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A. Summary 

The liver is a strong innate immune organ with a repertoire of liver-resident immune cells. The innate 

immune system operates as the first-line defense against pathogens but also induces tolerance to harmless 

antigens. Innate-like immune cells, namely, invariant Natural Killer T cells (iNKT), Type II NKT cells 

(T2NKT), Mucosal-associated invariant T cells (MAIT) and γδ T cells, contribute to liver homeostasis and 

pathogenesis (Figure 1). Liver diseases originate from excessive inflammation but it is unlikely to be 

diagnosed until the late stages. This represents a gap in the clinical management of patients.  

 
Figure 1. The contribution of different subsets of hepatic innate-like immune cells in liver diseases.  

 

In this thesis, I address in Chapter 1 the role of innate immune cells in early liver inflammation and the 

patterns of inflammation according to liver pathology. Chapter 2 presents a case report of a patient with a 

liver transplant and recurrent hepatocellular carcinoma. Traditional liver function tests and immune cell 

biomarkers are discussed as poor biomarkers of therapy response and graft rejection. From Chapters 3-5, 

I evaluate the use of innate immune cells as biomarkers. Chapter 3 tackles T2NKT cells as potential 

biomarkers and their limitations. Chapter 4 explores iNKT cells as biomarkers of steatosis. Chapter 5 

studies a receptor in hepatocytes that modulates iNKT cells' function. The dysregulation of the receptor in 

steatosis is explored as a biomarker of early liver pathogenesis. Chapter 6 integrates the findings of my 

work in a broader context and discusses the contributions to the field.   
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1.1 Abstract 

The innate system constitutes a first-line defence mechanism against pathogens. 80 % of the blood supply 

entering the human liver arrives from the splanchnic circulation through the portal vein, so it is constantly 

exposed to immunologically active substances and pathogens from the gastrointestinal tract. Rapid 

neutralization of pathogens and toxins is an essential function of the liver, but so too is avoidance of harmful 

and unnecessary immune reactions. This delicate balance of reactivity and tolerance is orchestrated by a 

diverse repertoire of hepatic immune cells. In particular, the human liver is enriched in many innate immune 

cell subsets, including Kupffer cells (KCs), innate lymphoid cells (ILCs) like Natural Killer (NK) cells and 

ILC-like unconventional T cells – namely Natural Killer T cells (NKT), γδ T cells and Mucosal-associated 

Invariant T cells (MAIT). These cells reside in the liver in a memory-effector state, so they respond quickly 

to trigger appropriate responses. The contribution of aberrant innate immunity to inflammatory liver 

diseases is now being better understood. In particular, we are beginning to understand how specific innate 

immune subsets trigger chronic liver inflammation, which ultimately results in hepatic fibrosis. In this review, 

we consider the roles of specific innate immune cell subsets in early inflammation in human liver disease.  
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1.2 Introduction 

Understanding the liver´s architecture and the niches formed by the different hepatic immune cells 

is equally important to deciphering their immune roles. The liver is subdivided into hepatic lobules, 

which consist of a portal triad (hepatic artery, portal vein and bile duct), hepatocytes arranged in 

linear cords between a capillary network (sinusoids) and a central vein (Figure 1). The blood flows 

from the portal triad to the central vein. The vascular system connecting the portal triad to the 

central vein is mainly constituted by liver sinusoidal endothelial cells (LSECs). Large fenestrae 

allow the exchange of macromolecules and components from the sinusoids with hepatocytes [1, 

2]. Interestingly, hepatocytes have different functions based on their zoning. Close to the portal 

triad, hepatocytes are the first to interact with gut-derived antigens whereas hepatocytes in 

proximity to the central vein are associated with detoxification [3]. The gradual change in blood 

nutrients, oxygen and antigen load is correlated with significant changes in hepatocytes´ gene 

expression signature [3, 4]. Immune cells could also perform different functions according to their 

position within the liver. The distribution of innate cells in the liver is based on different 

chemokines, adhesion molecules and surface receptors [5]. KCs are located adherent in the 

sinusoids and emit extensions into the Disse space. KCs along with LSECs constitute part of the 

reticuloendothelial system, which clears debris and harmful compounds in the blood. 65 % of 

intrahepatic lymphocytes consist of NK cells, NKT cells, MAIT cells and γδ T cells [6–8] (Figure 

2A, B). NK cells are in close proximity to KCs in both mouse and human models, suggesting a 

physical co-dependence [9, 10]. NKT cells are constantly surveilling the liver sinusoids and stop 

when they detect inflammatory signals [9]. CXCR6 was identified as a receptor to regulate mouse 

intrahepatic NKT cell frequencies and its ligand CXCL16 is overexpressed in macrophages and 

endothelium near injury areas [10]. Human γδ T cells were identified in portal sections and in 

association with biliary epithelium [11]. Human MAIT cells are reported to reside predominantly 
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around bile ducts [12]. However, the distribution and frequency of innate cells during inflammation 

are drastically changed with the recruitment of immune cells to the site of inflammation [9].  

 

Figure 1. Diagrammatic representation of the liver architecture. The classical hexagonal lobule constitutes the anatomic 

unit of the liver. The lobule´s parenchyma is mainly formed by hepatocytes that are distributed along the sinusoids. The 

portal triad, formed by the hepatic artery (HA), the portal vein (PV) and the biliary duct (BD), carries the blood supply 

towards the centroid of the lobule where it is collected by the central vein (CV). Within the sinusoids, Kupffer cells (K) 

and Natural Killer cells (NK) are located in close proximity to the endothelium (beige). Other ILC-like cells such as iNKT 

cells and T2NKT cells are constantly surveying the sinusoids. Closer to the triad, especially near the BDs, there is a 

high frequency of MAIT cells and γδ T cells.  
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Figure 2.  (A) Diagram tree of the approximate frequency of liver-resident cells and a FACS-based gating strategy to 

identify each cell type. The liver is mainly constituted by parenchyma (hepatocytes) and ILCs. Among ILCs, Kupffer 

cells and NK cells are the most abundant immune cells. The liver is also characteristic for having a niche of 

unconventional T cells, namely iNKT cells, T2NKT cells, γδ T cells and MAIT cells. (B) The main types of antigen 

recognition by unconventional T cells through their T-cell receptors (TCRs), Kupffer cells and NK cells. Kupffer cells 

and NK cells are activated through pattern recognition receptors. Additionally, NK cells have receptors that can sense 

healthy and stressed or dead cells. 
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1.2.1 Kupffer cells 

KCs are liver-resident macrophages that constitute 15 % of the total human non-parenchymal 

liver cell count [13]. They represent the primary barrier against pathogens and toxic compounds 

coming from portal circulation [14]. KCs are antigen-presenting cells (APC) and play a crucial role 

in inducing liver tolerance through cell-to-cell contact, cytokines and other mechanisms such as 

dioxygenase-dependent sequestration of tryptophan [15]. Under physiological conditions, KCs 

are the major reservoir of macrophages in the liver and can self-renew independently from the 

bone marrow [16]. Upon activation, KCs secrete chemokine ligand 2 (CCL2) which promotes the 

infiltration of human circulating monocyte-derived macrophages. Increased frequency of CCR2+ 

monocytes participates in liver fibrosis in mouse models [17, 18] and is indicative of pathology in 

human acetaminophen-induced acute liver injury [19]. However, it is not yet clear whether liver-

resident and circulating macrophages are two distinguished populations with different functions. 

The majority of pathogens coming from portal circulation are trapped in the liver by KCs 

phagocytosis. KCs cooperate with other non-parenchymal liver cells to clear potential infections 

[20]. KCs can also sense damage-associated molecular patterns (DAMPs) expressed in 

hepatocytes that induce the secretion of a variety of cytokines and chemokines to efficiently 

restore homeostasis [20]. When liver diseases compromise KCs function, aggravation of the 

diseases can be foreseen due to secondary infections [21]. 

 

1.2.2 Mucosal-associated invariant T cells 

MAIT cells are an abundant subset of hepatic T lymphocytes. They constitute up to 30-40 % of 

human hepatic CD8+ T cells [6, 7]. Their roles in pathogen defense and tissue repair have been 

previously reported [22–24]. MAIT cells have an invariant T cell receptor (TCR) that recognizes 

the nonpolymorphic class Ib major histocompatibility (MHC) class I-related protein (MR1) when 

loaded with antigens. MAIT cells recognize riboflavin derivatives which are necessary for 
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metabolism of many bacteria. These cells are considered an evolutionary system to defend hosts 

from pathogens since mammals do not produce these metabolites. Under inflammatory 

conditions, hepatocytes present the riboflavin derivative 5-A-RU to MAIT cells and also secrete 

IL-7 which is known to shape MAIT cells towards a pro-inflammatory state [7, 25]. Upon activation, 

MAIT cells secrete large amounts of pro-inflammatory and pro-fibrogenic cytokines such as IFN-

γ, TNF-α and IL-17 [26]. Studies in humans demonstrated that triggering MAIT cells in the 

absence of co-stimulation with cytokines induces wound repair and tissue regeneration [24]. 

These studies suggest that under physiological conditions, MAIT cells probably contribute to 

tissue repair and regeneration since there is a constant influx of 5-A-RU present in human sera 

[27] but promote inflammation under acute inflammation. The high sensitivity for cytokines 

indicates that MAIT cells might be one of the first contributors to early inflammatory responses.  

 

1.2.3 Gamma-delta T cells 

γδ T cells are non-conventional subset of T lymphocytes with a limited non-MHC-restricted TCR 

repertoire. They constitute around 1-10 % of human circulating T cells [28]. They can recognize 

a wide variety of antigens and can be activated via pathogen-associated molecular patterns 

(PAMPs), DAMPs or cytokines alone. Upon activation, cells can execute cytotoxic as well as 

effector functions. Moreover, γδ T cells also play a role in tissue homeostasis [29]. In humans, 

the stratification of γδ T cells is based on the Vδ gene segments used to produce their TCR. Vδ1+ 

T cells are abundant in the epithelium [30] and protect tissues via recognition of non-classical 

MHCs such as CD1a, CD1c and CD1d [31]. Vδ2+ T cells are the most abundant subtype in 

circulation and can clear infections in periphery organs [28, 32]. They recognize phosphoantigens, 

which are non-peptide low molecular weight antigens. Vδ2+ T cells respond rapidly in a Th1-like 

fashion to high amounts of self-phosphoantigens (for example in tumor cells) or microbial 

phosphoantigens [33, 34]. The butyrophilin 3A (BTN3A) family can trigger activation of Vδ2+ T 



 
 

10 
 

cells upon stimulation with phosphoantigens [35]. The heterodimer BTNL3/BTNL8 expressed in 

APC was reported to mediate the TCR-dependent activation of Vδ2+ T cells by binding of the 

intracellular domain of BTNL3 with phosphoantigens [36]. Interestingly, the expression of BTNL8 

was not detectable in human PBMC but it was highly expressed in regulatory T cells after 

polyclonal stimulation [37]. This suggests further investigation into the role of the butyrophilin 

family in the development of hepatitis and potential role in influencing Vδ2+ T cells. Vδ3+ T cells 

are a heterogeneous group of T lymphocytes enriched in the liver and also in some diseases such 

as leukaemia or chronic viral infection [38]. They recognize antigens presented by CD1d 

molecules and respond by producing cytokines and killing of CD1d+ cells [38]. Recent evidences 

suggest that γδ T cells may be involved in liver diseases as previously shown in other autoimmune 

diseases [28], especially due to the rapid and large secretion of IL-17 [39].  

 

1.2.4 Natural Killer T cells 

NKT cells are a rare subset of T lymphocytes comprising less than 1 % of human peripheral blood 

T lymphocytes but enriched in the liver [8, 40]. NKT cells are known to express NK cell markers 

like CD56, CD16 and CD161, and produce granzyme [40, 41]. Their restricted TCR repertoire 

recognizes antigenic lipids presented by the MHC class I-like molecule CD1d [42, 43]. Based on 

their TCR, NKT cells have been divided into two subsets. Type I NKT, or invariant (i)NKT cells, 

are the most studied group because they are enriched in mouse liver and have a semi-invariant 

TCR. The prototype ligand for iNKT cells is α-galactosylceramide (α-GalCer) [44]. Type II NKT 

cells (T2NKT) consist of a subset with more diverse TCR. The major ligand recognized by T2NKT 

cells is sulfatide, which is a glycolipid enriched in the myelin of the central nervous system, 

pancreas, kidney and liver [45]. It is difficult to study T2NKT cells because there is a lack of tools 

to identify and characterize them. Recently, we proposed a novel strategy to isolate and 

characterize T2NKT cells in humans but the low number of cells in blood is still a limitation [40]. 
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The role of iNKT cells and T2NKT cells in liver diseases have been mainly studied using 

transgenic mice models of CD1d-knockouts or TCRVα14-knockouts, which lack iNKT cells. These 

studies suggest that, in general, iNKT cells play a pro-inflammatory phenotype whereas T2NKT 

cells suppress inflammation through direct and indirect inhibition of inflammatory cells, including 

iNKT cells [46–49]. We described a novel subpopulation of T2NKT cells that expresses regulatory 

T cell markers such as FoxP3 and CD25 [40]. FoxP3+ T2NKT cells were found both in the 

periphery and in the liver and may explain some of the regulatory functions reported previously.  

 

1.2.5 Natural Killer cells 

NK cells are a major component of the liver’s innate immune cell compartment. They account for 

almost 50 % of human intrahepatic lymphocytes [50]. Human hepatic NK cells are classified into 

three different subsets based upon their transcriptional, phenotypical and functional features [50]. 

Liver-resident NK cells are CD56bright CD69+ CXCR6+ CCR5+ and highly cytotoxic [51–54]. These 

cells are long-lived tissue-resident subsets [55]. Interestingly, a subset of liver-resident CXCR6+ 

NK cells was described as having a memory-like responsiveness against - vesicular stomatitis 

virus (VSV), human immunodeficiency virus (HIV) and influenza [56]. Memory-like NK cells 

produce higher amounts of IFN-γ after rechallenge with the virus. The third NK cell subset is 

transient circulating NK cells, which are CD56dim CD69- CXCR6- CCR5- and show less cytotoxic 

activity. They can secrete high amounts of pro-inflammatory cytokines such as TNF-α and GM-

CSF [57–59]. The regulation of NK cell activity consist on a balance between activating and 

inhibitory receptors displayed on their surface [60]. NK cells survey the liver and induce apoptosis 

in infected or aberrant cells via different mechanisms such as FasL or TRAIL [61, 62]. Under 

inflammatory conditions, NK cells kill hepatic stellate cells (HSCs) to resolve inflammation and 

limit liver fibrosis via granzyme-induced apoptosis and IFN-γ secretion [62, 63]. NK cells are 

fundamental for the proper protection of the liver and aberrant functions have been reported in 
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several liver diseases. Over the past decade, studies on NK cells suggest very heterogeneous 

populations with distinctive transcriptomes and cellular interactions [64]. 

1.3 Innate immune cell subsets and early liver inflammation 

Liver inflammation is the first step to resolving and healing from different hepatocellular stress. 

When not effective, inflammation can become pathogenic. Hepatitis is a hallmark of liver disease 

[65] (Figure 3). It is important to identify which cells are precursors of early liver inflammation to 

avoid unnecessary harm. A recent report highlights the importance of the inflammasome in early 

inflammation [66]. KCs express a variety of pathogen recognition receptors (PRRs) to cover a 

wide range of dangers. Some of these dangers overactivate the inflammasome, which triggers 

pyroptosis, a form of cell death accompanied by cell membrane rupture and release of pro-

inflammatory IL-1β and IL-18 [67]. These cytokines are responsible for the recruitment and 

activation of innate immune cells [68, 69]. The direct cytotoxic and effector functions of innate 

immune cells can restore homeostasis. However, innate immune cells can also have early 

involvement in disease processes when the danger is not resolved (e.g. chronic viral infection) or 

because of repeated insults (e.g. alcohol or drug abuse) (Table 1). Innate immune cells can also 

recruit other immune cells from the liver and peripheral circulation. Overall, innate immune cells 

are suggested to be the precursors of the inflammatory niche because of their optimal location, 

preactivated state, enrichment in the liver and strong effector functions. 
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Figure 3. Hepatitis is a hallmark of the majority of liver diseases.  

 

1.3.1 Viral hepatitis 

Hepatotropic viruses such as hepatitis A, B, C, D and E (HAV, HBV, HCV, HDV and HEV) possess 

mechanisms to escape from the hosts´ antiviral immunity. When the viruses replicate, often the 

innate immunity detects viral components, hence triggering an acute inflammatory response 

resulting in the killing of infected hepatocytes. Since the infection is not properly resolved, viruses 

remain in a latent state and replicate opportunistically. This progressively leads to chronic liver 

inflammation [70]. In particular, HBV and HCV are the main causes of chronic liver disease and 

are estimated to affect 257 million (data from WHO 2015) and 115 million people [71], 

respectively. Together they represent the most common cause of liver cirrhosis, liver cancer and 

viral hepatitis-related deaths [72].  
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HBV is directly mutagenic and induces low-grade inflammation progressing into HCC [73]. HBV-

infected hepatocytes release PAMPs such as glycoproteins, secreted HBsAg or free viral nucleic 

acids that are recognized by the innate immune system. Human KCs release pro-inflammatory 

cytokines to orchestrate an antiviral response which also arrests hepatocyte replication, hence 

viral replication [74]. Studies in mice demonstrated the antiviral roles of NK cells and NKT cells 

[75, 76]. HBV patients present higher levels of NK cells in blood compared to HBV-negative 

controls [77, 78] and are deemed as the major contributors to HBV clearance [79]. A positive 

correlation was found between NK cell activation levels and HBV clearance [79]. NK and NKT cell 

numbers from peripheral blood correlated to the frequency of HBcAg-specific cytotoxic T 

lymphocytes (CTLs) [80]. However, infiltration of circulating NK cells can contribute to liver injury 

[81]. NK cells from HBV patients produced higher levels of TNF-α and induced in vitro expression 

of TRAIL in hepatocytes [82]. This study showed that infiltrated circulating NK cells could induce 

apoptosis of non-infected hepatocytes via TRAIL [82]. Additional studies in mice and patients 

show that NK cells could also exacerbate liver injury via TNF-α, Fas/FasL and NKG2D/NKG2DL 

pathways [83, 84]. NKT cells and KCs secrete induced nitric oxide synthase (iNOS) as a viral 

eradication mechanism [85, 86]. Moreover, the frequency of NKT cells was increased to normal 

values with virus clearance [80]. These results suggest that circulating NK cells and NKT cells are 

recruited in the liver causing a reduction in their frequencies in blood. In contrast, peripheral MAIT 

cells were significantly decreased in HBV-related liver failure patients compared with chronic HBV 

patients [87]. The study suggested that MAIT cells are recruited in the liver and promote a strong 

inflammatory response damaging the liver. MAIT cells were also reduced in patients with 

middle/late-stage compared with early-stage liver failure [87]. Similar to NK cells and NKT cells, 

patients that showed disease improvement had an increment in the frequency of MAIT cells [87]. 

In another two studies exploring changes in peripheral γδ T cells in HBV patients, γδ T cells were 

less abundant in liver failure patients and correlated with disease severity [88]. Activation of γδ T 
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cells with PMA/Ionomycin induced the greatest amount of pro-inflammatory TNF-α and IL-17 in 

liver failure patients [89]. However, another study indicated that γδ2 T cells exhibited impaired 

proliferation and chemotaxis [90]. The same study showed in vitro that γδ2 T cells inhibit Th17 T 

cells through cell-to-cell contact and produce high amounts of IFN-γ [90]. These results suggest 

that NK cells and NKT cells are the first-line of defense against HBV infection. Failing to clear the 

infection, MAIT cells and γδ T cells contribute to chronic inflammation. IFN-α therapy is effective 

in 20-30 % of chronic HBV patients [91]. The low response rates may be attributed to the wide 

spectrum of different clinical conditions. Based on the current understanding of the role of NK 

cells in HBV clearance, IFN-α is likely to improve the cytotoxic function of liver-resident NK cells 

by targeting HSC cells and reduce fibrosis [92]. It is necessary to investigate whether IFN-α 

therapy response is subjected to the frequency of circulating NK cell infiltration.  

HCV-induced inflammation is partly triggered by non-structural proteins of the virus [93] but the 

major contributor to HCV-hepatitis are the inflammatory immune cells. In vitro studies show that 

HCV-infected hepatocytes produce several pro-inflammatory cytokines including IL-6, IL-8, MIP-

1α and MIP-1β as a response to IL-1β secreted by HSCs [94] or IL-1β and TNF-α by KCs [95]. 

Similar to HBV infection, human circulating MAIT cells were generally reported to be depleted 

with markers of exhaustion and hyperactivation [96–98]. Additional studies suggest that hepatic 

MAIT cells are major contributors to hepatitis and fibrosis given the nature of the cells. Repetitive 

IL-12 stimulation or IL-7 secretion by hepatocytes was a sufficient stimulus to induce secretion of 

the pro-inflammatory cytokines IFN-γ, TNF-α and IL-17 [7, 26]. Intrahepatic γδ T cells were shown 

to be cytotoxic against human hepatocytes in culture [99]. We have recently identified a subset of 

CD8+ γδ T cells that were more abundant in baseline peripheral blood of melanoma patients that 

had hepatitis after ICI therapy versus non-hepatitis cohort. ICI therapy might induce γδ T cells 

cytotoxic activity against hepatocytes as observed in HCV infection. NK cells were shown to be 

compromised in HCV patients allowing the virus to replicate [78, 100]. IFN-α therapy induced 
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activation of NK cells and further improved the clearance of the virus [101]. NKT cells were also 

reported to play a role in HCV resolution and progression. The frequency of activated CD38+ or 

CD69+ iNKT cells strongly correlated with alanine transaminase levels [102]. Increased levels of 

activated iNKT cells were observed during acute inflammation and chronic HCV infection without 

apparent functional differences [102]. The frequency of activated iNKT cells declined 

spontaneously in resolving patients [102]. These data suggest that HCV infection could be mainly 

managed by NK and NKT cells. Viral clearance also involves other ILC-like cells such as MAIT 

cells and γδ T cells. Under inflammatory conditions, host hepatocytes switch to an antiviral state 

to prevent further viral replication. If the infection is not properly resolved, we propose a model 

where NK cells and MAIT cells have an exhausted phenotype while iNKT cells and γδ T cells 

promote pathogenesis by targeting infected hepatocytes. 

 

1.3.2 Alcohol-induced hepatitis and drugs 

The liver is vital for the detoxification of substances that are harmful to the body. Liver 

detoxification consists mainly of converting ingested drugs into water-soluble metabolites via 

xenobiotic biotransforming enzymes [103]. This allows drugs to be efficiently secreted through 

urine. However, in an attempt to solubilize drugs, some compounds are converted into their active 

form. Acetaminophen, also known as paracetamol, leads to reactive metabolites causing 

apoptosis and necrosis of hepatocytes [104]. In the case of alcohol, free radicals and 

acetaldehyde are harmful by-products that can lead to significant liver damage over time. Drugs 

and alcohol can also damage the intestine barrier leading to more bacteria translocation to the 

bloodstream [105, 106]. The influx of gut microbiota and its metabolites activate the immune 

system through PAMPs and DAMPs [107–110]. KCs were reported to be major contributors to 

the development of alcohol-related liver disease (ALD). Intestine permeability is directly 

associated with KC activation [111, 112]. Exposing mice to LPS and alcohol-derived reactive 
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oxygen species (ROS) has shown to induce TNF-α secretion by KCs [113, 114]. In a paracrine 

manner, IL-1ß secretion by KCs had a significant effect on the pathological progression of ALD 

[115]. A rat model of ALD with depletion of KCs resulted in impaired progression of the pathology 

suggesting a key role of KCs [116]. NK cells were less frequent in alcoholic patients [117] and 

were less cytotoxic compared to healthy individuals [118]. A reduced expression of the activating 

receptor NKG2D and production of IFN-γ in mice suggests that NK cells cannot efficiently kill 

activated HSCs [119]. Chronic ethanol feeding in mice increased CD1d by enterocytes [120]. 

Similarly, patients affected by alcohol misuse also show increased expression of CD1d in the 

small intestine [120]. An in vitro study showed that CD1d increased the loading of αGalCer 

following increasing concentrations of ethanol and thus, could increase stimulation of iNKT cells 

[121]. Many studies in mice suggest that iNKT cells have a pathogenic role in the development of 

ALD. It was reported that iNKT cells crosstalk with KCs through IL-1β, promote inflammation and 

recruit neutrophils [122, 123]. CD1d blocking antibodies could partially prevent liver injury [123]. 

