A is 

indispensable for the function of several proteins like rhodopsin in the retina. Moreover, like 

vitamin D, vitamin A plays a hormone-like function. The function of vitamin E seems to be 

related to its fat-soluble antioxidant properties, whereas vitamin K is an enzymatic cofactor 

indispensable for many enzymes mostly in the coagulation cascade(Furie et al., 1999). 

Hydrophilic vitamins are water soluble co-factors, composed of vitamin C and the B vitamin 

family which encompasses 8 members, thiamin, riboflavin, niacin, pantothenic acid, pyridoxin, 

biotin, folate, and cyanocobalamin.  
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Vitamins from the B group are all enzyme co-factors used in every living organism, with 

exceptions concerning vitamin B12, absent in many plants. Nearly all animals are deficient for 

the biosynthesis of this family. Oppositely, almost every animal but anthropoid primates can 

generate ascorbic acid, a necessary co-factor for multicellular organisms and an important 

anti-oxidant(Smirnoff, 2018).  

The importance of the gut microbiota in the vitamin income is now well established. The first 

evidence in this direction was generated in 1947, when Rosen and colleagues show that 

nicotinic acid excretion by rats was increased when they were given the same quantity of 

tryptophan orally versus parenterally(Rosen et al., 1946). It was later shown that germ-free 

rats raised without vitamin K supplementation developed hemorrhage because of thrombin 

deficiency, whereas control rats were fine without supplement(Gustafsson et al., 1962). Many 

microorganisms can produce vitamins from the vitamin B family, but not all of them. 

Moreover, very few bacteria have the capacity to produce the complete group, which is 

interesting regarding the fact that they are not dispensable. Magnúsdóttir and colleagues 

generated a systematic genome-based prediction of 256 common human gut bacteria for the 

presence of biosynthesis pathways for the eight B vitamins(Magnúsdóttir et al., 2015). They 

could show that vitamin sufficiency is relatively conserved in phyla, but variable among them. 

Most Bacteroidetes are capable of synthesizing all vitamins, a minority are deficient for 

vitamin B12, and very few are also deficient for riboflavin. Fusobacteria are all deficient for 

pantothenate and most for pyridoxal production. Firmicutes represent the phylum with the 

highest variability among species, but all tested were auxotroph for at least 1 pathway. On the 

vitamin point of view, riboflavin and nicotinamide biosynthesis were the most conserved 

among all microbiota-derived bacteria. Riboflavin is generally present in Bacteroidetes, 

Proteobacteria, and Fusobacteria, yet it is only synthesized in 50% of the Firmicutes and rarely 

in Actinobacteria(Magnúsdóttir et al., 2015). Globally they estimated that most of the host's 

need in pyridoxine is covered by the microbiota, and approximately one third of the need in 

cobalamin, folate and niacin. The existence of these biosynthetic pathways implies that not 

only the vitamins themselves will be transported through the portal vein but also all 

catabolism intermediates. Some of these intermediates are biologically active, shikimic acid 

and derivatives have a positive action on oligodendrocyte differentiation and bone 

resorption(Chen et al., 2018; Lu et al., 2019). Another intermediate was recently discovered 
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to be part of the gut-liver axis. 5-amino-6-(D-ribitylamino) uracil (5-A-RU) is an intermediate 

of the riboflavin biosynthesis in microorganisms and plants(Neuberger and Bacher, 1986). This 

small water-soluble molecule can react with glyoxal or methyl-glyoxal, two abundant products 

in the gut, synthesized by the microbiota(Baskaran et al., 1989; Eadala et al., 2011). The 

condensation of 5-A-RU with methylglyoxal will form 5-OP-RU, an antigenic molecule for the 

recently discovered MAIT cells, which are the most abundant T cells in the liver. Hence, 5-A-

RU might be a so far neglected important player within the gut-liver axis. 

 

c) Human shaping of gut microbiota 

 

(1) Bile acids  

 

Bile acid secretion because of its anatomical location and its composition is a major player in 

the liver-dependent shaping of the gut microbiota. Bile is an aqueous solution of organic and 

inorganic compounds whose major constituents include bile acids, cholesterol, phospholipids 

and the pigment biliverdin responsible for its yellow-brown color(Begley et al., 2005). 

Although for a long time neglected, bile also contains 100 different proteins, many derived 

from plasma, but several are enriched in the bile(Kristiansen et al., 2004).  

 

The best studied component of bile influencing the gut microbiota are the bile acids 

themselves. Because of their amphiphilic nature, bile acids are capable of cell membrane 

destabilization or dissolution(De Boever et al., 2000; Noh and Gilliland, 1993). If the 

concentration is high enough, membrane dissolution takes place leading to instant death of 

bacteria. This powerful effect is responsible for the low colonization in the duodenum 

compared to the rest of the intestine. Microbes are unequal regarding their sensitivity to bile 

salts, several gram positive aerobes and most gram-negative aerobes show improved 

resistance(Chou and Weimer, 1999; Floch et al., 1971; Kimoto et al., 2002).  
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In addition to the alteration of cell walls, bile acids can alter the secondary structure of 

proteins and nucleic acids. In bacteria, alteration in RNA secondary structure as well as protein 

denaturation was demonstrated. In some strains these lead to a general stress response with 

induction of chaperon proteins(Flahaut et al., 1996). The stress response is resulting from the 

signaling of bile salt specific proteins, showing once again the great co-evolution between the 

microbiome and its host(Leverrier et al., 2003)(Begley et al., 2005). 

 

(2) IgA 

 

The bile contains on top of the bile salts an important amount of proteins. Among them, 

Immunoglobulin A (IgA) has been shown to exert important influence on the microbiome. IgA 

is the second most abundant secreted Ig in the serum with a concentration of approximately 

2 mg/mL, but its concentration is much higher at mucosal sites, making it the most abundant 

produced Ig in humans with a secretion of 66 mg/kg body weight/day, exceeding the daily 

synthesis of all other isotypes together(Reinholdt and Husby, 2013). IgA is secreted into bile 

at a concentration close to 0,1 mg/mL(Sung et al., 1995). Once in the intestine, its affinity for 

the germs allows it to strongly attach to their surface. This binding will decrease bacterial 

motility, prevent adhesion to epithelium, and agglutinate bacteria, thereby increasing their 

clearance with intestinal peristalsis(Aagaard et al., 1996; Sung et al., 1992). The shaping of the 

microbiota by Abs and particularly by IgA has been established several decades ago, but the 

mechanism of action only starts to be unveiled(Macpherson and Uhr, 2004). IgA can be 

divided in two classes, the natural and the specific Abs. Natural Abs are poly-reactive because 

they are directed against shared molecular patterns, they can be secreted by B cells without 

the help of a T cell. Specific Abs bind to specific Ags and hence - oppositely to the natural Abs 

- require previous immunization, and T cell help. Hence, natural Abs have the characteristic of 

an immunological tool preventing bacterial overgrowth, but specific ones can lead to the 

selective pressure on certain species. Although the intestinal sub-epithelial space is an 

important provider of IgA, it has been shown that B cells primed in the gut migrate to the liver 

and secrete IgA into the bile (Moro-Sibilot et al., 2016). Hence, this mechanism could provide 

a way to selectively eliminate microbes, which had crossed the mucosal barrier. 
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This is supported by several studies showing that, in gut and feces, selective phyla and taxa 

are coated with IgA(Bunker et al., 2017; Kau et al., 2015). Interestingly, the two most abundant 

phyla, Bacteroidetes and Firmicutes are the ones showing the lowest IgA coating. Ab secretion 

is modulated by cytokines and inflammatory factors, which themselves are influenced by 

microbiota-derived factors. An interesting example is IL-17, a cytokine secreted by T cells in 

the gut and the liver, in response to TCR or cytokine activation. IL-17 was recently shown to 

increase humoral responses, and this mechanism is used by commensals to promote their 

survival illustrating the bi-directional communication between the host and the 

microbiota(Lécuyer et al., 2014; Mitsdoerffer et al., 2010).  

 

(3) Mucus 

 

Mucus is a polymer in aqueous secretion covering many mucosal surfaces in evolved animals. 

The human intestinal lumen is covered by a mucus physically separating the epithelium from 

the microbiota. Mucus structure and composition evolve along the digestive tract. The 

stomach and colon have a two-layered mucus, whereas the small intestine has only 

one(Hansson, 2012). In the intestine, the inner mucus layer is mostly made of the highly 

glycosylated protein mucin MUC2, which is attached to the epithelium in the colon but not in 

the small intestine. Mucin glycosylations are branched and imply an important number of 

sugar bonds, hence their complete degradation would require a vast amount of different 

specific enzymes. This complexity provides microbiota with various substrates, but also 

prevents complete degradation of the mucus(Larsson et al., 2009). The mucus also traps anti-

microbial peptides, which increase its efficiency as a barrier(Dupont et al., 2014). By on one 

hand preventing bacterial contact, and on the other hand providing interesting energetic 

substrates to them, mucus secretion has an important role in shaping the microbial 

composition in the digestive tract. Although the mechanism is not fully elucidated yet, it is 

clear that microbes with mucin adhesion capacity, or able to utilize mucus-derived sugars as 

energetic resources will be advantaged. Modification in mucin glycosylation profile translates 

into differences in the microbial colonization(Huang et al., 2011; Martens et al., 2018). The 

importance of mucin as a bacterial fuel is well illustrated by the discovery of the species 

Akkermansia muciniphila in 2004, using solely mucin as a carbon source(Derrien et al., 2004). 
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Much evidence suggests that this interaction is positive for the host, and that evolution 

shaped microorganisms adapted to the gut microenvironment, and mammals capable of 

hosting beneficial microbiota. One striking example is the abundance of oligosaccharide in 

human milk, molecularly resembling mucin glycomotifs, but not digestible by human enzymes. 

These are of no nutritional value for the newborn without the presence of its microbiome, 

and hence might function as a natural probiotic(Gnoth et al., 2000; Marcobal et al., 2011). All 

these features show the necessity of a regulated mucosal secretion. Modulating factors are 

derived from the microbiome itself - it is established that germ-free mice have a perturbed 

mucus layer - but also from the liver with a known pro-secretory effect of bile. Indeed bile acid 

are known to increase mucus secretion and intestinal motility, placing mucus as a key player 

of the gut-liver axis(Barcelo et al., 2001; Kim et al., 2017). 
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3. NASH/NAFLD 

 

a) Definition 

 

Non-alcoholic fatty liver disease (NAFLD) refers to a condition where there is an aggregation 

of excess fat in the liver not caused by excessive alcohol consumption. This heterogeneous  

disease encompasses non-alcoholic steatohepatitis (NASH), the accumulation of fat in the 

organ associated with local inflammation, hepatocyte ballooning and often scaring, and the 

usually less serious condition named non-alcoholic fatty liver (NAFL) when lipid accumulation 

is seen without inflammation/ballooning or only with one or the other(Brunt et al., 2015). 

NAFLD is strongly associated with metabolic disorders. NAFLD is a liver manifestation of the 

metabolic syndrome, consequently is highly prevalent in obese people and patients with type 

2 diabetes(Targher et al., 2007; Wanless and Lentz, 1990).  

 

b) Alterations in the gut microbiome associated with NAFLD 

 

There is a well-established link between the metabolic syndrome and changes in the gut 

microbiome(Tilg and Kaser, 2011). Alterations of the microbiota are associated with NAFLD in 

mice and humans. Germ-free mice fed a high-fat diet display a lower level of fat accumulation 

in the liver than the colonized ones(Rabot et al., 2010). Microbiome from insulin resistant 

mice, when transferred into germ-free animals, led to the development of NAFLD in the 

recipient, whereas microbiome from healthy mice was harmless(Le Roy et al., 2013). The same 

publication described over- and under-representation of specific microbial species in NAFLD 

animals compared to controls. The same associations were found in children with NAFLD with 

an increased abundance of Gammaproteobacteria and Prevotella compared with BMI-

matching individuals(Michail et al., 2015). Studies in adult patients with NAFLD demonstrated 

an accumulation of Bacteroides and Escherichia(Boursier et al., 2016; Zhu et al., 2013b). 

Klebsiella pneumoniae and Helicobacter pylori colonization have been shown to increase the 

risk and the severity of the disease(Ning et al., 2019; Yuan et al., 2019). On the other hand, 

the abundance of certain species in the gut have been suggested to play a protective role, as 

fatty liver disease patients showed decreased levels of Faecalibacterium prausnitzii in their 
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intestine, and beneficial dietary intervention in patients with type 2 diabetes was associated 

with an increased abundance of this microorganism(Medina-Vera et al., 2019; Munukka et al., 

2014). Akkermansia muciniphila colonization in mice improved the metabolic profile and 

ameliorated the liver function(Nishiyama et al., 2020; Zhao et al., 2017). A clinical trial recently 

conducted in obese adults suggested weight loss and decreased insulin resistance in 

Akkermansia muciniphila-supplemented subjects(Depommier et al., 2019). All these changes 

in the microbiota indubitably result in changes in the gut-liver axis, thereby modulating the 

metabolic environment within the liver. This could have a large impact on the most abundant 

liver resident T cells, the MAIT cells, which recognize bacterial metabolite-derived Ags. 

Interestingly, these metabolites are not produced by all bacteria, and they can diffuse from 

the gut to the bloodstream, rendering parallel studies of liver MAIT cells and microbiota in 

NAFLD patients interesting. 

 

c) Liver heterogeneity argues for studies at single cell level 

 

At the cellular level, the liver displays for its resident cells a highly heterogenous environment 

with a gradient of oxygen, gut derived-nutrients and metabolites. This variability in conditions 

translates into cellular heterogeneity, long established for hepatocytes, but relevant as well 

for non-parenchymal cells(Geerts, 2001; Glaser et al., 2006; Jungermann and Keitzmann, 

1996). This heterogeneity is also observed in liver resident immune cells, therefore arguing 

for studies at the single cell level(Blériot and Ginhoux, 2019). The recent development of single 

cell RNA sequencing techniques opens the possibility to combine the single cell level with an 

unbiased approach(Macosko et al., 2015). It permits to compare and cluster cells according to 

the differential expression of thousands of genes, hence bypassing the heterogeneity issue 

within a cell population and revealing unexpected implicated partners(Zheng et al., 2018). 

Recent single cell analysis in mouse healthy and fibrotic liver revealed heterogeneity in HSCs 

according to their proximity to central veins. Interestingly the authors could show that central 

vein-associated HSCs were the main drivers of fibrosis in their mouse model, and their analysis 

revealed LPAR1 as a therapeutic target to treat liver fibrosis(Dobie et al., 2019). Analysis 

conducted in human healthy or cirrhotic liver revealed the expansion of CD9+ pro-fibrogenic 

macrophages, and scar-associated endothelial cells expressing ACKR1 and PLVAP which 
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promote leucocyte transmigration(Ramachandran et al., 2019). High cellular heterogeneity 

among hepatocytes, endothelial cells and Kupffer cells has been revealed in a study 

constructing a human liver atlas from 9 donors, but to date no studies have used this approach 

to compare liver lymphocytes in human NAFLD patients and healthy subjects(Aizarani et al., 

2019). Regarding their central role in the gut-liver axis, a study centered on MAIT cells seems 

promising. The development of high throughput techniques increased the impact and the 

feasibility of the aforesaid approach.  

Among these, the Seq-well procedure is of interest, because, unlike other techniques, it is not 

based on droplet emulsion but on the use of a microwell chip(Gierahn et al., 2017). This 

approach permits diminishing the cost per sample, and to increase the number of detected 

genes per cell(Hughes et al., 2019), thus allowing for an increase in the number of samples 

analyzed, and in the quality of the data obtained. The use of this method on the highly relevant 

population of MAIT cells in NAFLD might be of major interest for the understanding of the 

pathophysiology of the disease. 

 

Because of their high frequency in the liver, their implication in several liver diseases, 

their response to liver-derived cytokines, and their Ag, MAIT cells are in the center of the gut-

liver axis. Hence, studies of the gut-liver axis require examination of liver MAIT cells, and any 

new findings on liver MAIT cells will inform us about the interplay between the gut 

microbiome and the liver. 
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AIMs of this study 

 

 

AIM N°1: Characterizing interactions between MAIT cells and liver antigen presenting cells 

 

AIM N°2: MAIT cell characterization in NAFLD/NASH patients at single-cell level 
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III. Aim n°1: Characterizing interactions between MAIT cells and 

liver antigen presenting cells 

 

Despite their high frequency in the human liver, the interaction between MAIT cells and liver 

cells was largely neglected at the time this PhD project started. Only primary biliary epithelial 

cells (BECs) were shown to be capable of presenting Ags in an MR1 dependent manner. 

 

A. Materials and Methods (Experimental procedures) 

 

1. Preparation of primary cells from human samples  

Primary liver cells were prepared from liver samples from patients undergoing liver resection 

at the University Hospitals in Basel and Bern. Written informed consent was obtained from 

each patient included in the study. The study protocol conforms to the ethical guidelines of 

the 1975 Declaration of Helsinki, and was approved by the local ethics committee 

(Ethikkommission Nordwestschweiz; EKNZ; permit number EKNZ BASEC 2016-01188). Human 

hepatocytes were isolated from fresh liver tissue according to a published protocol(Portmann 

et al., 2013). Isolation of BECs and LSECs was carried out by positive immunomagnetic 

selection with anti-EpCAM and anti-CD31 respectively. Hepatic myofibroblasts/stellate cells 

(HSCs) were isolated by outgrowth from a suspension of liver derived non-parenchymal cells 

(NPCs), after hepatocyte depletion. Detailed methods for the isolation of HSCs, LSECs and 

BECs, and the maintenance and characterisation of all primary cell types by microscopy and/or 

FACS can be found in the supplementary methods of the attached manuscript. 

 

2. Immunofluorescence staining of human liver sections  

Cryopreserved human liver biopsy samples from the biobank at the Department of 

Biomedicine (Basel, Switzerland, ethics approval EKNZ BASEC 2016-01188) were used in this 

study. Sections of 8 μm thickness were mounted on microscopy slides and fixed in 4% 

formaldehyde for 10 min at room temperature (RT).  

Slides were then washed twice for 10 min in PBS and blocked in blocking buffer for 1 h at RT 

[blocking buffer: 1% Normal donkey serum (Jackson Immuno Research, Ely, UK), 2% fish 
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gelatin, 0.15% Triton-X-100 in PBS]. Slides were incubated with primary Abs, diluted in 

blocking buffer, at 4°C overnight, washed with PBS, and then incubated with secondary Abs at 

RT for 1 h. After washing with PBS, slides were mounted in mounting solution containing 300 

µM DAPI. Abs used were anti-IL-18Ra, anti-TCR Va7.2 and anti-CD3. Secondary Abs were 

donkey-anti-goat-Cy3, donkey-anti-mouse-A488, and donkey-anti-rabbit-A647. Fluorescence 

images were taken on the Olympus BX63 microscope (Olympus, Tokyo, Japan), using the 20x 

objective, and analysed with Image J (https://fiji.sc/). 

For patient details, see table in Figure 1. 

 

3. Cell lines and MAIT cell clones  

In order to generate the K562-MR1 cell line, we transduced K562 cells with a lentivirus coding 

for human MR1 covalently linked with β2M; this construct was generously provided by Prof. 

Gennaro De Libero, Department of Biomedicine, University Hospital Basel, Switzerland(Lepore 

et al., 2017). We confirmed MR1 overexpression and cell surface display by flow cytometry, 

after staining the cells with mouse-anti-MR1 (clone 26.5; monoclonal Ab purified from a 

hybridoma kindly provided by Prof. Marina Cella, Washington University School of Medicine 

in St. Louis)(Huang et al., 2005).  

Human MAIT cell clone SMC3 was also kindly provided by Prof. Gennaro De Libero(Lepore et 

al., 2017). This clone was generated from the peripheral blood of a healthy donor. In brief, 

sorted MAIT cells were cloned by limiting dilution using PHA (1 μg/ml), human IL-2 (100 IU/ml) 

and irradiated PBMCs (5 × 105/ml). The SMC3 MR1-restricted T cell clone was cultured and re-

stimulated periodically as described by Lepore et al(Lepore et al., 2014), and maintained in 

complete RPMI-1640 medium containing 5% AB+ human serum, and 100 IU/ml IL-2. 

 

4. Generation of liver-derived MAIT cell lines 

Non-parenchymal cells (NPCs) obtained from normal liver tissue samples of two patients 

undergoing surgery for colorectal cancer metastasis were used to generate two liver-derived 

MAIT cell lines, designated MAIT-BEL-10 and MAIT-BSL-19.  

The NPC fraction was obtained after perfusion of the liver wedge with “collagenase buffer” 

(684 mM NaCl, 13 mM KCl, 3 mM Na2PO4 2H2O, 125 mM HEPES, 25 mM CaCl2; pH 7.4; 

containing 200 IU/ml collagenase type IV), and low speed centrifugation to deplete 
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hepatocytes. Liver-associated mononuclear cells were isolated by density gradient 

centrifugation on Ficoll. MAIT cells were then FACS-sorted based on expression of CD3 and 

staining by MR1 Tetramer and expanded by stimulation with phytohemagglutinin (PHA) and 

human IL-2 (100 IU/ml) in the presence of irradiated peripheral blood mononuclear cells 

(PBMCs) (40 Gray) as feeder cells. T cells were maintained in RPMI 1640 medium 

supplemented with 5% AB+ human serum, IL-2 (100 IU/ml), P/S, L-glutamine, pyruvate and 

non-essential amino acids (NEAA). 

 

5. Preparation of bacterial products and synthetic MAIT cell Ag  

Synthetic Ag 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) was generated 

according to the protocol published by Corbett et al (Corbett et al., 2014). In brief, Ag 

precursor 5-amino-6-D-ribitylaminouracil (5-A-RU; Toronto chemicals, CA) was mixed with 10 

molar equivalents of methylglyoxal and incubated for 5 min on ice. The resulting 5-OP-RU was 

used immediately upon preparation to prevent its transformation into 7-Hydroxy-6-methyl-8-

ribityl lumazine (RL-6-Me-7-OH) or 7-methyl-8-D-ribityllumazine (Fig. 2). 

E. coli lysate: The DH5α strain was grown in LB medium. Cells were harvested during 

exponential growth and washed three times with cold 0.9% NaCl. Before the last wash, an 

aliquot was removed to determine the CFU. The pellet was subsequently resuspended in 70% 

ethanol and the cells were disrupted by two consecutive French press rounds. After 

centrifugation (15,000 x g for 20 min at 4°C), supernatant was lyophilized overnight and the 

concentration was adjusted to an equivalent of 5 x 1011 CFU/ml. The lysate was stored at 

−80°C. 

 

6. Ag presentation assays 

 For Ag presentation with bacterial lysate/synthetic Ag, all assays with primary cell 

subtypes were performed in RPMI medium containing 10%, to exclude unspecific effects of 

variable cell media. APCs were seeded and kept for 4 h at 37°C to allow for 

attachment/adaptation.  

Following this, E. coli lysate/synthetic Ag was added and cells were incubated for 2 h prior to 

the addition of MAIT cells, at an APC to T cell ratio of 1:4. Primary MAIT cells were used right 
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after isolation and the MAIT cell clone SMC3 at day 14 after re-stimulation. MAIT cell 

activation as well as cytokine secretion was evaluated after 16 h of co-culture. 

 

To perform blocking experiments, cells were incubated with Ag and the corresponding 

blocking Abs (10 ng/ml anti-MR1, 5 µg/ml anti-IL-12 or 4 µg/ml anti-IL-18) were added after 1 

h, followed by a 1-h incubation step before the addition of MAIT cells. To test the blocking 

potential of non-activating MR1 ligands, 6-formylpterin (6-FP; 50 µM), acetyl-6-FP (5 µM) or 

20 - 100 µM 5-formyl-salicylic acid (5-F-SA) was added 1 h before the addition of 5-OP-RU.  

 

7. Mass spectrometry analysis 

5-OP-RU was analysed in cell extracts and cell supernatants by liquid chromatography (LC: 

Shimadzu, Kyoto, Japan) tandem mass spectrometry (MS/MS: API 4000, AB Sciex, Concor, 

Canada). A Synergi Polar-RP analytical column (Phenomenex, Torrance, USA) was used as 

stationary phase, while the mobile phase consisted of water (mobile A) and methanol (mobile 

B), both supplemented with 0.1% acetic acid. 5-OP-RU eluted at 2.14 min when using the 

following gradient program: 0 - 0.5 min 20% B, 0.5 - 1.5 min 20-95% B, 1.5 - 2.5 min 95% B, 2.5 

- 3 min 20% B. The sample was online diluted during the first 0.5 min with mobile phase A via 

a t-union, which was connected in front of the analytical column. The flow rate was kept 

constant (0.8 ml/min). Aliquots of cell supernatant (50 µl) or cell extract (from 1.5 million cells) 

were extracted with 150 µl 100% methanol and 200 µl 75% methanol, respectively. After 

centrifugation, supernatants (20 µl) of extracts were injected into the LC-MS/MS system.  

 

5-OP-RU was analysed by electrospray ionization and selected reaction monitoring in the 

negative mode using the mass transition 329.0 m/z → 190.9 m/z (declusting potential: -110 

V, entrance potential: -10V, collision energy: -24 V, collision cell exit potential: -9 V, gas: N2). 