Intestinal iNKT cells were observed to migrate to the liver and, collectively with liver iNKT cells, 

showed a chronic activated phenotype with downregulation of TCR, increased apoptosis and 

FasL expression [120]. In vitro experiments from the same study confirmed that iNKT cells could 

kill hepatocytes via Fas-FasL mechanism [120]. Activation of T2NKT cells by sulfatide inhibited 

iNKT cell hepatic damage [124, 125]. In a concanavalin A-induced hepatitis mouse model, 

injection of lysophosphatidylcholine (LPC) activated T2NKT cells and prevented liver injury by 

iNKT cells [125]. Another study described the crosstalk of T2NKT cells with plasmacytoid dendritic 

cells and recruitment of anergic iNKT cells to the mouse liver via IL-12 and MIP-2 [126]. As 

mentioned above, our group recently identified a novel population of human FoxP3+ T2NKT cells 

that might exert immunoregulatory functions in this scenario [40]. Alcoholic-related cirrhosis and 

severe alcoholic hepatitis patients had a dramatic depletion and hyperactivated circulating MAIT 

cells [127, 128]. Dysfunctional MAIT cells could explain the susceptibility to infection of these 
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patients [127, 128]. In another study, MAIT cells had an exhausted phenotype and partially 

recovered with patient´s alcohol abstinence [129]. MAIT cells may contribute to the pathogenesis 

of ALD via IL-17 secretion [129]. Surprisingly, only a few reports have described the role of γδ T 

cells in ALD. In a mouse study following binge ethanol drinking, γδ T cells were described to 

produce higher amounts of IL-17A than non-binge ethanol-drinking mice [130]. The activation of 

γδ T cells was IL-1ß-dependent, possibly by KCs [130]. However, under acute-on-chronic ethanol 

consumption, γδ T cells did not produce further IL-17A. Instead, CD4+ T cells were the major 

contributors. This suggests that KCs could play a predominant role in the development of ALD. 

KCs orchestrate an inflammatory response that involves pro-inflammatory iNKT cells and γδ T 

cells. Alcohol could directly affect MAIT cells and NK cells causing depletion and impaired 

functions such as the inactivation of HSCs by NK cells, and tissue repair by MAIT cells.  

 

1.3.3 Non-alcoholic fatty liver disease  

Non-alcoholic fatty liver disease (NAFLD), characterized by an excessive accumulation of fat in 

hepatocytes, is the most common indication for liver transplant in Western countries and the 

leading cause of liver transplantation in women [131, 132]. It is estimated that 23-25 % of the 

global population have NAFLD to some degree [133]. Etiologically, it is suggested that the adipose 

tissue from patients with NAFLD predisposition release free fatty acids (FFA) and pro-

inflammatory mediators into the circulation [134, 135]. As a result, an inflammatory response is 

triggered in the liver. Lipotoxicity, mitochondrial dysfunction and endoplasmic reticulum stress are 

key inducers of the inflammatory cascade [136]. Higher frequencies of KCs were observed in liver 

biopsies of non-alcoholic steatohepatitis (NASH) patients [137]. Depletion of KCs in rats exposed 

to a high-fat diet (HFD) prevented the development of steatosis [138]. In vitro experiments showed 

that TNF-α was responsible for the increased accumulation and the reduced oxidation of fatty 

acids in hepatocytes [139]. Immunohistological stainings revealed a complex crown-like structure 
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consisting of KCs surrounding dying steatotic hepatocytes. Cholesterol crystals are accumulated 

in the center of these structures [140]. Interestingly, previous exposure of KCs to cholesterol 

crystals showed to precondition the cells towards a pro-inflammatory innate memory-like state 

[141]. Similar observations were taken from macrophages cultured with oxidized low-density 

lipoproteins [142]. Likewise to the effect of alcohol, NK cells of obese individuals had lower 

NKG2D expression [143] and impaired cytotoxicity [144, 145]. Another study showed that there 

were no differences between NK cells from healthy individuals and NAFLD, while higher 

expression of NKG2D in NK cells was found in NASH patients [146]. Data from mice and humans 

suggest that iNKT cells have a dual role in NAFLD. More specifically, it is hypothesized that iNKT 

cells have a protective role during early stages of simple steatosis. In different mouse models of 

hepatosteatosis, like ob/ob mice, animals fed with HFD or a choline-deficient diet, iNKT cells were 

apoptotic and showed decreased intrahepatic frequency [147–149]. Adoptive transfer of hepatic 

mononuclear cells but not CD1d-/- mononuclear cells regulated hepatic steatosis via IL-10 [150]. 

However, in other instances, opposite results were reported. Mice fed with HFD developed 

adipose tissue inflammation and glucose intolerance [151]. This was significantly exacerbated by 

αGalCer-dependent activation of iNKT cells [151]. In the liver, iNKT cells could be directly 

activated via hepatic CD1d molecules, exacerbate steatosis and decrease insulin sensitivity by 

promoting a pro-inflammatory cytokine environment [152]. This could suggest that iNKT cells play 

a protective role during early stages of simple steatosis but exacerbate the disease in chronic 

steatosis. It would also be interesting to study the potential effect of iNKT cell migration from 

tissues like the intestines as discussed earlier. T2NKT cells might also play dual roles. In HFD 

mice, T2NKT cells initiate inflammation in the liver and adipose tissue and promote obesity and 

insulin resistance [153]. However, adoptive transfer of T2NKT cells in HFD obese mice induced 

prolonged weight loss and glucose tolerance [154]. The heterogeneity and impact of fat in 

intrahepatic T2NKT cell populations remains unclear. The frequency of human NKT cells is 
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decreased in steatosis [155] but increased accordingly to the progression of NAFLD, especially 

IFN-γ+ and IL-4+ cells [156–158]. NASH patients had a 4-5 fold relative increase in liver NKT cells 

[158]. CD1d expression was reported to be increased in liver immunohistochemical samples of 

NAFLD and correlated with disease progression [156]. Taken together, NKT cells are reduced in 

the early stages of simple steatosis. A pro-inflammatory response is protective against obesity. In 

advanced NAFLD, NKT cells are increased and pathogenic. Circulating MAIT cell frequency was 

reported to decrease while the number of intrahepatic MAIT cells was increased in NAFLD 

patients’ livers and it tended to be greater with disease progression [159]. MAIT cells from NAFLD 

patients had increased secretion of IL-4 and reduced expression of IFN-γ and TNF-α [159]. The 

current knowledge about the role of γδ T cells in NAFLD is mostly based on mice models. γδ T 

cells can recognize molecules presented by CD1d and its differentiation is dependent on 

hepatocyte CD1d [160]. γδ T cells are high producers of IL-17A in steatohepatitis [161], a key 

cytokine known to induce fibrosis and ROS production [162, 163]. In HFD mice, IL-17+ γδ T cells 

are elevated [164]. Additionally, adoptive transfer and gene knockout experiments in HFD mice 

demonstrated that γδ T cells exacerbate steatohepatitis and liver damage [160, 161]. In humans, 

NAFLD patients showed decreased frequencies of Vδ2+ T cells, but elevated frequencies of Vδ2- 

T cells compared to healthy controls [143]. Overall, the progression of NAFLD to NASH is a 

process derived from the increased cellular oxidative stress that leads to the activation of 

inflammatory pathways [165]. Accumulation of ROS induces the expression of TNF-α which can 

trigger necrotic cell death [166]. In line with these results, NK cells were suppressed by ROS 

[167]. KCs develop an apparent pro-inflammatory immune memory state by contact with 

cholesterol crystals. γδ T cells promote pathogenesis through IL-17 secretion, while NKT cells 

and MAIT cells exacerbate steatosis by secretion of Th2 cytokines which also contributes to 

fibrosis [168]. 
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1.3.4 Liver autoimmunity 

The three main autoimmune liver diseases are autoimmune hepatitis (AIH), primary biliary 

cirrhosis (PBC) and primary sclerosing cholangitis (PSC). AIH affects portal tracts and liver 

lobules by lymphoplasmacytic infiltrates while PSC and PBC mainly affect bile ducts. The 

etiologies of these diseases are yet unknown, but several studies suggest a common immune-

mediated liver injury. The dysregulation of immune regulatory networks causes the activation and 

expansion of autoreactive T cells and B cells [169, 170]. The innate system plays an important 

role in the regulation of the adaptive system. In AIH, an increased frequency of cytotoxic 

circulating NK cells in the liver was observed in an experimental mouse model of AIH [171]. In 

humans, the frequency of circulating CD56bright NK cells was higher in untreated AIH, while the 

frequency of circulating CD56dim NK cells was reported to be reduced in active AIH patients or 

while in remission [171, 172]. Our knowledge about NKT cells in liver autoimmunity is mainly 

based on mouse models. In AIH, concanavalin-induced hepatitis is the preferred model. iNKT 

cells were reported to upregulate FasL expression to mediate cytotoxicity against hepatocytes 

[173]. Activation of iNKT cells via α-GalCer exacerbates the disease and is suggested to be 

carried out via IL-4 and TNF-α secretion [174, 175]. Inflammation was also promoted via the 

secretion of IL-17 [176]. MAIT cells were reported to be depleted and exhausted in the periphery 

in patients [177]. Chronic stimulation of MAIT cells due to an increased influx of bacteria antigens 

and chronic inflammation may lead to MAIT cell function impairment. Induction of the exhausted 

state by repetitive stimulation with IL-12 and IL-18 showed that MAIT cells reduced IFN-γ 

production but maintained expression of the proinflammatory cytokine IL-17 [177]. The frequency 

of circulating γδ T cells was increased in patients with AIH, PSC and PBC [8]. Vδ1+ T cells, known 

to produce high levels of IFN-γ and granzyme B, were especially incremented in patients with AIH 

[178]. Another study showed that γδ T cells with low expression of TOX were enriched in AIH 

patients and had prediction potential [179]. TOX deficiency was suggested to promote the 
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expression of IL-17A in γδ T cells [179]. In general, IL-17 secretion was reported in iNKT cells, 

MAIT cells and γδ T cells. Although the clinical profile of the distinctive autoimmune liver diseases 

is different, current studies support common immunological pathways. Taking for instance the 

role of circulating NK cells, the frequency of these cells was reported to be increased and a higher 

expression of cytotoxic molecules such as perforin was found in PBC and PSC patients compared 

to healthy individuals [180, 181].  

 

1.3.5 Liver transplantation 

Liver transplantation represents a major hepatic injury. One of the unavoidable injuries is caused 

by oxygen deprivation. After liver resection, blood flow is restricted for a period of time and the 

organ becomes hypoxic. This leads to different forms of cell death like apoptosis, ferroptosis, 

pyroptosis and necrosis [182]. After reperfusion, innate immune cells from the recipient migrate 

to the liver and induce inflammation or tolerance [183]. The degree of ischemia-reperfusion injury 

(I/R) is correlated to the risk of liver rejection [184, 185]. I/R injury increased the expression of 

monocyte chemoattractant protein-1 (MCP-1) and it was associated with poorer graft function 

[186]. This observation was correlated with the increased recruitment of monocytes 2 hours after 

reperfusion [186]. The role of NK cells is dependent on activating and inhibitory receptors 

expressed in hepatocytes as well as cytokines secreted by neighbour cells. In I/R injury, 

components of the inflammasome in KCs like NLRP3 and AIM2 are hyper-activated [187, 188]. 

Inflammasome-derived IL-18 secretion can induce FasL [189] and IFN-γ production in NK cells 

[190]. IFN-γ was reported to induce expression of Fas receptor in hepatocytes and neutralization 

of IFN-γ secretion by NK cells could protect mice from tissue damage [191]. Due to the increased 

demand for livers and the increasing prevalence of NAFLD, the debate of using steatotic livers 

for transplant is on the table [192]. Steatosis is deemed to cause oxidative stress in the liver, 

which worsens the graft´s condition with I/R injury. In a retrospective, exploratory study, steatotic 
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livers showing signs of I/R had a significantly worse one-year survival rate, while the survival rate 

was not conditioned in healthy livers´ by I/R injury [193]. In this study, γδ T cells were suggested 

to exacerbate liver rejection in steatotic livers [193]. NKT cells were reported to promote I/R injury. 

After reperfusion, NKT cells rapidly expand in the liver and produce IFN-γ [194, 195]. Depletion 

of NKT cells with antibodies or both NKT cells and NK cells significantly reduced I/R injury [196]. 

The role of MAIT cells in liver I/R injury remains to be elucidated. In focal cerebral ischemia, MAIT 

cells were reported to play a pro-inflammatory role [197].  

 

1.3.6 Immunotherapy-associated liver reactions  

Cancer immunotherapies, especially immune checkpoint inhibitor (ICI) therapy, have opened new 

clinical perspectives for cancer patients and is fast becoming one of the main pillars of cancer 

treatment. ICI therapy uses monoclonal antibodies blocking T cell receptors that are used by 

cancer cells to evade the immune system. Immune-related adverse events (irAEs) are the result 

of immune activation derived from ICI therapy. The incidence of ICI-derived hepatitis is 

approximately 1-3 % for programmed cell death 1 (PD1) inhibitors and 3-9 % in cytotoxic T-

lymphocyte-associated protein 4 (CTLA4) inhibitors [198]. The combination of α-PD1/CTLA4 

increases the rate of hepatitis [198]. CTLA4 plays an important role in downregulating the immune 

response. The expression of CTLA4 is upregulated in T cells after activation and competes with 

the costimulatory receptor CD28 to bind to its ligand CD80/CD86 on APC [199]. PD-1 is expressed 

on T cells and B cells and it promotes self-tolerance. Upon binding to its ligand PD-L1, it drives T 

cell apoptosis or regulatory phenotype. Thus, ICI therapy can arguably impair liver 

immunotolerance. In acute liver injury, α-PD1 therapy improved the bacterial clearance function 

of KCs [200]. A study treating melanoma patients with α-PD1 showed that NK cell frequency in 

blood was not affected while NKT frequency was significantly increased [201]. Another study 

observed no changes in either the number or function of MAIT cells in melanoma patients treated 
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with α-PD1 therapy [202]. γδ T cells showed no apparent functional changes upon PD-1 blockade 

in vitro [203]. The frequency of γδ T cells in melanoma patients treated with a combination of α-

PD1/CTLA4 remained unchanged [204]. Overall, these data suggest that innate immune cells are 

not drastically affected by ICI therapies, with the exception of KCs and NKT cells. Immune-

suppressive KCs expresses PD-1 to suppress T lymphocytes in acute liver injury [200]. α-PD-1 

therapy has shown to invigorate bacteria clearance, but it also suggests that KCs may have 

impaired tolerogenic function to self-antigens reactive T cells. NKT cells also responded to α-PD-

1 therapy and exert increased anti-tumor functions by secretion of IFN- γ secretion of 

inflammatory cytokines [205].  

1.4 Innate immune cells as diagnostic and therapeutic targets 

The innate immune system is also involved in immune homeostasis and healthy tissue turnover. 

This is accomplished via three steps consisting of early inflammation, amplification of the 

inflammatory signal and resolution. Liver fibrosis is a consequence of inflammation and inefficient 

resolution. Liver biopsy is the gold standard for diagnosing cirrhotic liver disease, yet it is 

estimated to miss 10-30 % of cases [169]. Additionally, biopsy is not ideal because of 

invasiveness, pain, hypertension and bleeding [206]. An optimal approach would be to identify 

early inflammation before fibrosis development. This could improve patient’s treatment and 

prognosis. Blood markers bring promising perspectives to detect liver damage and abnormal 

functions [207]. The current scoring system for diagnosis and prognosis of fibrosis includes serum 

proteins (albumin), bilirubin, liver enzymes (aminotransferases, alkaline phosphatase, γ-glutamyl 

transferase) and direct markers of extracellular matrix turnover (type IV collagen, matrix 

metalloproteinases). However, there is room for improvement regarding specificity (etiology) and 

sensitivity (disease stages) [206]. The immune system has emerged as an interesting diagnostic 

and therapeutic target in liver inflammation. Innate immune cells are the frontline defenders in the 
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liver and participate in the initiation, amplification and resolution of inflammation. Identifying 

immune changes in innate immune cell´s surface expression markers and frequencies can bring 

future perspective to the diagnosis of low-grade inflammation and also novel therapies. As 

discussed in this review, depletion of innate immune cells in mice models with hepatitis was able 

to attenuate several liver diseases. Noteworthy, the close relationship between innate immune 

cells with DAMPs and cytokines signaling suggests taking into consideration all three factors for 

the future of liver immunomonitoring and therapies. 
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2.1 Abstract 

Background: The approval of Atezolizumab/Bevacizumab therapy (Atezo/Bev) in 2020 opened up a 

promising new treatment option for patients with end-stage hepatocellular carcinoma (HCC). However, liver 

transplant (LTx) patients with HCC are still denied this therapy owing to the risk of ICI-induced organ 

rejection and lack of regulatory approval. Methods: A prospective observational study at a tertiary liver 

transplant centre monitored the compassionate, off-label use of Atezo/Bev in a single, stable LTx recipient 

with non-resectable HCC recurrence. Close clinical, laboratory and immunological monitoring of the patient 

were performed throughout a four-cycle Atezo/Bev treatment. Measured parameters were selected after a 

systematic review of the literature on predictive markers for clinical response and risk of graft rejection 

caused by ICI therapy. Results: 19 articles describing 20 unique predictive biomarkers were identified. The 

most promising negative prognostic factors were the baseline values and dynamic course of IL-6, alpha-

fetoprotein (AFP) and the AFP/CRP ratio. The frequency of regulatory T cells (Treg) reportedly correlates 

with the success of ICI therapy. PD-L1 and CD28 expression level with the allograft, peripheral blood CD4+ 

T cell numbers and Torque Teno Virus (TTV) titre may predict risk of LTx rejection following ICI therapy. 

No relevant side effects or acute rejection occurred during Atezo/Bev therapy; however, treatment did not 

prevent tumor progression. Absence of PD-L1 expression in pre-treatment liver biopsies, as well as a 

progressive downregulation of CD28 expression by CD4+ T cells during therapy, correctly predicted 

absence of rejection. Furthermore, increased IL-6 and AFP levels after starting therapy, as well as a 

reduction in blood Treg frequency, correctly anticipated a lack of therapeutic response. Conclusion: 

Atezo/Bev therapy for unresectable HCC in stable LTx patients remains a controversial strategy because 

it carries a high-risk of rejection and therapeutic response rates are poorly defined. Although previously 

described biomarkers of rejection risk and therapeutic response agreed with clinical outcomes in the 

described case, these immunological parameters are difficult to reliably interpret. Clearly, there is an 

important unmet need for standardized assays and clinically validated cut-offs before we use these 

biomarkers to guide treatment decisions for our patients.  
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2.2 Introduction 

Hepatocellular carcinoma (HCC) represents the third leading cause of cancer deaths worldwide 

[208]. Therapeutic options for advanced HCC that cannot be treated curatively by surgical 

resection, liver transplantation or radiofrequency ablation are limited. In end-stage cases, apart 

from transarterial chemoembolisation and radioembolisation, available drug therapies include the 

multikinase inhibitors (MKI) sorafenib and lenvatinib for first-line treatment, cabozantinib and 

regorafenib for second-line treatment after progression on sorafenib; and the anti-angiogenesis 

drug ramucirumab as second-line after progression on sorafenib. Beyond its limited oncological 

effectiveness, use of MKI therapy has been restricted by its pronounced side effects [209]. 

Consequently, advanced HCC still carries a poor prognosis and represents a significant unmet 

medical need. 

Approval of cancer immunotherapies, especially immune checkpoint inhibitor (ICI) therapy, has 

opened new clinical perspectives for cancer patients and is fast becoming one of the main pillars 

of cancer treatment. Early studies in advanced HCC suggested that only 15-20 % of patients 

benefited from anti-PD-1 monotherapy, including Checkmate040 (NCT01658878) [210, 211] and 

KEYNOTE-224 (NCT02702414) [212, 213]. More recently, combination therapy using 

atezolizumab, an anti-PD-L1 immune checkpoint inhibitor, plus bevacizumab, an anti-VEGF 

neoangiogenesis inhibitor, showed promising results in the randomized phase 3 IMbrave150 trial 

(NCT03434379). Compared to sorafenib, advanced HCC patients had superior overall survival 

(OS) (19.2 months vs 13.4 months, HR=0.66, 95 % CI=0.52-0.85, P=0.0009) and progression-

free survival (PFS) (6.9 months vs 4.3 months, HR=0.65, 95 % CI=0.53-0.81, P=0.0001) [214]. In 

2020, the United States Food and Drug Administration (FDA) and the European Medicines 

Agency (EMA) approved Tecentriq (Atezolizumab) in combination with Avastin (Bevacizumab) as 

the new standard of care for patients with unresectable or metastatic HCC who have not received 
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prior systemic therapy. Critically, the approved indication excludes liver transplant (LTx) patients 

owing to the potential risk of acute graft rejection. 

Immune-related adverse events (irAEs) are the result of dysregulated immune activation following 

ICI therapy. Checkmate040 and KEYNOTE-224 indicated that around 25 % of advanced HCC 

patients develop grade 3 or 4 irAEs, including severe or life-threatening pneumonitis, colitis, 

hepatitis, dermatitis, arthritis, encephalitis and other complications [210–213]. With the goal of 

sparing unnecessary toxicity and comorbidity, as well as offering therapeutic alternatives to LTx 

patients with recurrent HCC, efforts have been made to identify biomarkers that predict 

therapeutic responses and risk of irAEs [207, 215, 216]. Unfortunately, success has been limited 

despite the characterization of novel mechanisms for ICI-induced hepatitis. In particular, in a 

cohort of melanoma patients treated with a combination of anti-PD-1 and anti-CTLA-4, patients 

with a chronic or recurrent immune response against cytomegalovirus (CMV) showed an 

expansion of effector memory CD4+ T cells that predisposed to hepatitis [217]. However, it is not 

presently clear whether such biomarkers and preventative strategies can be directly translated to 

liver transplant recipients with unresectable recurrent HCC. In a comprehensive review of 28 

cases of ICI therapy in LTx heavily pre-treated patients, mostly HCC recurrent patients, graft 

rejection was observed in 32 % of the cases and only 25 % responded to therapy [218]. Based 

upon the limited number of reported ICI-treated HCC cases in LTx recipients, it is hard for 

clinicians to assess the potential risks and benefits of off-label treatment in individual cases; 

therefore, we urgently need reliable clinical markers to guide effective treatment decisions [219].  

2.3 Case description 

2.3.1 History of recurrent HCC after liver transplantation 

A 62-year-old man presented in 2021 to our liver transplant outpatient clinic with a first HCC 

recurrence in liver segment IVa/VIII. The patient was the recipient of an orthotopic liver transplant 
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in 2010, necessitated by alcohol-related liver cirrhosis with intrahepatic, multilocular HCC. At the 

time of recurrence in the graft, radiofrequency ablation was started with curative intent, but was 

ineffective. At short-term re-staging, several new intrahepatic HCC foci were identified, as well as 

new pulmonary metastases (Figure 1A-B). The presence of extrahepatic metastases meant that 

therapies limited to the liver, such as TACE, SIRT or multiple ablations, were inappropriate.  With 

no other potentially curative options, the transplanted patient was considered for off-label 

treatment with Atezo/Bev therapy as an alternative to the guideline-recommended 'standard of 

care' with an MKI. 

An extensive risk assessment was undertaken, including clinical and laboratory investigations. 

The patient’s general clinical condition was normal for age, with an ECOG status of 0 and 

Karnofsky index of 100 %. We further excluded comorbidities as contraindications for 

immunotherapy, including synchronous tumors, autoimmune diseases, and occult infections 

(suppl. Figure 2). Liver transplant function was stable under triple immunosuppression with 

Sirolimus (target trough levels of 3-5 µg/l), mycophenolate mofetil (1000 mg twice a day). 

Balancing the potential oncological success of ICI therapy against its risk of causing rejection, we 

added low-dose prednisolone (2.5 mg once daily), knowing that it may be associated with reduced 

tumor response [220]. No clinically validated investigations provided an estimate of rejection risk; 

therefore, the patient was offered Atezo/Bev therapy with a 32 % attendant risk of transplant 

failure and 25 % therapy response rate [218]. The patient provided full, informed consent to 

treatment. 

Four cycles of 1200 mg Atezolizumab plus 15 mg/kg Bevacizumab were administered at three-

week intervals. The patient was kept under close surveillance for signs of acute transplant 

rejection. In the first week after Atezo/Bev infusion, we reviewed the patient at least every second 

day; during the breaks in therapy, he was seen at least once per week. The patient never 

developed clinical or biochemical signs of a serious irAEs. Over time, the patient complained of 



 
 

32 
 

mild symptoms, including moderate fatigue, mild diarrhea, and sleeping problems. Transplant 

function remained stable throughout and following Atezo/Bev therapy. Specifically, liver enzyme 

values were stable after each cycle (Figure 3) and ultrasound imaging revealed no signs of acute 

liver rejection. Unfortunately, interim CT scans revealed further HCC progression with multiple 

intrahepatic foci and new pulmonary metastases (Figure 1C-D). Hence, despite completing a full 

course of Atezo/Bev therapy without a serious irAE or acute rejection occurring, the treatment 

was ultimately ineffective. 

 
Figure 3. Routine biochemical liver parameters in the course of ICI therapy. (A & B) Liver enzymes (GOT & GPT) to 

assess the vitality of the hepatocytes. (C – E) Cholestasis parameters (γGT, GLDH & AP) to assess the vitality of the 

cholangiocytes. (F & G) Bilirubin and CHE for assessing metabolic functionality of the transplant liver.  

 

This case illustrates the difficult clinical decision of whether to offer immunotherapy to liver 

transplant recipients with recurrent HCC. At the present time, neither the risk of irAE or rejection, 

nor the likelihood of clinical response can be accurately predicted using clinically validated tests. 

Therefore, we next asked what experimental methods could be of use. 
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Figure 1. Contrast-enhanced CT scans before initiation of ICI therapy and as interim examination after 3 cycles of 

atezolizumab/bevacizumab treatment. Both intrahepatic (A+C) and intrapulmonary (B+D) HCC metastases are marked 

in colour. (A) Pretherapeutic, axially reconstructed abdominal CT scan showing exemplarily a large recurrence of HCC 

in the left liver lobe. (B) Pretherapeutic, coronary reconstructed thoracic CT scan showing exemplarily a pulmonary 

metastasis of HCC. (C) Axial reconstructed abdominal interim CT scan showing an example of a pronounced 

progression of intrahepatic HCC. (D) Coronary reconstructed thoracic interim CT scan showing marked progression of 

pulmonal HCC metastases. 

 

2.3.2 Hepatic PD-L1 expression as a marker of rejection risk 

Programmed death-ligand 1 (PD-L1) is a cell-surface ligand widely expressed on tumor cells. 

Binding of Atezolizumab to PD-L1 blocks its interaction with PD-1, an inhibitory receptor 

expressed by T cells, which releases them from functional inhibition by tumors. In HCC, PD-L1 is 

expressed by approximately 10 – 20 % of tumor cells and higher levels are generally associated 
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with tumor aggressiveness and poor survival [221]. A phase I trial of Atezo/Bev therapy in HCC 

patients concluded that high expression of PD-L1 within tumors correlated with better responses 

and longer progression-free survival (PFS) times [222].  

In many experimental models of transplant acceptance, disrupting PD-L1 interactions leads to 

acute allograft rejection [223]. Likewise, transcriptomic profiling of tolerated and stably accepted 

liver transplants has revealed the importance of PD-L1 in controlling T cell alloimmunity in patients 

[224]. In the context of ICI after liver transplantation, a retrospective study investigated intragraft 

PD-L1 expression as a marker of acute transplant rejection risk in liver-transplanted patients with 

recurrent HCC who underwent anti-PD-1 therapy [225]. PD-L1 expression by hepatocytes was 

associated with a greater risk of acute rejection. Similarly, a prospective single-arm study of anti-

PD-1 for recurrent malignancy after liver transplantation found that 5 patients lacking PD-L1 

expression in their grafts remained stable during therapy, whereas a single PD-L1+ patient 

underwent acute rejection [226]. Given the limited available data, hepatic PD-L1 expression is an 

interesting, but unvalidated biomarker of rejection risk. 

Histopathological examination of a liver biopsy taken before starting Atezo/Bev therapy revealed 

acute steatohepatitis with distinct fatty degeneration of the hepatocytes (70 %) and fibrosis (Ishak 

fibrosis grade 3-4) (Figure 2A). There were no signs of rejection. A biopsy from the tumor showed 

solid and trabecular infiltrates of malignant and moderately-differentiated hepatocellular 

carcinoma (G2) with typical shift of the nuclear-plasma relation, small-foci necrosis and marked 

fragmentation (Figure 2D). Immunohistochemical staining of tumor-free liver specimens for PD-

L1 and PD-1 was completely negative in hepatocytes. The intrahepatic immune cells, especially 

the lymphocytes, showed minimal expression of PD-L1 (< 1 %) and about 5 % positivity for PD-1 

(Figure 2B-C). Immunohistochemistry from the tumor biopsy indicated a Tumor Proportion Score 

(TPS) of 0 %, an Immune Cell Score (ICS) <1 % and a Combined Positive Score (CPS) <1 % 

(Figure 2E), registering a scattered CD3-positive intra/peritumoral T lymphocyte infiltrate (Figure 
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2F). Thus, we add another case of a stable LTx patient lacking histological PD-L1 expression that 

safely underwent ICI therapy without rejection.  

The question of whether to start of anti-PD-L1 treatment knowing there is minimal PD-L1 

expression (<1 %) is important. Unfortunately, we cannot conclusively answer whether treatment 

failure was predictable in this case. In contrast to other tumor entities such as melanoma, HNSCC 

or urothelial carcinoma, where intratumoral expression of PD-L1 or PD-1 has been shown to be 

predictive, this is not consistent in HCC. For example, in Checkmate040, response rates were 

comparable across all subgroups (PD-L1 < or ≥1 %) [210, 211]. On the other hand, KEYNOTE-

224 correlated ICI response with PD-L1 expression under certain conditions [212, 213]. All of 

these limitations of using PD-L1 expression as a stand-alone biomarker are reflected in the FDA's 

deliberate disregard of PD-L1 expression for ICI approval in the treatment of HCC [227]. 

 

Figure 2. Histopathology of biopsies of the transplant liver (A-C) as well as intrahepatic HCC foci (D-E) prior to initiation 

of immune checkpoint therapy (20x magnification). (A) HE-stained representative section of the transplant liver biopsy. 

* intrahepatic fat vacuoles, → inflammatory infiltrate. (B) Corresponding immunohistochemical staining for PD-L1. (C) 

Corresponding immunohistochemical staining for PD-1. Arrows indicate inflammatory infiltrate with scattered PD-1 

positive lymphocytes. (D) HE-stained representative section of HCC-infiltrated liver biopsy. (E) Corresponding 

immunohistochemical staining for PD-L1. (F) Immunohistochemical staining for CD3. 
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2.3.3 Plasma markers of clinical response 

IL-6 has been proposed as a predictor of therapeutic response in patients receiving Atezo/Bev 

therapy [228]. In a recent study, patients with elevated baseline IL-6 levels (>4.77 pg/ml) were 

significantly disposed to shorter PFS. IL-6 mediates inflammation and promotes T cell infiltration 

of tumors. On the other hand, in some cancers, including HCC, IL-6 can suppress tumor immunity 

by recruiting myeloid-derived suppressor cells (MDSCs) [228]. When IL-6 levels were measured 

in our patient, they exceeded the cut-off associated with a positive clinical responses. We 

observed a persistent ~4-fold increase in IL-6 levels after starting immunotherapy (Figure 4C). 

Presently, alpha-fetoprotein (AFP) is widely applied as a non-invasive monitoring biomarker of 

HCC tumor burden and aggressiveness. AFP ≥ 400 ng/mL is a negative prognostic factor for 

overall survival (OS) and is used as a stratification factor for unresectable HCC patients in clinical 

trials. In the context of Atezo/Bev therapy, AFP might be a useful marker for monitoring clinical 

effectiveness. It was recently reported that a ≥75 % decrease or ≤10 % increase in AFP levels 

from baseline to 6 weeks has been associated with improved OS and PFS [229]. Our patient 

presented with an AFP of 731 ng/mL at baseline, and 6 weeks after the start of therapy there was 

a progressive increase in AFP levels by ~7.5-fold (5435 ng/ml) (Figure 4E). 

Combining AFP and C-Reactive Protein (CRP) serum levels has been suggested as an scoring 

system to predict clinical responses and survival in advanced HCC patients treated with 

Atezo/Bev therapy [230, 231]. Lower scores are associated with better PFS and OS. A maximum 

score of 2 is assigned to patients with baseline AFP ≥ 100 ng/ml and CRP ≥ 1 mg/dL. Based on 

this parameter, our patient had a score of 1 (AFP 731 ng/ml; CRP 0.46 mg/dL), indicative of 

inferior OS and inferior PFS (Figure 4B, E). In relation to our patient, the IL-6 and AFP/CRP scores 

lead to contradictory prognoses, suggesting that further aspects need to be considered. 
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2.3.4 Torque Teno Virus as a marker of rejection risk 

Torque Teno Virus (TTV) load is widely used to monitor the intensity of general 

immunosuppression in transplant recipients. In healthy individuals, TTV load is controlled by T 

cell responses; therefore, adequately immunosuppressed transplant recipients have higher viral 

titers. A normalized TTV load in a transplant recipient suggests under-immunosuppression and 

an elevated risk of rejection [232]. Our patient showed a consistent reduction in TTV load after 

each cycle of Atezo/Bev therapy, suggesting intensified T cell activity; however, TTV titers 

recovered quickly after each cycle (Figure 4D). TTV values should be interpreted with caution. In 

the context of graft tolerance, Atezo/Bev did not lead to a stable increase in TTV titers indicating 

adequate immunosuppression. As for the efficacy of the therapy, TTV load has not been 

established as an indicator of therapy responsiveness in LTx patients. In the absence of a 

validated normal TTV titer range in this particular constellation of ICI therapy plus low dose of 

prednisolone, it may be mechanistically interesting, but is currently unhelpful in guiding clinical 

decisions. 

 

2.3.5 Flow cytometry markers of clinical response and rejection risk 

A study analyzing samples from the G030140 phase 1b study found that higher numbers of 

regulatory T cells (Treg) in blood was associated with longer PFS in patients treated with 

Atezo/Bev therapy compared to atezolizumab alone. Furthermore, Treg frequencies tended to 

decline after immunotherapy. In our patient, baseline Treg frequency was 1.6 % and we observed 

a reduction to 0.9 % Tregs after starting therapy, which did not recover during follow-up (Figure 

4G). 

Acutely increased CD28 expression by peripheral blood CD4+ T cells has been reported as a 

predictive marker for risk of acute liver transplant rejection [233]. Our flow cytometry results 
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indicated a progressive downregulation in CD28 MFI during Atezo/Bev therapy, suggesting our 

patient did not have an elevated risk of rejection (Figure 4F).  

 
Figure 4. Immunomonitoring data in the course of ICI therapy. (A – C) Clinical routine Inflammatory parameters. (D) 

Torque Teno Virus level (TTV) as a surrogate parameter for the patient's immunocompetence. (E) AFP tumor marker 

level. (F) CD28 expression level in CD4+ T cells in peripheral blood. (G) Frequency of Tregs in the peripheral blood. 

 

2.4 Diagnostic assessment 

2.4.1 Case Study 

We report the case of a single liver transplant recipient who presented to the liver transplant 

outpatient clinic at University Hospital Regensburg with recurrent HCC. According to German 

Pharmaceutical Law, the patient was treated off-label with atezolizumab plus bevacizumab as a 

compassionate-use case. The patient provided full, informed written consent to laboratory 

investigations and collection of case details for publication. 

 

2.4.2 Systematic review protocol and data extraction 
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Selection of publications and data extraction were performed in a standardized manner. We 

searched Medline at the National Library of Medicine through the NCBI website on 20-OCT-2022. 

Our search terms were ‘immunotherapy’, ‘atezolizumab’, ‘bevacizumab’, ‘HCC’, ‘biomarkers’, 

‘liver’, ‘response’, ‘acute cellular rejection´ and synonyms. We followed up on relevant citations 

from articles returned in our original search. In total, we found 19 articles describing 20 unique 

biomarkers (Supplementary Figure 1). 

 

2.4.3 Clinical laboratory investigations 

Before starting ICI therapy, tissue biopsies were taken under sonographic guidance from both the 

transplanted liver and intrahepatic foci of HCC recurrence. An in-house accredited pathology 

laboratory (Institute of Pathology, UKR) performed histopathological investigations. For 

immunohistochemical staining, PD-L1 was detected with antibody clone 22C3 (DAKO, Denmark), 

PD-1 was detected with NAT105 (abcam, UK) and CD3 was detected with #A0452 (DAKO, 

Denmark). Routine Biochemistry and Haematology were performed by an in-house accredited 

diagnostic laboratory (Institute of Clinical Chemistry and Laboratory Medicine, UKR). Blood 

samples for this purpose were part of routine clinical examinations that occurred several times a 

week. 

 

2.4.4 Flow cytometry 

Whole blood samples were collected in EDTA tubes by peripheral venipuncture and stored at 4 

°C until processing began within 4 h. Samples were prepared for flow cytometry analysis  

according to previously published methods [217]. Detailed step-by-step protocols are available 

through Protocol Exchange [234]. Briefly, whole blood samples were stained with DURAClone IM 

antibody panels (DURAClone IM Count Tube, C00162; DURAClone IM phenotyping BASIC Tube, 

B53309; DURAClone IM B cells Tube, B53318; DURAClone IM Dendritic Cell Tube, B53351; 
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DURAClone IM Granulocytes Tube, B88651; DURAClone IM T cell Subsets Tube, B53328; 

DURAClone IM TCRs Tube, B53340; DURAClone IM Treg Tube, B53346; all from Beckman 

Coulter, Germany). Data were recorded with a Navios™ cytometer running Cytometry List Mode 

Data Acquisition from Beckman Coulter. Analyses were performed using Kaluza version 2.1 

(suppl. Figure 3). 

2.5 Discussion 

Recurrent hepatocellular carcinoma is a significant problem after liver transplantation with few 

satisfactory treatment options. Immunotherapy for HCC in non-transplant patients is a promising 

approach, but its translation to liver transplant recipients raises critical questions about likely 

effectiveness and the risk of precipitating acute rejection. With sparse evidence, transplant 

clinicians are forced to make challenging decisions about using off-label immunotherapies in their 

patients. Achieving an optimal balance between immunosuppression and cancer immunotherapy 

is crucial to a successful outcome. Faced with this dilemma, we asked ourselves whether 

previously reported markers of clinical efficacy or rejection risk could help in decision-making. Of 

the parameters described in the literature, some, such as IL-6, AFP or CRP, are routinely 

measured in the clinic, while others require flow cytometry or invasive immunohistochemistry. 

Although our measurements of parameters that predict rejection risk and clinical response broadly 

agreed with the observed clinical outcome in this case, we must be cautious about the general 

utility of these markers. Because of the non-validated discriminatory cut-off values of these 

markers, as well as the small numbers of reported patient outcomes, a final answer to the question 

regarding their prognostic value is not yet possible. The fact that the dynamic course of some 

parameters during ICI therapy, rather than baseline measurements, is important for prediction 

complicates decision-making.  
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This clinical challenge of deciding about ICI therapy in transplant patients will become even more 

complex in the future as new agents or combinations besides Atezo/Bev gain regulatory approval 

for treatment of non-resectable HCC. Recently, the FDA approved of the combination of 

durvalumab, an anti PD-L1 antibody, and tremelimumab, an anti-CTLA-4 antibody, after the 

HIMALAYA Study showed an improvement in overall survival for patients with non-resectable 

HCC [235]. Similarly the LEAP002 study [236, 237] demonstrated the benefit of pembrolizumab, 

a PD-1 inhibitor, used together with the TKI lenvatinib. Because of fast-paced advances in ICI 

therapy for HCC is fast, it is unclear whether a single predictive marker or marker combination is 

capable of predicting efficacy and rejection risk in all circumstances. All this underlines the 

importance of further clinical studies. 
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2.6 Supplementary material 

Biomarker Author Year Type of study 
Cancer 

type 
Cohort 

size Treatment Timepoint PMID 
Respo 

nse 
Graft 

toleranc
e 

Comment 

 
NLR 

 
Eso et al. 

 
2021 

 
Prospective 

 
HCC 

 
40 

 
Atezo/Bev 

 
Baseline 

346772 
70 

 
Yes 

 
NA 

 
Patients with disease control had a significantly lower NL ratio 

 
% CD4+ CD154+ T cells 

 
Boix et al. 

 
2021 

 
Prospective 

 
NA 

 
30 

 
LTx 

Baseline, 7d post-transplant & 14d 
post-transplant 

330256 
22 

 
NA 

 
Yes 

 
Significantly higher percentage in ACR 

 
% CD8+ CD154+ T cells 

 
Boix et al. 

 
2021 

 
Prospective 

 
NA 

 
30 

 
LTx 

Baseline, 7d post-transplant & 14d 
post-transplant 

330256 
22 

 
NA 

 
Yes 

 
Significantly lower percentage in ACR 

 
HLA-DRB1 mismatch 

 
Boix et al. 

 
2021 

 
Prospective 

 
NA 

 
30 

 
LTx 

 
Baseline 

330256 
22 

 
NA 

 
Yes 

 
Higher risk of ACR 

CD28 expression in CD4+ 
T cells 

 
Minguela et al. 

 
1997 

 
Prospective 

 
NA 

 
55 

 
LTx 

 
Baseline vs after transplant 

912310 
2 

 
NA 

 
Yes 

 
CD28 MFI increased in ACR patients 

 
% IL-2+ CD3+ CD8+ T cells 

 
Boleslawski et al. 

 
2004 

 
Prospective 

 
NA 

 
21 

 
LTx 

 
Baseline 

152238 
97 

 
NA 

 
Yes 

 
Higher risk of ACR 

 
% IFNg+ CD8+ T cells 

 
Millán et al. 

 
2013 

 
Prospective 

 
NA 

 
47 

 
LTx 

 
Baseline 

232659 
66 

 
NA 

 
Yes 

 
>55.8% identified as cut-off for high risk of ACR 

 
% IL-17+ CD4+ T cells 

 
Fan et al. 

 
2012 

 
Prospective 

 
NA 

 
76 

 
LTx 

 
Acute rejection 

232326 
31 

 
NA 

 
Yes 

 
Higher in ACR group vs NACR 

 
AEC 

 
Barnes et al. 

 
2003 

 
Prospective 

 
NA 

 
112 

 
LTx 

On the day or one day before 
biopsy 

126940 
65 

 
NA 

 
Yes 

 
Elevated AEC is a risk factor for ACR 

 
Vδ1/ Vδ2 ratio 

 
Zhao et al. 

 
2013 

 
Prospective 

 
NA 

 
34 

 
LTx 

 
After transplant 

232228 
96 

 
NA 

 
Yes 

 
Higher ratio in graft tolerated patients 

 
Vδ1/ Vδ2 ratio 

Martínez- 
Llordella et al. 

 
2007 

 
Prospective 

 
NA 

 
16 

 
LTx 

 
After transplant 

172411 
11 

 
NA 

 
Yes 

Higher numbers in tolerant recipients compared to non-tolerant 
patients or healthy 

individuals. 

 
Vδ1/ Vδ2 ratio 

 
Puig-Pey et al. 

 
2010 

 
Prospective 

 
NA 

 
314 

 
LTx 

 
After transplant 

204779 
99 

 
NA 

 
Yes 

 
Expansion of Vδ1 T cells is a common finding in transplant recipients 

 
NLR 

 
Tada et al. 

 
2022 

 
Retrospective 

 
HCC 

 
249 

 
Atezo/Bev 

 
Baseline 

351705 
29 

 
Yes 

 
NA 

 
Lower ratio had better prognosis 

 
PD-L1+ in TILs 

 
Cheng et al. 

 
2022 

 
Retrospective 

 
HCC 

 
135 

 
Atezo/Bev 

 
Prior to therapy 

349025 
30 

 
Yes 

 
NA 

 
≥1% associated with greater PFS & OS 

 
T-effector signature 

 
Zhu et al. 

 
2022 

 
Prospective 

 
HCC 

 
90 

 
Atezo/Bev 

 
Prior to therapy 

357392 
68 

 
Yes 

 
NA 

High expression of T effector signature (GZMB, PRF1, CXCL9) 
associated with clinical 

response and longer PFS 

 
CD274 

 
Zhu et al. 

 
2022 

 
Prospective 

 
HCC 

 
91 

 
Atezo/Bev 

 
Prior to therapy 

357392 
68 

 
Yes 

 
NA 

 
High expression associated with higher PFS & OS 

 
Intratumoral CD8+ T cells 

 
Zhu et al. 

 
2022 

 
Prospective 

 
HCC 

 
86 

 
Atezo/Bev 

 
Prior to therapy 

357392 
68 

 
Yes 

 
NA 

 
Higher density in IHC associated with higher PFS & OS 

 
Treg signature 

 
Zhu et al. 

 
2020 

 
Prospective 

 
HCC 

 
91 

 
Atezo/Bev 

 
Prior to therapy 

 
NA 

 
Yes 

 
NA 

Higher expression of Treg signature (CCR8, BATF, CTSC, TNFRSF4, 
FOXP3, TNFRSF18, 

IKZF2 & IL2RA) associated with longer PFS 

 
PD-L1+ in tumor cells 

 
Munker et al. 

 
2018 

 
Retrospective 

 
HCC 

 
5 

LTx + anti- 
PD-1 

 
After transplant 

302288 
83 

 
NA 

 
Yes 

 
Liver biopsies without evidence of PD-L1 expression are indicative 

of graft tolerance 

 
PD-L1+ in tumor cells 

 
Shi et al. 

 
2021 

 
Prospective 

 
HCC 

 
18 

LTx + anti- 
PD-1 

 
After transplant 

328976 
57 

 
NA 

 
Yes 

 
Liver biopsies without evidence of PD-L1 expression are indicative 

of graft tolerance 
VEGFR expression Zhu et al. 2020 Prospective HCC 91 Atezo/Bev Prior to therapy NA Yes NA Higher expression associated with longer PFS 

Myeloid inflammation 
signature 

 
Zhu et al. 

 
2020 

 
Prospective 

 
HCC 

 
91 

 
Atezo/Bev 

 
Prior to therapy 

 
NA 

 
Yes 

 
NA 

 
Higher expression associated with longer PFS 

TREM1/MDSC signature Zhu et al. 2020 Prospective HCC 91 Atezo/Bev Prior to therapy NA Yes NA Higher expression associated with longer PFS 

 
AFP 

 
Yavuz et al. 

 
2021 

 
Prospective 

 
HCC 

 
208 

 
Atezo/Bev 

 
6 weeks after treatment 

345951 
40 

 
Yes 

 
NA 

 
≥75% decrease or ≤10% increase associated with improved OS & 

PFS 

 
AFP 

 
Finn et al. 

 
2020 

 
Prospective 

 
HCC 

 
336 

 
Atezo/Bev 

 
Baseline 

324021 
60 

 
Yes 

 
NA 

 
AFP<400ng/ml associated with improved OS & PFS 

 
PD-L1+ in tumor cells 

 
Cheng et al. 

 
2022 

 
Retrospective 

 
HCC 

 
135 

 
Atezo/Bev 

 
Prior to therapy 

349025 
30 

 
Yes 

 
NA 

 
≥1% associated with greater PFS & OS 

Anti-drug antibody Galle et al. 2021 Prospective HCC 336 Atezo/Bev Baseline NA Yes NA ADA negative patients had improved OS vs sorafenib 

 
IL-6 

 
Myojin et al. 

 
2022 

 
Prospective 

 
HCC 

 
64 

 
Atezo/Bev 

 
Baseline 

352056 
31 

 
Yes 

 
NA 

 
IL-6 high group had shorter PFS & OS vs IL-6 low group 

Supplementary Figure 1. Overview of the results of the systematic literature review to identify parameters for 

predicting treatment response and induction of graft rejection by ICI therapy in HCC recurrence after liver 

transplantation. 
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Graft liver function pre-therapeutic baseline Range 

GOT (AST) 43 U/l 0 – 50 

GPT (ALT) 36 U/l 0 – 50 

GLDH 9.1 U/l 0 – 7,0 

Gamma-GT 218 U/l < 60 

Alk. Phosphatase 138 U/l 40 – 129 

CHE 5968 U/l 5320 – 12920 

Bilirubin (total) 0.6 mg/dl 0 – 1,4 

Bilirubin (direct / conjugated) 0.3 mg/dl 0 – 0,3 

Bilirubin (indirect / unconjugated) 0.3 mg/dl  

Total protein 82.5 g/l 66 – 87 

Albumin 43.8 g/l 35 – 52 

Quick >100 % > 70 

INR 0.98 0,85 – 1,15 

PTT 34.6 sec. 25,9 – 36,6 

Fibrinogen 392.9 mg/dl 210 – 400 

Sirolimus 3.9  

Faktor II 92 % 70 – 120 

Faktor V 123 % 70 – 120 

Faktor VII 104 % 70 – 120 

Faktor VIII 169 % 70 – 150 

Protein C 74 % 70 – 140 

freies Protein S (immunolog.) 96.2 % 66 – 149 

 

Tumour markers pre-therapeutic baseline Range 

AFP 731.0 ng/ml < 7,0 

CA 19-9 53.1 U/ml < 27 

CEA 2.2 ng/ml < 3,8 

PSA (total) 0.19 ng/ml < 4,1 

PSA (free) 0.07 ng/ml  

beta-HCG 0.63 mIU/ml < 2,0 

 

 

Routine laboratory parameters pre-therapeutic baseline Range 

Leukocytes 4,55 /nl 4,23 – 9,1 

Haemoglobin 12,7 g/dl 13,7 – 17,5 

Platelets 78 /nl 163 - 337 

Sodium 140 mmol/l 136 – 145 

Potassium 4,0 mmol/l 3,4 – 4,5 

Creatinine 1,35 mg/dl 0,67 – 1,17 

GFR (CKD-EPI) Crea 54 ml/min/1,73 qm  

Urea 60 mg/dl 16,6 – 48,5 

TSH (basal) 3,61 mIU/l 0,27 – 4,2 

LDH 163 U/l 0 – 250 

Lipase 83 U/l 13 – 60 

CK 124 U/l < 190 

Ferritin 48,2 ng/ml 30 – 400 

Transferrin 293 mg/dl 200 – 360 

NT-proBNP 116 pg/ml < 376 
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Infectiological parameters pre-therapeutic baseline Range 

Anti-HAV-IgG 0.50 S/co < 1,0 

Anti-HAV-IgM 0.08 S/co  

HBsAg 0.20 S/co  

Anti-HBc 0.23 S/co  

Anti-HBs 0 IU/l < 10 

Anti-HCV 0.17 S/co  

Anti-HEV-IgG-ELISA 61.7 U/ml 0 – 24 

Anti-HEV-IgM-ELISA 2.2 U/ml 0 – 24 

Anti-HIV/p24-Antigen 0.13 S/co < 1,0 

TBC-Elispot negative  

Anti-CMV-IgG (CMIA) 1.40 AU/ml < 6 

Anti-CMV-IgM (CMIA) 0.14 index  

CMV-DNA (PCR, stool) 0 copy/ml  

CMV-DNA (PCR, serum) 0 copy/ml  

Anti-Varizella Zoster-Virus, IgG >2000 mIU/ml  

Anti-EBV-IgG-Immunoblot positive  

Anti-EBV-IgM-Immunoblot negative  

 

Autoimmune / rheumatologic 

parameters 

pre-therapeutic baseline Range 

ANA (Titer) 1:320 Titre < 1:40 

autoimmunity against mitochondria <1:40 Titre < 1:40 

AMA-M2 negative  

PCNA negative  

Jo 1 negative  

Ro-52 negative  

SS-A negative  

Sm negative  

IgG 1809 mg/dl 700 – 1600 

IgG-4 30.60 mg/dl 3,0 - 201 

alpha1-Globulin 3.1 % 2,9 – 4,9 

alpha2-Globulin 7.9 % 7,1 – 11,8 

beta1-Globulin 4.3 % 4,7 – 7,2 

beta2-Globulin 3.5 % 3,2 – 6,5 

gamma-Globulin 16.8 % 11,1 – 18,8 

 

Supplementary Figure 2. Overview of the routine clinical and laboratory examinations performed to exclude 

comorbidities such as secondary tumours, autoimmune diseases and occult infections. In order, routine laboratory 

parameters, biochemical graft liver function, tumour markers to exclude secondary tumours, infectiological parameters to exclude occult 

infections and autoimmune / rheumatologic parameters 
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Supplementary Figure 3. Gating strategies used for immunomoditoring, as recommended by the manufacturer, to 

determine the CD28 expression level in CD4+ T cells (A) and the frequency of regulatory T cells (B). 
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3.1 Abstract 

Background:  Steatotic livers are more prone to rejection, but are often transplanted owing to the shortage 

of available organs. Type II NKT (T2NKT) cells are liver-resident lymphocytes that react to lipids presented 

by CD1d. The role of T2NKT cells in rejection of fatty liver transplants is unclear, partly because of a lack 

of T2NKT cell markers and their very low frequency in blood. Here, we quantify human T2NKT cells in blood 

and liver tissue by flow cytometry and provide a strategy for their enrichment and expansion. Methods:  

Human T2NKT cells were identified as CD3+ CD56+ CD161+ TCR-γꝽ- TCRVα7.2- and TCRVα24- cells. 