Analyst software 1.6.2 (AB Sciex, Concord, Canada) was used to analyse the data and to 

operate the LC-MS/MS system. 
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8. Quantitative real-time RT-PCR (RT-qPCR) 

RNA was purified from primary liver cell types with Nucleo Spin RNA II kit (Macherey- Nagel, 

Germany) according to manufacturer's instructions. RNA was reverse transcribed by Moloney 

murine leukemia virus reverse transcriptase (Promega Biosciences, Inc., Wallisellen, 

Switzerland) in the presence of random Primers (Promega) and deoxynucleoside 

triphosphates, according to manufacturer's instructions. All reactions were performed in 

triplicates on an ABI 7500 Real-Time PCR System (Applied Biosystems, Faster City (CA), USA) 

using SYBR green fluorescence (FastStart Universal SYBR® green; Roche, Basel, Switzerland) as 

read out. mRNA expression levels of the MR1 transcript, were normalized to GAPDH mRNA 

levels using the ΔCt method. The primers were designed across exon-intron junctions to 

prevent contribution from genomic DNA amplification (MR1_F: 5’-TGCGGTGTCCAC 

ATGGTTCT-3’, MR1_R: 5’-TTTGCTCTCGGGGCCTTCT-3’; GAPDH_F: 5’-AAGTAT 

GACAACAGCCTCAAGAT-3’, GAPDH_R: 5’-CATGAGTCCTTCCACGATACC-3’). 

 

9. Enzyme-linked immunosorbent assay (ELISA) 

For the ELISA, analysis plates (Maxisorp, NUNC) were coated overnight at 4°C with 2.5 μg/ml 

capture Ab for IFN-γ (Clone MD-1) or IL-17A (Clone BL-23). The next day, unspecific sites were 

blocked with 0.5% fractionated gelatine for 1 h at RT. The samples were incubated for 2 h, 

followed by 1 h incubation step with biotinylated Ab, either 1 μg/ml anti-IFN-γ or 0.3 μg/ml 

anti-IL-17A, and 1 h incubation with either 0.25 μg/ml Streptavidin-HRP (BioLegend) for the 

IFN-γ or 0.1 μg/ml Streptavidin- PolyHRP80 (SDT GmbH, Baesweiler Germany) for the IL-17A 

ELISA. In between each step, the plate was rinsed 3 times with PBS 0.05% Tween. Revealing 

was performed after incubation with OPD (SIGMAFASTTM), by reading absorbance at λ=490 

nm. 
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10. Flow cytometry analysis 

For the intracellular staining, cells were washed with PBS and stained with Live/Dead Cell Stain 

(Thermo Fisher Scientific) for 15 min, followed by a 10 min fixation step with 4% PFA prior to 

permeabilising the cells for 10 min. 

For the surface staining, Mononuclear cells were washed in PBS and rinsed once in staining 

buffer (PBS with 0.5% human albumin and 3 mM sodium azide), then incubated 20 minutes in 

blocking buffer (50% human AB+ serum in staining buffer), followed by incubation in staining 

buffer containing the Ab cocktail. Data were acquired on the LSRFortessaTM (BD Biosciences, 

Allschwil, Switzerland) and analyzed with FlowJo 10.0.7 (TreeStar, Ashland (OR), USA). 

 

 

11. Lentiviral vector generation 

Lentiviral vectors were generated by a transient three-plasmid vector packaging system. 

Briefly, HEK293T cells were co-transfected with VSV-G construct pMD2G (Addgene plasmid 

#12259), pCMVR8.74 (Addgene plasmid #22036), both gifts from Didier Trono, and our 

construct plasmid generated by inserting CLEC2D isoform 1 cDNA in construct pUltra-Chili  

(Addgene plasmid #48687). pUltra-Chili was a gift from Malcolm Moore. 

 

12. Statistical analysis 

Unless indicated otherwise, all graphs presented in the figures represent data from three or 

more independent experiments. Exact numbers of repetitions are indicated in the figure 

legends. Unless indicated otherwise, values plotted in the graphs are means ± SD. All statistical 

analyses were performed in GraphPad Prism7. Analysis of statistical significance was 

conducted with the tests specified in the figure legends. 
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B. Results 

 

1. MAIT cells are dispersed within the parenchyma in healthy human liver  

 

We investigated whether MAIT cells are present in the sinusoidal environment of the liver, 

where they might be activated by contact with parenchymal and non-parenchymal cells that 

potentially function as liver APCs capable of presenting gut-derived bacterial Ags. We 

analysed, by immunofluorescence (IF) staining, human liver samples from 8 donors, lacking 

significant hepatic histopathological abnormalities (Fig. 6D). MAIT cells were identified as cells 

positive for CD3, TCR Vα7.2 and IL-18Rα, a robust combination of markers as IL-18Rα parallels 

high CD161 expression on MAIT cells(Le Bourhis et al., 2010). MAIT cells localized dispersedly 

to the parenchymal space in the liver (Fig. 6A and 5A). They were found in or in the immediate 

proximity of the sinusoids, occasionally also within the portal fields. There was no zonal 

distribution that would confine MAIT cells to either of the three zones of the hepatic lobule. 

Our analysis, indicating that MAIT cells represent 8-33% of total liver T cells (Fig. 6C), 

confirmed that MAIT cells are highly abundant in human liver, considerably exceeding the 

frequency of Vα7.2-positive conventional T cells. Their proximity to parenchymal and non-

parenchymal cells within the sinusoidal environment is likely to facilitate interaction of MAIT 

cells with liver cells taking up blood-borne liver-directed Ags.    
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Figure 6. MAIT cells localize dispersedly to the parenchymal space in healthy human liver.  
Representative IF analysis of tissue section from a liver biopsy without histopathological 
abnormalities patient C545(A) C145(B). Co-localization of CD3, TCR Vα7.2 and IL18-Rα (see 
higher magnification lower panels) identifies MAIT cells (yellow arrow heads). White arrow 
and blue arrow heads point at portal field and central veins, respectively. Lower panels also 
show MAIT cells in proximity of TCR Vα7.2- and IL18-Rα-negative T cells. (C) Percentages of 
MAIT cells and non-MAIT Vα7.2+ cells versus total CD3+ T cells in healthy human liver (n = 8), 
assessed as shown in (A). ** P < 0.01, non-paired Welch t-test. (D) Patient characteristics of 
liver biopsy samples used for assessment of MAIT cell localization in normal human liver by IF 
staining. 
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2. Robust MAIT cell activation by primary human liver cell subsets 

 

Given the potential of MAIT cells to interact with any liver cells according to their dispersion 

in tissue, we next investigated their ability to interact in vitro with different liver parenchymal 

and non-parenchymal primary cells isolated from human liver tissue. We isolated hepatocytes 

and hepatic myofibroblasts/HSCs ourselves, and obtained BECs, Liver sinusoidal endothelial 

cells (LSECs) and additional hepatocytes and myofibroblasts/HSCs from our collaborators, the 

laboratory of Visceral Surgery of Prof. D. Stroka at the University of Bern. Cells were isolated 

from surgically removed liver specimens and their identities were assessed by FACS and/or 

microscopy (Fig. 7A-C). All of these cell types represent potential non-professional APCs 

unique to the liver environment. Importantly, we observed MR1 expression in primary human 

hepatocytes, which at approximately 60% constitute the main liver cell population, but also in 

BECs, LSECs and HSCs both at the RNA level and by surface staining assessed by cytometry 

(Data not shown and Fig. 7D).  

 

Primary hepatocytes, when incubated with E. coli lysate, activated MAIT cell clone SMC3 in an 

MR1-dependent manner as shown by IFN-γ secretion (Fig. 7E) upregulation of MAIT cell 

activation markers CD69, CD137 and PD-1 (Fig. 7F). K562-MR1 human myeloid leukaemia cells 

stably transfected with a β2M-MR1 construct, and thus over-expressing MR1, were used as 

positive control APCs (Figs 6E and 6I). The results of robust MAIT cell activation by hepatocytes 

acting as APCs were verified using pure synthetic Ag 5-OP-RU instead of the E. coli lysate (Fig. 

4D and Supplementary Fig. 5B).  

 

HSCs are the main drivers of fibrogenesis in the liver, efficiently producing proteins involved 

in extracellular matrix formation upon activation(Tsuchida and Friedman, 2017). As MAIT cells 

were recently linked to liver fibrosis(Böttcher et al., 2018; Hegde et al., 2018), we asked 

whether HSCs are able to directly activate MAIT cells. Using primary HSCs as APCs and treating 

them with either the E. coli lysate or 5-OP-RU, we demonstrated MR1-dependent activation 

of MAIT cells measured by IFN-γ secretion (Fig. 7H-I) and expression of activation markers 

CD69, CD25 and CD137, as well as TCR downregulation (Fig. 7K-L).  
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We also tested the ability of blood-derived FACS-sorted MAIT cells to induce pro-fibrotic genes 

in HSCs upon stimulation with Ag and found a fibrogenic response (data not shown). This 

observation is in line with recent published findings(Böttcher et al., 2018; Hegde et al., 2018). 

Taken together, the results implicate direct interaction between HSCs and MAIT cells as a 

factor contributing to the mechanism of their fibrogenic activity.  

 

MR1-expressing primary cell populations of BECs and LSECs were also able to present E. coli-

derived and synthetic 5-OP-RU Ag to MAIT cells (Figs 6J and 7A). This aspect is of particular 

importance as both cell types represent a barrier between the liver, the intestine and the 

circulation respectively. In summary, the data demonstrate that cells from the sinusoidal 

environment in the liver, as well as BECs, have a capacity to present bacteria-derived and pure 

Ag to MAIT cells. 
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Figure 7. Primary human parenchymal and non-parenchymal liver cells express MR1 and 
present Ag to MAIT cells.  
(A) Isolated primary cells were analyzed by IF for expression of indicated markers. Formalin-
fixed cells grown on chamber slides were stained for DAPI and α-SMA for HSCs, CK-19 for BECs, 
CD31 for LSECS and HNF4α for hepatocytes. (B) Flow cytometry analysis of unstained HSCs 
compared with PBMCs. The characteristic autofluorescence of HSCs appears in the violet 
channel (λ= 400.500 nm). (C) Representative preparation of primary human hepatocytes 
(partially binucleated) used in Ag presentation experiments, visualized by bright fields 
microscopy. (D) Flow cytometry histograms showing primary BECs, LSECs, HSCs and 
hepatocytes (HEPs) expressing MR1, stained with anti-MR1 (red) or isotype-matched control 
antibody (filled grey). (E) MAIT cell clone SMC3 IFN-γ production upon co-culture with 
hepatocytes incubated with E. coli lysate (3e7 or 3e8 CFU/ml). (n = 4). (F) Representative flow 
cytometry histograms, showing indicated markers on clone SMC3 in response to hepatocytes 
incubated with E. coli lysate (3e6 – 3e8 CFU/ml). Filled grey histograms correspond to negative 
controls (CTRL) lacking lysate. (G - J) IFN-γ production by clone SMC3 in response to incubation 
with indicated liver cells and Ags. (G) Hepatocytes incubated with 5-OP-RU (0.01 - 10 nM). E. 
coli lysate (Lys; 3e8 CFU/ml) served as positive control (n = 7). (H) HSCs incubated with E. coli 
lysate (6e7 or 3e8 CFU/ml) (n = 5). (I) HSCs incubated with 5-OP-RU (0.01 - 1 nM) (n = 9). (J) 
LSECs and BECs incubated with E. coli lysate (3e7 – 3e9 CFU/ml) (n = 6). In panels B, D, E, F and 
G, the data (means ± SD of measurements from three independent wells originating from the 
same patient) exemplify representative experiments out of 4 - 9 performed with cells obtained 
from at least 3 different donors. IFN-γ was measured by ELISA. (K) Representative FACS 
histograms showing upregulated activation markers CD69, CD25 and CD137, and (L) FACS 
plots showing downregulated TCR Vα7.2 on clone SMC3 in response to HSCs incubated with 
E. coli lysate (6e7 CFU/ml). Controls are lacking the lysate (CTRL). MR1 dependence of 
activation was assessed by anti-MR1 blocking Ab clone 26.5 (Fig. E & G-L). IFNγ secretion was 
assessed by ELISA. 
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3. Hepatocytes are the most efficient non-professional Ag-presenting cells to MAIT cells 

in the liver 

 

We found pronounced differences in presentation capacity between the investigated cell 

types, with hepatocytes being the most efficient liver-derived APCs, (Fig. 8A-D), as assessed 

by the pure Ag or bacterial lysate concentration needed to reach an EC50 of IFN-γ production 

by MAIT cell clone SMC3. Differences in the liver APC-induced activation of MAIT cells in the 

presence of Ag persisted when either IL-12 or IL-18 was blocked (Fig. 8D-J) Inclusion of 

exogenous IL-12 or IL-18 increased MAIT cell activation, a known effect synergistic with TCR-

dependent stimulation(Turtle et al., 2011; Ussher et al., 2014). The effect decreased upon 

addition of blocking antibodies against the respective cytokines, thus confirming the blocking 

effectiveness (Fig. 8L). Taken together, our results demonstrate robust MR1-dependent Ag 

presentation capabilities of intrahepatic cell types, most prominently hepatocytes, leading to 

the activation of MAIT cells.  
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Figure 8. Hepatocytes represent potent liver-derived APCs activating MAIT cells.  
(A) Two representative examples of synthetic Ag 5-OP-RU titration (0.01 - 3 nM) on liver APCs. 
Three independent measurements per dose are depicted. (B) Pooled results of all experiments 
performed as in panel (A). Shown are concentrations of 5-OP-RU needed to reach EC50 of IFN-
γ secretion. (C) Two representative examples of E.coli lysate titration on liver APCs. (D). Pooled 
results of all experiments performed as in panel (C). Shown are equivalent CFU of Lysate 
needed to reach EC50 of IFN-γ secretion. Statistical significance was determined by paired 
Student’s t-test. ** p < 0.01, * p < 0.05. (E-H) Representative examples of 5-OP-RU (0.01 - 10 
nM) titration on liver APCs, in the absence or presence of Abs blocking either IL-12/23 (E and 
F) or IL-18 (G and H). One representative experiment out of 2 is shown in each panel. Other 
details are as in panel (A). (I and J) Representative examples of E. coli lysate (3e6 – 6e9 CFU/ml) 
titration using primary hepatocytes/HEPs and BECs as APCs, either in the absence or presence 
of IL-12/23 (I) or IL-18 (J) blocking Abs. (K) Confirmation of blocking efficiency of the anti-IL-
12/23 Ab. BECs were stimulated with E. coli lysate (1e6 CFU/ml) in the absence or presence of 
IL-12 and anti-IL-12/23 Ab. (L) Confirmation of blocking efficiency of the anti-IL-18 Ab. THP-1 
cells were stimulated with 1 nM     5-OP-RU in the absence or presence of Ab blocking IL-18. 
 

  



67 

 

4. Primary liver cells generate active MAIT cell Ag when provided with its precursor  

 

In view of the strong intrahepatic interactions involving MAIT cells, we investigated whether 

liver APCs can generate active MAIT cell-stimulatory Ag endogenously. It has been reported 

that the Ag precursor 5-A-RU is not able to bind to MR1 and activate MAIT cells.(7) However, 

we found that exposure of liver APCs (hepatocytes, BECs, LSECs) to 5-A-RU for 2 or 5 h Ied to 

MAIT cell activation (Fig. 9A-B), suggesting that the activatory 5-OP-RU is formed by the liver 

APCs. To investigate the formation of 5-OP-RU, Liquid chromatography tandem mass 

spectrometry (LC-MS/MS) analysis of cell culture supernatants following exposure of THP-1 to 

5-A-RU was set (Fig. 9C-D), and a time course experiement confirm the formation of 5-OP-RU 

(Fig. 9E). We then used the same method on primary liver cells, and the antigen formation 

observed corroborated the data obtained previously in the activation experiment. MS analysis 

indicated that all tested primary liver cell types generated 5-OP-RU in a dose-dependent 

manner when provided with the precursor 5-A-RU (Fig. 9F). Collectively, these results 

demonstrate that primary liver cell subtypes can form active MAIT cell Ag when provided with 

the precursor 5-A-RU. This indicates that the process of activation of liver MAIT cells, 

encompassing both production of specific Ag molecules and their presentation by nearby liver 

APCs, can occur in a local liver environment.  

 

5-A-RU conversion to active Ag in vivo in liver depends upon 5-A-RU crossing the intestinal 

barrier. Indeed, a compound with a molecular mass corresponding to the MAIT cell Ag 

precursor 5-A-RU was detected in the circulation and liver of mice(Uchimura et al., 2018). To 

assess the probability of 5-A-RU crossing an intact intestinal barrier, we performed in silico 

modelling by applying a published method that uses a combination of physico-chemical 

parameters(Lipinski et al., 2001; Martin, 2005). Applying this method to the Ag 5-OP-RU and 

its precursor 5-A-RU, we identified that of these two chemically very similar compounds the 

precursor has a higher probability of passive intestinal absorption than the active 5-OP-RU 

product (Fig. 9G). 
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Figure 9. Liver-derived primary APCs have the capacity to generate active Ag endogenously. 
(A) Representative experiment of MAIT cell Ag precursor 5-A-RU (0.01 – 2000 nM) titration 
using different liver primary cells as APCs. IFN-γ production by MAIT cell clone SMC3 was 
assessed by ELISA. Three independent replicates per dose are depicted. (B) Pooled results of 
all experiments performed as shown in panel (A), using cells originating from at least 3 
different donors per cell type as APCs. Shown are concentrations of 5-A-RU needed to reach 
EC50 of IFN-γ production. Statistical significance determined by paired Student’s t-test. *p < 
0.05.(C) Schematic representation of the analytical strategy used to assess the generation of 
5-OP-RU from 5-A-RU in the presence of cells. (D) Overlay of three LC-MS/MS chromatograms 
of 5-OP-RU determined in cell supernatant of THP-1 cells (black, 5-OP-RU following 2.6 h 
incubation; light grey, 5-OP-RU following 15 h incubation; dark grey, pure methanol injection). 
(E) LC-MS/MS analysis of cell extracts and the corresponding culture supernatants following 
incubation of THP-1 cells with 1 µM 5-A-RU. Shown are time-course accumulation curves of 
5-OP-RU in cell lysate (black circles) and cell culture supernatant (open circles). (F) 
Quantification of 5-OP-RU by LC-MS/MS in cell culture supernatants derived from indicated 
liver primary cells harvested after treatment with indicated doses of 5-A-RU (125 – 8000 nM). 
RPMI medium without inclusion of cells served as negative control (Medium). 
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5. The degree of activation of polyclonal blood- and liver-derived MAIT cells varies with 

the APC  

 

To investigate whether the findings for the MAIT cell clone SMC3 apply to primary polyclonal 

MAIT cell populations, we isolated and tested MAIT cells from human peripheral blood and 

liver tissue. Starting with PBMCs, which contain 2-5% MAIT cells, negative magnetic bead 

selection using Abs against CD45RA, CD62L, CD19, CD14, CD36 and TCRγδ, depleted naïve T 

cells, B cells, monocytes, dendritic cells, platelets and γδ T cells, resulting in four- to sevenfold 

enrichment for MAIT cells (Fig. 10A). Activation of the enriched polyclonal MAIT cells was 

assessed upon exposure to Ag-loaded primary liver cells. TCR expression was downregulated 

in response to distinct liver-derived APCs exposed to 5 nM 5-OP-RU, with hepatocytes again 

being the most potent APCs (Fig. 10B).  

 

To assess activation of polyclonal liver-derived MAIT cells, we generated two liver MAIT cell 

lines (MAIT-BEL-10 and MAIT-BSL-19) from two patient donors. Both cell lines produced IFN-

γ and IL-17 and showed upregulation of several activation markers, including CD107a and 

CD137, in response to different human liver-derived APCs exposed to synthetic 5-OP-RU, 

including hepatocytes, BECs and HSCs (Figs 9C-D and 9F, and data not shown). Presentation 

capacity varied between the liver APCs, as assessed by IFN-γ secretion and upregulation of 

activation markers by the MAIT-BEL-10 and MAIT-BSL-19 cells (Figs 9C and 9F). To mimic an 

inflammatory context in which increased amounts of bacterial products and inflammatory 

cytokines reach the liver, the synthetic Ag in some experiments was spiked into E. coli lysate 

(Fig. 10E). In this state, hepatocytes remained as efficient APCs (Fig. 7D) and this was paralleled 

by cytotoxicity elicited by liver-derived MAIT cell line MAIT-BSL-19 (Fig. 7E). 

Thus, as a proof of concept, we demonstrated that hepatocytes can be killed in vitro following 

Ag-mediated activation of liver-derived MAIT cells. Taken together, our experiments 

demonstrate that human polyclonal MAIT cells derived from peripheral blood and liver 

respond to Ag presentation by different liver cells, most prominently hepatocytes. 
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Figure 10. Robust activation of polyclonal MAIT cells in response to interactions with 
primary human liver cell subsets.  
(A) Representative cytometry plot showing the frequency of Vα7.2+ CD161++ among CD3+ 
lymphocytes before (CTRL) and in both fractions after magnetic enrichment with indicated 
markers. (B) PBMCs, enriched like in (A) were co-cultured with indicated liver APCs exposed 
to 5 nM 5-OP-RU. Representative example of cell surface expression of CD161 and TCR Vα7.2, 
as measured by flow cytometry (n=2). Dot plots are gated on CD3+ cells. (C and D) Production 
of IFN-γ (C) and IL-17 (D) by liver-derived MAIT cell line MAIT-BEL-10, measured by ELISA, in 
response to interaction with different liver APCs exposed to indicated concentrations of 5-OP-
RU. Stimulation of MAIT cells with PMA/ionomycin (PMA/Ion) served as positive control. (E) 
IFN-γ production by liver-derived MAIT cell line MAIT-BSL-19, stimulated by indicated liver 
APCs exposed to increasing concentrations of E. coli lysate spiked in with 5-OP-RU. Three 
replicates per dose are shown. (F) Cell surface staining for CD107a and CD137 on MAIT-BSL-
19 cells, stimulated by either hepatocytes or BECs exposed to 5 nM 5-OP-RU. MR1 
dependence of activation was assessed with anti-MR1 blocking antibody (αMR1). Negative 
control (CTRL) in panel A and E lacks the APC. 
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6. Inhibition of liver APC-mediated MAIT cell activation by small molecules 

 

To approach the prevention of MAIT cell activation in the liver, we explored the blocking of 

MR1 occupancy with non-activating MR1 ligands. These ligands occupy the bed of the MR1 A’ 

groove similarly to the activating one but their distal moiety - regarding the covalent 

association with MR1- is shorter and poke out of the MR1 jaws in smaller magnitude (Fig.10A-

B). The consequence is a weaker interaction with the TCR and no MAIT cell activation, 6-

formylpterin (6-FP), derived from the folate degradation pathway, and acetyl-6-FP were first 

the non-activating MR1 ligands described(Awad et al., 2020; Keller et al., 2017). We found 

that MAIT cell activation by Ag-exposed primary liver cells (hepatocytes, BECs and HSCs) can 

be prevented in a dose dependent manner by pre-treating the liver cells with 6-FP or acetyl-

6-FP (Figs 10C-D). Other molecules, e.g. the acetylsalicylic acid derivative 5-formyl-salicylic 

acid (5-F-SA), were found previously to stabilize MR1 on the cell surface; however, they did 

not stimulate Jurkat T cells overexpressing the MAIT TCR(Keller et al., 2017). MAIT cell 

activation by liver APCs was prevented by 5-F-SA (Fig. 11D). This indicates that liver APC-

induced MAIT cell activation can be inhibited by small molecular-weight compounds that 

specifically interfere with MR1 activity on the surface of APCs. 
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Figure 11. Non-activating MR1 ligands prevent MAIT cell activation by liver-derived APCs.  
3D Representation of MR1 crystal structure with non-activating (A) or activating (B) ligand.  
Representation of human MR1 loaded with Acetyl-6-FP (A), or 5-OP-RU (B) co-crystalized with 
human MAIT TCR C10. Cristal structure generated by Birkinshaw, R.W. and Rossjohn, J, 
representation generated on the PDB website, PDB number indicated in the lower right 
corner. (C-D) MAIT cell clone SMC3 was co-cultured with indicated liver cells pre-treated with 
different non-activating MR1 ligands for 1 h before addition of 5-OP-RU. IFN-γ secretion was 
assessed by ELISA. (C) Hepatocytes either treated with 0.1-1 nM 5-OP-RU alone (CTRL) or pre-
treated with 50 μM of 6-FP before adding 5-OP-RU. (D) HSCs and BECs either treated with 5-
OP-RU alone (1 nM; CTRL), or pre-treated with indicated concentrations of 6-FP, Acetyl-6-FP, 
or 5-formyl-salicylic acid (5-F-SA) before 5-OP-RU addition. The mean ± SD of measurements 
of three independent wells originating from the same patient’s cells is shown. One 
representative experiment out of 2, originating from two different donors, is shown. 
 