T2NKT cells were enriched from blood by sequential positive selection using CD56 and CD3 microbeads. 

These were subsequently FACS-sorted to purity then expanded in vitro for 3 weeks using anti-CD3/CD28 

beads and TGF-ꞵ1.  Results:  The frequency of human T2NKT cells in blood was very low (0.8 ± 0.4 % of 

CD3+ T cells) but they were a more abundant population in liver (6.3 ± 0.9 %). Enriched T2NKT cells 

expressed the transcription factor PLZF. A novel subset of FoxP3+ T2NKT cells was discovered in blood 

and liver tissue. T2NKT cells were expanded in culture by 15- to 28-fold over 3 weeks, during which time 

they maintained expression of all identifying markers, including PLZF and FoxP3 (16.9 ± 3.6 %).  

Conclusions: Our work defines new strategies for identifying and isolating T2NKT cells from human blood 

and liver tissue. We showed that this rare population can be expanded in vitro in order to obtain 

experimentally amenable cell numbers. Further, we identified a novel T2NKT cell subset that stably 

expresses FoxP3, which might play a role in regulating innate-like lymphocyte responses in steatotic liver 

transplants.   

 

  



 
 

49 
 

3.2 Introduction 

Demand for liver transplants has significantly increased over the past decade [131]. 

Approximately 25 % of the global population is affected by nonalcoholic fatty liver disease, which 

is characterized by excessive accumulation of fat in hepatocytes, a condition known as steatosis. 

Thus, a high proportion of livers available for transplant are steatotic [238]. Unfortunately, a 

significantly higher rate of primary graft dysfunction is observed after transplantation of steatotic 

livers [239]. Moreover, moderate and severe steatosis of donor livers is associated with inferior 

post-transplant outcomes [240].   

Natural Killer T (NKT) cells are non-conventional T cells that share common features with NK 

cells. NKT cells are rare in peripheral blood, but represent a larger fraction of liver, spleen, lung, 

and intestine resident T cells [241]. Expression of T Cell Receptor (TCR)-αβ enables NKT cells 

to recognize antigenic lipids presented by CD1d, an MHC class I-like molecule [242]. NKT cells 

express the promyelocytic leukemia zinc finger protein (PLZF) transcription factor as a 

prerequisite for their development [241]. Among T cells, only innate-like γꝽ T cells and MAIT cells 

otherwise express PLZF [241]. NKT cells are subclassified into invariant NKT (iNKT) cells and 

type II NKT (T2NKT) cells according to their TCR specificity. iNKT cells possess an invariant TCR 

Vα24-Jα18α chain paired with TCR Vꞵ11, which mainly responds to α-galactosylceramide 

glycopeptide (αGalCer). By contrast, T2NKT cells utilize different TCR rearrangements to 

recognize diverse lipids [243]. 

Our understanding of T2NKT cells in transplant immunology has been limited by the technical 

challenges of studying them, especially the very low frequency of these cells in blood and lack of 

exclusive markers. Human T2NKT cells are conventionally detected with sulfatide-loaded CD1d 

tetramers [244]; however, this method is noisy and fails to identify T2NKT cells that recognize 

other lipids. Here, we report a strategy to detect and isolate T2NKT cells from human blood and 
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liver tissue. We further develop an expansion strategy to increase cell numbers, making it possible 

to conduct in vitro experiments. 

3.3 Methods 

3.3.1 Study approval and human samples 

Human peripheral blood leucocytes were collected from healthy individuals as a by-product of 

thrombocyte donation with the approval of the Ethics Committee of the University of Regensburg 

(approval number 19-1403-101). Intrahepatic lymphocytes (IHL) were isolated from resected liver 

tissues with the approval of the Ethics Committee of the University of Regensburg (approval 

number 13-257-101). All cell and tissue donors gave full, informed, written consent to the study. 

 

3.3.2 Isolation of mononuclear leucocytes from apheresates and liver 

Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll gradient centrifugation as 

previously described [37]. IHL were isolated from surgically resected liver. Briefly, samples were 

washed with Hank’s balanced salt solution (HBSS) (H9394, Gibco, UK), minced with a sterile 

blade, and incubated in HBSS supplemented with 0.5 mg/ml collagenase type IV (C4-28-BC, 

Sigma-Aldrich, Germany) and 0.05 μg/ml DNase I (A37880, AppliChem, Germany) for 10 mins at 

37 °C. The suspension was filtered through a 100 µm nylon mesh filter, then through a 30 µm 

nylon mesh filter to remove cell clumps and hepatocytes. IHL were isolated by Ficoll gradient 

centrifugation and subsequently frozen in RPMI (72400-021, Gibco) with 10 % DMSO at -160 °C 

liquid nitrogen. For thawing, cryovials were placed in 37 °C water bath for 1 min and then cells 

were transferred into a 15 ml Falcon tube with 1 ml prewarmed RPMI supplemented with 100 

µg/ml DNase I. Cells were rested for 4 mins and incubated with 2 ml RPMI for 2 mins before 

adding 4 ml RPMI and incubating for 2 mins.  
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3.3.3 Magnetic bead selection of T2NKT cells  

Starting with a single-cell suspension of PBMC or IHL, a two-step process was used to enrich 

T2NKT cells. In the first step, a typical starting number of 1 – 7 x 108 cells were sorted with the 

REAlease CD56 MicroBead Kit (130-117-033, Miltenyi, Germany) according to the 

manufacturer’s instructions, using LS columns (130-042-401, Miltenyi) and Separation Buffer 

(PBS, 0.5 % Albunorm (00200331, Octapharma, Germany), 0.4 % UltraPure 0.5M EDTA (15575-

038, Invitrogen, USA)). In the second step, after “de-labelling” of CD56-selected cells, a second 

magnetic bead isolation was performed with CD3 MicroBeads (130-050-101, Miltenyi). Typically, 

0.1 – 5 x 107 recovered cells were positively selected according to the manufacturer’s instructions 

using the “Possel” selection routine on an AutoMACS Pro Separator (Miltenyi). After selection, 

enriched cells were resuspended in 2 ml NKT medium (500 ml RPMI Medium 1640 supplemented 

with 2 mM GlutaMAXTM, 50 ml FCS, 5 ml Pen/Strep, 5 ml sodium pyruvate, 15 ml 7.5 % NaHCO3, 

and 55 µl β-ME). Cells were then stored at 4 °C overnight before further processing. 

 

3.3.4 Purification of T2NKT cells by flow cytometry sorting 

Enriched cells were resuspended in 50 µl Cell Staining Buffer (CSB) (420201, Biolegend, USA) 

plus 10 % FcR-Block (130-059-901, Miltenyi) then incubated for 15 mins at 4 °C. Cells were 

labelled with biotinylated antibodies against TCR-γꝽ (130-113-502, Miltenyi), TCR-Vα24 (130-

117-958, Miltenyi) and TCR Vα7.2 (130-110-957, Miltenyi) in a total volume of 100 µl of CSB for 

15 mins at 4 °C. After washing in 2 ml CSB, cells were stained for 30 mins at 4 °C with α-biotin 

FITC (130-110-957, Miltenyi), αCD161 PE (339904, BioLegend), αCD25 PC5.5 (356112, 

BioLegend), αCD56 APC (318310, BioLegend), αCD3 APC-H7 (560176, BD Biosciences, USA) 

and αCD4 BV421 (344632, BioLegend) in a final volume of 100 µl/sample comprising CSB plus 

50 µl Brilliant Staining Buffer (563794, BD). Cells were washed with 2 ml CSB then resuspended 

in 500 µl PBS prior to sorting on a FACSAria Fusion (BD). 
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3.3.5 Expansion of T2NKT cells in culture 

On day 0, 0.5 – 1 x 105 flow-sorted T2NKT cells were resuspended in 100 µl/well TexMACS 

medium (130-097-196, Miltenyi) supplemented with 500 U/ml recombinant human IL-2 (P30-

2901, Peprotech, USA), and 5 % human AB serum (P30-2901, PAN-Biotech, Germany) in U-

bottom 96-well plates (3799, Costar, USA). Anti-CD3/CD28 MACSiBeads were prepared 

following the manufacturer’s instructions and added into the wells at a bead:cell ratio of 4:1. To 

promote expansion of FoxP3+ T2NKT cells, 5 pg/µl TGF-ꞵ1 (240-B-010/CF, R&D Systems, USA) 

was added to cultures. On day +1, wells were topped up with 100 µl TexMACS medium containing 

5 pg/µl TGF-ꞵ1. Medium was changed every 3 days by replacing 100 µl consumed media with 

fresh TexMACS medium containing 5 pg/µl TGF-ꞵ1. After 2 weeks expansion, cells were 

harvested and resuspended in 1 ml TexMACS medium. A 10 µl aliquot of cells was counted using 

Precision Count Beads (424902, BioLegend). Remaining cells were maintained in culture for 

another 1 week with medium supplementation every 3 days. 

 

3.3.6 Identification of T2NKT cells by flow cytometry 

Samples were prepared for analysis by flow cytometry according to previously published methods 

[217]. Briefly, 106 cells were transferred into V-bottom 96 well microplates (651201, Greiner, 

Germany) with 50 µl/well CSB plus 10 % FcR-Block for 15 mins at 4 °C. Biotin-labelled antibodies 

against TCR-Vα24, TCR-vα7.2, and TCR-γꝽ were added and adjusted with CSB to 100 µl/well. 

Samples were incubated for 15 mins at 4 °C and washed with 150 µl/well CSB. Samples were 

resuspended in 50 µl Brilliant Staining Buffer with following antibodies and adjusted to a total 

volume of 100 µl with CSB: α-CD161 PE (339904, Biolegend); α-CD25 PC5.5 (356112, 

BioLegend); α-CD127 BV421 (351332, BioLegend); α-CD56 BV510 (318340, BioLegend); α-

Biotin FITC (130-110-957, Miltenyi); CD3 APC-H7 (560176, BD). Samples were incubated for 30 

mins at 4 °C then washed twice with 200 µl/well CSB. Cells were then stained for intracellular 
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markers using the eBioscience FOXP3/Transcription Factor Staining Buffer Set (00-5523-00, 

Invitrogen, USA) according to the manufacturer’s instructions. After fixation and permeabilization, 

samples were stained with α-PLZF PC7 (25-9322-82, Invitrogen, Germany) and α-FoxP3 

(320213, Biolegend) for 30 mins at 4 °C. Cells were washed in CSB then resuspended in 1X 

Fixative Solution IOTest3 solution (A07800, Beckman Coulter, Germany) prior to measurement 

with a Canto-II (BD) or CytoFlex LX (Beckman Coulter) cytometer. 

Sulfatide-loaded CD1d tetramers were prepared as previously described [244]. Briefly, 1.7 µg 

sulfatide (1049, Matreya) were incubated with 11 µg human CD1d Unloaded Biotinylated 

Monomer (kindly provided by the NIH Tetramer Core Facility) in a total volume of 20 µl PBS at 37 

°C overnight. The next day, 1 µl, 10 µl, or 100 µl of 1:10 PE streptavidin (405203, Biolegend) in 

sterile PBS was mixed with the complex and incubated for 2 h at RT in a total volume of 110 µl. 

106 PBMC or IHL were incubated with 50 µl/well PBS plus 10 % FcR-Block in V-bottom 96 well 

microplates for 15 mins at 4 °C. Cells were then stained with 1 µl, 5 µl or 10 µl of each sulfatide-

CD1d preparation with gentle mixing and incubated for 30 mins at 4 °C. Cells were then stained 

for flow cytometry as described above without an intervening washing step.   

3.4 Results 

3.4.1 Establishing a flow cytometry panel to quantify T2NKT cells 

T2NKT cells are challenging to study because of a lack of positive markers and their very low 

frequency in blood [241]. Although NKT cells can be positively identified using CD1d tetramers 

loaded with lipids (such as α-GalCer, sulfatide and lysosulfatides) this is neither a convenient nor 

reliable approach for quantifying total T2NKT cells in a single sample [245] (Supplementary Figure 

1). Therefore, we propose a working definition of T2NKT cells as CD3+ CD56+ CD161+ T cells 

after excluding TCR-Vα24+ iNKT cells, TCR-γꝽ+ T cells and TCR-Vα7.2+ MAIT cells (Figure 1A & 

B). It is useful to further subdivide T2NKT cells into CD4+, CD8+ and double-negative (DN) 
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subpopulations, which may reflect functional differences in cytokine production [246]. Our panel 

also included two members of the NKG2 (CD159) C-type lectin-like receptor family that are 

commonly expressed in NK cells and other innate-like lymphocytes [245]. CD4- iNKT cells 

reportedly express NKG2D, enabling them to respond to MHC Class I-like molecules (eg. H60, 

RAE, MULT1 and MIC families) [247]. By contrast, NKG2A has an inhibitory function. We 

anticipate that NKG2A and NKG2D will be useful markers of T2NKT cell activation in future 

immune monitoring studies. To improve the accuracy of our cell type identification, particularly 

when also using CD1d tetramers, we included CD16 and CD19 to exclude monocytes and B cells 

[248]. Using this assay panel, we identified a CD3+ CD56+ CD161+ TCR-Vα24- TCR-γꝽ- TCR-

Vα7.2- living T2NKT cell population that represented 0.8 ± 0.4 % of CD3+ T cells from PBMC and 

6.3 ± 0.9 % of CD3+ T cells from IHL preparations (Figure 1C).  
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Figure 1. Flow cytometry gating strategy for quantification of human type II NKT cells. (A) Human T2NKT cells were 

defined as CD3+ CD56+ CD161+ TCRγδ- TCRVα7.2- TCRVα24- lymphocytes. Gating of human PBMC resulted in a very 

low frequency of circulating T2NKT cells (0.3 % of total CD3+ T cells). (B) Gating of human intrahepatic lymphocytes 

(IHL) revealed a higher frequency of T2NKT cells in non-steatotic liver (6.5 % of total CD3+ T cells). Intrahepatic T2NKT 

cells could be subdivided into CD4+ and CD8+ cells. (C) Frequency of human T2NKT cells with respect to CD3+ T cells 

from 3 PBMC and 3 liver (steatosis 0 %, n=2; steatosis 15 %, n=1) samples. 
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3.4.2 Pre-enriching CD3+ CD56+ NKT cells by positive selection  

Because circulating T2NKT cells are so rare, we next developed a magnetic bead-based protocol 

to pre-enrich CD3+ CD56+ innate lymphocytes prior to immunophenotyping by flow cytometry or 

further purification by flow-sorting (Figure 2A). We compared alternative separation strategies 

(Supplementary Figure 2 & 3), namely: (1) Sorting for CD3+ cells then CD56+ cells; (2) sorting for 

CD56+ cells then CD3+ cells; (3) sorting using a CD3+ CD56+ NKT Cell Isolation Kit from Miltenyi 

Biotec; (4) sorting for CD56+ cells, then CD3+ cells and then depleting TCR-Vα24+ iNKT cells, 

TCR-γꝽ+ T cells and TCR-Vα7.2+ MAIT cells; (5) sorting for CD56+ cells, then CD3+ cells, then 

depleting TCR-Vα24+ iNKT cells, TCR-γꝽ+ T cells and TCR-Vα7.2+ MAIT cells and then enriching 

for CD161+ cells. We found that enriching CD3+ cells prior to CD56+ selection (Strategy 1) led to 

poorer yields than first enriching CD56+ cells (Strategy 2) (Supplementary Figure 2A-C). Miltenyi’s 

CD3+ CD56+ NKT Cell Isolation Kit (Strategy 3) performed well in enriching CD3+ CD56+ NKT 

cells, but led to a disproportionate loss of T2NKT compared to iNKT cells (Supplementary Figure 

3A). We attempted to increase the purity of our enriched samples by depleting TCR-Vα24+ iNKT 

cells, TCR-γꝽ+ T cells and TCR-Vα7.2+ MAIT cells without (Strategy 4) or with (Strategy 5) positive 

selection of CD161+ cells. Both methods had unacceptably low yields (Supplementary Figure 3B 

& C). Hence, we determined that enriching CD56+ cells using REAlease CD56 MicroBead Kit from 

Miltenyi prior to positive selection of CD3+ cells using CD3 MicroBeads from Miltenyi is an 

optimally efficient method for pre-enriching human T2NKT cells from blood (Figure 2B & C). 

 

3.4.3 Expression of PLZF and FoxP3 in CD3+ CD56+ CD161+ T2NKT cells  

The transcription factor PLZF is primarily expressed by innate-like lymphocytes, especially NK 

cells, MAIT cells and NKT cells. Intracellular staining of pre-enriched NKT cells from blood 

revealed an intermediate level of PLZF in T2NKT cells, which was similar to PLZF expression in 
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NK cells, but less than PLZF expression in iNKT cells and greater than PLZF expression in 

conventional T cells (Figure 2D).  

We hypothesize that distinct subsets of human T2NKT cells play inflammatory or regulatory roles 

in steatotic livers after transplantation; therefore, we next investigated expression of Treg-

associated markers in pre-enriched NKT cells. This revealed a previously undescribed subset of 

CD3+ CD56+ CD161+ CD4+ CD25+ CD127low PLZF+ FoxP3+ T2NKT cells that represented 4.8 ± 

1.3 % (n=3) of T2NKT cells from PBMC (Figure 2E). Additionally, among other innate-like 

lymphocytes, we identified a FoxP3+ MAIT cell population, but not a FoxP3+ iNKT cell or γꝽ T cell 

population (Supplementary Figure 4). 
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Figure 2. Two-step magnetic-activated cell sorting (MACS) strategy for enrichment of human T2NKT cells. (A) Two-

step MACS strategy consisted first in a CD56  positive selection from human PBMC with CD56 REAlease microbeads. 

These beads were then detached from the cell surface after separation. In the second step, NKT cells were enriched 

using CD3 microbeads. The outcome of this procedure was a CD3+ CD56+ cell isolate enriched in NKT cells. (B) 

Summary table indicating the frequency of cells relative to preMACS values and absolute (Abs) cell numbers after each 

MACS step. (C) Gating of human leucocytes enriched for CD56+ CD3+ cells using the two-step MACS protocol. The 

sample was enriched for iNKT cells (2 % of total CD3+ T cells) and T2NKT cells (5.3 % of total CD3+ T cells). (D) 

Expression of the transcription regulator promyelocytic leukemia zinc finger (PLZF) in subsets of human lymphocytes. 

Differential expression of PLZF was observed between conventional T cells (blue line) and NK cells (black line). There 

was similar PLZF expression in T2NKT cells (red line) and NK cells, whereas iNKT cells (green line) showed higher 

expression. (E) A CD4+ FoxP3+ CD25+ CD127low subpopulation of CD3+ CD56+ CD161+ TCRγδ- TCRVα7.2- TCRVα24- 

T2NKT cells after the two-step enrichment process was identified in all 3 donors (one donor is shown as an example).  
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3.4.4 Expansion of T2NKT cells without losing NKT cell markers  

To perform functional experiments with T2NKT cells, it was necessary to flow-sort them to purity. 

NKT cells were enriched from PBMC by magnetic bead selection then stained with CD3, CD4, 

CD56, CD161, TCR-Vα24, TCR-Vα7.2 and TCR-γꝽ for flow-sorting (Supplementary Figure 5). As 

illustrated, T2NKT cells were isolated as CD3+ CD4+ CD56+ CD161+ TCR-Vα24- TCR-Vα7.2- and 

TCR-γꝽ- living cells (Figure 3A). Following this strategy, 2 – 7 x 104 T2NKT cells could be isolated 

from a typical starting population of 4 – 6 x 108 unsorted PBMC. 

Because the absolute number of T2NKT cells recovered with our optimized protocol was so 

limited, we next investigated whether they could be expanded in vitro. Purified T2NKT cells were 

stimulated with MACSiBeads, IL-2 and TGF-ꞵ1 for 3 weeks (Figure 3B). The cultured cells were 

then counted by flow cytometry (Figure 3C). After 21 days of in vitro stimulation, T2NKT cells 

maintained expression of CD3+ CD56+ CD161+ and PLZF (Figure 3D). In addition, a subset of 

CD3+ CD56+ CD161+ CD4+ CD25+ CD127low PLZF+ FoxP3+ T2NKT cells was still detectable, 

representing 16.9 ± 3.6 % of total T2NKT cells (Figure 3D & E). Hence, we were able to expand 

T2NKT cells by ≥15-fold without loss of key markers, meaning that we can obtain sensible 

numbers of phenotypically normal T2NKT cells for use in functional studies.  
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Figure 3. In vitro expansion of FoxP3+ T2NKT cells. (A) Gating strategy to flow-sort T2NKT cell after double-step MACS 

enrichment. From left to right, cells were gated for lymphocytes based on FSC/SSC and singlets. Biotin FITC excluded 

cells labeled with TCRVα7.2, TCRVα24 or TCRγꝽ antibody. Cells were then gated for CD3+ CD4+ CD56+ CD161+. (B) 

Schematic map depicting each step of the expansion protocol. (C) Cell counting after 3 weeks expansion using Flow 

Cytometry Counting Beads. Counting beads were positive for PE-Cy7, cells were separated from MACSiBeads based 

on FSC. (D) Quality control analysis of T2NKT cell expansion after 3 weeks. Lymphocytes were separated from 

MACSiBeads and dead cells by FSC/SSC. MAIT cells, γꝽ T cells and iNKT cells were excluded by staining with Biotin 

FITC. Within the CD3+ T cell population, PLZF was highly expressed (80.7 % of the total lymphocyte population). These 

cells were mainly CD56+ CD161+ (75.7 % of the total lymphocyte population) and a subset expressed regulatory-like 

phenotype FoxP3+ CD25+ CD127low (31 % of the total lymphocyte population). (E) Summary table indicating absolute 

number of cells before expansion (day 0) and after expansion (day 21). Percentage of FoxP3+ cells after expansion is 

included. 
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3.5 Discussion 

Here, we present a strategy for identifying and enriching human T2NKT cells from blood and liver 

tissue. Further, we describe a novel subset of T2NKT cells that stably expresses FoxP3, 

suggesting it may play a role in regulating innate-like lymphocyte responses in fatty livers. 

We propose a working definition of T2NKT cells based upon CD3, CD56 and CD161 

coexpression, and exclusion of iNKT cells, MAIT cells and γꝽ T cells. Practically speaking, our 

definition is superior to detection with lipid-loaded CD1d tetramers for several reasons - namely, 

lipid-loaded CD1d tetramers label only a subset of T2NKT cells at best, CD1d tetramer staining 

is variable and does not clearly resolve positive and negative populations ,  and we lack a positive-

control cell. We corroborated our working definition of T2NKT cells by showing an intermediate 

level of PLZF expression in the population identified as T2NKT cells [249].   

Our optimized sorting protocol achieves an overall recovery of 2.5 – 6.8 x 104 T2NKT cells from 

a starting number of 2 – 7 x 108 peripheral blood mononuclear cells, which is an acceptable yield 

for such a rare cell population. Although the absolute number of T2NKT cells recovered was very 

low, we were able to expand them in culture by more than 15-fold without detectable phenotypic 

changes. Therefore, we can reliably obtain sufficient T2NKT cells for in vitro functional 

experiments. 

This short report provides a technical basis for future immune monitoring studies. In particular, 

our methods will allow us to investigate how the balance between “effector” FoxP3- T2NKT cells 

and putative “regulatory” FoxP3+ T2NKT cells influence outcomes after transplantation of steatotic 

livers. 
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4.1 Abstract 

Background: Invariant Natural Killer T cells (iNKT) play critical roles in liver homeostasis and pathogenesis. 

We have recently described the expansion of an IL-4+ iNKT cell subpopulation in steatotic subjects 

compared to non-steatotic subjects. We sought to use IL-4+ iNKT cells as a diagnosis biomarker of steatosis 

but due to its rare frequency in blood and technical variability, it is yet unfeasible. Here, we aim to identify 

an extracellular surrogate marker of IL-4+ iNKT cells as an alternative approach for the diagnosis of 

steatosis. Methods: We analyzed the expression of 376 human surface markers in expanded iNKT cells 

by flow cytometry. The best candidates, defined by R and AUROC scores, were combined in 9 different 

panels and tested in expanded iNKT cells from 6 donors. Results and conclusions: We identified CD202b, 

also known as angiopoietin-1 receptor, as a strong surrogate marker of IL-4+ iNKT cells that could 

discriminate IL-4- from IL-4+ expanded iNKT cells. For the purpose of this experiment, we had to expand 

iNKT cells to get enough initial number of cells. Further studies should validate the expression of CD202b 

in fresh IL-4+ iNKT cells and the biological relevance of the receptor.  
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4.2 Introduction 

Noninvasive biomarkers are being investigated as alternatives to biopsy in steatosis. Particularly, 

inflammation is a major hallmark of NAFLD pathogenesis. Interestingly, the liver is enriched in 

subsets of unconventional T lymphocytes that play important roles in pathogen defense and 

homeostasis [250]. Invariant Natural Killer T cells (iNKT) express a semi-invariant T cell receptor 

(TCR) α chain that recognizes lipids presented by the MHC-class I-like CD1d molecule [43]. The 

frequency of iNKT cells in blood is very low, ranging between 0.01-0.1 % of circulating 

lymphocytes [251]. In contrast, ~0.5 % of intrahepatic T lymphocytes are iNKT cells [40, 252]. 

Based on mice models, many studies evidence the protective [121, 150] and pathogenic [174, 

175, 253] role of iNKT cells in NAFLD. Some of the discrepancies found between studies can be 

explained by the mouse model used. None of the current murine models resemble the complete 

human NAFLD spectrum. Concanavalin A intravenous injection leads to severe acute hepatitis 

associated with the infiltration of CD4+ T cells [254]. In contrast, injection of the iNKT agonist 

alpha-galactosylceramide (α-GalCer) induces mild hepatitis characterized by the activation of 

innate immunity [175, 255]. Hua et al. reported a rapid increase in IL-4+ iNKT cells after α-GalCer 

injection associated with neutrophil infiltration [175]. In this context, TNF-α+ iNKT cells also played 

a critical role in inducing hepatitis [174]. Recently, we have identified changes in the frequency of 

iNKT cells in peripheral blood and in the liver of steatotic patients compared to healthy subjects. 

In a cohort of 105 patients, steatotic patients showed a negative association with the frequency 

of iNKT cells relative to all CD3+ T cells in peripheral blood (unpublished data). Intrahepatic iNKT 

cells were enriched in patients with steatosis grade 2-4 (n=15) compared with steatosis grade 0-

1 patients (n=28), especially the IL-4+ iNKT cell subpopulation (unpublished data). When 

evaluating changes in the frequency of IL-4+ iNKT cells in circulation, the results showed a positive 

trend with steatosis grade but it was not significant. We hypothesize that the technical variability 

of the staining and the low frequency of iNKT cells are limiting steps. We propose to identify an 
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extracellular surrogate marker to omit the intracellular staining as a way to improve the 

measurement of IL-4+ iNKT cell alterations in blood and correlate it with the steatosis degree. 

4.3 Methods 

4.3.1 iNKT cell isolation and expansion 

Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll gradient centrifugation as 

previously described [40]. PBMCs were resuspended in 400 µl MACS buffer [PBS, 0.5 % 

Albunorm (00200331, Octapharma, Germany), 0.4 % UltraPure 0.5M EDTA (15575-038, 

Invitrogen, USA)] per 108 cells and iNKT cells were isolated by AutoMACS Pro Separator. Briefly, 

cells were incubated with 60 µl Anti-iNKT MicroBeads (130-094-842, Miltenyi, Germany) per 108 

cells for 15 mins at 4 °C. Cells were washed with 2 ml MACS buffer, centrifuged at 300 x g for 10 

mins and resuspended in 500 µl MACS buffer per 108 cells. iNKT cells were isolated using the 

Possel_S program. After recovery, cells were washed with 2 ml warm iNKT medium [500 ml RPMI 

(72400-021, Gibco), 50 ml FCS, 5 ml Pen/Strep, 5 ml sodium pyruvate, 15 ml 7.5 % NaHCO3 

and 55 µl 2-Mercaptoethanol], and cultured in a T25 Flask (353109, Corning) with 10 ml 

Stimulation media 1 [iNKT medium, 100 ng/ml α-GalCer (AG-CN2-0013-C250, Biomol, 

Germany), 50 ng/ml IL-2 (AF-200-02, Peprotech), 10 ng/ml IL-15 (AF-200-15, Peprotech), 10 

ng/ml IL-1β (130-093-897, Miltenyi), 20 ng/ml IL-23 (130-095-757, Miltenyi) and 5 ng/ml TGF-β1 

(130-095-067, Miltenyi)]. On day 5, cell media was replaced with Stimulation media 2 (Stimulation 

media 1 without α-GalCer). On day 9, we replaced media with Stimulation media 3 (Stimulation 

media 2 with 25 ng/ml IL-2 and 5 ng/ml IL-15). On day 12, iNKT cells were harvested and frozen 

down in RPMI with 10 % DMSO at -80°C liquid nitrogen. 
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4.3.2 iNKT cell activation and screening 

iNKT cells were thawn and remained in culture overnight in iNKT media. Cells were resuspended 

in 1 ml iNKT media supplemented with 50 ng/ml PMA (P1585, Merck) and 1 µg/ml Ionomycin 

(I0634, Merck) per 5 x 106 cells and incubated for 4 h in a cell incubator. To stop cell activation, 

cells were washed with 10 ml cold sterile PBS and proceeded to be stained with IL-4 Secretion 

Assay (130-054-102, Miltenyi) following the manufacturer’s instructions. Subsequent extracellular 

marker staining was performed as we previously described [40] (Supplementary Figure 1). We 

used the MACS Marker Screen (130-127-043, Miltenyi) to evaluate the expression of 378 human 

surface markers in iNKT cells and detected by CytoFlex LX cytometer (Beckman Coulter).   

4.4 Results 

iNKT cells from 3 donors were expanded for 12 days in vitro and stimulated with Ionomycin/PMA 

for 4 h. Cells were barcoded with CD45 antibodies to identify the donors and pooled together. 378 

human surface markers were evaluated as potential surrogate markers of IL-4+ iNKT cells by flow 

cytometry (Figure 1). 
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Figure 1. Illustration depicting the experimental steps for the identification of IL-4+ iNKT cell surrogate markers. Steps 

1-3 include iNKT cell isolation and expansion. Activation of iNKT cells in step 4 is necessary to detect IL-4+ cells in step 

5. The flow cytometry panel used for the identification of IL-4+ iNKT cell surrogate markers is shown in step 6. 

 

We determined the performance of each marker in classifying IL-4+ iNKT cells based on the area 

under the ROC curve (AUROC) and the relation between the marker expression and IL-4+ 

according to the R-value. The median of the 3 donors was plotted in an AUROC-R graph (Figure 

2A). Markers were ranked based on the AUROC-R vector distance and the top-12 candidates 

with the highest distance were considered for further evaluation (Figure 2B).  



 
 

70 
 

 

Figure 2. (A) Representation of the 378 markers’ performance as IL-4+ iNKT cell surrogates based on the R and the 

AUROC values. The top 12 surrogate markers with the highest vector distance are labeled in red. (B) List of the top 12 

surrogate markers with their corresponding R and AUROC values arranged in alphabetical order.   

 

Nine FACS panels were designed to identify the optimal marker combination (Supplementary 

Figure 2). We tested the nine-combinatory panels in expanded iNKT cells from 6 different donors. 

Surprisingly, CD202b alone returned as a strong surrogate marker of IL-4+ iNKT cells (Figure 3). 

The results of the linear regression analysis showed that CD202b correlates positively with IL-4+ 

iNKT cells.  

 

Figure 3. FACS gating of CD202b as a surrogate marker of IL-4+ iNKT cells. Cells were gated as CD3+ TCRVα24+ 

iNKT cells and only the IL-4+ subpopulation expresses CD202b.  
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4.5 Discussion 

We have recently observed an increased frequency of intrahepatic IL-4+ iNKT cells in steatotic 

patients. However, we could not find statistically significant alterations in peripheral blood mainly 

limited by the low frequency and the technical variability. We aimed to use an extracellular 

surrogate marker of IL-4+ iNKT to reduce the technical variability by simplifying the staining 

procedure. Here we have identified CD202b, also known as angiopoietin-1 receptor, as a 

surrogate marker of IL-4+ iNKT cells from a screening of 378 human surface markers. CD202b is 

a member of the receptor tyrosine kinase family of proteins and is expressed by endothelial cells 

and their progenitors, quiescent hematopoietic stem cells and in a subpopulation of monocytes 

[256, 257]. The latter are associated with tumor progression and metastasis [258]. The role of 

CD202b in IL-4+ iNKT cells has not yet been studied. Interestingly, a prospective study involving 

104 patients with obesity observed that serum angiopoietin-2 (Ang2), a ligand of CD202b, 

increased significantly with increasing histological grades of steatosis but not with fibrosis [257]. 

In different models of NAFLD mouse models, treatment with the Ang2 inhibitor L1-10 reduced 

liver ballooning and fibrosis, ameliorated leukocyte adhesion and inflammatory markers, and 

attenuated hepatocellular carcinoma progression [257]. Based on these findings, intrahepatic IL-

4+ iNKT cell expansion is likely to represent a pathogenic subpopulation. Th2 cytokines have been 

linked with hepatic fibrosis [45, 46]. IL-4 and IL-13 stimulate the synthesis of collagen in fibroblasts 

[47–49] and recruit inflammatory monocytes [50]. We will further investigate the role of CD202b 

in IL-4+ iNKT cells and evaluate the diagnosis potential of CD202b+ iNKT cells in steatosis. 
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4.6 Supplementary Material 

 

Supplementary Figure 1. Flow cytometry panel for the identification of potential IL-4+ iNKT cell surrogate markers.  

 

 

488 nm 808 nm

525/40 585/42 710/50 763/43 660/10 712/25 763/43 450/45 525/40 885/40

FITC PE PC5.5 PC7 APC AF700 AFire750 BV421 BV510 Viability

Antigen CD8 IL-4 CD45 CD45 Surrogate CD4 CD3 iNKT CD45 ViaKr808

Clone RPA-78 Hl30 Hl30 SK3 UCHT1 6B11 Hl30

Isotype mIgG1 mIgG1 mIgG1 mIgG1 mIgG1 mIgG1 mIgG1 mIgG1

Supplier BioLegend Miltenyi BioLegend BioLegend Miltenyi BioLegend BioLegend BioLegend BioLegend BC

Cat.# 301006 130-054-102 304028 304016 130-127-043 300469 300469 342916 304036 C36628

Status RUO RUO RUO RUO RUO RUO RUO RUO

561 nm 405 nm638 nm
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Supplementary Figure 2. Combinatory flow cytometry panels designed to identify the best combination of markers as 

surrogates of IL-4+ iNKT cells.  

 

808 nm

525/40 610/20 690/50 585/42 710/50 763/43 660/10 712/25 763/43 450/45 525/40 885/40

VioBright B515 PE-Vio 615 PerCP-Vio700 PE PE-Cy5.5 PE-Vio 770 APC R720 APC-Vio 770 VBr V423 BV510 Viability

Antigen CD98 CD8 CD4 IL-4 CD25 CD48 CD95 CD3 CD5 CD28 Vα24-Jα18 ViaKr808

Clone REA387 REA734 REA623 B1.49.9 REA426 REA738 REA613 REA782 REA612 6B11

Isotype REA REA REA mIgG1 mIgG2a REA REA REA REA REA mIgG1

Supplier Miltenyi Miltenyi Miltenyi Miltenyi BC Miltenyi Miltenyi Miltenyi Miltenyi Miltenyi BioLegend BC

Cat.# 130-126-996 130-110-685 130-113-790 130-054-102 B92458 130-106-518 130-113-070 130-127-397 130-111-110 130-127-223 342918 C36628

Status RUO RUO RUO IVD RUO RUO RUO RUO RUO RUO RUO

Antigen CD98 CD8 CD4 IL-4 CD25 CD154 Tim-3 CD3 CD47 CD28 Vα24-Jα18 ViaKr808

Clone REA387 REA734 REA623 B1.49.9 REA238 REA602 REA613 REA220 REA612 6B11

Isotype REA REA REA mIgG1 mIgG2a REA REA REA REA220 REA mIgG1

Supplier Miltenyi Miltenyi Miltenyi Miltenyi BC Miltenyi Miltenyi Miltenyi Miltenyi Miltenyi BioLegend BC

Cat.# 130-126-996 130-110-685 130-113-790 130-054-102 B92458 130-114-140 130-119-819 130-127-397 130-123-637 130-127-223 342918 C36628

Status RUO RUO RUO IVD RUO RUO RUO RUO RUO RUO RUO

Antigen CD98 CD8 CD4 IL-4 CD25 TRA-1-85 CD202b CD3 CD81 CD28 Vα24-Jα18 ViaKr808

Clone REA387 REA734 REA623 B1.49.9 REA476 REA198 REA613 REA513 REA612 6B11

Isotype REA REA REA mIgG1 mIgG2a REA REA REA REA REA mIgG1

Supplier Miltenyi Miltenyi Miltenyi Miltenyi BC Miltenyi Miltenyi Miltenyi Miltenyi Miltenyi BioLegend BC

Cat.# 130-126-996 130-110-685 130-113-790 130-054-102 B92458 130-107-159 130-101-632 130-127-397 130-107-923 130-127-223 342918 C36628

Status RUO RUO RUO IVD RUO RUO RUO RUO RUO RUO RUO

Antigen CD98 CD8 CD4 IL-4 CD25 CD48 Tim-3 CD3 CD81 CD28 Vα24-Jα18 ViaKr808

Clone REA387 REA734 REA623 B1.49.9 REA426 REA602 REA613 REA513 REA612 6B11

Isotype REA REA REA mIgG1 mIgG2a REA REA REA REA REA mIgG1

Supplier Miltenyi Miltenyi Miltenyi Miltenyi BC Miltenyi Miltenyi Miltenyi Miltenyi Miltenyi BioLegend BC

Cat.# 130-126-996 130-110-685 130-113-790 130-054-102 B92458 130-106-518 130-119-819 130-127-397 130-107-923 130-127-223 342918 C36628

Status RUO RUO RUO IVD RUO RUO RUO RUO RUO RUO RUO

Antigen CD98 CD8 CD4 IL-4 CD25 CD154 CD202b CD3 CD5 CD28 Vα24-Jα18 ViaKr808

Clone REA387 REA734 REA623 B1.49.9 REA238 REA198 REA613 REA782 REA612 6B11

Isotype REA REA REA mIgG1 mIgG2a REA REA REA REA REA mIgG1

Supplier Miltenyi Miltenyi Miltenyi Miltenyi BC Miltenyi Miltenyi Miltenyi Miltenyi Miltenyi BioLegend BC

Cat.# 130-126-996 130-110-685 130-113-790 130-054-102 B92458 130-114-140 130-101-632 130-127-397 130-111-110 130-127-223 342918 C36628

Status RUO RUO RUO IVD RUO RUO RUO RUO RUO RUO RUO

Antigen CD98 CD8 CD4 IL-4 CD25 TRA-1-85 CD95 CD3 CD47 CD28 Vα24-Jα18 ViaKr808

Clone REA387 REA734 REA623 B1.49.9 REA476 REA738 REA613 REA220 REA612 6B11

Isotype REA REA REA mIgG1 mIgG2a REA REA738 REA REA220 REA mIgG1

Supplier Miltenyi Miltenyi Miltenyi Miltenyi BC Miltenyi Miltenyi Miltenyi Miltenyi Miltenyi BioLegend BC

Cat.# 130-126-996 130-110-685 130-113-790 130-054-102 B92458 130-107-159 130-113-070 130-127-397 130-123-637 130-127-223 342918 C36628

Status RUO RUO RUO IVD RUO RUO RUO RUO RUO RUO RUO

Antigen CD98 CD8 CD4 IL-4 CD25 CD48 CD202b CD3 CD47 CD28 Vα24-Jα18 ViaKr808

Clone REA387 REA734 REA623 B1.49.9 REA426 REA198 REA613 REA220 REA612 6B11

Isotype REA REA REA mIgG1 mIgG2a REA REA REA REA220 REA mIgG1

Supplier Miltenyi Miltenyi Miltenyi Miltenyi BC Miltenyi Miltenyi Miltenyi Miltenyi Miltenyi BioLegend BC

Cat.# 130-126-996 130-110-685 130-113-790 130-054-102 B92458 130-106-518 130-101-632 130-127-397 130-123-637 130-127-223 342918 C36628

Status RUO RUO RUO IVD RUO RUO RUO RUO RUO RUO RUO

Antigen CD98 CD8 CD4 IL-4 CD25 CD154 CD95 CD3 CD81 CD28 Vα24-Jα18 ViaKr808

Clone REA387 REA734 REA623 B1.49.9 REA238 REA738 REA613 REA513 REA612 6B11

Isotype REA REA REA mIgG1 mIgG2a REA REA738 REA REA REA mIgG1

Supplier Miltenyi Miltenyi Miltenyi Miltenyi BC Miltenyi Miltenyi Miltenyi Miltenyi Miltenyi BioLegend BC

Cat.# 130-126-996 130-110-685 130-113-790 130-054-102 B92458 130-114-140 130-113-070 130-127-397 130-107-923 130-127-223 342918 C36628

Status RUO RUO RUO IVD RUO RUO RUO RUO RUO RUO RUO

Antigen CD98 CD8 CD4 IL-4 CD25 TRA-1-85 Tim-3 CD3 CD5 CD28 Vα24-Jα18 ViaKr808

Clone REA387 REA734 REA623 B1.49.9 REA476 REA602 REA613 REA782 REA612 6B11

Isotype REA REA REA mIgG1 mIgG2a REA REA REA REA REA mIgG1

Supplier Miltenyi Miltenyi Miltenyi Miltenyi BC Miltenyi Miltenyi Miltenyi Miltenyi Miltenyi BioLegend BC

Cat.# 130-126-996 130-110-685 130-113-790 130-054-102 B92458 130-107-159 130-119-819 130-127-397 130-111-110 130-127-223 342918 C36628

Status RUO RUO RUO IVD RUO RUO RUO RUO RUO RUO RUO
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5.1 Abstract 

Background: Biomarkers of early liver inflammation could serve as a diagnosis approach for liver 

pathogenesis. Matrix metalloproteinases (MMPs) are activated by hepatocyte stress, leading to 

extracellular matrix remodeling and membrane receptor shedding. CD46 is a membrane-bound 

complement regulatory that can be post-translationally regulated via proteolytic cleavage, resulting in 

soluble (s)CD46. Here we investigate human sCD46 in serum as a potential biomarker of early liver injury 

and study the regulation of CD46 shedding. Methods: We developed and validated a sandwich enzyme 

linked immunosorbent assay (ELISA) that measures human sCD46. Fat-loaded HepaRG cells were used 

as an in vitro model of steatosis. MMPs and components of the prostaglandin synthesis pathway were 

measured using quantitative polymerase chain reaction (qPCR) and ELISA. Results: The in-house sCD46 

ELISA passed accuracy and precision tests. A significant increase of sCD46 concentration in serum was 

observed in steatosis compared to healthy donors. Similarly, fat-loaded HepaRG cells also increased the 

shedding of CD46 compared to unloaded cells. The upregulation of PTGES2 upon fat-loading of HepaRG 

cells induced an increase of MMP-1 at the transcriptional and protein level. Knockdown of PTGES2 

downregulated MMP-1 and reduced sCD46 concentrations in supernatant. In addition to fat stimuli, 

HepaRG cells exposed to different FDA-approved drugs responded with different degrees of CD46 

shedding. We observed that the frequency of drugs with hepatotoxic risk or direct cytotoxicity increased 

with higher sCD46 concentrations. Conclusions: sCD46 is proposed as a biomarker to diagnose steatosis 

in humans. We identified an upregulation of the PGE2-MMP1-sCD46 axis as a response to fat stimuli. 

sCD46 is not only induced upon fat but also under hepatotoxic and cytotoxic drugs. This brings the 

opportunity to use sCD46 ELISA assay as a non-invasive diagnostic method for steatosis and potentially a 

complementary data readout to identify hepatotoxic drugs.  
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5.2 Introduction 

The human membrane cofactor protein CD46, also known as MCP, is a ubiquitously expressed 

receptor in humans [259]. CD46 protects host cells from complement damage [260] and 

modulates immune responses via costimulatory signals [261]. Sánchez et al. demonstrated that 

colligation of CD3 and CD46 potentiated the effector responses of CD4+ T regulatory cell 1 (Tr1) 

in secreting IL-2, IFN-γ and IL-10 [262]. Similarly, co-stimulation with CD46 resulted in CD8+ T 

cells expansion and IFN-γ secretion [263]. Interestingly, CD46 was also identified as a cellular 

receptor for opportunistic viruses such as group B adenoviruses [264], measle virus [265] and 

human herpesvirus 6 [266].  

Dysregulation of CD46 is associated with a list of immune-related diseases such as multiple 

sclerosis [267], asthma [268], rheumatoid arthritis [269] or bullous pemphigoid [270]. The 

expression of CD46 is regulated at different stages including post-translational proteolytic 

cleavage. Soluble CD46 particles (sCD46) are active molecules and protect tumors from the 

complement system [271]. In autoimmune diseases, serum sCD46 levels were reported to be 

upregulated in systemic lupus erythematosus patients [272] and in bullous pemphigoid [270]. 

Recently, we have identified an increased level of sCD46 in serum of steatotic patients compared 

to healthy controls. The shedding of the receptor from the cell surface of HepaRG cells induced 

the expansion of IL-4+ iNKT cells in vitro. Here, we developed and validated a sCD46 ELISA 

assay. Our results show that the in-house sCD46 ELISA assay is a reliable kit to measure sCD46 

in sera, plasma and culture supernatants for routine analysis. We further investigated the 

regulation of CD46 shedding upon encounter with different FDA-approved drugs. The shedding 

of CD46 was triggered by anti-neoplastic agents and other hepatotoxic-associated drugs, but 

could also be downregulated for instance with the α2 adrenergic receptor agonist UK-14304. 

Interestingly, non-steroidal anti-inflammatory drugs (NSAIDs) were also associated with 

increased sCD46. RNA-seq data and qPCR analysis confirmed that fat-loaded (FL)-HepaRG cells 
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compared to unloaded (UL)-HepaRG cells display alterations in different enzymes from the 

prostaglandin pathway, with a significant upregulation of Prostaglandin E Synthase 2 (PTGES2). 

Particularly, we identified a dose-dependent effect of prostaglandin E2 (PGE2) in CD46 shedding 

involving upregulation of matrix metalloproteinase-1 (MMP-1). This could not be prevented by 

using selective antagonists of EP receptors.  

5.3 Methods 

5.3.1 Study approval and patient cohort 

This study involving human research participants was performed in accordance with the 

Declaration of Helsinki, as well as and all applicable German and European laws as well as all 

ethical standards. Samples were obtained from 158 oncological patients undergoing liver surgery 

at the Department of Surgery, University Hospital Regensburg. Routine biochemical and 

haematological investigations were performed by an in-house accredited diagnostic laboratory 

(Institute of Clinical Chemistry and Laboratory Medicine, UKR). No study patients received 

systemic chemotherapy before surgery. This study was authorised by the Ethics Committee of 

the University of Regensburg (approval number 13-257-101). All participants gave full, informed 

written consent.  

 

5.3.2 HepaRG cell culture 

The HepaRG cell line was obtained from Biopredic International, France. HepaRG cells were 

cultured in 96-well plates at 104 cells/well in HepaRG growth medium (William’s E medium 

supplemented with 10 % HyClone FetalClone II serum, 1 % penicillin/streptomycin, 1 % L-

glutamine, 0.023 IE/ml insulin, 4.7 µg/ml hydrocortisone and 80 µg/ml gentamycin) for 2 weeks.  

Hepatic differentiation was induced with HepaRG growth medium supplemented with 1.8 % 

DMSO for an additional 2 weeks. The FL process was carried out in differentiated HepaRG cells 
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first undergoing 24 h in 1 % bovine serum albumin (BSA) HepaRG growth medium (diet medium) 

and then treated with a mixture of 0.5 mM palmitic acid and oleic acid 1:2 ratio (PA/OA) for further 

24 h. Unloaded (UL)-HepaRG control cells were generated using only the carrier isopropanol.  