 

7. CLEC2D over-expression on APCs downregulates CD161 on MAIT cells 

 

To investigate the impact of surface CLEC2D expression by APCs on MAIT cell function, we 

generated cell lines with different levels of stable membrane expression of isoform 1 of 

CLEC2D. H69 and THP-1 cell lines over-expressing CLEC2D were generated using a lentiviral 

vector integrating the cDNA coding for dTomato and CLEC2D transmembrane isoform 1 under 

the ubiquitin promoter (Fig. 12A). The infected cells were sorted by cytometry according to 

their level of dTomato expression (Fig. 12B), subsequently their CLEC2D surface expression 

was verified by surface staining after expansion (Fig. 12C). CLEC2D being the ligand for CD161, 

the interaction between both partners could modulate their expression, as is seen for other 

surface receptors like GPCR, or the TCR(Utzny et al., 2006; von Zastrow, 2001). Thus, we 

cultured MAIT cell clone SMC3 with H69 cells expressing a high level of surface CLEC2D for 

16h and analysed MAIT surface CD161 expression (Fig. 12D-E). We observed CD161 

downregulation on the MAIT cell clone, and also observed the same phenomenon on primary 

T cells (Fig. 12F). The downregulation argues for an interaction between CD161 and CLEC2D, 

which would lead to CD161-initiated signalling, thereby initiating its internalisation. 
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8. CLEC2D expression on APCs modulates MAIT cell activation 

 

To examine the effect of surface CLEC2D expression by APCs on MAIT cell cytokine secretion 

and proliferation, we used THP-1 and H69 cell lines with a different level of CLEC2D expression 

in Ag presentation assays with 5-OP-RU. MAIT cell clone SMC3 secreted lower amounts of IFN-

γ when activated by THP-1 or H69 cell lines expressing a high level of CLEC2D on the surface, 

independently of the concentration of Ag used to activate them (Fig. 12G). The effect seems 

to be dependent on the CLEC2D level on the surface of APCs used, as THP-1 cells expressing 

less CLEC2D induce IFN-γ secretion more efficiently that THP-1 cells expressing more CLEC2D 

(Fig. 12H). This Inhibitory effect can be prevented by the addition of a polyclonal CLEC2D 

antibody, arguing for a cell to cell interaction between CLEC2D and its partner CD161 on MAIT 

cells.  

We investigated the effect of CLEC2D expression on MAIT cell proliferation by co-culturing the 

SMC3 clone with H69 cells expressing high levels of CLEC2D and staining MAIT cells with a 

proliferation dye. After 6 days, we observed a decreased proliferation of the clones activated 

by CLEC2D overexpressing cells (Fig. 12J-K), whereas no differences were observed in the 

absence of Ag (Fig. 12K). This indicates that expression of CLEC2D on the surface of the APC 

reduces Ag-induced proliferation of MAIT cells. 
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Figure 12. Modulation of MAIT cell function by CLEC2D expressed on antigen presenting 
cells.  
(A) Schematic representation of the method used for the establishment of stable cell lines 
expressing CLEC2D on the surface. HEK-293T cell line was used to produce the lentiviral vector 
used to integrate CLEC2D isoform 1 and dTomato in H69 and THP-1 cells. (B) Flow cytometry 
histograms showing the expression of dTomato on H69 cells 3 days after infection, with the 
gating strategy used to generate H69 CLEC2D low (blue) and high (green); a similar strategy 
was used with THP-1 cells. (C) Flow cytometry histograms showing the expression of CLEC2D 
on the sorted cells 3 days after sorting, comparing the cells sorted for dTomato high, low and 
untransfected control. (D) Flow cytometry histograms displaying the downregulation of 
CD161 on MAIT cell clone SMC3 after overnight culture with H69 CLEC2D high cells (blue) 
compared to SMC3 cultured with H69 ctrl (red). (E) Mean fluorescence intensity (MFI) of 5 
replicates of the experiment in (D) represented as bar plot. (F) Flow cytometry histograms 
displaying the downregulation of CD161 on CD3+ PBMCs after overnight culture with H69 
CLEC2D high cells (Blue) compared to CD3+ PBMC after culture with H69 control (ctrl) cells 
(Red). (G) IFN-γ production by clone SMC3 in response to incubation with 5-OP-RU primed 
THP-1 (left) or H69 (right) cells overexpressing or not CLEC2D. (H) IFN-γ production by clone 
SMC3 in response to culture with THP-1 cells expressing different levels of CLEC2D, primed 
with 3 nM 5-OP-RU. (I) IFN-γ production by clone SMC3 in response to incubation with 5-OP-
RU primed H69 cells overexpressing CLEC2D in presence of a CLEC2D blocking antibody 
(polyclonal goat, 2 µg/mL) or isotype control. (J) Flow cytometry histograms of cell trace red 
fluorescence on clone SMC3 6 days after activation with 3 nM 5-OP-RU, incubated with THP-
1 cells overexpressing CLEC2D compared to control THP-1 cells. (K) MFI of independent wells 
in experiment (J) with indicated 5-OP-RU concentrations; overexpressing cells were only used 
with 3 nM and 0 nM of 5-OP-RU.  
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C. Discussion 

 

The study presented here demonstrates that hepatocytes, LSECs, HSCs and BECs can present 

Ags to MAIT cells in a MR1-dependent manner, and are able to generate Ag from its non-

antigenic precursor. Moreover, among all the non-immune liver resident cells, hepatocytes 

manifest the highest efficiency in Ag presentation to MAIT cells. We also observed that non-

stimulatory MR1 ligands can prevent MAIT cell activation by liver-derived APCs. Moreover, 

the modulation of MAIT cell activation through CLEC2D over-expression revealed here 

constitutes a so far neglected aspect of MAIT cell physiology. Our findings are important for a 

better understanding of the role of MAIT cells both in liver physiology and in the pathogenesis 

of fibrosis. They are also relevant for the development of strategies to prevent the 

profibrogenic activity of MAIT cells in human liver. 

 

We found that purified primary human cells present in the liver environment, namely 

hepatocytes, BECs, LSECs and HSCs, can specifically activate MAIT cells in an MR1-dependent 

manner, albeit to different degrees (Figs 6 and 7). To date, within the liver environment only 

BECs have been shown to present Ag to MAIT cells(Jeffery et al., 2016). Other hepatic cell 

types including hepatocytes, LSECs and HSCs were also reported to serve as liver-resident 

APCs but through non-MR1-mediated Ag presentation(Knolle, 2016). Hepatocytes were the 

strongest inducers of MAIT cell activation, requiring very low (picomolar) concentrations of 

the activating MAIT cell Ag, 5-OP-RU. The effect was MRI dependent and mildly potentiated 

by cytokines (Fig. 8) Importantly, our results demonstrate for the first time MR1-dependent 

MAIT cell activation by HSCs (Fig. 7H-L), providing functional significance to the previous 

finding of MR1 expression on HSCs(Hegde et al., 2018). In line with their ability to produce 

fibrogenic and proinflammatory cytokines, MAIT cells were shown recently to promote 

profibrogenic HSC activation(Böttcher et al., 2018; Hegde et al., 2018). Furthermore, a study 

performed in MR1-/- mice demonstrated that lack of MAIT cells is protective in mouse models 

of liver fibrosis(Hegde et al., 2018). In these studies, MAIT cells induced proliferation and 

collagen secretion by hepatic myofibroblasts, and directed macrophages towards a pro-

inflammatory phenotype in vitro. Our results suggest that the interaction between HSCs and 

MAIT cells reciprocally potentiates pro-fibrotic properties of both cell types. 
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We also demonstrate MR1 expression as well as MAIT cell activation by LSECs (Figs 6D and 6J), 

which are in the immediate proximity of Ag-rich blood flowing through the sinusoids. The 

fenestrations in the layer of LSECs allow Ags also to reach hepatocytes, making our findings of 

efficient MR1-mediated Ag presentation by hepatocytes of potential physiological 

importance. We cannot exclude that cells contaminating our primary liver cell preparations 

contribute to the observed differences in APC activity. However, the procedures used for 

primary cell isolation and purification of the cells, with assessment by microscopy IF staining 

and cytometry, argue against this possibility (Fig. 7A-C). The protocol used for isolation of 

LSECs yields not only endothelial cells of sinusoidal origin but also endothelial cells originating 

from the liver vasculature, the latter possibly contributing to Ag presentation by LSECs to MAIT 

cells.  

 

Studies on MAIT cell localization in normal human liver yielded divergent results(Böttcher et 

al., 2018; Hegde et al., 2018; Jeffery et al., 2016). The findings ranged from MAIT cells being 

either found exclusively in the sinusoidal space, to their predominant localisation within portal 

tracts(Hegde et al., 2018; Jeffery et al., 2016). Our results obtained by staining sections 

originating from livers lacking apparent histopathological abnormalities, using three different 

markers, indicate that MAIT cells are in a minority in the portal fields, with most of them 

localized dispersedly in the sinusoidal environment (Fig. 6). Thus, MAIT cells are in close 

contact with hepatocytes, LSECs (lining the surface of the sinusoids) and HSCs (residing in the 

space of Dissé between the hepatocytes and the LSECs), and also with BECs (forming the bile 

ducts within the portal fields). Our results argue for an extensive interaction potential of MAIT 

cells with abundant liver cell types, both in the sinusoidal and the portal environment, a 

property likely to have implications for both liver physiology and the pathogenesis of liver 

diseases.  

 

We present evidence that all the primary liver cell types investigated generate active Ag 5-OP-

RU in a dose-dependent manner when provided with the inactive precursor 5-A-RU (Fig. 9). 

As a signal corresponding to 5-A-RU was detected in the blood of “healthy” mice, i.e. not 

suffering from colitis or another condition disrupting integrity of the gut epithelium and/or 

endothelium, it is likely that bacterial metabolites produced in the gut regularly reach the 
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liver(Uchimura et al., 2018). Our analysis of chemical properties of the metabolite 5-A-RU 

further supports its diffusion through the gut epithelium (Fig. 9G). Moreover, very recent work 

has demonstrated that Ag sufficient for thymic selection of MAIT cells is derived from bacteria 

and therefore passes the gut epithelial and endothelial barriers(Legoux et al., 2019). The liver 

uptake of the 5-A-RU precursor and its in situ conversion to the active 5-OP-RU in the liver 

environment may be physiologically relevant, since stability of 5-OP-RU when not protected 

by binding to MR1 is very limited at body temperature(Corbett et al., 2014). 5-OP-RU is 

converted rapidly to 7-hydroxy-6-methyl-8-ribityl lumazine (RL-6-Me-7-OH) and 7-methyl-8-

D-ribityllumazine (Fig. 5), and indeed a compound with a mass corresponding to RL-6-Me-7-

OH was present in the dataset obtained for the mouse blood and liver(Uchimura et al., 2018). 

It remains to be determined whether 5-A-RU conversion to active 5-OP-RU occurs within liver 

cells or whether 5-OP-RU is generated by methylglyoxal released by the cells and then loaded 

onto MR1 present on the cell surface(McWilliam et al., 2016). Furthermore, this conversion 

might be influenced by the APCs metabolic state. Methylglyoxal is constantly produced in 

mammalian cells from lipid peroxidation and glycolysis, the latter being the principal 

source(Chaplen et al., 1998). Moreover, external signals can modulate methylglyoxal levels in 

cells, an interesting example being its increase induced by TNF signalling(Van Herreweghe et 

al., 2002). Consequently, the cells molecular microenvironment and energy consumption 

might modulate the pool of methylglyoxal available to react with 5-A-RU, thereby influencing 

its conversion to 5-OP-RU. 

 

The findings that bacterial metabolites produced in the gut reach the circulation and the liver, 

where they may be converted to active Ag, suggest that MAIT cells present in the parenchyma 

are in a continuous low activation state. This is supported by high expression of activation and 

exhaustion markers CD38, CD39, PD-1, and TIM3 on liver MAIT cells(Böttcher et al., 2018; 

Hegde et al., 2018; Tang et al., 2013).  

Thus, low level MAIT cell activation and upregulation of tissue residency markers such as CD69 

may contribute to maintaining a constant pool of MAIT cells in the liver. The proliferative 

capacity of MAIT cells is lower than of conventional T cells, which is also reflected by our 

finding of a dispersed rather than clustered localization of MAIT in healthy liver (Fig. 

6)(Dusseaux et al., 2011; Gutierrez-Arcelus et al., 2019).  
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The high frequency and dispersed distribution of MAIT cells in an alerted, “ready to act” state 

in liver tissue might protect the liver from incoming pathogens or increased amounts of 

microbial products. Antibacterial and immunomodulatory activity of MAIT cells has been 

clearly demonstrated by various studies of bacterial and viral infections(Le Bourhis et al., 2010, 

2013; Loh, 2016). 

 

A constant low activation of MAIT cells and their close contact with hepatocytes could also 

have implications for tissue homeostasis in the liver. Recent studies performed with MAIT cells 

isolated from gut, lung or blood have shown that activation of MAIT cells via their TCR, as 

opposed to cytokines, is associated with induction of a tissue-repair gene expression 

program(Hinks et al., 2019; Lamichhane et al., 2019; Leng et al., 2019). Consistently, MAIT 

cells were found to promote tissue repair either in vitro or in vivo in a mouse model of skin 

injury(Constantinides et al., 2019; Leng et al., 2019). 

 

 

In contrast to “homeostatic” stimulation via TCR ligands, full (and potentially deleterious) 

activation of MAIT cells requires additional cytokine-mediated signaling(Hinks et al., 2019; 

Leng et al., 2019). Such a condition is likely to occur when higher amounts of microbial 

products enter the liver via the portal vein in the context of a disrupted gut epithelial and/or 

endothelial barrier. Human and mouse studies show that liver disease is coupled to alterations 

in the gut mucosa and gut dysbiosis(Henao-Mejia et al., 2012; Spadoni et al., 2015). In 

response to increased stimulatory signals derived from the gut, activated MAIT cells might 

enhance liver inflammation and contribute to immune-mediated liver pathologies, including 

liver fibrogenesis. Indeed, liver-derived MAIT cells produce large amounts of pro-

inflammatory cytokines and the pro-fibrogenic cytokine IL-17 when stimulated by liver-

residing APCs (Fig. 10C-D). This could be an important factor that initiates and/or perpetuates 

development of fibrosis. 

It was shown that secretion of IL-17 by MAIT cells increases in response to IL-7 produced by 

hepatocytes under inflammatory conditions(Sawa et al., 2009; Tang et al., 2013). Our finding 

that hepatocytes act as strong APCs suggests that, under inflammatory conditions in a 

pathophysiological context, hepatocytes could activate MAIT cells and skew them towards an 
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IL-17 phenotype. The increased IL-7 secretion caused by cholic acid activation of Farnesoid X 

receptor on hepatocytes might increase this phenomenon, hence contributing to bile toxicity 

in chronic liver diseases(Jiang et al., 2018). It is also possible, that under conditions of liver 

inflammation the reported tissue repair activity of MAIT cells may be mis-regulated and 

contribute to the development of fibrosis.  

 

We also considered TCR-independent alteration of MAIT cell activation. Although high 

expression of CD161 on the surface of MAIT cells is part of their definition, the functional 

effects of its abundant presence are largely unknown. Thus, we examined the consequences 

of binding of CD161 to its ligand CLEC2D (Fig. 12). By using two cell lines overexpressing 

CLEC2D on the surface as APCs, we could demonstrate the downregulation of CD161 on MAIT 

cells after co-culture (Fig. 12D-F). This downregulation, as it is seen for various other receptors 

including the TCR, might be part of negative regulatory mechanism, as the internalisation of 

CD161 could prevent further signalling. Moreover, APCs expressing high levels of CLEC2D 

induced less IFN-γ secretion by MAIT cells after TCR dependent activation (Fig. 12G). This 

effect was attenuated by the addition of a polyclonal CLEC2D Ab, hence confirming CLEC2D 

dependency (Fig. 12I). We could also show that the expression of CLEC2D diminished the 

activation-induced proliferation of MAIT cells (Fig. 12J-K). More experiments need to be 

conducted to confirm our findings and elucidate the underlying mechanisms as well as the in 

vivo implications. CLEC2D expression might protect APCs from MAIT cell cytotoxicity as is seen 

for NK cells(Aldemir et al., 2005). The interaction between CLEC2D and CD161 might function 

as checkpoint in a similar manner to PD1-PD1L, preventing overactivation of T cells; A major 

difference being that opposite to PD1, CD161 is constitutively highly present on the surface of 

MAIT cells, arguing for a role in steady states. The CLEC2D-CD161 axis represents a yet 

underexplored interesting aspect of MAIT cell biology with therapeutic potential regarding 

the implication of MAIT cells in human diseases. 
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With these considerations in mind, we explored possibilities for blocking MR1 with 

non-activating ligands and so preventing excessive MAIT cell activation in the liver in response 

to Ag presentation by abundant liver-derived APCs. We found that MAIT cell activation by Ag-

exposed primary liver cells can be alleviated by pre-treating them with 6-FP or acetyl-6-FP, as 

well as the acetylsalicylic acid derivative 5-F-SA (Fig. 10). Of note, acetyl-6-FP and 3-F-SA (a 

compound with a similar characteristic to 5-F-SA), were previously shown to have an inhibitory 

effect on MAIT cells in a mouse model mimicking lung infection(Keller et al. 2017). Our findings 

corroborate the prospect of using inactive MR1 ligands as therapeutic agents to prevent 

involvement of MAIT cells in the fibrogenic process. The effectiveness of hepatocytes and 

other liver cells in presenting Ag to MAIT cells makes this approach of particular importance, 

both for anti-fibrotic treatment and for fibrosis prevention in patients at risk. Detailed 

mechanistic insights into hepatic MAIT cell activation are crucial because of their pro-

fibrogenic properties. Our study reveals novel mechanisms of immune interactions in human 

liver and uncovers possible novel targets for immunotherapy. 
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IV. Aim n°2: MAIT cell characterization in NAFLD/NASH patients 

at single-cell level 

 

A. Materials and Methods (Experimental procedures) 

 

1. Tissue sample processing 

Liver, colon and ileum biopsies were collected in a tube containing sterile RPMI. Small 

cylinders of liver tissue or colon biopsies were cut in small pieces in petri dishes with 1 mL of 

digestion medium (RPMI containing 200 IU/mL collagenase type IV, 100 IU/ml DNAse, 

0,25µg/mL Amphotericin B). The pieces were then transferred into digestion medium pre-

warmed at 37°C, using a sterile glass Pasteur pipette. The tube was then placed into the water 

bath at 37°C for 2 h and gently mixed every 20 minutes during the incubation. The cell 

suspension from the digested pieces was then flushed through a 40 μm cell strainer, and 

remaining tissue was further mechanically dissociated on the cell strainer using the piston of 

a 2 mL syringe. The cells in suspension were counted and 4% of cells were collected for 

cytometric analysis, the rest being frozen in FCS containing 10% DMSO. 

 

2. PBMCs isolation and staining 

Buffy coats for isolation of peripheral blood mononuclear cells (PBMCs) were obtained at the 

centre for blood donations in Basel. PBMCs were isolated by density gradient centrifugation 

on Ficoll (Lymphoprep®; Axonlab, Baden, Switzerland), using a standard protocol.4 

Flow cytometry analysis 

Mononuclear cells were washed in PBS and rinsed once in staining buffer (PBS with 0.5% 

human albumin and 3 mM sodium azide), then incubated 20 minutes in blocking buffer (50% 

human AB+ serum in staining buffer), followed by incubation in staining buffer containing the 

Ab cocktail. Data were acquired on the LSRFortessaTM (BD Biosciences, Allschwil, Switzerland) 

and analyzed with FlowJo 10.0.7 (TreeStar, Ashland (OR), USA). After excluding doublets and 

DAPI-, MAIT cells were identified as CD3+CD161highVa7.2+. 
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3. Seq-well array synthesis 

The protocol for array synthesis was provided to us by the laboratory of Prof. Shalek at MIT 

and can be found online (http://shaleklab.com). 

Sylgard base was combined and mixed with Sylgard crosslinker at a 10:1 ratio creating the 

PDMS master mix. The master mix was put into vacuum at 0,3 atm for 20 minutes to remove 

air bubbles. 50 mL of the master mix were then injected into the mold, manufactured by 

FlowJEM according to the protocol, containing standard glass slides and the PDMS was cured 

at 70°C for 2,5 hrs. 

The arrays were then removed from the mold, trimmed and washed with ethanol. The arrays 

were then treated in a Harrick PDC-002-HP plasma oven, with a high power air generated 

plasma at a 0,5 mBar for 5 minutes. The total surface of the array was then functionalized with 

0.05% 3-aminopropyl-triethoxysilane APTES in 95% ethanol for 15 minutes, dried and further 

functionalized with p-phenylene diisothiocyanate (PDITC). The surface of the arrays was then 

functionalized with a 0.2% chitosan solution in water at room pressure, and later the inner 

part of the wells was modified with a 20 ug/mL aspartic acid solution at 0,3 atm. 

 

4. Seq-well doublet rate estimation 

After functionalization, the arrays were loaded with a mixture (1:1 ratio) of 4T1 cell lines 

expressing GFP or mCherry, kindly provided to us by Prof. N. Aceto, Department of 

Biomedicine, Basel. After sealing with a cover slide, the arrays were imaged by fluorescent 

microscopy and the number of wells containing either single or double fluorescent cells were 

counted.  
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B. Results 

 

1. Establishment of a documented patient biobank 

 

We generated a human tissue biobank from patients with NAFLD, alcoholic steatohepatitis 

(ASH), and autoimmune liver diseases as well as healthy control samples. For all included 

patients we collected serum, isolated PBMCs, and tissue resident lymphocytes from the liver 

and/or the colon. We obtained liver tissue from patients undergoing diagnostic liver biopsy or 

therapeutic liver resection at the University Hospital Basel or the University Medical Clinic in 

Liestal. Colon and ileum biopsies were collected from patients undergoing screening 

colonoscopies. Control liver tissue was obtained from healthy liver tissue surrounding 

surgically resected cancer metastasis. Anonymous clinical data including lab values and results 

from histopathological evaluation were collected for all patients. After cell isolation, we 

stained a small fraction of the cells for CD45, CD19, CD3, CD4, CD8, CD161, and TCR Vα7.2, 

allowing us to quantify and classify the MAIT cells in our samples. 

 

We included 174 patients in our biobank, for 125 patients we collected PBMCs, serum and 

liver tissue, for 49 patients we collected PBMCs, serum, colon and ileum biopsies; some 

patients are included into both cohorts allowing MAIT cell characterization in 3 organs within 

the same patient (Fig. 13A). The staining of a fraction of each sample allows us to know the 

frequency of MAIT cells in the tissues of our patients, and to correlate this frequency with 

histopathological classification determined by the pathologists. We show that patients with 

NASH, ASH or autoimmune liver disease have significantly less MAIT cells in the circulation 

compared to control patients (Fig. 13B). Moreover, the MAIT cell frequency is diminished in 

the liver of patients with chronic liver inflammation (Fig. 13C). These findings are 

corroborating studies previously published on NAFLD and AIH(Böttcher et al., 2018; Jeffery et 

al., 2016). The same approach applied to our colon biopsy collection, with our preliminary 

analysis showing a decreased MAIT cell frequency in peripheral blood of NAFLD patients, but 

no differences in the colon and ileum between NAFLD patients and healthy control subjects. 

We also included histopathological scores into our analysis.  
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The frequency of MAIT cells in PBMCs and liver was significantly decreased in patients with 

higher fibrotic stages (Fig. 13E-F). When assessing MAIT cell frequency according to the 

inflammation score, we observed significantly decreased frequency of liver MAIT cells in 

patients with higher liver inflammation, the tendency being similar in peripheral blood but not 

reaching statistical significance. We evaluated the correlation between MAIT cell frequency 

and histologically assessed steatosis and observed a solid inverted correlation between MAIT 

cell frequency in the liver and the level of steatosis (Fig. 13I), this relation being less evident 

in the circulation (Fig. 13J). Taken together, these preliminary results suggest a decrease in 

MAIT cell frequency along with the disease progression, as shown in previous work(Böttcher 

et al., 2018; Hegde et al., 2018). This might be due to infiltration of other T cells, or MAIT cell 

apoptosis; the staining of our biobank with a broader panel should give more clues concerning 

the mechanism behind this change. 
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Figure 13. Generation and analysis of a patient tissue biobank.  
(A) Schematic representation of sample collection of patients undergoing liver biopsy or 
screening colonoscopy. Patients included the liver study are enrolled at time of diagnostic 
biopsy and donate a liver biopsy part that is used for cell isolation and embedded for 
cryosectioning. Patients included into the colon study are enrolled at the time of screening 
colonoscopy and donate ileal, left and right colon biopsies used for cell isolation and 
embedded for cryosectioning. The patients also donate blood which is used for PBMC and 
serum isolation. (B) MAIT cell frequency among CD3+ cells in PBMCs of patients with various 
liver diseases as a function of the histopathological diagnosis (NAFL: Non-alcoholic fatty liver; 
NASH: Non-alcoholic steatohepatitis; ASH: Alcoholic steatohepatitis; AIH: Autoimmune 
hepatitis; PBC: Primary biliary cholangitis; PSC: Primary sclerosing cholangitis). (C) MAIT cell 
frequency among CD3+ cells in liver of patient with various liver diseases and different fibrotic 
stages. (D) MAIT cell frequency among CD3+ cells in different tissues/tissue locations from 
patients with non-alcoholic fatty liver disease (NAFLD) versus healthy control (HC) subjects. 
(E) MAIT cell frequency in the liver of patients with AIH, alcoholic liver disease (ALD), PBC, PSC, 
or NAFLD, according to the histological fibrosis score; 0: no fibrosis, 1: portal fibrosis 2: Portal 
fibrosis with few septa 3: portal fibrosis with many septa and bridging, 4: cirrhosis. (F) MAIT 
cell frequency in PBMCs of patients as in previous figure. (G) MAIT cell frequency in the liver 
of patients allocated according to the  histological inflammation score; 1: minimal, 2: mild, 3: 
middle and 4: strong. (H) MAIT cell frequency in PBMCs of patients allocated according to the 
same liver histological inflammation score (I) Pearson correlation between MAIT cell 
frequency in the liver and the degree of steatosis in the liver of patients with ALD, NAFLD or 
HC subjects. (J) Pearson correlation between MAIT cell frequency in PBMCs and the degree of 
steatosis in the liver of patients with ALD, NAFLD or HC subjects. MAIT cell frequencies were 
evaluated by flow cytometry among CD3+ lymphocytes. Statistical significance was assessed 
by unpaired Student test for all figures except I and J. 
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2. Establishment of Seq-well 

 

In order to sequence some representative samples of our biobank at single cell level we 

established in our lab the Seq-well method developed by the laboratory of Prof. Shalek at the 

MIT (Fig. 14). The method is based on the trapping of cells in microwells with RNA capturing 

beads. The use of a semi-permeable membrane at one face of the well allows buffer exchange 

and in situ cell lysis. We generated Seq-well arrays by pouring and curing Polydimethylsiloxane 

(PDMS) on a silicon wafer support imprinted with the negative mask of the 40 µm nanowells. 