 

5.3.3 Drug testing 

We used the Tocriscreen Library of FDA-Approved Compounds (5932, Biotechne, USA) to screen 

for drugs that can modulate sCD46 shedding in HepaRG cells. Differentiated HepaRG cells were 

starved for 24 h. We replaced the medium with diet medium supplemented with 0.5 mM OA/PA, 

1.25 % DMSO and 10 µM drug, and incubated overnight (O/N). For drug titration, we followed the 

above-mentioned protocol but the medium was supplemented with 0.5 mM OA/PA and 2 % 

DMSO to allow a broader range of drug concentrations.  

 

5.3.4 siRNA knockdown 

Knockdown (KD) was performed with Lipofectamine 2000 Transfection Reagent (11668019, 

Invitrogen) and ON-TARGETplus SMARTpool siRNA PTGES2 (80142, Dharmacon). The ON-

TARGETplus Non-targeting Pool (D-001810-10, Dharmacon) was used as negative control. 

Briefly, 0.3 µl/well Lipofectamine 2000 was mixed with 10 µl/well Opti-MEM (31985062, Gibco). 

Then, 0.125 µl/well siRNA (20 µM) was mixed in 10 µl/well Opti-MEM. We prepared the 

transfection media by transferring dropwise the diluted siRNA into Lipofectamine 2000 in a 1:1 

ratio and incubate it for 10 mins at room temperature (RT). HepaRG cell media was replaced with 

80 µl/well of antibiotic- and serum-free HepaRG media. 20 µl/well of transfection media was added 

dropwise, shaked gently and returned into the cell incubator for 48 h.  
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5.3.5 Quantitative reverse transcription-PCR 

SuperScript-III (18080093, Invitrogen) was used for reverse transcription. Quantitative reverse 

transcription-PCR was performed with a LightCycler™ real-time PCR system using the 

QuantiNova Probe RT-PCR Kit (208352, Qiagen) and Quantitect primers (Qiagen) listed in 

Supplementary Table 1. Gene expression was normalised against expression of ACTB. 

 

5.3.6 RNA-Sequencing 

RNA isolation from UL and FL-HepaRG cells was done using the RNeasy Mini Kit (74106, Qiagen) 

and a DNA cleanup was performed using the RNase-Free DNase Set (79254, Qiagen). Equimolar 

amounts of each library were single-end sequenced (75bp) on a NextSeq 550 instrument 

(Illumina, bcl2fastq software v2.20.0.422) using the NextSeq Control Software (NCS v2.2.0) and 

Real Time Analysis Software (RTA, v2.4.11). Quality control and read mapping to the human 

reference genome (GRCh38, Gencode release 29) was performed using an adapted version of 

the SnakePipes18 analysis pipeline (v1.2.2 including rDNA removal by Bowtie2 (v2.3.5) [273] 

mediated mapping). Transcript counts from Salmon (v0.13.1) [274] were imported by tximport 

[274] and summarized to gene-level (“original counts and offset”) and prefiltered with 

edgeR:filterByExpr [275]. Quality control of the count matrix and DE-Gene calling was performed 

with DESeq2 (fdr=0.1) [276]. 

 

5.3.7 sCD46 ELISA 

The sandwich ELISA consists of a monoclonal mouse IgG2B CD46 antibody (344519, R&D 

Systems, USA) immobilized on a 96-well Clear Polystyrene Microplate (DY990, R&D Systems, 

USA). The detection antibody is an affinity-purified polyclonal goat IgGa antibody conjugated to 

Biotin (BAF2005, R&D Systems, USA). The assay includes 8 standards prepared with 

Recombinant Human CD46 His-tag Protein (rhCD46, 10256-CD, R&D Systems) (0 (STD1), 0.03 
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(STD2), 0.06 (STD3), 0.12 (STD4). 0.24 (STD5), 0.48 (STD6), 0.95 (STD7), 1.91 (STD8) ng/ml) 

diluted in Reagent Diluent Concentrate 2 (841380, R&D Systems, USA) or the appropriate cell 

media. Before establishing the ELISA assay, we determined the optimal capture and detection 

antibody pair concentrations and tested it in 2 different blocking buffers, namely, Reagent diluent 

1 (DY997, R&D Systems, USA) and Reagent diluent 2 (Supplementary Table 2A).  

Plates were coated with 100 µl/well monoclonal CD46 antibody (4 µg/ml) in phosphate-buffered 

saline (PBS) and incubated with an adhesive strip O/N and RT. Plates were washed 3 times by 

decanting and filling wells with washing buffer (WA126, R&D Systems, USA) using a squirt bottle. 

Wells were blocked with 300 µl/well Reagent Diluent Concentrate 2 for 1 h at RT. Plates were 

washed and incubated with 100 µl/well STD, serum, plasma or supernatant samples for 2 h at 

RT. After repeating washing steps, 100 µl/well detection antibody (50 ng/ml) in PBS were 

incubated for 2 h at RT. Plates were washed and incubated with 100 µl/well streptavidin-HRP 

(DY998, R&D Systems) for 20 mins at RT. Following washing steps, plates were incubated with 

100 µl/well substrate reagent (DY999B, R&D Systems) for 30 mins at RT, then with 50 µl/well 

stop solution (DY994, R&D Systems). Plates were read with a Thermo Scientific Varioskan Flash 

ELISA reader at 450 nm. Titers of samples and controls were calculated based on the standard 

curve.  

This ELISA assay was validated for range, sensitivity, linearity, accuracy, precision (repeatability, 

intermediate precision and reproducibility) and robustness. For range, we determined the upper 

and lower limit of quantification (ULOQ and LLOQ, respectively). We measured the OD450nm of 

rhCD46 in a 2-fold serial dilution from 122.07 ng/ml to 0.007 ng/ml in triplicate. The highest and 

lowest standard curve points were the first and last concentrations that had a coefficient of 

variation (CV) <30 % (SD/average concentration x 100) and an 80 – 120 % backfit 

(measured/nominal titer x 100). Sensitivity was calculated as the mean of 12 blank readouts 

added to 3 times the standard deviation (SD) [277]. Linearity was determined by taking a known 
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concentration of stock serum sample and diluting it in a 2-fold serial dilution (1:80 to 1:640) in 

quadruplicates. The measured titers (pg/ml) were transformed into log values to obtain a normal 

distribution of data and plotted against the log nominal values. The steepness of the resulting 

linear regression indicates the linearity, being 1 the highest score. Accuracy was tested through 

spike recovery. 5 serum samples were spiked with different concentrations of rhCD46. The same 

samples were measured without spikes. Based on the unspiked titers plus the spike, we worked 

out the nominal titer. The obtained backfit (measured:nominal titer ratio) was used as a measure 

of accuracy. Repeatability was ascertained by measuring a serum sample five times and reporting 

the CV. For intermediate precision, we diluted the same serum sample 1:320 & 1:640 in Reagent 

concentrate 2. Samples were aliquoted in 4 cryotubes and stored at -80 °C. Each day, we 

measured for 5 times the titers of both dilutions and calculated the CV. Intermediate precision 

was reported as the CV of the 4 independent ELISAs. Reproducibility was tested by a second 

operator conducting the same experiment and comparing the obtained titers to the first operators. 

Robustness was assessed with different incubation times for detection antibody, blocking, analyte 

and capture antibody. Each condition was performed in duplicates and compared to the standard 

protocol. Any condition that performed CV >10 % was considered to significantly bias the readout.  

 

5.3.8 Competitive FACS-based sCD46 assay 

Anti-CD46 antibody (130-104-509, Miltenyi) binds to CD46 receptor in MOLT-4 cells. When 

restraining the antibody concentration and cell number to 0.25 µl and 3 x 105 cells/100 µl total 

staining volume, respectively, a reduction in the median fluorescent intensity (MFI) can be 

appreciated by adding a specific concentration of rhCD46. A titration curve can be performed by 

using different concentrations of rhCD46.    
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5.4 Results 

5.4.1 Development of an ELISA for quantification of sCD46 levels 

Following a cross titration experiment, we determined the optimal capture and detection 

antibodies in two different blocking buffers based on the signal/noise ratio (Supplementary Table 

2 A & B). The established conditions (4 µg/ml CD46 capture antibody, 50 ng/ml detection antibody 

and Reagent diluent 2) were used for the subsequent validation experiments.   

 

5.4.2 Calibration curve and limit of detection 

To determine the range of the assay, we diluted rhCD46 in a 2-fold serial dilution in triplicates. 

The resulting calibration curve defined the linearity range of the assay between 30 – 954 ng/ml 

(Figure 1A). Retrieving the values from the calibration curve, we identified the ULOQ and LLOQ 

as the last values that had a CV <30 % and an 80 – 120 % backfit. The ULOQ and LLOQ of the 

assay were 954.37 pg/ml and 59.60 pg/ml, respectively (Table 1A). We reported a limit of 

detection (LOD) of 8.95 pg/ml (Table 1A).   

 

5.4.3 Spike recovery 

The complexity of the serum matrix can interfere with the accuracy of the assay. Spike recovery 

tests the specificity of the assay by introducing an exact spike (rhCD46) concentration into the 

matrix and then diluting it with the same matrix complex. We measured the concentration of 

sCD46 in unspiked and spiked samples and then determined the bias, which is the difference 

between the nominal and the measured values in percentage.  The acceptance criteria were set 

at biases <25 %. From 5 serum samples tested with different spike concentrations, we obtained 

a mean bias of 5.5 % (Figure 1B), thus the matrix did not affect drastically the accuracy of the 

measurements. 
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5.4.4 Repeatability, intermediate precision and reproducibility 

Precision was tested at 3 different levels (repeatability, intermediate precision and reproducibility). 

Repeatability is the variation across successive measurements of a specific analyte under the 

same conditions. The acceptance criteria were set at CV <10 %. We determined the concentration 

of sCD46 in a human serum sample in 2 different dilutions (1:320 and 1:640) 5 times. The resulting 

concentrations were 52.03 ± 0.57 ng/ml with a CV of 1.097 % for 1:320 dilution and 53.38 ± 1.83 

ng/ml with a CV of 3.42 % for 1:640 dilution (Figure 1C). The intermediate precision accounts for 

the variability across independent experiments measuring a specific analyte under the same 

conditions. We repeated the above experiment a total of 4 times on consecutive days and 

obtained a titer of 49.57 ± 2.57 ng/ml with a CV of 5.18 % for 1:320 dilution and 48.95 ± 6.69 

ng/ml with a CV of 13.67 % for 1:640 dilution (Figure 1C). The exact experiment with another 

sCD46 human serum sample was performed by two different operators and demonstrated with a 

CV of 4.53 % in 1:320 dilution and 13.68 % in 1:640 dilution that the assay could be reproduced 

(Figure 1C).  

 

5.4.5 Linearity 

Linearity tests the accuracy of measurements across a specific concentration range. To test 

linearity, we took a human serum sample and performed 4 serial dilutions in reagent diluent 2 

(1:80, 1:160, 1:320 and 1:640) in quadruplicates. The test showed that serial dilutions across this 

range accurately matched its nominal values (Figure 1D) with an R2 = 0.99 and a slope of 1.021, 

indicating strong linearity. To determine whether the matrix complex of reagent diluent 2 biased 

the assay across the dilution range, we plotted residues in a Bias-Nominal graph (Figure 1E). 

There was no strong linearity based on R2 = 0.05, hence indicating that the accuracy of the 

measurements was not directly biased by the components of the diluent.  
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5.4.6 Robustness 

The assay was challenged by altering different incubation times in the protocol and determining 

the variations associated with these changes, namely, the time of incubation of the capture 

antibody, blocking, analyte and detection antibody. We prepared a stock of 0.475 ng/ml rhCD46 

and measured it in quadruplicates for each variable. A one-way ANOVA was performed to 

determine statistically significant changes from the standard method. The assay showed that 

within an interval of 1 h blocking time, there were not differences in the measurement, while the 

effect of different incubation times in the coating antibody, analyte or capture antibody resulted in 

significant changes (Figure 1F). Thus, strict compliance with the standard protocol is advised. 

 

5.4.7 Performance compared to sCD46 commercial kits and the FACS-based competitive 

assay 

We tested 4 commercial ready-to-use human CD46 ELISA kit from MyBioSource (MBS3802163), 

United States Biological (357260), Biorbyt (orb562879) and Aviva Systems Biology 

(OKEH00920). We tested the kits for sensitivity and repeatability. Following the manufacturer´s 

instructions, all the commercial kits failed to detect sCD46 in serum or showed unacceptable CV 

(Figure 1G). We took the CD46 standards from the kits and attempted to perform a standard curve 

using the in-house sCD46 ELISA. None of the standards was detectable in our assay 

(Supplementary Table 3). We previously reported a clinical correlation between steatotic patients 

and sera sCD46 levels using a competitive cell-based FACS assay. To compare it with the ELISA 

assay, we titrated the rhCD46 between 0-125 ng/ml in triplicates. Our results showed that the 

ELISA is more sensitive than the FACS-based assay under measurements of 15 ng/ml (Figure 

1H). 
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5.4.8 sCD46 ELISA can discriminate non-steatotic patients from steatotic patients 

When examining the correlation between steatosis and serum sCD46 in a cohort of healthy 

individuals with different clinically diagnosed hepatic steatosis degrees, we found that the in-

house ELISA could discriminate steatotic from non-steatotic patients (Figure 1I). Although we 

could not statistically differentiate moderate from severe steatotic patients, patients with more 

severe steatosis grade had a tendency for higher sCD46 concentration (Figure 1I).  
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Figure 1. Validation of the in-house sCD46 ELISA. (A) Titration curve using recombinant human CD46 (rhCD46) as 

the analyte. Lower limit of quantification (LLOQ) and upper limit of quantification (ULOQ) are indicated in the X-Axis 

and the limit of detection (LOD) is indicated in the Y-Axis. (B) Accuracy (spike recovery) of human serum samples. (C) 

Intra-assay precision, inter-assay precision and reproducibility of human serum sample at two different dilution factors. 

(D) Analysis of linearity. (E) Linear regression of the bias plotted against nominal titers (F) Robustness based on 

incubation timing. (G) Performance of commercial CD46 ELISA kits in detecting serum sCD46. (H) rhCD46 titration in 

ELISA and competitive FACS-based assay. (I) Concentration of serum sCD46 measured by ELISA in healthy and 

steatotic patients.  
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5.4.9 The prostaglandin pathway mediates regulation of CD46 shedding 

We previously showed that the process of fat-loading HepaRG cells induces cleavage of CD46 

receptor. These results were confirmed with the in-house sCD46 ELISA in seven independent 

replicates (Figure 2A). To investigate the intrinsic mechanisms responsible for the cleavage of 

CD46, we performed an RNA sequencing in FL- and UL-HepaRG cells. We identified that several 

genes involved in the prostaglandin pathway were dysregulated in FL-HepaRG cells compared 

to UL-HepaRG cells (Figure 2B). We confirmed via qPCR an upregulation of Prostaglandin E 

Synthase 2 (PTGES2) in FL-HepaRG cells (Figure 2C). We tested the response of FL-HepaRG 

cells to different concentrations of PGE2 and observed a sCD46 dose-dependent increase (Figure 

2D). qPCR data showed that the expression of MMP-1 was upregulated in FL-HepaRG cells 

treated with 1 mM PGE2 compared to control vehicle cells (Figure 2E). ELISA confirmed that 

MMP-1 concentration in supernatant was increased in FL-HepaRG cells exposed to 1mM PGE2 

(Figure 2F). Similarly, the shedding of CD46 could be prevented in a dose-dependent manner 

with the MMP inhibitor TAPI-1 (Figure 2G). However, blocking the prostanoid pathway with 

nonsteroidal anti-inflammatory drugs (NSAIDs), namely Aspiring, Celocoxib and Ibuprofen, 

showed an increased shedding of CD46 (Figure 2E). 
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Figure 2. Fat-induced shedding of CD46 involves the prostaglandin E2 (PGE2) pathway and matrix metalloproteinases 

(MMPs). (A) Fat-loading (FL) of HepaRG cells increased the concentration of sCD46 in the supernatant compared to 

unloaded (UL). (B) RNA sequencing data indicates an upregulation of the PGE2 pathway in response to FL. (C) qPCR 

results expressed as fold-change of FL/UL HepaRG cells (n=6). (D) PGE2 treatment induces in a dose-dependent 

manner the shedding of CD46 in FL cells (n=3). (E) qPCR results expressed as fold-change of PGE2 treatment 

compared to control DMSO. (F) MMP1 ELISA measurements of FL-HepaRG cells treated with PGE2 or untreated 

control supernatants (n=7). (G) The effect of MMP inhibitor TAPI-1 in CD46 shedding measured via ELISA (n=3). (H) 

The effect of NSAIDs in CD46 shedding (n=3). All the data is represented as independent replicates and error bars 

indicate standard deviation.  
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Because NSAIDs not only block PGE2, but also PGI2, PGD2, PGF2α and TXA2 production, we 

hypothesize that PGE2 promotes shedding upon fat stimuli (Figure 3A) and other prostaglandins 

might contribute to some extend in the prevention of CD46 shedding. To corroborate this 

hypothesis, we used PTGES2-KD FL-HepaRG cells to evaluate its role in the shedding of CD46. 

Although the KD efficiency was low (~20 %), it was sufficient to observe a downregulation of 

MMP1 transcription levels in PTGES2-KD cells (Figure 3B). When measuring sCD46 

supernatants in six independent replicates, we observed a reduction in sCD46 concentration 

compared to controls transfected with a scrambled siRNA (Figure 3C).  We could not characterize 

a specific EP receptor that prevents the shedding of CD46 (Figure 3D). Instead, we found that 

there exists a fine balance of EP receptors and that dysregulations with selective antagonists 

induced increased shedding of CD46.   
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Figure 3. PGE2 modulates the shedding of CD46 via MMP-1 through the EP4 receptor. (A) Illustration of the interaction 

between fat-loading, PGE2 and MMPs in the shedding of CD46 receptor. FL-HepaRG cells have an upregulation of 

PTGES2 expression. PGE2 upregulates MMP-1 and COX-2 expression, acting as a positive feedback of the PGE2 

pathway. MMP1 activity increases the shedding of CD46. (B) qPCR data expressed as fold change of PTGES-KD 

HepaRG cells and control cells transfected with scrambled siRNA. (C) sCD46 ELISA of supernatants in PTGES-KD 

HepaRG cells compared to controls. (D) sCD46 ELISA in HepaRG cells treated with selective prostaglandin receptor 

inhibitors. 
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5.4.10 sCD46 can be a potential data readout of hepatotoxic high-throughput drug 

screenings 

HepaRG cells activate a shedding receptor mechanism upon fat-loading. We hypothesize that 

sCD46 could also be used as a datareadout of hepatotoxicity upon exposure of harmful drugs. 

We tested 159 FDA-approved drugs in FL-HepaRG cells and identified changes in sCD46 

concentration compared to FL-HepaRG cells treated with vehicle DMSO alone. Doxorubicin 

hydrochloride and Vorinostat induced the highest CD46 shedding in three independent replicates 

compared to DMSO controls (Figure 4A). Doxorubicin is an antibiotic used to arrest cell growth in 

cancer cells by damaging DNA. According to clinical reports, doxorubicin is linked to 

hepatotoxicity in a dose-dependent manner and low doses can cause hepatic necrosis and acute 

liver failure (ALF) [278]. We labeled drug´s risk of DILI according to the DILIrank dataset publically 

accessible from the FDA [279]. We ranked drugs according to sCD46 levels and observed an 

association between DILI risk and CD46 shedding (Figure 4B). The top-30 drugs with higher 

CD46 shedding consisted of 40 % antineoplastic agents but only two of them were associated 

with DILI risk according to DILIrank database. Thus, these agents might directly induce HepaRG 

cell death leading to an increased shedding of CD46. This could also explain why the top-30 drugs 

disrupted the ascending trend of DILI-events upon higher sCD46 concentrations (Figure 4B). We 

labeled drugs according to the FDA drug labels and observed that 16 out of 24 antineoplastic 

agents induced higher sCD46 compared to DMSO control (Figure 4C). Thus, CD46 shedding in 

HepaRG cells also increases with drugs inhibiting cell growth independently of DILI case reports.  

We also observe that NSAIDs increased CD46 shedding as reported previously (Figure 4C). 

These results support the use of sCD46 ELISA assay as a complementary test to assess drug 

hepatotoxicity.  
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Figure 4. sCD46 as a biomarker for hepatotoxic drug screening. (A) Volcano plot showing the distribution of 159 FDA-

approved drugs tested in FL-HepaRG cells according to their adjusted P-values (padj) and fold-change. Drugs labeled 

in red indicate statistically significant changes compared to control DMSO. (B) Histogram representing a ranking of the 

drugs tested according to the median expression of sCD46 (n=3) and their association with drug-induced liver injury 

reports extracted from the FDA DILIRank dataset. (C) Categorization of drugs according to the labels established by 

the FDA and representation of the proportion of drugs inducing higher sCD46 compared to control DMSO (brown). 
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5.5 Discussion 

CD46 is a multifunctional receptor involved in many infectious and immunological diseases. Upon 

fat-loading, HepaRG cells cleave the receptor from the cell surface. We have shown that 

excessive shedding of membrane receptors is an alarming sign of early hepatocyte injury and 

that increased sCD46 was correlated with steatosis. Here, we describe and validate a specific 

and cost-sensitive sandwich ELISA for the detection of human sCD46 in serum, plasma and 

supernatants. When comparing it to five commercial CD46 ELISA kits, none of them could detect 

sCD46 in serum. Thus, we developed and validated the only available ELISA assay that can 

measure sCD46. We demonstrated that the sCD46 ELISA assay holds potential as a non-invasive 

diagnostic tool for steatosis. Although we could not discriminate between mild and severe 

steatosis, we require bigger sample cohorts to address this question. Since fat-loading increased 

sCD46 release, we sought to test our sCD46 ELISA as a general screening assay for drug 

hepatoxicity. Among the 159 FDA-approved drugs tested, we showed that as the concentration 

of sCD46 increases, so does the frequency of reported DILI events. However, the drugs that 

induced the highest sCD46 release were mainly antineoplastic agents without hepatotoxic 

reports. This suggests that general cytotoxic agents also induce shedding of CD46 independently 

of DILI reports and future studies should test the accuracy and advantages of using sCD46 ELISA 

for screening hepatotoxic drugs. 

At the molecular level, this study identified that CD46 cleavage is mediated via MMPs, giving 

special attention to MMP-1 upregulation. The activation of MMPs upon cellular stress is 

recognized as an early inflammatory sign [280, 281]. Dyregulations in the cell surface of 

hepatocytes can trigger an innate immune response through cell-to-cell contact or damage-

associated molecular patterns (DAMPs) signals coming from the cleaved receptors [108, 253]. 

Here we showed that PGE2 pathway is activated in steatosis and that it mediates MMP-1 

activation. These findings are in line with previous studies in mice where mPGES‐2–deficient mice 
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fed with a high‐fat or methionine‐choline‐deficient diet showed reduced hepatic lipid accumulation 

and reduced hepatic inflammation [282]. However, when we attempted to block the prostaglandin 

pathway via COX-1/2 inhibitors, we observed an increased shedding of CD46. This could be 

related to the complex balance of prostaglandins or to the cytotoxic nature of the drugs. Thus, we 

approached this issue by impairing the effect of PGE2. There are four different G protein-coupled 

receptors that PGE2 can bind to and activate, namely EP1-4 receptors. Each of them triggers a 

distinctive intracellular signaling pathway [283]. When blocking EP-specific receptors with 

antagonist drugs, we observed a dose-dependent increased shedding of CD46 in FL-HepaRG 

cells, suggesting that the four EP receptors control the shedding of CD46. Based on our RNA-

seq data, we could identify a downregulation of EP4 in FL-HepaRG cells (Figure 2B). For future 

directions, the downregulation mechanisms of EP4 receptor in FL-HepaRG cells should be 

addressed. 
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5.6 Conclusions 

This study proposes to use sCD46 biomarker as a novel approach to detect early signs of hepatic 

inflammation. We developed and validated a unique sCD46 ELISA assay that showed potential 

as a non-invasive diagnostic tool for steatosis and hepatotoxic drug screening. We further 

established a connection between the PGE2 pathway, MMP-1 activity and CD46 shedding. 

Blocking selective EP receptors could not ameliorate CD46 shedding, hence indicating that the 

four EP receptors prevent the shedding of CD46. Overall, sCD46 ELISA assay served as a tool 

to diagnose steatosis in patients, test hepatotoxic compounds in vitro and identify novel targets 

for NAFLD treatment.    
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5.7 Supplementary material 

Supplementary Table 1. List of qPCR primers.  

 

 

 

Supplementary Table 2. ELISA grid experiment. Signal:noise average values from different concentrations of capture 

and detection CD46 antibodies in (A) Reagent diluent 2 and (B) in Reagent diluent 1. 

A 

 

B 

 

Target Catalogue number Company

PTGDS QT01006901 Qiagen

HPGDS QT00022043 Qiagen

PTGES2 QT00246337 Qiagen

PTGES3 QT00241927 Qiagen

AKR1B10P2 QT01185835 Qiagen

AKR2C3 QT00013692 Qiagen

CBR1 QT00015260 Qiagen

PTGIS QT00047747 Qiagen

SLCO2A1 QT00095375 Qiagen

ABCC4 QT00077266 Qiagen

HPGD QT00013454 Qiagen

ACTB QT01680476 Qiagen

MMP1 QT00014581 Qiagen

MMP3 QT00060025 Qiagen

MMP7 QT00001456 Qiagen

MMP10 QT00001470 Qiagen

Signal:noise CV Signal:noise CV Signal:noise CV Signal:noise CV Signal:noise CV Signal:noise CV

1 ng/ml rhCD46 7.744 0.547 27.541 2.659 33.606 3.759 7.829 0.590 23.263 4.437 27.190 2.391

2 ng/ml rhCD46 13.141 2.420 38.022 1.422 44.356 4.083 13.420 0.367 31.868 3.291 34.834 0.757

4 ng/ml rhCD46 19.096 0.070 46.883 1.951 52.854 2.947 18.960 2.854 37.370 4.763 40.064 0.952

Signal:noise CV Signal:noise CV Signal:noise CV Signal:noise CV Signal:noise CV Signal:noise CV

1 ng/ml rhCD46 6.176 8.279 16.640 0.435 21.292 1.721 4.462 1.382 10.748 5.319 13.436 0.148

2 ng/ml rhCD46 9.636 4.902 22.874 1.385 26.921 0.500 6.501 2.393 14.153 2.968 16.406 0.231

4 ng/ml rhCD46 14.056 5.044 27.314 0.755 28.406 4.696 9.121 1.711 14.737 21.216 16.389 12.013

50 ng/ml detection 100 ng/ml detection

200 ng/ml detection 400 ng/ml detection

4 ug/ml capture

2 ug/ml capture1 ug/ml capture 4 ug/ml capture 1 ug/ml capture 2 ug/ml capture 4 ug/ml capture

1 ug/ml capture 2 ug/ml capture 4 ug/ml capture 1 ug/ml capture 2 ug/ml capture

Signal:noise CV Signal:noise CV Signal:noise CV Signal:noise CV Signal:noise CV Signal:noise CV

1 ng/ml rhCD46 3.299 8.360 9.541 3.222 11.532 5.233 3.527 2.647 8.701 4.916 11.004 2.484

2 ng/ml rhCD46 5.562 6.178 15.257 3.722 19.044 4.981 5.623 4.557 14.386 7.012 17.747 0.835

4 ng/ml rhCD46 9.098 9.195 24.724 3.086 29.713 2.456 9.705 4.658 24.148 5.988 29.775 1.979

Signal:noise CV Signal:noise CV Signal:noise CV Signal:noise CV Signal:noise CV Signal:noise CV

1 ng/ml rhCD46 3.152 1.745 7.299 0.307 9.343 0.210 2.414 4.714 5.085 1.034 6.226 1.309

2 ng/ml rhCD46 4.995 1.764 11.985 0.291 15.692 1.546 3.460 0.109 8.461 2.204 10.089 1.502

4 ng/ml rhCD46 7.701 5.556 19.531 0.874 24.896 1.346 5.791 7.899 13.618 1.207 15.529 3.769

50 ng/ml detection 100 ng/ml detection

1 ug/ml capture 2 ug/ml capture 4 ug/ml capture 1 ug/ml capture 2 ug/ml capture 4 ug/ml capture

200 ng/ml detection 400 ng/ml detection

1 ug/ml capture 2 ug/ml capture 4 ug/ml capture 1 ug/ml capture 2 ug/ml capture 4 ug/ml capture
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6. Discussion: Innate Immune Biomarkers of Early Liver Inflammation 

 

 

  



 
 

100 
 

6.1 Abstract 

In this discussion, I put the work of this thesis in a broader context and explain how my findings contribute 

to the field of biomarkers of early liver inflammation. Novel biomarkers are required to increase the 

sensitivity and specificity of in vitro diagnostic (IVD) tests for early liver disease. An inflammatory cascade 

is triggered when the liver´s innate immune system senses danger. Some insults induce an excessive 

inflammatory response, which disrupts the liver´s immunotolerance and promotes pathogenesis. Chapter 

1 of this thesis is a review discussing the role of different liver-resident innate immune cells and their 

contribution to hepatic inflammation. Although inflammation is a hallmark of liver pathology, there are 

different models of inflammatory cascades typical of particular liver pathologies. In this thesis, I explore the 

possibility of detecting early liver pathology by measuring the soluble form of innate immune receptors and 

early changes in innate cell populations. The dysregulation of cell membrane receptors in stressed 

hepatocytes is a trigger of pathologic innate immune responses. Proteolytic release of membrane-bound 

receptors are a source of damage-associated molecular patterns (DAMPs) sensing and inflammation. In 

this discussion, I provide an overview of my findings, describe on-going work and present a strategy for 

future development of these results into IVD assays. Introduction If we could reliably identify early, 

asymptomatic liver disease, it might be possible to control its progression to late-stage pathologies, such 

as cirrhosis, which imports a higher risk of hepatocellular carcinoma (HCC) and liver failure [272, 273]. 

Routine liver function tests (LFTs) survey liver function, synthetic capacity or cell death, but are not sensitive 

or specific enough to detect early liver disease [274]. Components of the innate inflammatory cascade 

initiated by diverse liver injuries are proposed as alternative or complementary markers of early liver 

pathogenesis [275]. The human liver has a prominent innate immune compartment, which is enriched in 

Kupffer cells (KCs), Natural Killer cells (NK), Natural Killer T cells (NKT), γδ T cells and Mucosal-associated 

Invariant T cells (MAIT) [276]. We are slowly beginning to understand the contribution of these subsets to 

liver homeostasis and disease. Here, we evaluate the diagnostic potential of innate immune biomarkers in 

early liver diseases including non-alcoholic fatty liver disease (NAFLD), alcoholic liver disease (ALD), drug-

induced liver injury (DILI) and after liver transplantation (LT). 
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6.2 Introduction 

6.2.1 Evaluating liver disease markers  

Any biomarker under investigation should be evaluated according to its diagnostic potential, which 

refers to either the discriminative property or the predictive ability of the assay. These features 

can generally be assessed using measures of diagnostic accuracy. Sensitivity indicates the 

accuracy of identifying a subject with disease and is calculated as the percentage of true positive 

subjects with disease classified in a total group of subjects. Specificity refers to the accuracy of 

excluding a subject without disease and is calculated as the percentage of true negative subjects 

without disease classified within the total. Predictive values define the probability of having the 

disease in a subject tested positive for disease (PPV) or the probability of not having a disease in 

a subject tested negative for disease (NPV). Attention should be paid when using predictive 

values since they depend on disease prevalence. This means that studies using populations with 

different disease prevalence should not be compared because PPV values increase with higher 

prevalence while NPV values decrease. Likelihood ratio (LR) determines the probability that a 

positive test result is to occur in subjects with disease compared to without disease. When a test 

is designed to diagnose disease, an LR > 10 is desired and is calculated as the ratio between 

sensitivity and false-positive rate (1-specificity). Receiver operating characteristic (ROC) curve 

plots the sensitivity against the false-positive rate at different cut-off values. Measuring the area 

under the curve (AUC) of a ROC curve is indicative of the discriminative power of a test. It does 

not tell us about the sensitivity nor the specificity of the test. Instead, it is a useful tool to compare 

the general assessment of two diagnostic tests. The ideal diagnostic test has an AUC of 1.0 and 

good diagnostic accuracy is generally accepted in AUC>0.7.  
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6.2.2 Liver Function Tests and their limitations 

Alanine aminotransferase (ALT) is a widely used clinical hepatocellular marker. It is highly 

expressed in hepatocytes compared to other cell types and leakage of ALT after hepatocyte death 

is indicative of liver injury [284]. Aspartate aminotransferase (AST) is another liver enzyme usually 

used together with ALT. Although ALT is more specific for the liver, there are diseases where 

abnormal values are observed in AST but not in ALT, such as in alcohol liver disease ALD [285]. 

Nonetheless, ALT and AST levels are reported to increase after extreme exercise for up to 7 days 

[286] or in patients with polymyositis [287], and remain in circulation after resolved liver injury. 

Alkaline phosphatase (ALP) is an enzyme highly expressed in the liver, bones and kidneys that 

helps to break down proteins. Elevated levels in blood suggest blockage of flow in the biliary tract 

[288, 289]. The results should be read carefully because ALP is an early marker of osteogenesis 

and bone calcification, and abnormal levels are found in menopausal women [290]. Total bilirubin 

(TBIL) levels correlate with whole liver function and increased levels indicate that the liver is not 

clearing bilirubin properly [291]. Caution should be taken because hyperbilirubinemia can happen 

because of an excessive production of bilirubin, impaired liver uptake, conjugation defects or 

biliary excretion defects [292], thus it is not specific nor sensitive of liver function [293]. Gamma-

glutamyl transferase (GGT) is highly expressed in the liver but also in kidneys, bile ducts and 

intestines [294]. GGT is involved in the synthesis and degradation of glutathione and drug 

detoxification [295]. A high GGT test is found in chronic viral hepatitis infection and bile duct injury 

[296]. Because GGT is not expressed in bones, it is helpful to rule out ALP elevations due to 

osteogenesis and predicts liver mortality [297, 298]. However, GGT elevations are also 

associated with cardiovascular risk factors and some cancers [299]. LFTs have limited clinical 

interpretation because they lack specificity to the liver and disease etiology, and are insensitive 

markers during early liver injury [300]. This opens the market for novel biomarkers that can 

complement or replace traditional LFTs, with special attention to innate immune biomarkers. 
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6.3 Innate immune biomarkers 

6.3.1 Non-alcoholic fatty liver disease  

The prevalence of NAFLD diagnosed through imaging is 25 % and its incidence is on the rise 

worldwide [301, 302]. The pathological condition ranges from simple steatosis to non-alcoholic 

steatohepatitis (NASH). The latter has an estimated prevalence of 3-4 % [301]. Undiagnosed 

NASH is a dangerous condition because it can rapidly progress toward fibrosis, cirrhosis, and 

finally, HCC [303]. Biopsy remains the gold standard to diagnose NAFLD, fibrosis stage and 

NASH but carries limitations including poor sample quality, sampling error, high cost and risk of 

complications [304, 305]. Additionally, biopsy cannot identify early signs of steatosis and, 

according to the American Association for the Study of Liver diseases (AASLD), it is not 

recommended as a general clinical practice. Routine LFTs are not sensitive. For example, ALT 

showed low diagnostic potential when discriminating simple steatosis, NASH and advanced 

NASH, with the best classification performance in steatosis patients (53 % correctly classified, 

AUROC = 0.68) [306]. Imaging methods can clinically discriminate moderate from severe 

steatosis but it is influenced by confounding factors like fibrosis and operator variability [307]. 

Additionally, similar to biopsy, imaging is a time-consuming technique, expensive and requires 

qualified personnel. During the early stages of liver steatosis, critical changes in the immune 

landscape of the liver reflect the progression of the disease [143, 308, 309]. NKT cells and γδ T 

cells respond to lipid antigens [42, 43, 310], thus making them interesting targets as biomarkers 

of early steatosis.  

γδ T cells exacerbate the progression of NAFLD in mice via IL-17A secretion [160, 161]. In 

humans, an increased frequency of circulating Vδ2- γδ T cells was reported in steatotic patients 

compared to healthy controls [143]. Changes in Vδ2- γδ T cells can be measured via qPCR or 

flow cytometry. Additionally, in autoimmune hepatitis, changes in Vδ1/Vδ2 ratio are observed but 
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not in γδ T cells [178]. Thus, it is interesting to consider absolute numbers and peripheral immune 

cell ratios.  

NKT cells can be classified according to their T Cell Receptor (TCR) as invariant (i)NKT cells and 

type II NKT cells (T2NKT). In mice, adoptive transfer of iNKT cells can regulate hepatic steatosis 

via IL-10 [150]. An increased frequency of intrahepatic iNKT cells is associated with steatotic 

patients [157]. Similarly, our group identified a dysregulation in the frequency of iNKT cells in 

blood and in liver of patients undergoing liver transplantation where liver biopsies were available 

(unpublished data). In a cohort of 105 patients, steatotic patients showed a negative association 

with the frequency of iNKT cells relative to all CD3+ T cells in peripheral blood (unpublished data). 

Intrahepatic iNKT cells were enriched in patients with steatosis grade 2-4 (n=15) compared with 

steatosis grade 0-1 patients (n=28), especially the IL-4+ iNKT cell subpopulation (unpublished 

data). Th2 cytokines promote hepatic fibrosis [168, 311]. IL-4 and IL-13 stimulate synthesis of 

collagen in fibroblasts [312–314] and recruit inflammatory monocytes [315]. However, IL-4 also 

plays a role in tissue regeneration. Mice with complete IL-4Rα-knockout have impaired M2-type 

macrophage polarization and present delayed resolution of spontaneous fibrosis [315]. Whether 

the IL-4+ iNKT cell expansion represents a pathogenic or a compensatory mechanism against 

steatosis is unclear. In Chapter 4 of the thesis, we identified a surrogate marker of IL-4+ iNKT cells 

from a screening of 378 human surface markers by flow cytometry. This biomarker has potential 

as a sensitive surrogate of IL-4+ iNKT cell expansion in blood. We are currently studying the 

biological function of this marker. Assessment in a larger validation cohort is planned. The role of 

T2NKT cells in steatosis is unclear. In mice, T2NKT cells are reported to regulate iNKT cells by 

preventing inflammation [126]. Inflammation is a double-edged sword in the liver. Self-limited 

acute inflammation is a necessary process to eliminate pathogens and induce apoptosis of 

hepatic stellate cells (HSCs) to regulate fibrosis [62], but uncontrolled inflammation is harmful. In 

Chapter 3 of the thesis, we published a novel FACS-based method to isolate and characterize 
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T2NKT cells from blood and liver. Based on this methodology, we identified a FoxP3+ T2NKT cell 

subset enriched in the liver. This subpopulation could potentially exert immunoregulatory 

functions in NAFLD and is likely to suffer alterations during pathogenesis [40]. Unfortunately, the 

research is still hampered by the limiting number of cells in blood.  

Monocytes and neutrophil infiltration are early signs of liver inflammatory and fibrosis progression 

[18]. A systematic review identified increased concentration of CCL2 and CXCL8 in serum of 

NAFLD patients compared to controls [316]. Stressed hepatocytes, activated KCs and HSCs 

secrete CCL2 to recruit circulating CCR2+ monocytes and neutrophils to the liver [317]. In a 

Chinese study involving more than 4000 patients diagnosed with NAFLD, the monocyte to high-

density lipoprotein cholesterol ratio (MHR) combined with laboratory parameters (ALT, AST, total 

cholesterol, triglycerides, fasting blood glucose, creatinine, uric acid and body mass index) 

showed an AUC of 0.931 [318]. The study did not stratify patients according to the severity of 

NAFLD; hence, the value of MHR as an early diagnostic biomarker remains elusive. A recent 

study found a strong association between NLR and fibrosis stage (r=0.892, p<0.001), but the 

association with early signs of NAFLD were weaker, namely, hepatocyte ballooning degeneration 

(r=0.426, p=0.024), lobular inflammation (r=0.694, p<0.001) and steatosis (r=0.498, p=0.007) 

[319].  

The complement system is a strong contributor of the liver innate system, mainly produced by the 

liver and positively associated with NAFLD [320–322]. Complement factors are predominantly 

detected in hepatocytes via immunohistochemistry (IHC) with macrovesicular steatosis while 

healthy liver biopsies showed undetectable complement binding [320]. The activation of the 

complement cascade is suggested to be caused by fat-induced apoptosis. C1q, mannose-binding 

lectin and CRP can then recognize apoptotic cells and recruit the complement system [323, 324]. 

An activated complement system leads to the formation of the complement Membrane Attack 

Complex (MAC) that generates pores in the cell membrane and induces osmolysis [325]. The 
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release of intracellular components can induce further activation of the innate system. Some 

products of the complement cascade, namely C3a and C5a, are strong chemoattractants of 

neutrophils, thus promoting local inflammation and tissue damage [325]. Serum C5a levels 

measured via enzyme-linked immunosorbent assay (ELISA) were higher in obese children with 

NAFLD compared with lean controls [326]. Mild liver steatosis represents a confounding factor in 

many studies and results should be interpreted with caution. It is yet to be assessed the specificity 

of these biomarkers in distinguishing obese subjects from NAFLD patients [320].  

Matrix metalloproteases (MMPs) participate in the shedding of various receptors as an 

immunoregulatory mechanism [327]. Its soluble counterparts can be potentially measured in 

serum via ELISA. Based on proteomics data performed in our group, we identified dysregulations 

of cellular receptors in fat-loaded HepaRG cells compared to controls. Among the list of 

candidates, CD46 was confirmed to play a role in preventing the expansion of IL-4+ iNKT cells in 

a cell-to-cell manner. The complement regulatory protein CD46 is ubiquitously expressed and 

protects the host cell from the complement system by proteolytic cleavage of C3b and C4b [328]. 

Additional roles of CD46 in humans have been reported such as in reproduction or T-cell co-

stimulation [328, 329]. As previously discussed, steatotic hepatocytes present high depositions of 

activated C3, which could be contributed partly by the dysregulation of CD46 receptor in steatotic 

hepatocytes [328]. However, the overall contribution of CD46 downregulation in the activation of 

the complement system in steatosis has not been elucidated yet. The downregulation of CD46 

receptor is mediated via MMP leading to the release of soluble CD46 (sCD46). Because steatosis 

is a process prior to inflammation, we hypothesize that sCD46 could be a useful biomarker for 

steatosis and early inflammation. In Chapter 5 of this thesis, we developed a sCD46 ELISA that 

passed all the corresponding validation tests to show precision, accuracy and robustness. When 

evaluating the predictability power of serum sCD46 as a non-invasive biomarker to discriminate 

steatosis from non-steatosis, we reported an AUC of 0.831. The accuracy in a 3-way 
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discrimination between no steatosis, moderate steatosis and severe steatosis was 69.6 %. Our 

investigations focus on understanding the MMP-CD46-iNKT axis both as diagnostic and 

therapeutic approach. In this thesis, the microsomal prostaglandin E synthase-2 (mPGES-2) 

transcription levels was observed to be increased in HepaRG cells modelling steatosis. Addition 

of prostaglandin E2 (PGE2) in cell culture upregulated the transcription levels of MMP-1 by ~10-

fold and led to a significant increase in sCD46. However, inhibition of PGE2 receptors could not 

prevent the shedding of sCD46. Instead, we observed an increased shedding in a dose-

dependent manner. This suggests that EP receptors control the shedding of CD46 and 

dysregulations of the receptors can increase MMP expression. Our RNA-seq data points out a 

potential downregulation of EP4 in HepaRG cells loaded with fat. 

 

6.3.2 Alcohol-related liver disease 

ALD refers to liver damage caused by alcohol misuse – that is 20-50 g/day of alcohol use in 

women and 60-80 g/day in men [330]. The phenotypic manifestation is similar to NAFLD ranging 

from fatty liver, alcoholic hepatitis, alcoholic cirrhosis and HCC [331]. The current diagnosis of 

ALD is based on a standard assessment of liver damage including physical examination and 

laboratory analysis of AST, ALT and GGT levels combined with the history of alcohol consumption 

or detection of ethanol in serum, urine, breath or body fluids. Data from a study of 8700 adults in 

the US indicated that LFTs alone or in combination are weak in identifying alcohol misuse with a 

sensitivity below 50 % [332]. The biomarkers included in the study were ALT, AST, GGT, Mean 

Corpuscular Volume (MCV), and apolipoprotein A1 and B. A group analysed the proteomic 

changes in ALD patients from plasma samples.  

Alcohol disrupts the cellular membrane and induces necrosis. As a response, hepatocytes 

produce tissue repair proteins like Augmenter of Liver Regeneration (ALR). ALR is ubiquitously 

expressed and is known to promote liver regeneration [333, 334]. Its expression is much greater 
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in liver parenchymal tissue and testis [333]. It is recognized as a damage responsive protein and 

potentially an indicator of hepatocyte stress [335]. In vitro, rat hepatoytes treated with hepatotoxic 

agents such as lipopolisaccharides (LPS) showed increased secretion of ALR measured in ELISA 

[335]. ALR can also activate the innate immune system. Rat KCs are sensitive to ALR and 

respond by expressing the pro-inflammatory cytokines IL-6, TNF-α, and nitric oxide (NO) [336]. 

In alcohol-fed mice with liver steatosis, ALR is reduced in liver tissues suggesting its release in 

blood [337]. Liver tissues from advanced ALD and NASH but not HCV-infected patients showed 

lower levels of ALR compared to controls by immunoblot analysis [337]. In patients with acute 

and fulminant hepatitis, ALR levels were also increased in serum measured by ELISA [338]. 

Interestingly, serum ALR elevated before ALT in a rat model injected with LPS and remained 

significantly higher compared to basal levels at 24 hours [335]. Mice with ALR-knockout presented 

with increased steatosis, mitochondrial dysfunction and ROS generation [337]. This suggests that 

ALR is a biomarker of early liver injury and inflammation, and future studies should address its 

specificity and sensitivity as a useful biomarker for early signs of ALD pathogenesis.  

Alcohol breaks down into free radicals such as acetaldehyde, ROS and specific metabolites of 

alcohol catabolism (ethyl-glucuronide or ethyl sulfate) which result in the activation and 

proliferation of KCs [339]. CD163 is a receptor protein expressed on KCs and is sensitive to 

cleavage upon KC activation, resulting in soluble CD163 (sCD163) release [340]. The role of 

sCD163 in inflammation consists in controlling hyperactivation of monocytes by reducing TNF-α, 

IL-1β, IL-6 and IL-8 secretion [341]. However, the levels of sCD163 correlate with IL-6, IL-8 and 

IL-10 secretion, suggesting that CD163 shedding is a consequence of the inflammatory 

environment [342–344]. In patients, sCD163 is elevated in ALD compared to healthy controls and 

an association is found between disease severity and sCD163 levels via ELISA detection [345]. 

TNF-related apoptosis-inducing ligand (TRAIL) is expressed in KCs and NK cells upon activation. 

Stressed hepatocytes and profibrogenic HSCs are eliminated via TRAIL-induced apoptosis to 
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resolve inflammation [346, 347]. In mice, serum ALT showed to be statistically higher in alcohol-

fed mice with TNF-α receptor 1 (TNF-R1) knockout compared to wild-type [348]. The addition of 

PEGylated TRAIL treatment improved elimination of HSCs in a rat model of ALD [347]. Serum 

TRAIL levels in alcoholic hepatitis patients, determined by western blot, inversely correlated with 

the severity of the disease [349]. Similarly, NK cells are downregulated in human ALD [117, 118]. 

These results encourage the study of TRAIL+ NK cell and KCs alterations as early diagnostic 

biomarkers of liver injury caused by alcohol misuse. Based on the results of Chapter 5 of this 

thesis, we could integrate the sCD46 ELISA assay as a diagnosis tool for steatosis to identify 

early ALD progression. This is relevant to provide an appropriate clinical management of ALD 

patients and prevent the development of a more serious form of pathology.  

 

6.3.3 Drug-induced liver injury 

DILI is a leading cause of complications in drug development, black box warnings and post-

marketing withdrawals [350–352]. More than a thousand medications are reported to have 

hepatotoxic effects [353, 354]. The incidence of DILI is less than 0.02 % in western patients 

making it hard to establish a causal relationship between drugs and hepatotoxicity [355, 356]. The 

current diagnosis of DILI pathogenesis relies on the exclusion of other causes of liver damage 

and the evidence of liver damage based on traditional LFTs [357]. It is complicated to identify 

drug hepatotoxicity from clinical trials data with a degree of confidence because small alterations 

in LFT values are likely to be caused by other disorders [358]. We still rely upon reports from 

pharmacovigilance studies to establish causality [359]. DILI is induced by the metabolic 

exhaustion of hepatocytes, conversion to the active form of drugs during detoxification, and 

hepatocyte necrosis [360, 361]. Damaged hepatocytes release DAMPs signals such as high 

mobility group box-1 (HMGB1) and osteopontin (OPN) [108, 253].  
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HMGB1, released by necrotic hepatocytes, is not fully oxidized compared to its apoptotic 

counterpart [362] and act as a pro-inflammatory mediator of innate immunity via toll-like receptor-

4 (TLR4) and Receptor for Advanced Glycation Endproducts (RAGE) [363]. Elevations of total 

HMGB1 are reported in patients with acetaminophen (APAP) overdose [364]. The elevation of 

HMGB1 appears faster than ALT elevations [365] and has a better prediction score when 

combined with microRNA (miR)-122 and K18 [364].  

OPN promotes liver regeneration and its concentrations are elevated in serum of DILI patients 

with poor outcomes [366]. OPN measured via ELISA had a greater prognostic value for predicting 

liver transplantation in DILI patients compared to K18 [366]. iNKT are reported to produce OPN 

[367]. In mice, OPN can activate iNKT cells and exacerbate the disease [253, 367]. The 

pathogenic role of iNKT cells in exacerbating liver damage was further confirmed in halothane-

DILI and APAP-DILI (Cheng L 2010 & Mizrahi 2018). γδ T cells are known to produce rapid and 

large amounts of pro-inflammatory IL-17 [39]. In an APAP-DILI mouse model, the depletion of γδ 

T cells attenuated liver damage and was associated with decreased neutrophil infiltration [368]. 

These results encourage the study of iNKT and IL-17+ γδ T cells as early biomarkers of DILI.  

A study showed that the frequency of human circulating monocytes is depleted in APAP-induced 

acute liver failure [369]. Increased levels of CCL2 in serum of these patients measured via ELISA 

suggest infiltration of monocytes in the liver [369]. The same study reported increased levels of 

CCL2, CCL3, IL-6, IL-10 and transforming growth factor-beta 1 (TGF-β1) in the liver determined 

by IHC [369]. The severity of APAP-DILI positively correlates with CCL2 levels in human serum 

and negatively correlates with the number of circulating monocytes [369]. KCs are enriched in the 

necrotic areas of human liver biopsies and are suggested to be a primary source of CCL2 

secretion [369]. Thus, circulating CCR2+ monocytes might be a useful biomarker to detect early 

APAP-induced injury.  