The process generated regular 40 µm wells as confirmed by bright field microscopy (Fig. 14A). 

After surface functionalization we could seal the arrays with polycarbonate membranes 

allowing sequestration of cells, beads and later RNA on one hand, and buffer exchange on the 

other. By using a 1:1 mixture of cell lines expressing GFP and mCherry we could evaluate the 

cell doublet rate for different cell array ratios (Fig. 14B). Our results suggest that our doublet 

rate corresponds to the one published previously and fits the standard of commercially 

available methods. The observed capturing efficiency was 25%, again in line with published 

results, which is sufficient for us to recover enough cells from our patient samples (Fig. 14C). 
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Figure 14. Seq-well establishment  
(A) Schematic representation of the Seq-well method workflow. Each RNA-capturing bead is 
bearing multiple unique oligo with a UMI (Unique molecular identifiers) allowing to retrieve 
the number of capture molecule for every sequence and a cell barcode unique to each bead, 
but shared by all the attached oligo allowing to assign all sequences to the cell of origin. At 
the free end all oligos bear a poly-T sequence for RNA capturing by pairing with poly-A. 
 (B) Bright field microscopy picture showing the regular square shaped wells generated in the 
laboratory. (C) Two representative fluorescent microscopy pictures showing arrays loaded 
with a mixture of GFP+ and mCherry+ cells used for the doublet rate evaluation. (D) Summary 
table depicting the doublet rates and capturing efficiencies obtained when arrays were loaded 
with either 10 000 or 20 000 cells. 
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C. Discussion 

 

We have established a biobank of 175 patients from which we have serum, isolated PBMCs, 

isolated tissue cells and tissue cryosections available. The use of a minor fraction of the cells 

to characterize the tissues by flow cytometry confirms that regarding the MAIT cell 

frequencies the samples fit with published data(Böttcher et al., 2018; Hegde et al., 2018; 

Jeffery et al., 2016). Moreover, we can observe correlations between MAIT cell frequencies in 

blood and tissue and disease severity (Fig. 13). To date we have not proceeded to sample 

analysis, but we have established all required methods and staining panels. The establishment 

of Seq-well in our lab will permit us to sequence RNA at single cell level of tissue and circulating 

MAIT cells from 50 samples originating from approximately 10 NASH patients and 5 healthy 

control subjects. The high cell capturing efficiency added to the numerous recovered 

transcripts associated to this method will improve data accuracy (Fig. 14). The establishment 

of negative selection-based magnetic enrichment for resident memory T cells allows us to 

increase the proportion of MAIT cells in the specimens before sequencing (Fig. 9). 

Furthermore, by sequencing cells from colon, liver and peripheral blood of the same patient 

we will interrogate both localization- mediated differential gene expression and disease 

associated alterations. The biobank will then allow us to assess the changes observed in 

transcripts at the protein level by cytometry, and in situ by IF microscopy. In parallel, in the 

laboratory we are studying the microbiota from the patients from which we obtain colon 

samples. To avoid the bias associated with stool microbiota sequencing, we use tissue biopsies 

taken during the endoscopy on which we apply 16S rRNA sequencing. This will allow us to 

assess whether changes in intestinal microbiome parallel changes in MAIT cell phenotype in 

patients with NAFLD. All findings will then be correlated to clinical parameters. The histological 

and serological data will allow us to not only challenge our findings regarding the patient 

diagnosis but also regarding the disease severity. This multiparameter methodology should 

allow us to better understand the pathophysiology of NAFLD, and to detect variations of 

subpopulations of MAIT cells associated with it. Moreover, this will increase the 

understanding of MAIT cell function and regulation in healthy and diseased subjects. 
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V. General conclusion 

 

The initial part of our work presents a broad analysis of the activation of intrahepatic MAIT 

cells by liver cells in a MR1-dependent manner. We also explored the capacity of liver cells in 

the metabolism of converting inactive Ag precursor into its effective form. We observed that 

hepatocytes, BECs, HSCs, and LSECs all express MR1 on the surface. We determined for the 

first time that these primary liver cell types can present Ag to MAIT cells and established that 

hepatocytes are the most efficient non-professional APCs for MAIT cells in the liver. This 

capacity was proven using bacterial lysate and pure synthetic Ag. Moreover, we assessed for 

the first time the potential of primary cells to condensate 5-A-RU, the Ag precursor, with 

methylglyoxal to form the active 5-OP-RU. We demonstrated that all primary cells tested can 

generate 5-OP-RU, when provided with 5-A-RU, without addition of exogenous methylglyoxal. 

These findings are of particular relevance regarding the high abundance of MAIT cells in the 

liver and their significance in liver diseases(Böttcher et al., 2018; Hegde et al., 2018). Our data 

demonstrate that MAIT cells can interact with any liver resident cell, hence any MAIT cell in 

the liver is virtually surrounded by APCs. Moreover, the capacity of liver cells to generate Ag 

from its precursor sustains the hypothesis that MAIT cells are constantly activated by low 

levels of active Ags. This is particularly interesting regarding the recent report suggesting that 

TCR activated MAIT cells exert tissue repair functions in the colon and the skin. To date, no 

study addressing the liver in this context has been published, however the pro-fibrogenic role 

of MAIT cells found in some diseases could be an exaggerated pathological side of this 

function(Constantinides et al., 2019; Hegde et al., 2018; Leng et al., 2019). This effect is 

missing when the cells are co-stimulated with cytokines. Together these findings suggest that 

both the abundance of Ags and the nature of the co-stimulation are crucial to modulate MAIT 

cell function. Pro-inflammatory molecules can typically reach the liver in case of a leaky 

endothelial barrier in the intestine, this leaky gut might consequently switch MAIT cell 

function from tissue healing to tissue damage(Llorente and Schnabl, 2015). In this context it 

seems imperative to approach MAIT cell physiology in a global perspective. Our preliminary 

investigation on the function of CLEC2D expression by APCs is aimed towards this goal. We 

found that CLEC2D can downregulate CD161, thus questioning results from studies that are 

using high CD161 expression as definition for MAIT cells in a situation where CLEC2D could be 
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highly upregulated, e.g. viral infection(Oa et al., 2019; Satkunanathan et al., 2014). We also 

observed that the surface expression of CLEC2D diminishes MAIT cell proliferation and IFN-γ 

secretion, highlighting the CD161-CLEC2D interaction as an underestimated regulator of MAIT 

cell activity. Further work is required in the lab to verify our initial findings and study the 

reciprocity and the signals involved in this interaction. How this interaction guides MAIT cells 

towards tissue repair or other effector functions remains unknown and is of great interest in 

further studies. 

Taken together, the evidence produced in this first part of our work demonstrates two things: 

In the liver MAIT cells are surrounded by MR1-sufficient interacting partners, and MAIT cell 

Ag is potentially constantly diffusing and generated in situ. This raises the possibility that MAIT 

cell phenotype could be altered in disorders in which Ag abundance and the molecular milieu 

are distorted, like NAFLD. Comparing liver and blood MAIT cells in NAFLD patients and healthy 

control subjects is the ambition of our second study. We collected a large biobank of patient 

material and quantified the amount of MAIT cells in the samples by sacrificing only a very 

small fraction of the samples. Now that we established the Seq-well method, we will generate 

transcriptomic data on several representative patient and control sampes at single cell level. 

This should allow us to identify disease- and tissue-associated changes at the population level, 

that we can later assess by flow cytometry on the rest of the biobank. These findings will then 

be combined with localization data of MAIT cells in the liver thanks to the use of patient tissue 

cryosections that we are currently analyzing. This study, by the combination of an unbiased 

approach in multiple tissues, reinforced by functional examination, should allow us to better 

understand the underling pathophysiology and the implication of MAIT cells in NAFLD. 
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VI. Submitted manuscript 

 

 The following manuscript has been submitted in 2019. Except for the second figure, all 

figures and conclusions were included in the thesis. The exception concerning figure 2 is 

motivated given that the data were generated by the group of Prof. P. Klenerman, our 

collaborators in Oxford. 
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Abstract  
Background & Aims: Mucosal-associated invariant T (MAIT) cells are the most abundant T cell 

type in human liver. They respond to bacterial metabolites presented by MHC-like molecule 

MR1 on Ag-presenting cells (APCs). Activated liver MAIT cells are described as fibrogenic and 

MAIT cells from patients with liver cirrhosis show functional alterations consistent with pro-

fibrotic activity. However, it remains unclear which liver cells are involved in MAIT cell activation 

and how their fibrogenic activity can be prevented. Likewise, little is known about the role of 

liver cells in the metabolism of bacterial MAIT cell antigens (Ags). Approach & Results: In our 

immunofluorescence analysis of human liver tissue, MAIT cells localized dispersedly in the 

liver parenchyma in the proximity of different liver cells. Human primary hepatocytes, hepatic 

myofibroblasts/stellate cells, liver endothelial cells and biliary epithelial cells were able to 

present Ags to blood- and liver-derived MAIT cells, with hepatocytes being the most efficient. 

Presentation was MR1-dependent and occurred in response to bacterial lysate and pure 

synthetic Ag 5-OP-RU. MAIT cell activation was prevented by non-activating MR1 ligands 6-

formylpterin and acetylsalicylic acid-derivative 5-formyl-salicylic acid. Liver cells exposed to 

the bacterial Ag precursor had the capacity to generate active 5-OP-RU endogenously, as 

determined by mass spectrometry. Conclusions: The ability of different liver cells to act as 

APCs and their potential to generate active MAIT cell Ag provide new insights into the 

understanding of intrahepatic MAIT cell activation. The interaction between hepatic stellate 

cells and MAIT cells, and the production of pro-fibrotic cytokine IL-17 by MAIT cells, support a 

role for these cells in the development of fibrosis. Repression of MAIT cell activation by non-

stimulatory MR1 ligands creates an opportunity to design anti-fibrotic therapies.  
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Mucosal-associated invariant T (MAIT) cells are the most abundant population of innate-like T 

cells in humans; they comprise up to 5% of T cells in peripheral blood and are found in high 

numbers in the liver and mucosal tissues.(1-3) Unlike conventional T cells, which recognize 

Ags presented by major histocompatibility complex (MHC) class I or II molecules, MAIT cells 

are restricted to the highly conserved MHC-class I related molecule MR1.(2) They express a 

semi-invariant T cell receptor (TCR) containing the Vα7.2 variable chain (Vα7.2-Jα33/12/20) 

paired with an oligoclonal TCRβ repertoire.(2, 4) MAIT cells recognize MR1-bound metabolites 

of the riboflavin (vitamin B2) biosynthesis pathway produced by many pathogenic and 

commensal bacteria.(2, 5, 6) The most potent stimulatory MAIT cell Ag is the pyrimidine 5-(2-

oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU). It is formed by non-enzymatic 

condensation of the bacteria-derived precursor 5-amino-6-ribitylaminouracil (5-A-RU) with 

methylglyoxal derived from the glycolysis pathway.(7) Upon specific TCR activation, MAIT cells 

rapidly secrete pro-inflammatory cytokines like interferon gamma (IFN-γ) and tumour necrosis 

factor alpha (TNF-α) and acquire potent killing capacity; they consequently exert important 

immunoregulatory and antimicrobial functions.(8, 9) MAIT cells are further characterized by 

high cell-surface expression levels of C-type lectin CD161, interleukin-18 receptor (IL-18R) 

and IL-12R. Thus they can be activated by respective cytokines in a TCR-independent 

manner.(1, 10-12) These features of MAIT cells generate protective innate immunity before an 

adaptive immune response has formed. 

 

 

MAIT cells constitute up to 40% of T cells residing in human liver,(1, 3, 13, 14) indicating their 

importance in liver physiology and in the pathogenesis of liver diseases. Liver MAIT cells 

secrete large amounts of IFN-γ, TNF-α and, importantly, IL-17. Secretion of the latter follows 

repetitive IL-12 stimulation or occurs in response to IL-7, a cytokine produced by hepatocytes 

under inflammatory conditions.(13-17) IL-17 acts as a fibrogenic cytokine that activates hepatic 
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stellate cells (HSCs) and induces a pro-fibrotic state.(18) The aforementioned cytokine 

expression profile suggests a detrimental role of MAIT cells in liver inflammation and 

fibrogenesis. This notion is supported by a recent study with an MR1-/- mouse model in which 

the lack of MAIT cells protected against liver fibrosis, and by reports that MAIT cells from 

patients with liver cirrhosis show alterations consistent with pro-fibrotic activity.(16, 17) 

 

 

Apart from the locally produced endogenous cytokines, the liver also receives cytokines and 

bacterial products originating from the gut and the systemic circulation via the portal vein and 

the liver artery. In addition, bacterial products may enter the liver via the biliary tree. Their 

responsiveness to bacterial products places MAIT cells at a central position in the 

immunological gut-liver axis, a notion supported by the finding that biliary epithelial cells 

(BECs) present Escherichia coli-derived Ag to MAIT cells.(14) Furthermore, in a study in mice 

colonized by E. coli, a compound with a molecular mass corresponding to the MAIT cell Ag 

precursor 5-A-RU was detected in the circulation, suggesting that 5-A-RU is able to cross the 

intestinal barrier.(19) This is also supported by a recent mouse study showing that MAIT cell 

Ag passes from mucosal surfaces to the thymus, where it induces development of MAIT 

cells.(20) These studies suggest that Ag exposure of MAIT cells may occur in the sinusoidal 

environment, including the subendothelial space of Dissé, where HSCs acting as main drivers 

of liver fibrogenesis are located.(18) It has been proposed that various hepatic parenchymal 

and non-parenchymal cell types act as liver-resident APCs, mainly for MHC class I/II and 

CD1d-dependent Ag-presentation.(14, 21) However, it has not yet been investigated whether 

cells from the sinusoidal environment, including hepatocytes, HSCs and liver sinusoidal 

endothelial cells (LSECs), i.e. cells that are in direct contact with the blood entering via the 

portal vein, can present metabolite Ags to MAIT cells.  
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In this present study, we show the localization of MAIT cells within the human liver and 

characterize cellular interactions of human liver-derived primary cells with MAIT cells. We 

demonstrate important differences in the capacity of liver-derived APCs to present stimulatory 

Ag to MAIT cells, with hepatocytes being the most efficient. Further, we characterize the 

capacity of human liver cells to generate active MAIT cell Ag from exogenously provided 

bacterial precursor. We demonstrate that MAIT cell activation by liver APCs can be blocked 

by non-stimulatory ligands binding to MR1. This creates a therapeutic opportunity to interfere 

with the pro-fibrogenic activity of MAIT cells. 

 

  



104 

 

Materials and Methods  
 
Resources used are listed in Supplementary Table 1 (reagents), Table 2 (cell lines) and Table 

3 (antibodies). Further details of resources and methods not described in the main text are in 

the Supplementary data file.  

 
Preparation of primary cells from human samples  

Primary liver cells were prepared from liver samples from patients undergoing liver resection 

at the University Hospitals in Basel and Bern. Written informed consent was obtained from 

each patient included in the study. The study protocol conforms to the ethical guidelines of the 

1975 Declaration of Helsinki, and was approved by the local ethics committee 

(Ethikkommission Nordwestschweiz; EKNZ; permit number EKNZ BASEC 2016-01188). 

Human hepatocytes were isolated from fresh liver tissue according to a published protocol.(22) 

For the isolation of HSCs, LSECs and BECs, and the maintenance and characterisation of all 

primary cell types by microscopy and/or flow cytometry, see the Supplementary data file. 

 

Immunofluorescence staining of human liver sections  

Cryopreserved human liver biopsy samples from the biobank at the Department of Biomedicine 

(Basel, Switzerland, ethics approval EKNZ BASEC 2016-01188) were used in this study. For 

patient details and staining procedures, see Supplementary Table 4 and the Supplementary 

data file. 

 

Cell lines and MAIT cell clones  

For details, see the Supplementary data file. All cell lines and MAIT cell clones used were 

routinely tested for mycoplasma contamination. 

 

Generation of liver-derived MAIT cell lines 

Non-parenchymal cells (NPCs) obtained from normal liver tissue samples of two patients 

undergoing surgery for colorectal cancer metastasis were used to generate two liver-derived 
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MAIT cell lines, designated MAIT-BEL-10 and MAIT-BSL-19. The NPC fraction was obtained 

after perfusion of the liver wedge with “collagenase buffer” (684 mM NaCl, 13 mM KCl, 3 mM 

Na2PO4 2H2O, 125 mM HEPES, 25 mM CaCl2; pH 7.4; containing 200 IU/ml collagenase type 

IV), and low speed centrifugation to deplete hepatocytes (see details in the Supplementary 

data file). Liver-associated mononuclear cells were isolated by density gradient centrifugation 

on Ficoll. MAIT cells were then FACS-sorted based on expression of CD3 and staining by MR1 

Tetramer and expanded by stimulation with phytohemagglutinin (PHA) and human IL-2 (100 

IU/ml) in the presence of irradiated peripheral blood mononuclear cells (PBMCs) (40 Gray) as 

feeder cells. T cells were maintained in RPMI 1640 medium supplemented with 5% AB+ human 

serum, IL-2 (100 IU/ml), Penicillin/Streptomycin (100 IU/ml; P/S), L-glutamine, pyruvate and 

non-essential amino acids (NEAA). 

 
MAIT cell enrichment strategy 

To enrich for MAIT cells, CD8+ cells were isolated by positive selection using the Miltenyi 

positive selection kit (purity ≥85%), or a negative selection panel composed of Abs against 

CD45RA, CD62L, CD19, CD14, CD36 and TCRγδ was used. This allowed for depletion of 

naïve T cells, B cells, monocytes, dendritic cells, platelets and γδ T cells.  

 

Preparation of bacterial products and synthetic MAIT cell Ag  

The preparation of fixed bacteria or bacterial lysate and of synthetic Ag 5-OP-RU is described 

in the Supplementary data file. 

 

Ag presentation assays 

Details of Ag presentation assays are described in the Supplementary data file. To perform 

blocking experiments, cells were incubated with Ag and the corresponding blocking Abs (10 

ng/ml anti-MR1, 5 µg/ml anti-IL-12 or 4 µg/ml anti-IL-18) were added after 1 h, followed by a 

1-h incubation step before the addition of MAIT cells. To test the blocking potential of non-
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activating MR1 ligands, 6-formylpterin (6-FP; 50 µM), acetyl-6-FP (5 µM) or 20 - 100 µM 5-

formyl-salicylic acid (5-F-SA) was added 1 h before the addition of 5-OP-RU.  

 
Statistical analysis 

Unless indicated otherwise, all graphs presented in the figures represent data from three or 

more independent experiments. Exact numbers of repetitions are indicated in the figure 

legends. Unless indicated otherwise, values plotted in the graphs are means ± SD. All 

statistical analyses were performed in GraphPad Prism7. Analysis of statistical significance 

was conducted with the tests specified in the figure legends. 
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Results 
 

MAIT cells are dispersed within the parenchyma in healthy human liver  

We investigated whether MAIT cells are present in the sinusoidal environment of the liver, 

where they might be activated by contact with parenchymal and non-parenchymal cells that 

potentially function as liver APCs capable of presenting gut-derived bacterial Ags. We 

analysed, by immunofluorescence (IF) staining, human liver samples from 8 donors, lacking 

significant hepatic histopathological abnormalities (see Supplementary Table 4). MAIT cells 

were identified as cells positive for CD3, TCR Vα7.2 and IL-18Rα, a robust combination of 

markers as IL-18Rα parallels high CD161 expression on MAIT cells.(9) MAIT cells localized 

dispersedly to the parenchymal space in the liver (Fig. 1A and Supplementary Fig. 1A-B). They 

were found in or in the immediate proximity of the sinusoids, occasionally also within the portal 

fields. There was no zonal distribution that would confine MAIT cells to either of the three zones 

of the hepatic lobule. Our analysis, indicating that MAIT cells represent 8-33% of total liver T 

cells (Fig. 1B), confirmed that MAIT cells are highly abundant in human liver, considerably 

exceeding the frequency of Vα7.2-positive conventional T cells. Their proximity to parenchymal 

and non-parenchymal cells within the sinusoidal environment is likely to facilitate interaction of 

MAIT cells with liver cells taking up bloodborne liver-directed Ags.    

 
Liver cell lines demonstrate a limited capacity to activate MAIT cells 

Given the observation that MAIT cells reside dispersedly within the liver, both in the sinusoidal 

environment and occasionally within the portal fields, we next investigated their ability to 

interact in vitro with different liver parenchymal and non-parenchymal cell lines. We tested 

hepatoma cell lines HepG2 and Huh7, HSC lines TWNT-4 and LX-2, LSEC cell line TMNK-1 

and BEC line H69. Using HepG2 and Huh7 cells, we stimulated MAIT cells 

(CD8+CD161++Vα7.2+; Supplementary Fig. 2A) with riboflavin-synthesizing E. coli. We 

observed no IFN-γ or activation marker CD69 expression in MAIT cells co-cultured with either 

HepG2 or Huh7 cells exposed to a low concentration of E. coli (corresponding to 1.5e7 
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CFU/ml). In contrast, robust expression of both markers was found in response to the 

conventional APC cell line THP-1 used as control (Fig. 2A). Stimulation of MAIT cells by HepG2 

or Huh7 cells exposed to higher CFUs of E. coli resulted in increased expression of CD69 but 

no marked IFN-γ or TNF-α production (Fig. 2B and Supplementary Fig. 2B).  

 

 

Weak MAIT cell activation by HSC line TWNT-4 in response to E. coli was similar to that seen 

with the hepatoma cell lines (Fig. 2C-D). HSC line LX-2 also did not induce MAIT cell activation 

in response to E. coli lysate, as evidenced by the lack of IFN-γ secretion by MAIT cells 

(Supplementary Fig. 2D). In contrast to the hepatoma and HSC lines, LSEC cell line TMNK-1 

activated MAIT cells in response to E. coli, though induction of IFN-γ and TNF-α was lower 

than that seen with THP-1 cells (Fig. 2C-D and Supplementary Fig. 2C). MAIT cell activation 

by LSEC cell line TMNK-1 was both MR1- and cytokine-dependent (Fig. 2E). Finally, when 

incubating BEC H69 cells with serial dilutions of E. coli lysate (Supplementary Fig. 2D), we 

found that these cells present Ag in an MR1-restricted manner. All liver-derived cell lines, 

except LX-2, responded to some extent to pure stimulatory Ag 5-OP-RU (Figs 2A, 2C and 

Supplementary Fig. 2E). Taken together, the results demonstrate that different types of liver-

derived cell lines differ in their ability, in general limited, to activate MAIT cells via an MR1-

restricted pathway.  

 
Robust MAIT cell activation by primary human liver cell subsets 

Given the Ag presentation differences seen in cell line experiments, we next investigated the 

stimulatory potential of primary cells isolated from human liver tissue. We isolated hepatocytes, 

BECs, hepatic myofibroblasts/HSCs and LSECs from surgically removed liver specimens and 

verified the identities of the cell populations by FLOW CYTOMETRY and/or microscopy 

(Supplementary Fig. 3A-C). All of these cell types represent potential non-professional APCs 

unique to the liver environment. Importantly, we observed MR1 expression in primary human 
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hepatocytes, which at approximately 60% constitute the main liver cell population, but also in 

BECs, LSECs and HSCs (Fig. 3A and Supplementary Fig. 3D).  

 

 

Primary hepatocytes, when incubated with E. coli lysate, activated MAIT cell clone SMC3 in 

an MR1-dependent manner as shown by IFN-γ secretion (Fig. 3B) and upregulation of MAIT 

cell activation markers CD69, CD137 and PD-1 (Fig. 3C). Increased degranulation assessed 

by CD107a surface staining and TCR downregulation provided further evidence for T cell 

activation (Fig. 3C and Supplementary Fig. 4A). K562-MR1 human myeloid leukaemia cells 

stably transfected with a β2M-MR1 construct, and thus overexpressing MR1, were used as 

positive control APCs (Figs 3B and 3F). The results of robust MAIT cell activation by 

hepatocytes acting as APCs were confirmed using pure synthetic Ag 5-OP-RU instead of the 

E. coli lysate (Fig. 3D and Supplementary Fig. 4B).  

 

 

HSCs are the main drivers of fibrogenesis in the liver, efficiently producing proteins involved in 

extracellular matrix formation upon activation.(18) As MAIT cells were recently linked to liver 

fibrosis,(16, 17) we asked whether HSCs are able to directly activate MAIT cells. Using primary 

HSCs as APCs and treating them with either the E. coli lysate or 5-OP-RU, we demonstrated 

MR1-dependent activation of MAIT cells measured by IFN-γ secretion (Fig. 3E-F) and 

expression of activation markers CD69, CD25 and CD137, as well as TCR downregulation 

(Supplementary Fig. 4C). We also tested the ability of blood-derived FACS-sorted MAIT cells 

to induce pro-fibrotic genes in HSCs upon stimulation with Ag and found a fibrogenic response 

(data not shown). This observation is in line with recent published findings.(16, 17) Taken 

together, the results implicate direct interaction between HSCs and MAIT cells as a factor 

contributing to the mechanism of their fibrogenic activity.  
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MR1-expressing primary cell populations of BECs and LSECs were also able to present E. 

coli-derived and synthetic 5-OP-RU Ag to MAIT cells (Figs 3G and 4A). In summary, the data 

presented here demonstrate that cells from the sinusoidal environment in the liver, as well as 

BECs, have a capacity to present bacteria-derived and pure Ag to MAIT cells. 

 

Hepatocytes are the most efficient non-professional Ag-presenting cells to MAIT cells 

in the liver 

We found marked differences in presentation capacity between the investigated cell types, 

with hepatocytes being the most efficient liver-derived APCs (Fig. 4A-B and Supplementary 

Fig. 5A-B), as assessed by the pure Ag or bacterial lysate concentration needed to reach an 

EC50 of IFN-γ production by MAIT cell clone SMC3. The killing capacity of the SMC3 clone 

differed depending on the APC used for stimulation (Supplementary Fig. 6A). Differences in 

the liver APC-induced activation of MAIT cells in the presence of Ag persisted when either IL-

12 or IL-18 was blocked (Fig. 4C-D and Supplementary Fig. 5C-D). Inclusion of exogenous IL-

12 or IL-18 increased MAIT cell activation, a known effect synergistic with TCR-dependent 

stimulation.(10, 23) The effect decreased upon addition of blocking antibodies against the 

respective cytokines, thus confirming the blocking effectiveness (Supplementary Fig. 5E-F and 

data not shown). Taken together, our results demonstrate robust MR1-dependent Ag 

presentation capabilities of intrahepatic cell types, most prominently hepatocytes, leading to 

the activation of MAIT cells.  

 
Primary liver cells generate active MAIT cell Ag when provided with its precursor  

In view of the strong intrahepatic interactions involving MAIT cells, we investigated whether 

liver APCs can generate active MAIT cell-stimulatory Ag endogenously. It has been reported 

that the Ag precursor 5-A-RU is not able to bind to MR1 and activate MAIT cells.(7) However, 

we found that exposure of liver APCs (hepatocytes, BECs, LSECs) to 5-A-RU for 2 or 5 h Ied 

to MAIT cell activation (Fig. 5A-B), suggesting that the activatory 5-OP-RU is formed by the 
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liver APCs. Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis of cell 

culture supernatants following exposure of different liver-derived primary APCs to 5-A-RU 

corroborated these findings. To standardize the system, we incubated THP-1 cells with 5-A-

RU (Supplementary Fig. 7). We detected time-dependent accumulation of 5-OP-RU (and 

decay at later time points) by selected reaction monitoring (Supplementary Fig. 7). Importantly, 

MS analysis indicated that all tested primary liver cell types generated 5-OP-RU in a dose-

dependent manner when provided with the precursor 5-A-RU (Fig. 5C). Collectively, these 

results demonstrate that primary liver cell subtypes can form active MAIT cell Ag when 

provided with the precursor 5-A-RU. This indicates that the process of activation of liver MAIT 

cells, encompassing both production of specific Ag molecules and their presentation by nearby 

liver APCs, can occur in a local liver environment.  

 

 

5-A-RU conversion to active Ag in vivo in liver depends upon 5-A-RU crossing the intestinal 

barrier. Indeed, a compound with a molecular mass corresponding to the MAIT cell Ag 

precursor 5-A-RU was detected in the circulation and liver of mice.(19) To assess the 

probability of 5-A-RU crossing an intact intestinal barrier, we performed in silico modelling by 

applying a published method that uses a combination of physico-chemical parameters.(24, 25) 

Applying this method to the Ag 5-OP-RU and its precursor 5-A-RU, we found that of these two 

chemically very similar compounds the precursor has a higher probability of intestinal 

absorption than the active 5-OP-RU product (Supplementary Fig. 8). 

 

The degree of activation of polyclonal blood- and liver-derived MAIT cells varies with 

the APC  

To investigate whether the findings for the MAIT cell clone SMC3 apply to primary polyclonal 

MAIT cell populations, we isolated and tested MAIT cells from human peripheral blood and 

liver tissue. Starting with PBMCs, which contain 2-5% MAIT cells, negative magnetic bead 

selection using Abs against CD45RA, CD62L, CD19, CD14, CD36 and TCRγδ, depleted naïve 



112 

 

T cells, B cells, monocytes, dendritic cells, platelets and γδ T cells, resulting in four- to 

sevenfold enrichment for MAIT cells (data not shown). Activation of the enriched polyclonal 

MAIT cells was assessed upon exposure to Ag-loaded primary liver cells. TCR expression was 

downregulated in response to distinct liver-derived APCs exposed to 5 nM 5-OP-RU, with 

hepatocytes again being the most potent APCs (Fig. 6).  

 

 

To assess activation of polyclonal liver-derived MAIT cells, we generated two liver MAIT cell 

lines (MAIT-BEL-10 and MAIT-BSL-19) from two patient donors. Both cell lines produced IFN-

γ and IL-17 and showed upregulation of several activation markers, including CD107a and 

CD137, in response to different human liver-derived APCs exposed to synthetic 5-OP-RU, 

including hepatocytes, BECs and HSCs (Figs 6B-C and 6E, and data not shown). Presentation 

capacity differed between the liver APCs, as assessed by IFN-γ secretion and upregulation of 

activation markers by the MAIT-BEL-10 and MAIT-BSL-19 cells (Figs 6B and 6E). To mimic 

an inflammatory context in which increased amounts of bacterial products and inflammatory 

cytokines reach the liver, the synthetic Ag in some experiments was spiked into E. coli lysate 

(Fig. 6D and Supplementary Fig. 6B and Supplementary Videos). In this state, hepatocytes 

remained as efficient APCs (Fig. 6D) and this was paralleled by cytotoxicity elicited by liver-

derived MAIT cell line MAIT-BSL-19 (Fig. 6B and Supplementary Videos). Thus, as a proof of 

concept, we demonstrated that hepatocytes can be killed in vitro following Ag-mediated 

activation of liver-derived MAIT cells. Taken together, our experiments demonstrate that 

human polyclonal MAIT cells derived from peripheral blood and liver respond to Ag 

presentation by different liver cells, most prominently hepatocytes. 

 

Inhibition of liver APC-mediated MAIT cell activation by small molecules 

To approach the prevention of MAIT cell activation in the liver, we explored the blocking of 

MR1 occupancy with non-activating MR1 ligands. 6-formylpterin (6-FP), derived from the folate 

degradation pathway, and acetyl-6-FP are known to bind MR1 but do not activate MAIT 
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cells.(5, 26) We found that MAIT cell activation by Ag-exposed primary liver cells (hepatocytes, 

BECs and HSCs) can be prevented in a dose dependent manner by pre-treating the liver cells 

with 6-FP or acetyl-6-FP (Fig. 7A-B). Other molecules, e.g. the acetylsalicylic acid derivative 

5-formyl-salicylic acid (5-F-SA), were found previously to stabilize MR1 on the cell surface; 

however, they did not stimulate Jurkat T cells overexpressing the MAIT TCR.(26) MAIT cell 

activation by liver APCs was prevented by 5-F-SA (Fig. 7B). This indicates that liver APC-

induced MAIT cell activation can be inhibited by small molecular-weight compounds that 

specifically interfere with MR1 activity on the surface of APCs.  
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Discussion 
 

Here we present results of a comprehensive analysis of the activation of intrahepatic MAIT 

cells by liver cells, in a process mediated by MR1-bound bacterial Ags. We also examined the 

role of liver cells in the metabolism of bacterial Ags activating MAIT cells. We found that many 

primary liver cell types, most prominently hepatocytes, can present Ag to MAIT cells and that 

liver cells can generate active MAIT cell Ag when provided with its natural precursor molecule. 

We also observed that non-stimulatory MR1 ligands can prevent MAIT cell activation by liver-

derived APCs. Our findings are important for a better understanding of the role of MAIT cells 

in liver physiology and in the pathogenesis of fibrosis. They are also relevant for the 

development of strategies to prevent the profibrogenic activity of MAIT cells in human liver. 

 

 

We found that purified primary human cells present in the liver environment, namely 

hepatocytes, BECs, LSECs and HSCs, can specifically activate MAIT cells in an MR1-

dependent manner, albeit to different degrees (Figs 3 and 4). To date, only BECs within the 

liver environment have been shown to present Ag to MAIT cells.(14) Other hepatic cell types 

including hepatocytes, LSECs and HSCs were also reported to serve as liver-resident APCs 

but through non-MR1-mediated Ag presentation.(21) Hepatocytes were the strongest inducers 

of MAIT cell activation, requiring very low (picomolar) concentrations of the activating MAIT 

cell Ag, 5-OP-RU. The effect was MRI dependent and mildly potentiated by cytokines (Fig. 4 

and Supplementary Fig. 5). Importantly, our results demonstrate for the first time MR1-

dependent MAIT cell activation by HSCs (Fig. 3E-F and Supplementary Fig. 4C), providing 

functional significance to the previous finding of MR1 expression on HSCs.(16) In line with 

their ability to produce fibrogenic and proinflammatory cytokines, MAIT cells were shown 

recently to promote profibrogenic HSC activation.(16, 17) Furthermore, a study performed in 

MR1-/- mice demonstrated that lack of MAIT cells is protective in mouse models of liver 

fibrosis.(16) In these studies, MAIT cells induced proliferation and collagen secretion by 
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hepatic myofibroblasts, and directed macrophages towards a pro-inflammatory phenotype in 

vitro. Our results suggest that the interaction between HSCs and MAIT cells reciprocally 

potentiates pro-fibrotic properties of both cell types. 

 

 

We also demonstrate MR1 expression as well as MAIT cell activation by LSECs (Fig. 3A and 

3G), which are in the immediate proximity of Ag-rich blood flowing through the sinusoids. The 

fenestrations in the layer of LSECs allow Ags also to reach hepatocytes, making our findings 

of efficient MR1-mediated Ag presentation by hepatocytes of potential physiological 

importance. We cannot exclude that cells contaminating our primary liver cell preparations 

contribute to the observed differences in APC activity. However, the procedures used for 

primary cell isolation and purification of the cells, with assessment by microscopy and IF 

staining, argue against this possibility. The protocol we used for isolation of LSECs yields not 

only endothelial cells of sinusoidal origin but also endothelial cells originating from the liver 

vasculature, the latter possibly contributing to Ag presentation by LSECs to MAIT cells. 

Notably, we showed that the LSEC-derived TMNK-1 cells and BEC H69 cells grown in culture 

were able to present Ag in an MR1-restricted manner to MAIT cells (Fig. 2 and Supplementary 

Fig. 2). Generally, the established cell lines, particularly hepatoma and stellate cell lines, were 

found to be less efficient in Ag presentation assays than primary cells.  

 

 

Studies on MAIT cell localization in normal human liver yielded divergent results.(14, 16, 17) 

The findings ranged from MAIT cells being either found exclusively in the sinusoidal space, 

(16) to their predominant localisation within portal tracts.(14) Our results obtained by staining 

sections originating from livers lacking apparent histopathological abnormalities, using three 

different markers, indicate that MAIT cells are in a minority in the portal fields, with most of 

them localized dispersedly in the sinusoidal environment (Fig. 1 and Supplementary Fig. 1). 
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Thus, MAIT cells are in close contact with hepatocytes, LSECs (lining the surface of the 

sinusoids) and HSCs (residing in the space of Dissé between the hepatocytes and the LSECs), 

and also with BECs (forming the bile ducts within the portal fields). Our results argue for an 

extensive interaction potential of MAIT cells with abundant liver cell types, both in the 

sinusoidal and the portal environment, a property likely to have implications for both liver 

physiology and the pathogenesis of liver diseases.  

 

 

We present evidence that all the primary liver cell types investigated generate active Ag 5-OP-

RU in a dose-dependent manner when provided with the inactive precursor 5-A-RU (Fig. 5). 

As a signal corresponding to 5-A-RU was detected in the blood of “healthy” mice, i.e. not 

suffering from colitis or another condition disrupting integrity of the gut epithelium and/or 

endothelium,(19) it is likely that bacterial metabolites produced in the gut regularly reach the 

liver. Our analysis of chemical properties of the metabolite 5-A-RU further supports its diffusion 

through the gut epithelium (Supplementary Fig. 8). Moreover, very recent work has 

demonstrated that Ag sufficient for thymic selection of MAIT cells is derived from bacteria and 

therefore passes the gut epithelial and endothelial barriers.(20) The liver uptake of the 5-A-RU 

precursor and its in situ conversion to the active 5-OP-RU in the liver environment may be 

physiologically relevant, since stability of 5-OP-RU when not protected by binding to MR1 is 

very limited at body temperature.(7) 5-OP-RU is converted rapidly to 7-hydroxy-6-methyl-8-

ribityl lumazine (RL-6-Me-7-OH) and 7-methyl-8-D-ribityllumazine (Supplementary Fig. 7A), 

and indeed a compound with a mass corresponding to RL-6-Me-7-OH was detected in the 

dataset obtained for the mouse blood and liver.(19) It remains to be determined whether 5-A-

RU conversion to active 5-OP-RU occurs within liver cells or whether 5-OP-RU is generated 

by methylglyoxal released by the cells and then loaded onto MR1 present on the cell 

surface.(27) 
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The findings that bacterial metabolites produced in the gut reach the circulation and the liver, 

where they may be converted to active Ag, suggest that MAIT cells present in the parenchyma 

are in a continuous low activation state. This is supported by high expression of activation and 

exhaustion markers CD38, CD39, PD-1, and TIM3 on liver MAIT cells.(13, 16, 17) Thus low 

level MAIT cell activation and upregulation of tissue residency markers such as CD69 may 

contribute to maintaining a constant pool of MAIT cells in the liver. The proliferative capacity 

of MAIT cells is lower than of conventional T cells,(1, 28) which is also reflected by our finding 

of a dispersed rather than clustered localization of MAIT in healthy liver (Fig. 1 and 

Supplementary Fig. 1). The high frequency and dispersed distribution of MAIT cells in an 

alerted, “ready to act” state in liver tissue might protect the liver from incoming pathogens or 

increased amounts of microbial products. Antibacterial and immunomodulatory activity of MAIT 

cells has been clearly demonstrated by various studies of bacterial and viral infections.(9, 11, 

29)  

 

 

A constant low activation of MAIT cells and their close contact with hepatocytes could also 

have implications for tissue homeostasis in the liver. Recent studies performed with MAIT cells 

isolated from gut, lung or blood have shown that activation of MAIT cells via their TCR, as 

opposed to cytokines, is associated with induction of a tissue-repair gene expression 

program.(30-32) Consistently, MAIT cells were found to promote tissue repair either in vitro 

(30) or in vivo in a mouse model of skin injury.(33)  

 

 

In contrast to “homeostatic” stimulation via TCR ligands, full (and potentially deleterious) 

activation of MAIT cells requires additional cytokine-mediated signaling.(30, 31) Such a 

condition is likely to occur when higher amounts of microbial products enter the liver via the 
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portal vein in the context of a disrupted gut epithelial and/or endothelial barrier. Human and 

mouse studies show that liver disease is coupled to alterations in the gut mucosa and gut 

dysbiosis.(34-36) In response to increased stimulatory signals derived from the gut, activated 

MAIT cells might enhance liver inflammation and contribute to immune-mediated liver 

pathologies, including liver fibrogenesis. Indeed, liver-derived MAIT cells produce large 

amounts of pro-inflammatory cytokines and the pro-fibrogenic cytokine IL-17 when stimulated 

by liver-residing APCs (Fig. 6B-D). This could be an important factor that initiates and/or 

perpetuates development of fibrosis. It was shown that secretion of IL-17 by MAIT cells 

increases in response to IL-7 produced by hepatocytes under inflammatory conditions.(13, 15) 

Our finding that hepatocytes act as strong APCs suggests that, under inflammatory conditions 

in a pathophysiological context, hepatocytes could activate MAIT cells and skew them towards 

an IL-17 phenotype. It is also possible, that under conditions of liver inflammation the reported 

tissue repair activity of MAIT cells may be mis-regulated and contribute to the development of 

fibrosis.  

 

 

An additional consequence of MAIT cell activation may be the development of a potential to 

kill liver APCs, including hepatocytes. Indeed, our results suggest that direct killing of 

hepatocytes by activated MAIT cells may be an additional factor contributing to the 

pathogenesis of liver diseases (Supplementary Fig. 6 and Supplementary Videos). 

 

 

With these considerations in mind, we explored possibilities for blocking MR1 with non-

activating ligands and so preventing excessive MAIT cell activation in the liver in response to 

Ag presentation by abundant liver-derived APCs. We found that MAIT cell activation by Ag-

exposed primary liver cells can be alleviated by pre-treating them with 6-FP or acetyl-6-FP, as 

well as the acetylsalicylic acid derivative 5-F-SA (Fig. 7). Of note, acetyl-6-FP and 3-F-SA (a 
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compound with a similar characteristic to 5-F-SA), were previously shown to have an inhibitory 

effect on MAIT cells in a mouse model mimicking lung infection.(26) Our findings corroborate 

the prospect of using inactive MR1 ligands as therapeutic agents to prevent involvement of 

MAIT cells in the fibrogenic process. The effectiveness of hepatocytes and other liver cells in 

presenting Ag to MAIT cells makes this approach of particular importance, both for anti-fibrotic 

treatment and for fibrosis prevention in patients at risk. Detailed mechanistic insights into 

hepatic MAIT cell activation are crucial because of their pro-fibrogenic properties. Our study 

reveals novel mechanisms of immune interactions in human liver and uncovers possible novel 

targets for immunotherapy. 
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Abstract  
 

Background & Aims: Mucosal-associated invariant T (MAIT) cells are the most abundant T cell 

type in human liver. They respond to bacterial metabolites presented by MHC-like molecule 

MR1 on Ag-presenting cells (APCs). Activated liver MAIT cells are described as fibrogenic and 

MAIT cells from patients with liver cirrhosis show functional alterations consistent with pro-

fibrotic activity. However, it remains unclear which liver cells are involved in MAIT cell activation 

and how their fibrogenic activity can be prevented. Likewise, little is known about the role of 

liver cells in the metabolism of bacterial MAIT cell antigens (Ags). Approach & Results: In our 

immunofluorescence analysis of human liver tissue, MAIT cells localized dispersedly in the 

liver parenchyma in the proximity of different liver cells. Human primary hepatocytes, hepatic 

myofibroblasts/stellate cells, liver endothelial cells and biliary epithelial cells were able to 

present Ags to blood- and liver-derived MAIT cells, with hepatocytes being the most efficient. 

Presentation was MR1-dependent and occurred in response to bacterial lysate and pure 

synthetic Ag 5-OP-RU. MAIT cell activation was prevented by non-activating MR1 ligands 6-

formylpterin and acetylsalicylic acid-derivative 5-formyl-salicylic acid. Liver cells exposed to 

the bacterial Ag precursor had the capacity to generate active 5-OP-RU endogenously, as 

determined by mass spectrometry. Conclusions: The ability of different liver cells to act as 

APCs and their potential to generate active MAIT cell Ag provide new insights into the 

understanding of intrahepatic MAIT cell activation. The interaction between hepatic stellate 

cells and MAIT cells, and the production of pro-fibrotic cytokine IL-17 by MAIT cells, support a 

role for these cells in the development of fibrosis. Repression of MAIT cell activation by non-

stimulatory MR1 ligands creates an opportunity to design anti-fibrotic therapies.  
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Introduction 
 

Mucosal-associated invariant T (MAIT) cells are the most abundant population of innate-like T 

cells in humans; they comprise up to 5% of T cells in peripheral blood and are found in high 

numbers in the liver and mucosal tissues.(1-3) Unlike conventional T cells, which recognize 

Ags presented by major histocompatibility complex (MHC) class I or II molecules, MAIT cells 

are restricted to the highly conserved MHC-class I related molecule MR1.(2) They express a 

semi-invariant T cell receptor (TCR) containing the Vα7.2 variable chain (Vα7.2-Jα33/12/20) 

paired with an oligoclonal TCRβ repertoire.(2, 4) MAIT cells recognize MR1-bound metabolites 

of the riboflavin (vitamin B2) biosynthesis pathway produced by many pathogenic and 

commensal bacteria.(2, 5, 6) The most potent stimulatory MAIT cell Ag is the pyrimidine 5-(2-

oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU). It is formed by non-enzymatic 

condensation of the bacteria-derived precursor 5-amino-6-ribitylaminouracil (5-A-RU) with 

methylglyoxal derived from the glycolysis pathway.(7) Upon specific TCR activation, MAIT cells 

rapidly secrete pro-inflammatory cytokines like interferon gamma (IFN-γ) and tumour necrosis 

factor alpha (TNF-α) and acquire potent killing capacity; they consequently exert important 

immunoregulatory and antimicrobial functions.(8, 9) MAIT cells are further characterized by 

high cell-surface expression levels of C-type lectin CD161, interleukin-18 receptor (IL-18R) 

and IL-12R. Thus they can be activated by respective cytokines in a TCR-independent 

manner.(1, 10-12) These features of MAIT cells generate protective innate immunity before an 

adaptive immune response has formed. 
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MAIT cells constitute up to 40% of T cells residing in human liver,(1, 3, 13, 14) indicating their 

importance in liver physiology and in the pathogenesis of liver diseases. Liver MAIT cells 

secrete large amounts of IFN-γ, TNF-α and, importantly, IL-17. Secretion of the latter follows 

repetitive IL-12 stimulation or occurs in response to IL-7, a cytokine produced by hepatocytes 

under inflammatory conditions.(13-17) IL-17 acts as a fibrogenic cytokine that activates hepatic 

stellate cells (HSCs) and induces a pro-fibrotic state.(18) The aforementioned cytokine 

expression profile suggests a detrimental role of MAIT cells in liver inflammation and 

fibrogenesis. This notion is supported by a recent study with an MR1-/- mouse model in which 

the lack of MAIT cells protected against liver fibrosis, and by reports that MAIT cells from 

patients with liver cirrhosis show alterations consistent with pro-fibrotic activity.(16, 17) 

 

 

Apart from the locally produced endogenous cytokines, the liver also receives cytokines and 

bacterial products originating from the gut and the systemic circulation via the portal vein and 

the liver artery. In addition, bacterial products may enter the liver via the biliary tree. Their 

responsiveness to bacterial products places MAIT cells at a central position in the 

immunological gut-liver axis, a notion supported by the finding that biliary epithelial cells 

(BECs) present Escherichia coli-derived Ag to MAIT cells.(14) Furthermore, in a study in mice 

colonized by E. coli, a compound with a molecular mass corresponding to the MAIT cell Ag 

precursor 5-A-RU was detected in the circulation, suggesting that 5-A-RU is able to cross the 

intestinal barrier.(19) This is also supported by a recent mouse study showing that MAIT cell 

Ag passes from mucosal surfaces to the thymus, where it induces development of MAIT 

cells.(20) These studies suggest that Ag exposure of MAIT cells may occur in the sinusoidal 

environment, including the subendothelial space of Dissé, where HSCs acting as main drivers 

of liver fibrogenesis are located.(18) It has been proposed that various hepatic parenchymal 

and non-parenchymal cell types act as liver-resident APCs, mainly for MHC class I/II and 

CD1d-dependent Ag-presentation.(14, 21) However, it has not yet been investigated whether 
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cells from the sinusoidal environment, including hepatocytes, HSCs and liver sinusoidal 

endothelial cells (LSECs), i.e. cells that are in direct contact with the blood entering via the 

portal vein, can present metabolite Ags to MAIT cells.  

 

 

In this present study, we show the localization of MAIT cells within the human liver and 

characterize cellular interactions of human liver-derived primary cells with MAIT cells. We 

demonstrate important differences in the capacity of liver-derived APCs to present stimulatory 

Ag to MAIT cells, with hepatocytes being the most efficient. Further, we characterize the 

capacity of human liver cells to generate active MAIT cell Ag from exogenously provided 

bacterial precursor. We demonstrate that MAIT cell activation by liver APCs can be blocked 

by non-stimulatory ligands binding to MR1. This creates a therapeutic opportunity to interfere 

with the pro-fibrogenic activity of MAIT cells. 
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Materials and Methods  
 
Resources used are listed in Supplementary Table 1 (reagents), Table 2 (cell lines) and Table 

3 (antibodies). Further details of resources and methods not described in the main text are in 

the Supplementary data file.  

 
Preparation of primary cells from human samples  

Primary liver cells were prepared from liver samples from patients undergoing liver resection 

at the University Hospitals in Basel and Bern. Written informed consent was obtained from 

each patient included in the study. The study protocol conforms to the ethical guidelines of the 

1975 Declaration of Helsinki, and was approved by the local ethics committee 

(Ethikkommission Nordwestschweiz; EKNZ; permit number EKNZ BASEC 2016-01188). 

Human hepatocytes were isolated from fresh liver tissue according to a published protocol.(22) 

For the isolation of HSCs, LSECs and BECs, and the maintenance and characterisation of all 

primary cell types by microscopy and/or flow cytometry, see the Supplementary data file. 

 

Immunofluorescence staining of human liver sections  

Cryopreserved human liver biopsy samples from the biobank at the Department of Biomedicine 

(Basel, Switzerland, ethics approval EKNZ BASEC 2016-01188) were used in this study. For 

patient details and staining procedures, see Supplementary Table 4 and the Supplementary 

data file. 

 

Cell lines and MAIT cell clones  

For details, see the Supplementary data file. All cell lines and MAIT cell clones used were 

routinely tested for mycoplasma contamination. 

 

Generation of liver-derived MAIT cell lines 

Non-parenchymal cells (NPCs) obtained from normal liver tissue samples of two patients 

undergoing surgery for colorectal cancer metastasis were used to generate two liver-derived 
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MAIT cell lines, designated MAIT-BEL-10 and MAIT-BSL-19. The NPC fraction was obtained 

after perfusion of the liver wedge with “collagenase buffer” (684 mM NaCl, 13 mM KCl, 3 mM 

Na2PO4 2H2O, 125 mM HEPES, 25 mM CaCl2; pH 7.4; containing 200 IU/ml collagenase type 

IV), and low speed centrifugation to deplete hepatocytes (see details in the Supplementary 

data file). Liver-associated mononuclear cells were isolated by density gradient centrifugation 

on Ficoll. MAIT cells were then FACS-sorted based on expression of CD3 and staining by MR1 

Tetramer and expanded by stimulation with phytohemagglutinin (PHA) and human IL-2 (100 

IU/ml) in the presence of irradiated peripheral blood mononuclear cells (PBMCs) (40 Gray) as 

feeder cells. T cells were maintained in RPMI 1640 medium supplemented with 5% AB+ human 

serum, IL-2 (100 IU/ml), Penicillin/Streptomycin (100 IU/ml; P/S), L-glutamine, pyruvate and 

non-essential amino acids (NEAA). 

 
MAIT cell enrichment strategy 

To enrich for MAIT cells, CD8+ cells were isolated by positive selection using the Miltenyi 

positive selection kit (purity ≥85%), or a negative selection panel composed of Abs against 

CD45RA, CD62L, CD19, CD14, CD36 and TCRγδ was used. This allowed for depletion of 

naïve T cells, B cells, monocytes, dendritic cells, platelets and γδ T cells.  

 

Preparation of bacterial products and synthetic MAIT cell Ag  

The preparation of fixed bacteria or bacterial lysate and of synthetic Ag 5-OP-RU is described 

in the Supplementary data file. 
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Ag presentation assays 

Details of Ag presentation assays are described in the Supplementary data file. To perform 

blocking experiments, cells were incubated with Ag and the corresponding blocking Abs (10 

ng/ml anti-MR1, 5 µg/ml anti-IL-12 or 4 µg/ml anti-IL-18) were added after 1 h, followed by a 

1-h incubation step before the addition of MAIT cells. To test the blocking potential of non-

activating MR1 ligands, 6-formylpterin (6-FP; 50 µM), acetyl-6-FP (5 µM) or 20 - 100 µM 5-

formyl-salicylic acid (5-F-SA) was added 1 h before the addition of 5-OP-RU.  

 
Statistical analysis 

Unless indicated otherwise, all graphs presented in the figures represent data from three or 

more independent experiments. Exact numbers of repetitions are indicated in the figure 

legends. Unless indicated otherwise, values plotted in the graphs are means ± SD. All 

statistical analyses were performed in GraphPad Prism7. Analysis of statistical significance 

was conducted with the tests specified in the figure legends. 
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Results 
 

MAIT cells are dispersed within the parenchyma in healthy human liver  

We investigated whether MAIT cells are present in the sinusoidal environment of the liver, 

where they might be activated by contact with parenchymal and non-parenchymal cells that 

potentially function as liver APCs capable of presenting gut-derived bacterial Ags. We 

analysed, by immunofluorescence (IF) staining, human liver samples from 8 donors, lacking 

significant hepatic histopathological abnormalities (see Supplementary Table 4). MAIT cells 

were identified as cells positive for CD3, TCR Vα7.2 and IL-18Rα, a robust combination of 

markers as IL-18Rα parallels high CD161 expression on MAIT cells.(9) MAIT cells localized 

dispersedly to the parenchymal space in the liver (Fig. 1A and Supplementary Fig. 1A-B). They 

were found in or in the immediate proximity of the sinusoids, occasionally also within the portal 

fields. There was no zonal distribution that would confine MAIT cells to either of the three zones 

of the hepatic lobule. Our analysis, indicating that MAIT cells represent 8-33% of total liver T 

cells (Fig. 1B), confirmed that MAIT cells are highly abundant in human liver, considerably 

exceeding the frequency of Vα7.2-positive conventional T cells. Their proximity to parenchymal 

and non-parenchymal cells within the sinusoidal environment is likely to facilitate interaction of 

MAIT cells with liver cells taking up bloodborne liver-directed Ags.    

 
Liver cell lines demonstrate a limited capacity to activate MAIT cells 

Given the observation that MAIT cells reside dispersedly within the liver, both in the sinusoidal 

environment and occasionally within the portal fields, we next investigated their ability to 

interact in vitro with different liver parenchymal and non-parenchymal cell lines. We tested 

hepatoma cell lines HepG2 and Huh7, HSC lines TWNT-4 and LX-2, LSEC cell line TMNK-1 

and BEC line H69. Using HepG2 and Huh7 cells, we stimulated MAIT cells 

(CD8+CD161++Vα7.2+; Supplementary Fig. 2A) with riboflavin-synthesizing E. coli. We 

observed no IFN-γ or activation marker CD69 expression in MAIT cells co-cultured with either 

HepG2 or Huh7 cells exposed to a low concentration of E. coli (corresponding to 1.5e7 
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CFU/ml). In contrast, robust expression of both markers was found in response to the 

conventional APC cell line THP-1 used as control (Fig. 2A). Stimulation of MAIT cells by HepG2 

or Huh7 cells exposed to higher CFUs of E. coli resulted in increased expression of CD69 but 

no marked IFN-γ or TNF-α production (Fig. 2B and Supplementary Fig. 2B).  

 

 

Weak MAIT cell activation by HSC line TWNT-4 in response to E. coli was similar to that seen 

with the hepatoma cell lines (Fig. 2C-D). HSC line LX-2 also did not induce MAIT cell activation 

in response to E. coli lysate, as evidenced by the lack of IFN-γ secretion by MAIT cells 

(Supplementary Fig. 2D). In contrast to the hepatoma and HSC lines, LSEC cell line TMNK-1 

activated MAIT cells in response to E. coli, though induction of IFN-γ and TNF-α was lower 

than that seen with THP-1 cells (Fig. 2C-D and Supplementary Fig. 2C). MAIT cell activation 

by LSEC cell line TMNK-1 was both MR1- and cytokine-dependent (Fig. 2E). Finally, when 

incubating BEC H69 cells with serial dilutions of E. coli lysate (Supplementary Fig. 2D), we 

found that these cells present Ag in an MR1-restricted manner. All liver-derived cell lines, 

except LX-2, responded to some extent to pure stimulatory Ag 5-OP-RU (Figs 2A, 2C and 

Supplementary Fig. 2E). Taken together, the results demonstrate that different types of liver-

derived cell lines differ in their ability, in general limited, to activate MAIT cells via an MR1-

restricted pathway.  

 
Robust MAIT cell activation by primary human liver cell subsets 

Given the Ag presentation differences seen in cell line experiments, we next investigated the 

stimulatory potential of primary cells isolated from human liver tissue. We isolated hepatocytes, 

BECs, hepatic myofibroblasts/HSCs and LSECs from surgically removed liver specimens and 

verified the identities of the cell populations by FLOW CYTOMETRY and/or microscopy 

(Supplementary Fig. 3A-C). All of these cell types represent potential non-professional APCs 

unique to the liver environment. Importantly, we observed MR1 expression in primary human 
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hepatocytes, which at approximately 60% constitute the main liver cell population, but also in 

BECs, LSECs and HSCs (Fig. 3A and Supplementary Fig. 3D).  

 

 

Primary hepatocytes, when incubated with E. coli lysate, activated MAIT cell clone SMC3 in 

an MR1-dependent manner as shown by IFN-γ secretion (Fig. 3B) and upregulation of MAIT 

cell activation markers CD69, CD137 and PD-1 (Fig. 3C). Increased degranulation assessed 

by CD107a surface staining and TCR downregulation provided further evidence for T cell 

activation (Fig. 3C and Supplementary Fig. 4A). K562-MR1 human myeloid leukaemia cells 

stably transfected with a β2M-MR1 construct, and thus overexpressing MR1, were used as 

positive control APCs (Figs 3B and 3F). The results of robust MAIT cell activation by 

hepatocytes acting as APCs were confirmed using pure synthetic Ag 5-OP-RU instead of the 

E. coli lysate (Fig. 3D and Supplementary Fig. 4B).  

 

 

HSCs are the main drivers of fibrogenesis in the liver, efficiently producing proteins involved in 

extracellular matrix formation upon activation.(18) As MAIT cells were recently linked to liver 

fibrosis,(16, 17) we asked whether HSCs are able to directly activate MAIT cells. Using primary 

HSCs as APCs and treating them with either the E. coli lysate or 5-OP-RU, we demonstrated 

MR1-dependent activation of MAIT cells measured by IFN-γ secretion (Fig. 3E-F) and 

expression of activation markers CD69, CD25 and CD137, as well as TCR downregulation 

(Supplementary Fig. 4C). We also tested the ability of blood-derived FACS-sorted MAIT cells 

to induce pro-fibrotic genes in HSCs upon stimulation with Ag and found a fibrogenic response 

(data not shown). This observation is in line with recent published findings.(16, 17) Taken 

together, the results implicate direct interaction between HSCs and MAIT cells as a factor 

contributing to the mechanism of their fibrogenic activity.  
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MR1-expressing primary cell populations of BECs and LSECs were also able to present E. 

coli-derived and synthetic 5-OP-RU Ag to MAIT cells (Figs 3G and 4A). In summary, the data 

presented here demonstrate that cells from the sinusoidal environment in the liver, as well as 

BECs, have a capacity to present bacteria-derived and pure Ag to MAIT cells. 

 

Hepatocytes are the most efficient non-professional Ag-presenting cells to MAIT cells 

in the liver 

We found marked differences in presentation capacity between the investigated cell types, 

with hepatocytes being the most efficient liver-derived APCs (Fig. 4A-B and Supplementary 

Fig. 5A-B), as assessed by the pure Ag or bacterial lysate concentration needed to reach an 

EC50 of IFN-γ production by MAIT cell clone SMC3. The killing capacity of the SMC3 clone 

differed depending on the APC used for stimulation (Supplementary Fig. 6A). Differences in 

the liver APC-induced activation of MAIT cells in the presence of Ag persisted when either IL-

12 or IL-18 was blocked (Fig. 4C-D and Supplementary Fig. 5C-D). Inclusion of exogenous IL-

12 or IL-18 increased MAIT cell activation, a known effect synergistic with TCR-dependent 

stimulation.(10, 23) The effect decreased upon addition of blocking antibodies against the 

respective cytokines, thus confirming the blocking effectiveness (Supplementary Fig. 5E-F and 

data not shown). Taken together, our results demonstrate robust MR1-dependent Ag 

presentation capabilities of intrahepatic cell types, most prominently hepatocytes, leading to 

the activation of MAIT cells.  

 
Primary liver cells generate active MAIT cell Ag when provided with its precursor  

In view of the strong intrahepatic interactions involving MAIT cells, we investigated whether 

liver APCs can generate active MAIT cell-stimulatory Ag endogenously. It has been reported 

that the Ag precursor 5-A-RU is not able to bind to MR1 and activate MAIT cells.(7) However, 

we found that exposure of liver APCs (hepatocytes, BECs, LSECs) to 5-A-RU for 2 or 5 h Ied 

to MAIT cell activation (Fig. 5A-B), suggesting that the activatory 5-OP-RU is formed by the 



137 

 

liver APCs. Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis of cell 

culture supernatants following exposure of different liver-derived primary APCs to 5-A-RU 

corroborated these findings. To standardize the system, we incubated THP-1 cells with 5-A-

RU (Supplementary Fig. 7). We detected time-dependent accumulation of 5-OP-RU (and 

decay at later time points) by selected reaction monitoring (Supplementary Fig. 7). Importantly, 

MS analysis indicated that all tested primary liver cell types generated 5-OP-RU in a dose-

dependent manner when provided with the precursor 5-A-RU (Fig. 5C). Collectively, these 

results demonstrate that primary liver cell subtypes can form active MAIT cell Ag when 

provided with the precursor 5-A-RU. This indicates that the process of activation of liver MAIT 

cells, encompassing both production of specific Ag molecules and their presentation by nearby 

liver APCs, can occur in a local liver environment.  

 

 

5-A-RU conversion to active Ag in vivo in liver depends upon 5-A-RU crossing the intestinal 

barrier. Indeed, a compound with a molecular mass corresponding to the MAIT cell Ag 

precursor 5-A-RU was detected in the circulation and liver of mice.(19) To assess the 

probability of 5-A-RU crossing an intact intestinal barrier, we performed in silico modelling by 

applying a published method that uses a combination of physico-chemical parameters.(24, 25) 

Applying this method to the Ag 5-OP-RU and its precursor 5-A-RU, we found that of these two 

chemically very similar compounds the precursor has a higher probability of intestinal 

absorption than the active 5-OP-RU product (Supplementary Fig. 8). 

 

The degree of activation of polyclonal blood- and liver-derived MAIT cells varies with 

the APC  

To investigate whether the findings for the MAIT cell clone SMC3 apply to primary polyclonal 

MAIT cell populations, we isolated and tested MAIT cells from human peripheral blood and 

liver tissue. Starting with PBMCs, which contain 2-5% MAIT cells, negative magnetic bead 

selection using Abs against CD45RA, CD62L, CD19, CD14, CD36 and TCRγδ, depleted naïve 
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T cells, B cells, monocytes, dendritic cells, platelets and γδ T cells, resulting in four- to 

sevenfold enrichment for MAIT cells (data not shown). Activation of the enriched polyclonal 

MAIT cells was assessed upon exposure to Ag-loaded primary liver cells. TCR expression was 

downregulated in response to distinct liver-derived APCs exposed to 5 nM 5-OP-RU, with 

hepatocytes again being the most potent APCs (Fig. 6).  

 

 

To assess activation of polyclonal liver-derived MAIT cells, we generated two liver MAIT cell 

lines (MAIT-BEL-10 and MAIT-BSL-19) from two patient donors. Both cell lines produced IFN-

γ and IL-17 and showed upregulation of several activation markers, including CD107a and 

CD137, in response to different human liver-derived APCs exposed to synthetic 5-OP-RU, 

including hepatocytes, BECs and HSCs (Figs 6B-C and 6E, and data not shown). Presentation 

capacity differed between the liver APCs, as assessed by IFN-γ secretion and upregulation of 

activation markers by the MAIT-BEL-10 and MAIT-BSL-19 cells (Figs 6B and 6E). To mimic 

an inflammatory context in which increased amounts of bacterial products and inflammatory 

cytokines reach the liver, the synthetic Ag in some experiments was spiked into E. coli lysate 

(Fig. 6D and Supplementary Fig. 6B and Supplementary Videos). In this state, hepatocytes 

remained as efficient APCs (Fig. 6D) and this was paralleled by cytotoxicity elicited by liver-

derived MAIT cell line MAIT-BSL-19 (Fig. 6B and Supplementary Videos). Thus, as a proof of 

concept, we demonstrated that hepatocytes can be killed in vitro following Ag-mediated 

activation of liver-derived MAIT cells. Taken together, our experiments demonstrate that 

human polyclonal MAIT cells derived from peripheral blood and liver respond to Ag 

presentation by different liver cells, most prominently hepatocytes. 

 

Inhibition of liver APC-mediated MAIT cell activation by small molecules 

To approach the prevention of MAIT cell activation in the liver, we explored the blocking of 

MR1 occupancy with non-activating MR1 ligands. 6-formylpterin (6-FP), derived from the folate 

degradation pathway, and acetyl-6-FP are known to bind MR1 but do not activate MAIT 
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cells.(5, 26) We found that MAIT cell activation by Ag-exposed primary liver cells (hepatocytes, 

BECs and HSCs) can be prevented in a dose dependent manner by pre-treating the liver cells 

with 6-FP or acetyl-6-FP (Fig. 7A-B). Other molecules, e.g. the acetylsalicylic acid derivative 

5-formyl-salicylic acid (5-F-SA), were found previously to stabilize MR1 on the cell surface; 

however, they did not stimulate Jurkat T cells overexpressing the MAIT TCR.(26) MAIT cell 

activation by liver APCs was prevented by 5-F-SA (Fig. 7B). This indicates that liver APC-

induced MAIT cell activation can be inhibited by small molecular-weight compounds that 

specifically interfere with MR1 activity on the surface of APCs.  

 

  



140 

 

Discussion 
 

Here we present results of a comprehensive analysis of the activation of intrahepatic MAIT 

cells by liver cells, in a process mediated by MR1-bound bacterial Ags. We also examined the 

role of liver cells in the metabolism of bacterial Ags activating MAIT cells. We found that many 

primary liver cell types, most prominently hepatocytes, can present Ag to MAIT cells and that 

liver cells can generate active MAIT cell Ag when provided with its natural precursor molecule. 

We also observed that non-stimulatory MR1 ligands can prevent MAIT cell activation by liver-

derived APCs. Our findings are important for a better understanding of the role of MAIT cells 

in liver physiology and in the pathogenesis of fibrosis. They are also relevant for the 

development of strategies to prevent the profibrogenic activity of MAIT cells in human liver. 

 

 

We found that purified primary human cells present in the liver environment, namely 

hepatocytes, BECs, LSECs and HSCs, can specifically activate MAIT cells in an MR1-

dependent manner, albeit to different degrees (Figs 3 and 4). To date, only BECs within the 

liver environment have been shown to present Ag to MAIT cells.(14) Other hepatic cell types 

including hepatocytes, LSECs and HSCs were also reported to serve as liver-resident APCs 

but through non-MR1-mediated Ag presentation.(21) Hepatocytes were the strongest inducers 

of MAIT cell activation, requiring very low (picomolar) concentrations of the activating MAIT 

cell Ag, 5-OP-RU. The effect was MRI dependent and mildly potentiated by cytokines (Fig. 4 

and Supplementary Fig. 5). Importantly, our results demonstrate for the first time MR1-

dependent MAIT cell activation by HSCs (Fig. 3E-F and Supplementary Fig. 4C), providing 

functional significance to the previous finding of MR1 expression on HSCs.(16) In line with 

their ability to produce fibrogenic and proinflammatory cytokines, MAIT cells were shown 

recently to promote profibrogenic HSC activation.(16, 17) Furthermore, a study performed in 

MR1-/- mice demonstrated that lack of MAIT cells is protective in mouse models of liver 

fibrosis.(16) In these studies, MAIT cells induced proliferation and collagen secretion by 
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hepatic myofibroblasts, and directed macrophages towards a pro-inflammatory phenotype in 

vitro. Our results suggest that the interaction between HSCs and MAIT cells reciprocally 

potentiates pro-fibrotic properties of both cell types. 

 

 

We also demonstrate MR1 expression as well as MAIT cell activation by LSECs (Fig. 3A and 

3G), which are in the immediate proximity of Ag-rich blood flowing through the sinusoids. The 

fenestrations in the layer of LSECs allow Ags also to reach hepatocytes, making our findings 

of efficient MR1-mediated Ag presentation by hepatocytes of potential physiological 

importance. We cannot exclude that cells contaminating our primary liver cell preparations 

contribute to the observed differences in APC activity. However, the procedures used for 

primary cell isolation and purification of the cells, with assessment by microscopy and IF 

staining, argue against this possibility. The protocol we used for isolation of LSECs yields not 

only endothelial cells of sinusoidal origin but also endothelial cells originating from the liver 

vasculature, the latter possibly contributing to Ag presentation by LSECs to MAIT cells. 

Notably, we showed that the LSEC-derived TMNK-1 cells and BEC H69 cells grown in culture 

were able to present Ag in an MR1-restricted manner to MAIT cells (Fig. 2 and Supplementary 

Fig. 2). Generally, the established cell lines, particularly hepatoma and stellate cell lines, were 

found to be less efficient in Ag presentation assays than primary cells.  

 

 

Studies on MAIT cell localization in normal human liver yielded divergent results.(14, 16, 17) 

The findings ranged from MAIT cells being either found exclusively in the sinusoidal space, 

(16) to their predominant localisation within portal tracts.(14) Our results obtained by staining 

sections originating from livers lacking apparent histopathological abnormalities, using three 

different markers, indicate that MAIT cells are in a minority in the portal fields, with most of 

them localized dispersedly in the sinusoidal environment (Fig. 1 and Supplementary Fig. 1). 
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Thus, MAIT cells are in close contact with hepatocytes, LSECs (lining the surface of the 

sinusoids) and HSCs (residing in the space of Dissé between the hepatocytes and the LSECs), 

and also with BECs (forming the bile ducts within the portal fields). Our results argue for an 

extensive interaction potential of MAIT cells with abundant liver cell types, both in the 

sinusoidal and the portal environment, a property likely to have implications for both liver 

physiology and the pathogenesis of liver diseases.  

 

 

We present evidence that all the primary liver cell types investigated generate active Ag 5-OP-

RU in a dose-dependent manner when provided with the inactive precursor 5-A-RU (Fig. 5). 

As a signal corresponding to 5-A-RU was detected in the blood of “healthy” mice, i.e. not 

suffering from colitis or another condition disrupting integrity of the gut epithelium and/or 

endothelium,(19) it is likely that bacterial metabolites produced in the gut regularly reach the 

liver. Our analysis of chemical properties of the metabolite 5-A-RU further supports its diffusion 

through the gut epithelium (Supplementary Fig. 8). Moreover, very recent work has 

demonstrated that Ag sufficient for thymic selection of MAIT cells is derived from bacteria and 

therefore passes the gut epithelial and endothelial barriers.(20) The liver uptake of the 5-A-RU 

precursor and its in situ conversion to the active 5-OP-RU in the liver environment may be 

physiologically relevant, since stability of 5-OP-RU when not protected by binding to MR1 is 

very limited at body temperature.(7) 5-OP-RU is converted rapidly to 7-hydroxy-6-methyl-8-

ribityl lumazine (RL-6-Me-7-OH) and 7-methyl-8-D-ribityllumazine (Supplementary Fig. 7A), 

and indeed a compound with a mass corresponding to RL-6-Me-7-OH was detected in the 

dataset obtained for the mouse blood and liver.(19) It remains to be determined whether 5-A-

RU conversion to active 5-OP-RU occurs within liver cells or whether 5-OP-RU is generated 

by methylglyoxal released by the cells and then loaded onto MR1 present on the cell 

surface.(27) 
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The findings that bacterial metabolites produced in the gut reach the circulation and the liver, 

where they may be converted to active Ag, suggest that MAIT cells present in the parenchyma 

are in a continuous low activation state. This is supported by high expression of activation and 

exhaustion markers CD38, CD39, PD-1, and TIM3 on liver MAIT cells.(13, 16, 17) Thus low 

level MAIT cell activation and upregulation of tissue residency markers such as CD69 may 

contribute to maintaining a constant pool of MAIT cells in the liver. The proliferative capacity 

of MAIT cells is lower than of conventional T cells,(1, 28) which is also reflected by our finding 

of a dispersed rather than clustered localization of MAIT in healthy liver (Fig. 1 and 

Supplementary Fig. 1). The high frequency and dispersed distribution of MAIT cells in an 

alerted, “ready to act” state in liver tissue might protect the liver from incoming pathogens or 

increased amounts of microbial products. Antibacterial and immunomodulatory activity of MAIT 

cells has been clearly demonstrated by various studies of bacterial and viral infections.(9, 11, 

29)  

 

 

A constant low activation of MAIT cells and their close contact with hepatocytes could also 

have implications for tissue homeostasis in the liver. Recent studies performed with MAIT cells 

isolated from gut, lung or blood have shown that activation of MAIT cells via their TCR, as 

opposed to cytokines, is associated with induction of a tissue-repair gene expression 

program.(30-32) Consistently, MAIT cells were found to promote tissue repair either in vitro 

(30) or in vivo in a mouse model of skin injury.(33)  

 

 

In contrast to “homeostatic” stimulation via TCR ligands, full (and potentially deleterious) 

activation of MAIT cells requires additional cytokine-mediated signaling.(30, 31) Such a 

condition is likely to occur when higher amounts of microbial products enter the liver via the 



144 

 

portal vein in the context of a disrupted gut epithelial and/or endothelial barrier. Human and 

mouse studies show that liver disease is coupled to alterations in the gut mucosa and gut 

dysbiosis.(34-36) In response to increased stimulatory signals derived from the gut, activated 

MAIT cells might enhance liver inflammation and contribute to immune-mediated liver 

pathologies, including liver fibrogenesis. Indeed, liver-derived MAIT cells produce large 

amounts of pro-inflammatory cytokines and the pro-fibrogenic cytokine IL-17 when stimulated 

by liver-residing APCs (Fig. 6B-D). This could be an important factor that initiates and/or 

perpetuates development of fibrosis. It was shown that secretion of IL-17 by MAIT cells 

increases in response to IL-7 produced by hepatocytes under inflammatory conditions.(13, 15) 

Our finding that hepatocytes act as strong APCs suggests that, under inflammatory conditions 

in a pathophysiological context, hepatocytes could activate MAIT cells and skew them towards 

an IL-17 phenotype. It is also possible, that under conditions of liver inflammation the reported 

tissue repair activity of MAIT cells may be mis-regulated and contribute to the development of 

fibrosis.  

 

 

An additional consequence of MAIT cell activation may be the development of a potential to 

kill liver APCs, including hepatocytes. Indeed, our results suggest that direct killing of 

hepatocytes by activated MAIT cells may be an additional factor contributing to the 

pathogenesis of liver diseases (Supplementary Fig. 6 and Supplementary Videos). 

 

 

With these considerations in mind, we explored possibilities for blocking MR1 with non-

activating ligands and so preventing excessive MAIT cell activation in the liver in response to 

Ag presentation by abundant liver-derived APCs. We found that MAIT cell activation by Ag-

exposed primary liver cells can be alleviated by pre-treating them with 6-FP or acetyl-6-FP, as 

well as the acetylsalicylic acid derivative 5-F-SA (Fig. 7). Of note, acetyl-6-FP and 3-F-SA (a 
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compound with a similar characteristic to 5-F-SA), were previously shown to have an inhibitory 

effect on MAIT cells in a mouse model mimicking lung infection.(26) Our findings corroborate 

the prospect of using inactive MR1 ligands as therapeutic agents to prevent involvement of 

MAIT cells in the fibrogenic process. The effectiveness of hepatocytes and other liver cells in 

presenting Ag to MAIT cells makes this approach of particular importance, both for anti-fibrotic 

treatment and for fibrosis prevention in patients at risk. Detailed mechanistic insights into 

hepatic MAIT cell activation are crucial because of their pro-fibrogenic properties. Our study 

reveals novel mechanisms of immune interactions in human liver and uncovers possible novel 

targets for immunotherapy. 
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Figure Legends 

 
Figure 1. MAIT cells localize dispersedly to the parenchymal space in healthy human 
liver.  
(A) Representative IF analysis of tissue section from a liver biopsy without histopathological 

abnormalities (patient C545). Co-localization of CD3, TCR Vα7.2 and IL18-Rα (see higher 

magnification lower panels) identifies MAIT cells (yellow arrow heads). White arrow and blue 

arrow heads point at portal field and central veins, respectively. Lower panels also show MAIT 

cells in proximity of TCR Vα7.2- and IL18-Rα-negative T cells. (B) Percentages of MAIT cells 

and non-MAIT Vα7.2+ cells versus total CD3+ T cells in healthy human liver (n = 8), assessed 

as shown in (A). ** P < 0.01, non-paired Welch t-test.  
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Figure 2. Liver cell lines exert limited capacity to activate MAIT cells.  
MAIT cell expression of IFN-γ (left panels) and CD69 (right panels) measured by flow 

cytometry. CD8+ T cells were co-cultured with different indicated cell lines in the presence of 

fixed E. coli or 5-OP-RU. (A) THP-1, HepG2 or Huh7 cells exposed to fixed E. coli (1.5e7 

CFU/ml) or 10 nM 5-OP-RU (n = 4). (B) THP-1, HepG2 or Huh7 cells exposed to increasing 

concentrations of fixed E. coli (1.3e7 - 5e8 CFU/ml) (n = 3). (C) THP-1, LSEC TMNK-1 or 

stellate TWNT-4 cells exposed to fixed E. coli (1.5e7 or 5e7 CFU/ml) or 10 nM 5-OP-RU (n = 

4). (D) TMNK-1 or TWNT-4 cells exposed to increasing concentrations of fixed E. coli (n = 3). 

(E) LSEC TMNK-1 cells in the presence of fixed E. coli (5e7 CFU/ml) exposed to different 

combinations of blocking Abs (n = 9). 
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Figure 3. Primary human parenchymal and non-parenchymal liver cells express MR1 
and present Ag to MAIT cells.  
(A) Flow cytometry histograms showing primary BECs, LSECs, HSCs and hepatocytes (HEPs) 

expressing MR1, stained with anti-MR1 (red) or isotype-matched control antibody (filled grey). 

(B) MAIT cell clone SMC3 IFN-γ production upon co-culture with hepatocytes incubated with 

E. coli lysate (3e7 or 3e8 CFU/ml). (n = 4). (C) Representative flow cytometry histograms, 

showing indicated markers on clone SMC3 in response to hepatocytes incubated with E. coli 

lysate (3e6 – 3e8 CFU/ml). Filled grey histograms correspond to negative controls (CTRL) 

lacking lysate. (D - G) IFN-γ production by clone SMC3 in response to incubation with indicated 

liver cells and Ags. (D) Hepatocytes incubated with 5-OP-RU (0.01 - 10 nM). E. coli lysate 

(Lys; 3e8 CFU/ml) served as positive control (n = 7). (E) HSCs incubated with E. coli lysate 

(6e7 or 3e8 CFU/ml) (n = 5). (F) HSCs incubated with 5-OP-RU (0.01 - 1 nM) (n = 9). (G) 

LSECs and BECs incubated with E. coli lysate (3e7 – 3e9 CFU/ml) (n = 6). In panels B, D, E, 

F and G, the data (means ± SD of measurements from three independent wells originating 

from the same patient) exemplify representative experiments out of 4 - 9 performed with cells 

obtained from at least 3 different donors. IFN-γ was measured by ELISA. K562 cells 

overexpressing MR1 (K562-MR1) served as positive control APCs (B) and (F). Anti-MR1 

antibody (αMR1) was used in panels (B) and (D - F). 
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Figure 4. Hepatocytes represent potent liver-derived APCs activating MAIT cells.  
(A) Two representative examples of synthetic Ag 5-OP-RU titration (0.01 - 3 nM) on liver APCs. 

IFN-γ production by MAIT cell clone SMC3 was measured by ELISA. Three independent 

measurements per dose are depicted. (B) Pooled results of all experiments performed as in 

panel (A). Shown are concentrations of 5-OP-RU needed to reach EC50 of IFN-γ secretion. 

Statistical significance was determined by paired Student’s t-test. ** p < 0.01, * p < 0.05. (C 

and D) Representative examples of 5-OP-RU (0.01 - 10 nM) titration on liver APCs, in the 

absence or presence of Abs blocking either IL-12/23 (C) or IL-18 (D). One representative 

experiment out of 2 is shown in each panel. Other details are as in panel (A).  
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Figure 5. Liver-derived primary APCs have the capacity to generate active Ag 
endogenously. 
(A) Representative experiment of MAIT cell Ag precursor 5-A-RU (0.01 – 2000 nM) titration 

using different liver primary cells as APCs. IFN-γ production by MAIT cell clone SMC3 was 

assessed by ELISA. Three independent replicates per dose are depicted. (B) Pooled results 

of all experiments performed as shown in panel (A), using cells originating from at least 3 

different donors per cell type as APCs. Shown are concentrations of 5-A-RU needed to reach 

EC50 of IFN-γ production. Statistical significance determined by paired Student’s t-test. *p < 

0.05 (C) Quantification of 5-OP-RU by LC-MS/MS in cell culture supernatants derived from 

indicated liver primary cells harvested after treatment with indicated doses of 5-A-RU (125 – 

8000 nM). RPMI medium without inclusion of cells served as negative control (Medium).  
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Figure 6. Robust activation of polyclonal MAIT cells in response to interactions with 
primary human liver cell subsets.  
(A) PBMCs, enriched for Vα7.2+ CD161++ cells by negative selection (see Materials and 

Methods) were co-cultured with indicated liver APCs exposed to 5 nM 5-OP-RU. 

Representative example of cell surface expression of CD161 and TCR Vα7.2, as measured 

by flow cytometry (n=2). Dot plots are gated on CD3+ cells. (B and C) Production of IFN-γ (B) 

and IL-17 (C) by liver-derived MAIT cell line MAIT-BEL-10, measured by ELISA, in response 

to interaction with different liver APCs exposed to indicated concentrations of 5-OP-RU. 

Stimulation of MAIT cells with PMA/ionomycin (PMA/Ion) served as positive control. (D) IFN-γ 

production by liver-derived MAIT cell line MAIT-BSL-19, stimulated by indicated liver APCs 

exposed to increasing concentrations of E. coli lysate spiked in with 5-OP-RU. Three replicates 

per dose are shown. (E) Cell surface staining for CD107a and CD137 on MAIT-BSL-19 cells, 

stimulated by either hepatocytes or BECs exposed to 5 nM 5-OP-RU. MR1 dependence of 

activation was assessed with anti-MR1 blocking antibody (αMR1). Negative control (CTRL) in 

panel A and E lacks the APC. 
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Figure 7. Non-activating MR1 ligands prevent MAIT cell activation by liver-derived APCs.  
MAIT cell clone SMC3 was co-cultured with indicated liver cells pre-treated with different non-

activating MR1 ligands for 1 h before addition of 5-OP-RU. IFN-γ secretion was assessed by 

ELISA. (A) Hepatocytes either treated with 1nM 5-OP-RU alone (CTRL) or pre-treated with 

indicated concentrations of 6-FP before adding 5-OP-RU. (B) HSCs and BECs either treated 

with 5-OP-RU alone (CTRL), or pre-treated with indicated concentrations of 6-FP, Acetyl-6-

FP, or 5-formyl-salicylic acid (5-F-SA) before 5-OP-RU addition. The mean ± SD of 

measurements of three independent wells originating from the same patient’s cells is shown. 

One representative experiment out of 2, originating from two different donors, is shown. 
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Supplementary Materials and Methods 
 

Unless stated otherwise, all chemicals were received from Merck, Darmstadt, 

Germany.  

 

Preparation of primary cells from human samples  

For isolation of liver cell subsets, a wedge of encapsulated liver was perfused 

according to the protocol published by Portmann et al.(1) Hepatocytes were isolated 

by performing consecutive 50 x g centrifugation steps. Isolated hepatocytes were 

seeded (7 x 104 cell/cm2) onto tissue culture plastic coated with rat tail collagen and 

were maintained in arginine-free Williams E medium, supplemented with insulin 

(0.015 IU/ml; Actrapid, Novo Nordisk Pharma, Switzerland), hydrocortisone (5 μm), 

penicillin / streptomycin (P/S; 100 IU per ml / 100 μg per ml), L-glutamine (2 mM; 

BioConcept, Allschwil, Switzerland), and ornithine (0.4 mM). 10% FCS (BioConcept) 

was added to the medium for 12 h following cell plating. After 12 h, medium was 

exchanged for medium lacking FCS and hepatocyte culture purity was assessed by 

microscopy; cells were then used for experiments. Brightfield microscopy of primary 

liver cells was performed on the Olympus IX81 microscope. IF staining of hepatocytes 

was performed using antibody against HNF-4α. Fluorescence images of primary cell 

populations were taken on the Nikon Ti2 microscope (Nikon, Tokyo, Japan). 

Hepatic myofibroblasts/stellate cells (HSCs) were isolated by outgrowth from a 

suspension of liver derived non-parenchymal cells (NPCs), the fraction previously 

deprived of hepatocytes, plated in DMEM high glucose supplemented with 20% FCS, 

P/S, L-glutamine, 1 mM pyruvate, and Non-Essential Amino Acid (NEAA; BioConcept). 

After 24 h, the attached cells were washed once with PBS and cultured for additional 

7 days. Mainly HSCs outlast this selection; their purity was assessed by flow cytometry 
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using their strong autofluorescence (due to Vitamin A storage) at λ=400-500 nm (violet 

channel) as readout, and by immunofluorescence (IF) staining using Ab against alpha-

smooth muscle actin.  

Isolation of Liver sinusoidal endothelial cells (LSECs) was carried out by positive 

immunomagnetic selection, according to the protocol of Shetty et al.(2) using a CD31 

Ab conjugated to DYNABEADS (Thermo Fisher Scientific, Waltham (MA), USA). We 

use the term LSECs throughout the manuscript, although this protocol will yield not 

only endothelial cells of sinusoidal origin, but also endothelial cells originating from the 

liver vasculature. The cells were maintained in endothelial cell basal medium 

containing 10% human AB+ serum (obtained from the blood donation centre, Basel, 

Switzerland), hepatocyte growth factor (10 ng/ml; PeproTech, Rocky Hill (NJ), USA), 

vascular endothelial growth factor (10 ng/ml; PeproTech), P/S, L-glutamine, pyruvate, 

and NEAA. The cells were grown in collagen-coated tissue culture plastic dishes. 

Identity of LSECs/endothelial cells were assessed by IF microscopy using a CD31 Ab, 

confirming the effectiveness of the isolation method. 

Isolation of biliary epithelial cells (BECs) was performed by positive selection 

using EpCAM according to the protocol published previously.(3) BECs were 

maintained in epithelial cell medium composed of a 1:1 mix of DMEM low glucose and 

DMEM/F12-ham (Thermo Fisher Scientific, Waltham (MA), USA), supplemented with 

10% FCS, P/S, adenine (18 µM), insulin (0.15 U/ml Humalog®, Eli Lilly SA, 

Switzerland), epinephrine (1 mg/ml), triiodothyronine-transferrin (1.1 µg/ml; 8.2 µg/ml), 

epidermal growth factor (10 ng/ml, PeproTech, Rocky Hill (NJ), USA), 

and hydrocortisone (13.4 µg/ml). BECs were assessed by IF microscopy using Ab 

against CK19.  
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Buffy coats for isolation of peripheral blood mononuclear cells (PBMCs) were 

obtained at the blood donation centre in Basel. PBMCs were isolated by density 

gradient centrifugation on Ficoll (Lymphoprep®; Axonlab, Baden, Switzerland), using 

a standard protocol.(4) 

 

Immunofluorescence staining of human liver sections  

Sections of 8 μm thickness were mounted on microscopy slides and fixed in 4% 

formaldehyde for 10 min at room temperature (RT). Slides were then washed twice for 

10 min in PBS and blocked in blocking buffer for 1 h at RT [blocking buffer: 1% Normal 

donkey serum (Jackson Immuno Research, Ely, UK), 2% fish gelatin, 0.15% Triton-X-

100 in PBS]. Slides were incubated with primary Abs, diluted in blocking buffer, at 4°C 

overnight, washed with PBS, and then incubated with secondary Abs at RT for 1 h. 

After washing with PBS, slides were mounted in mounting solution containing 300 µM 

DAPI. Abs used were anti-IL-18Ra, anti-TCR Va7.2 and anti-CD3. Secondary Abs 

were donkey-anti-goat-Cy3, donkey-anti-mouse-A488, and donkey-anti-rabbit-A647. 

Fluorescence images were taken on the Olympus BX63 microscope (Olympus, Tokyo, 

Japan), using the 20x objective, and analysed with Image J (https://fiji.sc/).(5) 

 

Cell lines and MAIT cell clones  

All cell lines used are listed in Supplementary Table 2. LX2 cells were cultured in 

DMEM high glucose, and HepG2 and Huh7 cells in DMEM low glucose, supplemented 

with 10% FCS, P/S, L-glutamine, pyruvate and NEAA. TMNK-1 and TWNT-4 cell lines 

were grown in DMEM GlutaMax™ (Thermo Fisher Scientific) with P/S, pyruvate and 

NEAA. K562 and THP-1 cells were cultured in RPMI 1640 containing 10% FCS, P/S 

and L-glutamine, pyruvate, with or without NEAA, depending on the experiment. All 

cells were grown at 37°C under 5% CO2 atmosphere.  
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In order to generate the K562-MR1 cell line, we transduced K562 cells with a 

lentivirus coding for human MR1 covalently linked with β2M; this construct was 

generously provided by Prof. Gennaro De Libero, Department of Biomedicine, 

University Hospital Basel, Switzerland.(6) We confirmed MR1 overexpression and cell 

surface display by flow cytometry, after staining the cells with mouse-anti-MR1 (clone 

26.5; monoclonal Ab purified from a hybridoma kindly provided by Prof. Marina Cella, 

Washington University School of Medicine in St. Louis).(7) 

Human MAIT cell clone SMC3 was also kindly provided by Prof. Gennaro De 

Libero.(6) This clone was generated from the peripheral blood of a healthy donor. In 

brief, sorted MAIT cells were cloned by limiting dilution using PHA (1 μg/ml), human 

IL-2 (100 IU/ml) and irradiated PBMCs (5 × 105/ml). The SMC3 MR1-restricted T cell 

clone was cultured and re-stimulated periodically as described by Lepore et al,(8) and 

maintained in complete RPMI-1640 medium containing 5% AB+ human serum, and 

100 IU/ml IL-2. 

 

Preparation of bacterial products and synthetic MAIT cell Ag 

Synthetic Ag 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) was 

generated according to the protocol published by Corbett et al.(9)  In brief, Ag precursor 

5-amino-6-D-ribitylaminouracil (5-A-RU; Toronto chemicals, CA) was mixed with 10 

molar equivalents of methylglyoxal and incubated for 5 min on ice. The resulting 5-OP-

RU was used immediately upon preparation to prevent its transformation into 7-

Hydroxy-6-methyl-8-ribityl lumazine (RL-6-Me-7-OH) or 7-methyl-8-D-ribityllumazine 

(see Supplementary Figure 7A). 

Fixed bacteria: E. coli (DH5α) was grown on lysogenic broth (LB) agar plates 

for 16 h at 37°C before fixing in 2% paraformaldehyde (PFA) for 20 min followed by 
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several PBS washing steps. Before fixation, bacteria were plated to determine number 

of colony forming units (CFUs). Concentration-adjusted stocks of fixed bacteria were 

re-suspended in PBS.  

E. coli lysate: The DH5α strain was grown in LB medium. Cells were harvested 

during exponential growth and washed three times with cold 0.9% NaCl. Before the 

last wash, an aliquot was removed to determine the CFU. The pellet was subsequently 

resuspended in 70% ethanol and the cells were disrupted by two consecutive French 

press rounds. After centrifugation (15,000 x g for 20 min at 4°C), supernatant was 

lyophilized overnight and the concentration was adjusted to an equivalent of 5 x 1011 

CFU/ml. The lysate was stored at −80°C. 

 
Ag presentation assays 

Ag presentation assays with fixed bacteria were performed by co-culturing cell lines 

and isolated CD8+ T cells, at a ratio of 1:4, in 96 well flat bottom plates. Fixed bacteria 

were added at the concentration (CFU/ml) indicated, followed by 16 h incubation at 

37°C. Brefeldin A (BioLegend, San Diego (CA), USA) and Monensin (BioLegend) were 

added for the final 4 h of incubation. CD8+ T cells were subjected to flow cytometry 

analysis. 

 For Ag presentation with bacterial lysate/synthetic Ag, all assays with primary 

cell subtypes were performed in RPMI medium containing 10% FCS (supplemented 

as described above) to exclude unspecific effects of variable cell media. APCs were 

seeded and kept for 4 h at 37°C to allow for attachment/adaptation. Following this, E. 

coli lysate/synthetic Ag was added and cells were incubated for 2 h prior to the addition 

of MAIT cells, at an APC to T cell ratio of 1:4. Primary MAIT cells were used right after 



160 

 

isolation and the MAIT cell clone SMC3 at day 14 after re-stimulation. MAIT cell 

activation as well as cytokine secretion was evaluated after 16 h of co-culture. 

 
Quantitative Real-Time PCR (RT-qPCR) 

RNA was purified from primary liver cell types with Nucleo Spin RNA II kit (Macherey-

Nagel, Germany) according to manufacturer's instructions. RNA was reverse 

transcribed by Moloney murine leukemia virus reverse transcriptase (Promega 

Biosciences, Inc., Wallisellen, Switzerland) in the presence of random Primers 

(Promega) and deoxynucleoside triphosphates, according to manufacturer's 

instructions. All reactions were performed in triplicates on an ABI 7500 Real-Time PCR 

System (Applied Biosystems, Faster City (CA), USA) using SYBR green fluorescence 

(FastStart Universal SYBR® green; Roche, Basel, Switzerland) as read out. mRNA 

expression levels of the MR1 transcript, were normalized to GAPDH mRNA levels 

using the ΔCt method. The primers were designed across exon-intron junctions to 

prevent contribution from genomic DNA amplification (MR1_F: 5’-TGCGGTGTCCAC 

ATGGTTCT-3’, MR1_R: 5’-TTTGCTCTCGGGGCCTTCT-3’; GAPDH_F: 5’-AAGTAT 

GACAACAGCCTCAAGAT-3’, GAPDH_R: 5’-CATGAGTCCTTCCACGATACC-3’). 

 

Enzyme-linked immunosorbent assay (ELISA) 
 
For the ELISA, analysis plates (Maxisorp, NUNC) were coated overnight at 4°C with 

2.5 μg/ml capture Ab for IFN-γ (Clone MD-1) or IL-17A (Clone BL-23). The next day, 

unspecific sites were blocked with 0.5% fractionated gelatine for 1 h at RT. The 

samples were incubated for 2 h, followed by 1 h incubation step with biotinylated Ab, 

either 1 µg/ml anti-IFN-γ or 0.3 µg/ml anti-IL-17A, and 1 h incubation with either 0.25 

µg/ml Streptavidin-HRP (BioLegend) for the IFN-γ or 0.1 µg/ml Streptavidin-
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PolyHRP80 (SDT GmbH, Baesweiler Germany) for the IL-17A ELISA. Between each 

step, the plate was rinsed 3 times with PBS 0.05% Tween. Revealing was performed 

after incubation with OPD (SIGMAFAST™) by reading absorbance at λ=490 nm. 

 

Flow cytometry analysis  

For the intracellular staining, cells were washed with PBS and stained with Live/Dead 

Cell Stain (Thermo Fisher Scientific) for 15 min, followed by a 10 min fixation step with 

4% PFA prior to permeabilising the cells for 10 min. Cells were then incubated with the 

Ab cocktail (see Supplementary Table 3) for 20 min before washing and re-suspending 

in PBS for analysis on MACSQaunt analyser (Miltenyi Biotech, Germany).  

For the surface staining, mononuclear cells were washed in PBS and stained 

with Live/Dead® Fixable Dead Cell Stain blue (Thermo Fisher Scientific), and rinsed 

once in staining buffer (PBS with 0.5% human albumin and 3 mM sodium azide), 

followed by incubation with Abs against cell-surface molecules. Data were acquired on 

the LSRFortessa™ (BD Biosciences, Allschwil, Switzerland) and analysed with FlowJo 

10.0.7 (TreeStar, Ashland (OR), USA). After excluding doublets and DAPI- or 

LIVE/DEAD stain-positive cells, MAIT cells were identified as CD3+CD161highVa7.2+ 

and/or MR1 tetramer (APC-labeled MR1 5-OP-RU tetramer; NIH Tetramer Core 

Facility, Emory University, Atlanta (GA), USA) positive cells.  

 

Mass spectrometry analysis 

5-OP-RU was analysed in cell extracts and cell supernatants by liquid chromatography 

(LC: Shimadzu, Kyoto, Japan) tandem mass spectrometry (MS/MS: API 4000, AB 

Sciex, Concor, Canada). A Synergi Polar-RP analytical column (Phenomenex, 

Torrance, USA) was used as stationary phase, while the mobile phase consisted of 

water (mobile A) and methanol (mobile B), both supplemented with 0.1% acetic acid. 
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5-OP-RU eluted at 2.14 min when using the following gradient program: 0 - 0.5 min 

20% B, 0.5 - 1.5 min 20-95% B, 1.5 - 2.5 min 95% B, 2.5 - 3 min 20% B. The sample 

was online diluted during the first 0.5 min with mobile phase A via a t-union, which was 

connected in front of the analytical column. The flow rate was kept constant (0.8 

ml/min). Aliquots of cell supernatant (50 µl) or cell extract (from 1.5 million cells) were 

extracted with 150 µl 100% methanol and 200 µl 75% methanol, respectively. After 

centrifugation, supernatants (20 µl) of extracts were injected into the LC-MS/MS 

system. 5-OP-RU was analysed by electrospray ionization and selected reaction 

monitoring in the negative mode using the mass transition 329.0 m/z → 190.9 m/z 

(declusting potential: -110 V, entrance potential: -10V, collision energy: -24 V, collision 

cell exit potential: -9 V, gas: N2). Analyst software 1.6.2 (AB Sciex, Concord, Canada) 

was used to analyse the data and to operate the LC-MS/MS system. 
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Supplementary Tables 
 

 

Supplementary Table 1. Key resources 
 

Reagent or Material Supplier Identifier 

Growth media / Supplements  
Adenine  Merck, Darmstadt, Germany Cat# A8626 

DMEM high glucose  Merck, Darmstadt, Germany Cat# D6571 

DMEM low glucose  Merck, Darmstadt, Germany Cat# D5546 

DMEM/F12-ham Thermo Fisher Scientific, Waltham 

(MA), USA 

Cat# 21331 

DMEM GlutaMax™ Thermo Fisher Scientific  

Endothelial cell basal medium  Merck, Darmstadt, Germany Cat# 210-500 

Epidermal growth factor  PeproTech, Rocky Hill (NJ), USA Cat# 100-15 

Epinephrine  Merck, Darmstadt, Germany Cat# E4250 

Foetal Calf Serum, FCS  BioConcept, Allschwil, Switzerland  Cat# 2-01F10-I 

Hepatocyte growth factor  PeproTech, Rocky Hill (NJ), USA Cat# 100-39H 

Hydrocortisone Merck, Darmstadt, Germany Cat# H-0888 

IL-2, human PeproTech, Rocky Hill (NJ), USA Cat# 200-02 

Insulin, ACTRAPID®    Novo Nordisk Pharma AG, 

Switzerland 

 

Insulin, HUMALOG®   Eli Lilly SA, Switzerland Cat# VL7394 

L-glutamine  BioConcept, Allschwil, Switzerland Cat# 5-10K50-H 

Non-Essential Amino Acid  BioConcept, Allschwil, Switzerland Cat# 5-13K00-H 

Ornithine    

Penicillin / Streptomycin Merck, Darmstadt, Germany Cat# P-4333 

Phytohemagglutinin 
 

Thermo Fisher Scientific, Waltham 
(MA), USA 

Cat# 10082333 

RPMI 1640 medium Merck, Darmstadt, Germany Cat# R0883 

Triiodothyronine  Merck, Darmstadt, Germany Cat# T6397 

Transferrin Merck, Darmstadt, Germany Cat# T1147 

Vascular endothelial growth factor  PeproTech, Rocky Hill (NJ), USA Cat# 100-20 

Williams E medium Merck, Darmstadt, Germany Cat# W4128 

Reagents 

5-amino-6-D-ribitylaminouracil  Toronto chemicals, CA Cat# A629245 

5-formyl-salicylic acid  Merck, Darmstadt, Germany Cat# F17601 
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6-Formylpterin   Schircks Laboratories, Switzerland  Cat# 11.415 

Acetyl-6-Formylpterin Schircks Laboratories, Switzerland  Cat# 11.418 

Brefeldin A  BioLegend, San Diego (CA), USA Cat# 420601 

Casein buffer, biotin-free SDT GmbH, Baesweiler, Germany  Cat# CBC1 

Collagen Merck, Darmstadt, Germany Cat# C3867 

Collagenase type IV  Merck, Darmstadt, Germany Cat# C5138 

Deoxynucleoside triphosphates  Promega Biosciences, Inc., 

Wallisellen, Switzerland 

Cat# U1515 

Ficoll, LYMPHOPREP®  Axonlab, Baden, Switzerland Cat# 1114547 

Fish gelatin Merck, Darmstadt, Germany Cat# G7041 

Fractionated gelatine  Merck, Darmstadt, Germany Cat# 37766 

Live/Dead Cell Stain Thermo Fisher Scientific, Waltham 

(MA), USA 

Cat# L10119 

LIVE/DEAD® Fixable Dead Cell Stain 

blue 

Thermo Fisher Scientific, Waltham 

(MA), USA 

Cat# L23105 

Methylglyoxal Merck, Darmstadt, Germany Cat# R0252 

Moloney murine leukemia virus 

reverse transcriptase 

Promega Biosciences, Inc., 

Wallisellen, Switzerland  

Cat# M1701 

Monensin BioLegend, San Diego (CA), USA Cat# 420701 

Normal donkey serum  Jackson Immuno Research Cat# 017-000-121 

o-Phenylenediamine dihydrochloride; 

SIGMAFAST™ OPD 

Merck, Darmstadt, Germany Cat# F4648 

Random Primers  Promega Biosciences, Inc., 
Wallisellen, Switzerland 

Cat# C1181 

Streptavidin-HRP  BioLegend, San Diego (CA), USA Cat# 405210 

Streptavidin-PolyHRP80  SDT GmbH, Baesweiler, Germany  Cat# SP80C 

SYBR green; FastStart Universal 

SYBR® green master 

Roche, Basel, Switzerland Cat# 28137500 

Other 
DYNABEADS Thermo Fisher Scientific, Waltham 

(MA), USA 

 

ELISA plates; Maxisorp  NUNC Cat# 439454 

Nucleo Spin RNA II kit Macherey-Nagel, Germany Cat# 740984 

Miltenyi positive selection kit  Miltenyi Biotec Cat# 130-096-495 
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Supplementary Table 2. Cell lines  

1New England Medical Center, Tufts University; 2University Duisburg Essen, Germany; 3Icahn School of Medicine 
at Mount Sinai, New York, USA; 4Department of Biomedicine, University Hospital Basel, Switzerland; 5Okayama 

University, Japan.  

 

Name Description Source  Reference 
H69 SV40 T Ag transformed biliary cell 

line, derived from normal liver 

Douglas Jefferson1, 

provided by Christian 
Fingas2 

(10) 

HepG2 
Huh7 

Hepatocarcinoma cell lines American Type Culture 
Collection 

(11),(12) 

K562 Chronic myeloid leukemia cell line American Type Culture 
Collection 

 

K562-MR1  K562 cells constitutively expressing 
MR1-β2M  

 This study 

LX2 SV40 T Ag immortalized stellate cell 
line 

Scott L. Friedman3 (13) 

SMC3 Human MAIT cell clone Gennaro De Libero4 (6) 

THP-1 Myelomonocytic leukemia cell line American Type Culture 
Collection 

 

TMNK-1 LSEC cell line Naoya Kobayashi5 (14) 

TWNT-4 Stellate cell line Naoya Kobayashi5 (14) 
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Supplementary Table 3. Antibodies  
 
Antibody Clone Company Cat# 
Antibodies for Enrichment 
CD36 REA760 Miltenyi Biotec 130-110-738 

TCR γδ REA591 Miltenyi Biotec 130-113-510 

CD4 REA623 Miltenyi Biotec 130-113-224 

CD14 REA599 Miltenyi Biotec 130-110-517 

CD19 REA675 Miltenyi Biotec 130-113-644 

CD45RA REA1047 Miltenyi Biotec 130-117-750 

Antibody Cocktail used for the intracellular staining 
Near IR NA ThermoFisher L10119 

CD3 UCHT1 BioLegend 300430 

CD8 BW135/80 Miltenyi 130-113-164 

CD161 191B8 Miltenyi 130-113-593 

Vα7.2 3C10 BioLegend 351708 

IFN-γ 45-15 Miltenyi 130-091-641 

TNF-α MAb11 BioLegend 502930 

CD69 FN50 Invitrogen 11-0699-42 

Antibody Cocktail used for the surface staining 

CD107a H4A3 Biolegend 328605 

CD8α RPA-T8 BD Biosciences 564804 

CD3 UCHT1 Biolegend 300448 

CD161 HP-3G10 Biolegend 339916 

TCR Vα7.2 3C10 Biolegend 351722 

CD279/PD-1 EH12.2H7 Biolegend 329918 

CD137 4B4-1 Biolegend 309816 

CD69 FN50 Biolegend 310914 

Antibodies for Immunofluorescence staining 
α-SMA 1A4 Sigma 5228 

CK-19 B170 Leica Biosystems NCL-CK19 

HNF-4α POLYCLONAL Santa Cruz Sc-8987 

CD31 WM59 Biolegend 303110 

IL-18Rα POLYCLONAL R&D System AF840 

TCR Vα7.2 3C10 Biolegend 351702 

CD3 POLYCLONAL DAKO A0452 

Anti-Mouse  POLYCLONAL Jackson Immuno Research 715-545-150 
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Anti-Rabbit  POLYCLONAL Jackson Immuno Research 711-605-152 

Anti-Goat  POLYCLONAL Jackson Immuno Research 705-165-147 

Blocking Antibodies 
IL12/IL23 C8.6 Biolegend 508804 

IL-18 125-2h MBL D044-3 

MR1 26.5 Biolegend 361108 
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Supplementary Table 4. Patient characteristics of liver biopsy samples used for 

assessment of MAIT cell localisation in normal human liver by IF staining (see Figs 1 

and Supplementary Figure 1). 

ALT: Alanine amino-transferase; AST: Aspartate amino-transferase; GGT: g-glutamyltransferase; AP: 

Alkaline phosphatase 

 

 

 

  

Patient 
ID 

Age 
% 
MAIT/ 
CD3 

% 
Vα7.2+ 

IL18Rα-

/CD3 

ALT 
[U/l] 

AST 
[U/l] 

GGT 
[U/l] 

AP 
[U/l] 

Bilirubin 
[µmol/l] 

Reason for 
biopsy 

Biopsy result 

C369 36 14.33 1.75 88 33 447 111 4 

Suspicion of 
medication 
induced 

hepatotoxicity 

Liver parenchyma without 
pathological changes. 

C491 43 10.95 1.41 35 23 116 71 10 
Isolated GGT 

increase 

Liver parenchyma without 

pathological changes. 

C545 54 32.97 3.62 91 49 216 204 8 

Increased 
Transaminases/ 

GGT/AP 

Liver parenchyma without 
pathological changes. 

B927 60 22.22 1.71 15 22 20 41 12 
Calcified liver 
mass 

Liver parenchyma without 
pathological changes. 

C28 50 24.48 0.69 43 39 406 150 9 
Focal nodular 
hyperplasia 

Liver parenchyma without 

major pathological changes. 
Minimal steatosis <10%. 

C145 42 33.33 4.10 56 24 154 84 21 

Increased 

Transaminases/
GGT 

Liver parenchyma without 
major pathological changes. 

Minimal unspecific 
lymphocytic infiltrates, 

minimal sinusoidal dilation. 

C192 35 8.38 2.23 42 26 137 76 4 
Increased 
Transaminases 

Liver parenchyma without 

major pathological changes. 
Minimal reactive hepatitis. 

B113 27 11.73 0.51 21 29 14 62 10 

Increased 
Transaminases 

(normal again at 
time-point of 

biopsy) 

Liver parenchyma without 
major pathological changes. 

Minimal unspecific lobular 

inflammation. 
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Supplementary Figures 
 

 

A

CD3 Vα7.2 IL18Rα

CD3

DAPI

Vα7.2
IL18Rα

CD3

CD3

Vα7.2 IL18Rα DAPI

Vα7.2
IL18Rα

B

Supplementary Figure 1.
Dispersed MAIT cell localization in the parenchymal space of normal human liver. Two representative tissue sections
from liver biopsies without histopathological abnormalities; patient identifiers C145 (A) and C369 (B). Co-localization of CD3,
TCR Vα7.2 and IL-18Rα identifies MAIT cells (yellow arrow heads; see higher magnification lower panels) dispersed within
the liver parenchyma. White arrows point towards portal fields, and blue arrow heads towards central veins. The green arrow
points to a structure that is likely a central vein. The higher magnification panels also identify MAIT cells in the proximity of
T cells negative for IL-18Rα and/or TCR Vα7.2 staining. Abs used for IF staining of cryosections are specified in higher
magnification panels.
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Supplementary Figure 2.
Liver-derived established cell lines exert limited capacity to activate MAIT cells. (A) Representative FACS plot
showing MAIT cell identification as CD161++ Vα7.2+ cells within the CD8+ cell population (upper left panel). Remaining
panels, gated on MAIT cells, represent staining of IFN-γ, TNF-α and CD69 in response to activation by THP-1 cells
exposed to fixed E. coli (1.5e7 CFU/ml; right panels), compared to unstimulated cells (middle panels; CTRL). (B) Isolated
CD8+ T cells co-cultured with THP-1 or hepatoma cell lines exposed to increasing concentrations of fixed E. coli. (C)
Isolated CD8+ T cells co-cultured with THP-1, LSEC TMNK-1 or stellate TWNT-4 cells exposed to increasing
concentrations of fixed E. coli. In (B) and (C) TNF-α expression values are means ± SD (n = 3). (D and E) SMC3 MAIT
cell clone co-cultured with H69 or LX-2 cells exposed to E. coli lysate (D) or 5-OP-RU (E), with and without anti-MR1
blocking antibody (αMR1). THP-1 and K562-MR1 cells served as positive control. IFN-γ secretion values, measured by
ELISA, are means ± SD from three independent measurements. One representative experiment out of three is shown.
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Supplementary Figure 3.
Characterization of primary liver-derived cell subpopulations and their MR1 expression. (A) Isolated primary cells
were analysed by IF for expression of indicated markers. Formalin-fixed cells grown on chamber slides were stained for
DAPI, and α-SMA for HSCs, CK-19 for BECs, CD31 for LSECs/liver endothelial cells and HNF-4α for hepatocytes (B)
FACS analysis of unstained HSCs compared to human PBMCs. The characteristic autofluorescence of HSCs appears
in the violet channel (λ = 400-500 nm). (C) Representative preparation of primary hepatocytes (partially binucleated),
used in Ag presentation experiments. The cells were visualized by bright field microscopy. (D) RT-qPCR analysis of MR1
mRNA expression in investigated liver cell subpopulations: hepatocytes/HEPs, LSECs, HSCs and BECs, and in
macrophages (Mɸ) and THP-1 control cells. MR1 mRNA levels are related to GAPDH mRNA.

20 μm

LSECs

CD31



172 

 

 

1e7
1e8

10 nM

0.1 nM

0.1 nM + αMR1

no Ag

no lysate

TCR Vα7.2

no lysate
91.1%

6e7
76.3%

6e7 + αMR1
92.1%

TC
R
V
α7

.2

CD3

CD25 CD69 CD137

CD69 CD69

CD137TCR Vα7.2

A B

C
6e7 + αMR1
6e7
no lysate

Supplementary Figure 4.
MAIT cell activation in response to Ag-exposed hepatocytes and HSCs. (A) Representative FACS histograms
showing up-regulated activation marker CD69 and down-regulated TCR Vα7.2 on MAIT cell clone SMC3 in response to
hepatocytes incubated with E. coli lysate (1e7 or 1e8 CFU/ml). (B) Representative FACS histograms showing up-
regulated activation markers CD69 and CD137 and down-regulated TCR Vα7.2 on clone SMC3 in response to
hepatocytes incubated with 0.1 or 10 nM 5-OP-RU. MR1 dependence of the activation was assessed by the use of anti-
MR1 blocking Ab (αMR1). (C) Representative FACS histograms showing up-regulated activation markers CD69, CD25
and CD137, and FACS plots (lower row) showing down-regulated TCR Vα7.2, on clone SMC3 in response to HSCs
incubated with E. coli lysate (6e7 CFU/ml). MR1 dependence of activation was assessed by anti-MR1 blocking Ab.
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Supplementary Figure 5.
Characterisation of MR1-dependent Ag-presentation capabilities of primary liver cells exposed to E. coli lysate.
In panels (A - F) IFN-γ production by MAIT cell clone SMC3 was measured by ELISA. (A) Two representative examples
(left and right panels) of E. coli lysate (3e6 – 3e9 CFU/ml) titration using different primary cells (hepatocytes/HEPs,
BECs, HSCs, and LSECs) as APCs. Three independent replicates per dose are depicted. (B) Pooled results of all
experiments performed as shown in panel (A). Shown are concentrations of lysate needed to reach EC50 of IFN-γ
secretion. Differences between APCs did not reach statistical significance as determined by paired Student’s t-test. (C
and D) Representative examples of E. coli lysate (3e6 – 6e9 CFU/ml) titration using primary hepatocytes/HEPs and
BECs as APCs, either in the absence or presence of IL-12/23 (C) or IL-18 (D) blocking Abs. Other details are as in panel
(A). (E) Confirmation of blocking efficiency of the anti-IL-12/23 Ab. BECs were stimulated with E. coli lysate (1e6 CFU/ml)
in the absence or presence of IL-12 and anti-IL-12/23 Ab. (F) Confirmation of blocking efficiency of the anti-IL-18 Ab.
THP-1 cells were stimulated with 1 nM 5-OP-RU in the absence or presence of Ab blocking IL-18.
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Supplementary Figure 6.
Killing efficiency of MAIT cells in response to activation by liver APCs. (A) Representative pictures of LSECs and
BECs, exposed to 3 nM 5-OP-RU for 2 h, and then co-cultured with MAIT cell clone SMC3 for 36 h. The LSECs of this
patient were very efficiently activating MAIT cell clone SCM3 (corresponding data shown in Fig. 4B, lowest point in the
LSEC column), paralleled by an efficient killing of the LSECs. In contrast, most BECs were surviving the co-culture,
consistent with a less efficient MAIT cell activation and killing capacity. (B) Quantification of hepatocyte killing, as
visualized by time-lapse microscopy (as shown in the Supplementary Videos), by the liver-derived MAIT cell line MAIT-
BSL-19, following activation using mixture of 3 nM 5-OP-RU and E. coli lysate (3e9 CFU/ml) (+ Ag). Hepatocytes alone
(CTRL) and hepatocytes co-cultured with MAIT-BSL-19 cells, without any Ag (- Ag), served as negative controls.
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5-(2-oxopropylideneamino)-6-D-ribitylaminouracil
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Supplementary Figure 7.
Scheme of 5-OP-RU formation and its detection by LC-MS/MS. (A) Scheme of generation of 5-OP-RU from 5-A-RU
and methylglyoxal, and of catabolism of 5-OP-RU, adapted from Corbett et al. (9) (B) Overlay of three LC-MS/MS
chromatograms of 5-OP-RU determined in cell lysate of THP-1 cells (black, 5-OP-RU following 5 h incubation; light grey,
5-OP-RU following 15 h incubation; dark grey, pure methanol injection). 5-OP-RU exhibited a retention time of 2.14 min
and was detected by selected reaction monitoring in the negative mode (mass transition: 329.0 m/z → 190.9 m/z). (C)
Overlay of three LC-MS/MS chromatograms of 5-OP-RU determined in cell supernatant of THP-1 cells (black, 5-OP-RU
following 2.6 h incubation; light grey, 5-OP-RU following 15 h incubation; dark grey, pure methanol injection). (D) LC-
MS/MS analysis of cell extracts and the corresponding culture supernatants following incubation of THP-1 cells with 1 M
5-A-RU. Shown are time-course accumulation curves of 5-OP-RU in cell lysate (black circles) and cell culture
supernatant (open circles).
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Molecular weight 276.3 Da

LogP -2.3

TPSA 184 Å²

Lipinski's rule 1 violation

Bioavailability
score 0.55

Molecular weight 330.3 Da

LogP -1.7
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Bioavailability
score 0.17

5-A-RU 5-OP-RU

Lipophilicity

Insolubility

Insaturation

Flexibility

Polarity

Size

Lipophilicity

Insolubility

Insaturation

Flexibility

Polarity

Size

Supplementary Figure 8.
In silico modeling and bioavailability scores of 5-A-RU and 5-OP-RU. In silico modeling was performed by applying
a published method using a combination of physico-chemical parameters to the Ag 5-OP-RU and its precursor 5-A-
RU.(15,16) We have selected 4 important parameters for display in this figure (molecular weight; LogP, corresponding
to the partition coefficient in octanol/water; TPSA, total polar surface area; number of “Lipinski’s rule” violations). A higher
bioavailability score corresponds to higher probability of intestinal absorption. The score was calculated using an online
tool for bioavailability. (17)
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Supplementary Videos 

 
Supplementary Videos V1-7. Killing efficiency of MAIT cells in response to 
activation by hepatocytes. Co-culture of hepatocytes with liver-derived MAIT cell line 

MAIT-BSL-19, using a mixture of 5-OP-RU (3 nM) and E. coli lysate (3e9 CFU/ml) as 

Ags. V1 - V3, cells co-cultured in the presence of Ags (labelled + Ag). V4 and V5, cells 

co-cultured in the absence of Ags (labelled - Ag). V6 and V7, hepatocytes cultured 

alone (labelled CTRL). Starting with the addition of MAIT cells to the culture, videos 

were taken for 15 h. The quantification of hepatocyte killing is shown in Supplementary 

Figure 6B. 
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Work Experience 

PhD student at the University of Basel  April 2016 to August 2020 
Liver Immunology lab (PD Dr. med. Dr. phil. M. Filipowicz Sinnreich, Department of Biomedicine) 

Project: Role of Mucosal associated invariant T cells in liver diseases  

• Isolation, culture and analysis of patient derived liver cells by flow cytometry and single cell RNA-sequencing 

• Investigating potential therapeutic interventions by functional assays using blocking ligands and antibodies 

• Establishing new techniques of bacterial metabolite detection 

• Presenting scientific results at national and international meetings 

Research Internship at the University of Strasbourg  January to July 2015  
Invasion, Migration, and Microenvironment Team (UMR 7213), Prof. P. Ronde 

Project: Study of the effect of the microenvironment composition on cell motility 

• Handled cell migration studies in addition to zymography and image treatment in relation to melanoma, cell 
migration, and invasion involving the tumour microenvironment 

• Investigated the CD47 pharmacological pathway by Western Blotting, immunoprecipitation, and immunostaining. 

Research Internship at the University of Strasbourg  March to August 2014 
Invasion, Migration, and Microenvironment Team (UMR 7213), Prof. Y. Mély, Dr. E. Sick 

Project: CD47 role in cancer cell migration 

• Performed Western Blot analyses, immunostaining and cell transfection with labelled proteins to understand the 
effect of the receptor activation 

• Responsible for the culture of five cell types including human tumour cells and human astrocytes 

Internal Medicine / Emergency Services Unit   September to February 2014 
New Civil Hospital of Strasbourg 

• Verified incoming medical prescriptions of the patients, and discussed the prescription with the medical team 

• Analysed drug misprescriptions in the Emergency Service 

Volunteer Research Internship at the University of Strasbourg June to July 2014 
Invasion, Migration, and Microenvironment Team (UMR 7213) 

• Cell culture preparation, proliferation, and viability assays in research on the role of the CD47 receptor in cell 
multiplication 

 



198 

 

  

  

 

2 

Education 

PhD in Cell Biology, University of Basel    2016 – 2020 
Dissertation: Role of liver cells in bacterial antigen metabolism and MAIT cell activation 

Master degree in Pharmacology, University of Strasbourg    2013 - 2015 
Master achieved in 2015 in conjunction with a PharmD 

Dissertation: The role of the CD47 receptor in cell invasion and migration. 

National qualification as a Doctor of Pharmacy, University of Strasbourg   2009 - 2015 
Dissertation: Targeting cell migration to prevent metastasis; current status (First class Honours)  
Degree consists of six years of theoretical and practical studies with a competitive exam following the first year of higher 
education. 

Scientific baccalaureate, St. Augustin, Bitche, France    2006 - 2009    

Attained a scientific baccalaureate with First Honours (valedictorian) 

Seminars / Presentations 

19th Hepatobiliary and Gastrointestinal Research Retreat, Pontresina, CH  January 2020 

Oral presentation: “Towards a characterization of the gut microbiome and its influence on MAIT cells in non-alcoholic fatty liver disease” 

CD1-MR1 EMBO Workshop, Oxford, UK    September 2019 
Poster presentation: “Robust Mucosal-associated invariant T cell (MAIT) activation in response to interactions with primary human liver 
cell subsets” 

University of Oxford - Peter Medawar Building Seminars, Oxford, UK  June 2019 

Invited speaker: “Robust Mucosal-associated invariant T cell (MAIT) cell activation in response to interactions with primary human liver 
cell subsets” 

EASL International Liver Conference, Vienna, Austria    April 2019 
Late breaker poster presentation: “Robust Mucosal-associated invariant T cell (MAIT) activation in response to interactions with 
primary human liver cell subsets” 

University of Basel Immunology Community (UBICO) retreat 2018, CH  March 2019 
Oral presentation: “Robust MAIT cell activation in response to interactions with primary human liver cell subsets” 

18th Hepatobiliary and Gastrointestinal Research Retreat, Les Diablerets, CH January 2019 
Oral presentation: “Robust MAIT cell activation in response to interactions with primary human liver cell subsets” 

Gastro-Regio meeting 2018, Freiburg i. Br., Germany    September 2018 
Oral presentation: “Towards a characterisation of MAIT cell populations in non-alcoholic fatty liver disease” 

Gastro-Regio meeting 2017, Strasbourg, France    September 2017 
Oral presentation: “Intrahepatic interaction partners of Mucosal-associated invariant T cells” 
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Funding 

University of Basel travel fund for early career researchers  September 2019 
CD1-MR1 EMBO Workshop, Oxford, UK 
 
University of Basel travel fund for early career researchers  April 2019 
EASL International Liver Conference, Vienna, Austria 

Extracurricular Activities 

Immuno-PhD Club University of Basel 

• Member of the organizing committee for three years  
• Coordinated monthly internal seminar  
• Organized journal club with international invited speakers 

 

Association «Association des étudiants en Pharmacie de Strasbourg» (AAEPS/H2S):  

• Presided over the student association “H2S” in 2013 after four years as an active member 
• Managed a team of 19 dedicated student volunteers 
• Spearheaded several initiatives advocating healthy sexual decisions among students at the University of 

Strasbourg, and orchestrated blood drives 
• Ensured proper management of the campus canteen and the association’s shop 
• Handled the €170,000 annual budget and supervised the association’s employee  

Leadership:  

• Elected by the students of the College to the council of Pharmacy in 2011 
• Nominated for and joined the CFVU “commission de la formation et de la vie universitaire” (University council) in 2013.  
• Elected by the council of Pharmacy to the College Direction Committee as the Student Assistant Director in 2014 

Skills 

Instruction:  

• Volunteered as a peer tutor in 2010 
• Joined Supexam©, a tutoring company, as chemistry teacher  

Language Proficiencies: 

• French: Native speaker 
• English: C2 (mastery of written and spoken English) 
• German: B1 (conversational fluency and moderate writing skills)  
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