 
 

111 
 

Biomarkers for identifying idiosyncratic drug hepatotoxicity is mainly limited by the low prevalence 

and the interference with other liver pathologies [370]. Immune checkpoint inhibitors (ICI) also 

present idiosyncratic patterns of hepatitis [371]. In this thesis, we evaluated the performance of 

59 biomarkers previously reported to predict immune-related adverse events risk after ICI therapy 

in melanoma patients. Our work shows that current LFTs and flow cytometry biomarkers perform 

poorly in predicting risk for drug-induced hepatitis and that new biomarkers are required [207]. 

Thus, early detection of idiosyncratic hepatitis is uncommon and studies are preferentially focused 

on identifying biomarkers that can predict high-DILI risk.  

A section in Chapter 5 describes the establishment of an in vitro assay for hepatotoxic drug testing 

using sCD46 measured by ELISA as a data readout. As we previously discussed, CD46 shedding 

represents an early sign of liver damage upon fat-loading and might also be applicable upon 

exposure to other drugs. We found that the shedding of CD46 is increased in response to several 

anti-neoplastic drugs with reported cases of ALT/AST elevations. Among the 159 tested drugs, 

doxorubicin hydrochloride showed the highest shedding of CD46 response. Doxorubicin is an 

antineoplastic medication linked to hepatotoxicity and a major cause of DILI  [278]. We also 

reported that three common non-steroidal anti-inflammatory drugs (NSAIDs), namely Celecoxib, 

Ibuprofen and Aspirin, also increased the shedding of CD46. NSAIDs target the prostaglandin-

endoperoxide synthase COX-1 and COX-2, and block the prostaglandin pathway. Based on our 

studies, blocking PGE2 pathway prevents increased shedding response but complete blockage 

of the prostaglandin pathway, thus preventing the synthesis of other prostaglandins as well, might 

induce opposite signals [372]. Another drug that induced high sCD46 concentrations was APAP, 

which targets COX-2 and is a major cause of DILI. Overall, we propose that the sCD46 ELISA 

assay could assist as a hepatotoxic parameter in the drug development field. The analytical 

validation shows that sCD46 can be measured in an accurate, precise and robust way. The clinical 

validation shows that sCD46 is sensitive, specific, with good positive predictive value and AUC 
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score. As point-of-care testing, it has clinical value because it can measure serum and plasma, 

and is assayed relatively rapidly via a low-cost ELISA. 

 

6.3.4 Liver transplantation 

Liver transplantation (LT) is the only treatment for advanced cirrhosis with liver failure [373]. 

Transplantation is also becoming more frequent in NASH patients [374]. In 2022, LT involving 

living donors increased to 603 transplants, approximately 6 % compared to the previous year 

(OPTN data). A critical step in the management of graft tolerance is the appropriate use of 

immunosuppressive drugs (IS), which has remarkably improved the risk of rejection. The use of 

IS is associated with complications such as de novo malignancies and infections, among others 

[375]. Some patients develop spontaneous acceptance of the graft without the requirement of IS, 

suggesting the need to stratify patients to spare unnecessary immunosuppression [376, 377]. 

Unfortunately, traditional blood tests are unable to discriminate rejection from other etiologies 

such as ischemia or infection [378]. Liver biopsy remains the gold standard for assessing graft 

injury and is complemented with blood routine analysis for liver function [379]. In Chapter 2 of this 

thesis, we have presented a clinical case of an HCC patient under an off-label compassionate 

therapy with immune-checkpoint inhibitor atezolizumab plus bevazicumab (Atezo/Bev). In line 

with previous reports, we discussed the applicability of different immune biomarkers in monitoring 

early LT rejection in this particular context. CD28 expression levels by CD4+ T cells and peripheral 

blood CD4+ T cell numbers returned as potential biomarkers of early warning of LT rejection 

following ICI therapy [380]. However, this clinical study highlights the need for innovative 

biomarkers. We currently lack biomarkers that confirm ICI therapy response. HCC patients with 

PD-L1-negative tumors also benefit from Nivolumab (anti-PD-1 antibody). With the approval of 

new ICI therapies, the limitations of the current LFTs are more noticeable. New biomarkers with 

higher sensitivity and specificity are needed to monitor the risk of liver rejection or therapeutic 
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response. Although in this thesis we have not investigated the potential of sCD46 as a biomarker 

in liver rejection and therapy response, it might be worth considering it. Many cancers overexpress 

CD46 [381]. Particularly, in HCC, CD46 is overexpressed compared to cirrhosis and chronic 

hepatitis [382]. Furthermore, there are many early-phase clinical studies studying anti-CD46 

therapy in many cancers [382].  

Innate immune cells are investigated as potential biomarkers in LT settings. A prospective open-

label non-controlled IS withdrawal trial in HCV-infected stable LT recipients reported that the high 

blood Vδ1/Vδ2 T cell ratio is a favorable biomarker for LT patient IS withdrawal with a 82 % 

sensitivity, 53 % specificity, 67 % positive predictive value and 73 % negative predictive value 

[383]. Vδ1 T cells are enriched in epithelia and regulate immune responses [384]. Biopsies from 

grafts of IS-free recipients showed an increased Vδ1/Vδ2 T cell ratio, measured via qPCR, 

compared to recipients under IS [385]. The same study reported that there is an expansion of a 

unique Vδ1-bearing T-cell clone which was not identified in recipients under IS [385].  

From a retrospective study of 300 peripheral blood samples, 13 unique genes were found to 

correlate with pediatric and adult liver tolerance compared to stable patients on chronic IS [386]. 

Interestingly, these genes are highly expressed in NK cells, suggesting a possible role of NK cells 

in operational tolerance [386]. The combination of 3 of these genes, namely SENP6, ERBB2 and 

FEM1C, showed promising prediction scores by qPCR with 100 % sensitivity, 83 % specificity 

and AUC of 0.988 [386]. Similarly, in a prospective multicenter trial of IS withdrawal, the expansion 

of NK cells and decreased Vδ2-TCR γδ T cells in blood samples was reported in operationally 

tolerant recipients before IS withdrawal as compared to non-tolerant patients [387]. These 

promising results support the investigation of γδ T cells and NK cells as routine biomarkers of 

early liver rejection.  
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6.4 Regulatory aspect of biomarker approval 

sCD46 ELISA and other biomarkers holding potential as diagnosis tools ideally will be translated 

into the clinical settings. In this section, I would like to discuss the critical points before and during 

the submission of an application to the corresponding regulatory entity in order to achieve an 

approved biomarker. This also serves as an outlook of the future steps that need to be pursuit for 

sCD46 ELISA development.   

Diagnostic biomarkers with good discriminatory or predictive accuracy are encouraged to identify 

a potential manufacturer that can produce kits under good manufacturing practices (GMP). The 

kit should be revaluated in different laboratories with retrospective samples and larger cohorts. 

The applicants should test the kit in multicentre clinical studies to define the limitations and fitness 

of the biomarker in the real clinical setting. If the biomarker achieves encouraging results, an 

application may be submitted to the corresponding regulatory agency for qualification. According 

to the FDA framework, the Biomarker Qualification Program assesses biomarkers in seven 

different categories: susceptibility/risk, diagnostic, monitoring, prognostic, predictive, 

pharmacodynamic/response and safety. The applicant submits a letter of intent addressing the 

biomarker´s potential value, information about the current scientific understanding, context of use 

and the measuring approach. If the FDA accepts the application, a qualification plan should be 

followed. Detailed information about the current advances including the analytical method and 

performance characteristics should be attached. The knowledge gaps and a defined plan to 

address them is also necessary. If the FDA accepts it, a full qualification package (FQP) compiling 

all the supporting evidences will be requested. The FDA will make a final decision based on the 

FQP and if positive, the biomarker is qualified to be used in the context of use in any of the Center 

for Drug Evaluation and Research (CDER) drug development program. It is worth to note that a 

qualified biomarker indicates that we can rely on the biomarker´s output within the stated context 

of use such as point-of-care, clinical trials primary end-point, commercial laboratories testing, 
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among others. However, the biomarker measurement method is not recognized as such by the 

agency.  

6.5 Conclusions 

LFTs are routinely conducted, widely available and cost-effective. However, there are still critical 

unmet needs in assessing liver pathologies. The missing gaps discussed in this review reflect the 

need for more sensitive biomarkers to identify early signs of liver injury. We contemplate innate 

immune biomarkers as promising non-invasive and early-inflammation sensors that could serve 

as complementary tests to LFTs or alternatives to current inflammatory tests such as CRP or IL-

6 test. Immune cells, complement proteins, shed receptors, cytokines and chemokines can be 

routinely screened via qPCR, ELISA or flow cytometry. Of interest, the release of receptors and 

proteins can influence the innate immunity of the liver. For instance, HMGB1 and OPN act as 

DAMP signals triggering pro-inflammatory responses even in the absence of pathogens. MMPs 

are the main enzymes involved in extracellular matrix (ECM) remodelling, which is necessary for 

tissue regeneration. MMPs can also contribute to liver inflammation by increasing vascular 

permeability for leukocyte infiltration [388], shedding of cytokines to its mature form in the case of 

TNF-α [389], TGF-β [390] or IL-1β [391], and immune-related receptors such as CD163 [392] or 

CD46 [259]. MMP alterations can be detected in early stages of fibrogenesis [393] and our data 

suggest that they can even be detected during steatosis. However, MMPs have a complex biology 

playing different roles based on cell or tissue type [393]. Thus, detecting MMPs as early liver injury 

biomarkers is neither specific nor reliable, but the cleaved products might be. The work related to 

this thesis supports the use of early inflammatory signs originating from the innate immune system 

or stressed hepatocytes as a way to identify pathogenesis and liver disease progression.  
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Overall, this thesis contributed to the liver immunology field with the following achievements: 

• Developing a sorting method to isolate T2NKT cells from human blood and liver.  

• Identifying a novel FoxP3+ T2NKT cell subset present in human liver biposies.  

• Identifying CD202b as a surrogate marker of IL-4+ iNKT cells.  

• Developing the only validated ELISA assay to measure the cleaved form of human CD46 

receptor.  

• Demonstrating the superiority of the sCD46 ELISA assay in the diagnosis of steatosis 

compared to the sCD46 FACS-based competitive assay.  

• Demonstrating the applicability of the sCD46 ELISA assay as a drug-screening assay.  

• Identifying and describing the activation of PGE2-MMP1-sCD46 axis during steatosis.  
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Abstract 

Immune checkpoint inhibitors have revolutionized treatment of advanced melanoma, but commonly cause 

serious immune-mediated complications. The clinical ambition of reserving more aggressive therapies for 

patients least likely to experience immune-related adverse events (irAE) has driven an extensive search for 

predictive biomarkers. Here, we externally validate the performance of 59 previously reported markers of 

irAE risk in a new cohort of 110 patients receiving Nivolumab (anti-PD1) and Ipilimumab (anti-CTLA-4) 

therapy. Alone or combined, the discriminatory value of these routine clinical parameters and flow cytometry 

biomarkers was poor. Unsupervised clustering of flow cytometry data returned four T cell subsets with 

higher discriminatory capacity for colitis than previously reported populations, but they cannot be 

considered as reliable classifiers. Although mechanisms predisposing some patients to particular irAEs 

have been described, we are presently unable to capture adequate information from pre-therapy flow 

cytometry and clinical data to reliably predict risk of irAE in most cases.  
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Introduction 

Combined checkpoint blockade with anti-PD-1 (Nivolumab) and anti-CTLA-4 (Ipilimumab) 

antibodies is now a standard treatment for inoperable metastatic melanoma. The clinical efficacy 

of dual therapy is evident from the excellent clinical response rate, progression-free survival and 

overall survival (1-3). However, immune-related adverse events (irAEs) complicate immune 

checkpoint inhibitor (ICI) treatment in a high proportion of patients, which significantly impacts 

their quality of life (4). Although life-threatening irAEs are infrequent, even moderate reactions 

lead to interruption of immunotherapy, multidisciplinary management and treatment with 

immunosuppressive medication (5). Disruption of ICI treatment and costs associated with 

monitoring or treatment of irAEs are burdensome; therefore, reliable prognostic methods to 

assess an individual’s risk of irAE prior to therapy would greatly impact patient care. 

Factors predisposing individual patients to irAE are incompletely understood. ICI therapy can 

worsen autoimmune conditions and patients with pre-existing autoimmune diseases stand a 

greater risk of developing other immune-mediated adverse reactions after treatment (6-8). 

Immunogenetics also play a role in irAE susceptibility (9-11). Prior exposure to viruses has 

recently surfaced as a significant predisposing factor in some patients (12). Infection with human 

herpesviruses (HHV) may play a particularly important role in the context of malignant melanoma. 

Our own studies revealed that chronic or recurrent cytomegalovirus (CMV; HHV-5) reactivation 

drives proliferation of virus-specific CD4+ effector memory T cells (TEM) in patients with metastatic 

melanoma before starting immunotherapy. These expanded TEM cells are responsible for hepatitis 

after combined Nivolumab and Ipilimumab treatment (13-15). Similarly, others have implicated 

Epstein-Barr virus (EBV; HHV-4)-specific memory T cells in a case of fatal encephalitis after anti-

PD-1 therapy (16). An unexpectedly high rate of seropositivity against Kaposi’s sarcoma-

associated virus (KSHV; HHV-8) has been reported in Stage IV melanoma patients, hinting at a 

peculiar susceptibility to HHV infections (17). Beyond ICI therapy, autoimmunity may be triggered 
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by persistent T cell immunity against various herpesgroup viruses; for example, Hashimoto’s 

thyroiditis has been associated with seroconversion to roseolovirus (HHV-6) (18, 19). 

Recently, many groups have reported biomarkers associated with irAE risk, which include 

leucocyte subsets measured in peripheral blood by flow cytometry. We systematically searched 

for these reports to independently assess the discriminatory value of biomarkers they identified. 

We found 20 relevant articles published between 2006 and 2022 that examined a range of tumor 

entities, treatment strategies and analytical methods (20-39). Here, we tested the general validity 

of these biomarkers by asking whether they predicted irAEs in a related, but non-identical clinical 

setting. Specifically, we asked whether any reported biomarkers measured prior to starting 

combined Ipilimumab and Nivolumab therapy predicted the incidence of hepatitis, colitis or 

thyroiditis in patients with advanced melanoma.  
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Materials and methods 

Patients. This single-center, non-interventional clinical study was conducted in accordance with 

the Declaration of Helsinki and all applicable German and European laws and ethical standards. 

Blood samples were obtained from patients with Stage III/IV melanoma enrolled in an 

observational trial authorized by the Ethics Committee of the University of Regensburg (approval 

16-101-0125) and registered with clinicaltrials.gov (NCT04158544). All participants gave full, 

informed written consent. The first reported case was recruited in OCT-2016 and the last reported 

case was recruited in JUN-2021. Patients received standard-of-care treatment according to local 

guidelines. Patients with unresectable metastatic disease who received first- or second-line 

checkpoint inhibitor therapy were initially treated with Nivolumab (αPD-1; 1 mg/kg; Bristol-Myers 

Squibb) plus Ipilimumab (αCTLA-4; 3 mg/kg; Bristol-Myers Squibb) for four cycles at 3 week 

intervals. Thereafter, patients received 3 mg/kg Nivolumab monotherapy at 3 week intervals. 

irAE grading. All irAE were assessed by an expert Dermatological Oncologist (Supplemental 

Figure 1A). ICI-related hepatitis was diagnosed when: (i) GOT, GPT, γ-GT or total bilirubin 

substantially deviated from pretreatment values; (ii) this change was not attributable to other 

causes, such as co-medication or viral disease; and (iii) liver injury was sufficiently severe that ICI 

therapy was suspended or stopped, or immunosuppression was given. Colitis was diagnosed 

according to stool frequency and consistency, abdominal discomfort, suspension or cessation of 

ICI therapy, and introduction of immunosuppressive treatment. Thyroiditis was diagnosed based 

on decreased T3/T4 and elevated TSH levels measured at routine clinic visits. 

Routine investigations. Hematological, Biochemical and Microbiological investigations were 

performed by accredited diagnostic laboratories at University Hospital Regensburg. 

Literature Search. We searched Medline at the National Library of Medicine through the NCBI 

website on 11-JUN-2022. Our search terms were ‘immunotherapy’, ‘immune checkpoint inhibitor’, 

‘irAEs’, ‘biomarkers’, ‘prediction’ and synonyms. We followed-up on relevant citations from articles 
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returned in our original search. We identified 20 articles (Supplemental Table I) describing 59 

unique biomarkers (Supplemental Table II). 

Flow cytometry. Step-by-step protocols for preparing and analyzing clinical samples by flow 

cytometry can be accessed through Nature Protocol Exchange (40). Briefly, blood was collected 

into EDTA-vacutainers by peripheral venepuncture before delivery to the immune monitoring lab 

at ambient temperature. Samples were stored at 4°C for up to 4 h until processing. Whole blood 

samples were stained using DURAClone reagents (DURAClone IM Phenotyping Basic Tube, 

B53309; DURAClone IM T Cell Subsets Tube, B53328; DURAClone IM TCRs Tube, B53340; 

DURAClone IM Treg Tube, B53346; DURAClone IM B Cell Tube, B53318; DURAClone IM 

Dendritic Cell Tube, B53351; DURAClone IM Granulocytes Tube, B88651; all from Beckman 

Coulter, Krefeld, Germany). For the flow cytometry anaylsis of exhausted T cells the following 

liquid antibodies were used (EXH_CD8 panel): CD49b FITC, 359306, BioLegend, Amsterdam, 

Netherlands; CD160 PE, IM3657; CD27 ECD, B26603; CD244 PC5.5, B21171; CD279 (PD-1) 

PC7, A78885; CD127 APC, B42026; CD8 AA700, B49181; CD3 AA750, A94680; CD4 PB, 

B49197 and CD45 KrO, B36294; all from Beckman Coulter, Krefeld, Germany. Data were 

collected with a NaviosTM cytometer running Cytometry List Mode Data Acquisition and Analysis 

Software version 1.3 (Beckman Coulter). An experienced operator performed blinded analyses of 

all datasets in Kaluza version 2.1, as far as possible replicating gating strategies described in the 

original reports. 

Statistics. Our main dataset comprised 110 samples and 59 features extracted from publications 

and 9 routine clinical parameters; one missing value for GOT was imputed with the median “25” 

from all other 109 samples. In the extended analysis of DURAClone IM Tube panels, we extracted 

80 cell population frequencies by manual gating. Additionally we included 8 clinical parameters, 

9 clinical biochemistry values and 18 cell counter values in this extended feature set. One missing 

value of the presence of liver metastases was imputed with the median “no presence” from all 
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other samples. Univariate analysis was performed for each condition per feature. P-values were 

calculated using a two-sample Wilcoxon test using a significance level of 0.05 (41). For false 

discovery rate (FDR) correction (42) of the p-values we used a significance level of 0.1. 

Discriminatory capability of the features was additionally assessed using ROC-curves and the 

corresponding area under the curves (AUCs).  We report features with AUC > 0.65 as 

discriminatory. All calculations and plots were made with R 4.2.0 (43). 

Models were built in leave-one-out cross-validation and the predictions for each left-out sample 

were gathered to report the final performance of each model. The penalized logistic regression 

models were built with glmnet (44) using the elastic-net (45) with an alpha=0.9, and 250 lambda 

steps in inner cross-validation. The random forest model was built using mlr3 (46) for each binary 

classification problem with alpha=0.5, num.trees=500, replace=True and splitrule=gini. We also 

assessed ROC-curves and the AUCs here. AUC ≃ 0 were obtained when penalization of the 

linear model excluded all features in multiple cross-validation steps, leading to a null-model of 

only the intercept.  

Clustering was performed using FlowSOM (47) in CytoBank on CD45+ CD3+ T cells (DURAClone 

IM T Cell Subsets Tube) and CD45+ CD19+ B cells (DURAClone IM B Cell Tube). All channels 

were used as clustering markers except for CD3 or CD19, CD45, FSC, SSC and time. We used 

hierarchical consensus clustering with 10 metaclusters and 100 (T Cell Tube) or 49 (B Cell Tube) 

clusters. Feature standardization was applied.  
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Results 

Reported biomarkers are weak predictors of irAE 

Our first objective was to test the predictive performance of reported biomarkers of irAE risk in 

our cohort of 110 metastatic melanoma patients treated with dual checkpoint blockade. Patient 

characteristics are shown in Table I. Reviewing the literature, we catalogued 20 publications that 

reported associations between irAE risk and the frequencies of 55 unique cell populations in 

peripheral blood or 4 routine clinical parameters (Supplemental Table I) (20-39). In addition, we 

selected another 9 routine clinical parameters with possible prognostic relevance – namely, sex, 

CMV seropositivity, GOT, GPT, γ-GT, total bilirubin, LDH, Protein-S100 and presence of liver 

metastases. Although many of these biomarkers were identified in different clinical contexts, such 

as anti-PD-1 monotherapy or other malignancies, we reasoned that any robust, mechanistically 

relevant biomarker could be reasonably expected to have some predictive capacity in closely 

related situations. Hence, our aim was not to directly confirm or refute any previous findings 

through replication, but to test whether they could be generalized. 
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Table I. Characteristics of study cohort. 110 patients with stage III/IV melanoma were included into the study cohort. 

For Age and BMI, median values were calculated and minimum and maximum values were given in brackets. Baseline 

characteristics were obtained before start of Ipi/Nivo therapy.  

 

 

  

Patient cohort 

characteristics

Total number of cases 110

Female 37 (33.6 %)

Male 73 (66.4 %)

Baseline characteristics

Age (years) 62 (22-84)

BMI 26.6 (15.4-54.6)

Stage III 8 (7.3 %)

Stage IV 102 (92.7 %)

Liver metastases present 30 (27.3 %)

CMV seropositive 52 (47.3 %)

ANA positive 65 (59.1 %)

Pretreatment

None 3 (2.7 %)

Surgical excision 102 (92.7%)

Radiosurgery 3 (2.7 %)

Radiation 42 (38.2 %)

Monotherapy 17 (15.5 %)

IFNa therapy 9 (8.2 %)

Braf/Mek inhibitor therapy 21 (19.1 %)

T-VEC therapy 7 (6.4 %)

Chemotherapy 6 (5.5 %)

Rounds of Ipi/Nivo 

1 round 13 (11.8 %)

2 rounds 24 (21.8 %)

3 rounds 20 (18.2 %)

4 rounds 53 (48.2 %)

Complications

Hepatitis 48 (43.6 %)

Colitis 40 (36.4 %) 

Thyroiditis 41 (37.3 %)

No complication 23 (20.9 %)

1 complication 50 (45.5 %)

2 complications 32 (29.1 %)

3 complications 5 (4.5 %)
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To externally validate these 55 flow cytometry and 13 clinical features as predictors of irAEs, we 

performed uni- and multivariate analyses. We particularly focused on 3 common irAE – hepatitis 

(41 %), colitis (36 %) and thyroiditis (37 %). Each complication was treated as an separate 

outcome, but we also considered the occurrence of (i) hepatitis and/or colitis, and (ii) hepatitis 

and/or colitis and/or thyroiditis (henceforth, “any irAE”). Hence, we tested the value of 68 features 

in predicting 5 clinical outcomes in our dataset of 110 cases (Supplemental Table II). 

Considering all five clinical outcomes, significant associations were discovered for 16 features 

using the Wilcoxon test without correcting for multiple comparison (Supplemental Table IIIA). 

However, after adjustment for multiple testing using the false discovery rate (FDR) (42), no 

associations with hepatitis, colitis, thyroiditis, or “hepatitis and/or colitis” were significant. Four 

features remained significantly associated with “any irAE” – notably, these were all B cell subsets. 

Next, we assessed the discriminatory capacity of all 68 features using the area under Receiver-

Operating-Characteristics (ROC) curves (Figure 1A). An area under the curve (AUC) of 0.5 

implies no discrimination, whereas a maximum AUC of 1 implies perfect discrimination. We found 

7 features with AUC > 0.65 (Supplemental Table IIIA). Next, we asked whether these 

discriminatory features were capturing similar information by grouping them into immunologically 

relevant classes (Figure 1B). The most discriminatory marker for hepatitis was CD4+ T cell 

frequency (AUC=0.630) (Supplemental Table IV). Discriminatory markers of colitis risk related 

primarily to T cells, especially the frequency of CD4+ T cells (AUC = 0.652). The most 

discriminatory feature for thyroiditis risk was the platelet count (AUC = 0.659). The five most 

discriminatory features of “any irAE” were B cell markers (best AUC = 0.727). Unfortunately, no 

single biomarker was powerful enough to reliably identify predisposed individuals.  
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Figue 1. ROC-curves and AUCs for previously reported biomarkers and clinical parameters per condition. (A) ROC-

curves for all 68 features regarding each dependent variable are shown. For each dependent variable, the features 

with highest AUC is highlighted in red. (B) AUCs from ROC-curves in subfigure (A) grouped according to immunological 

classes. The y-axis represents the AUC. Orange dots denote AUC ≤ 0.65; green dots denote AUC > 0.65.  

 

Combining features does not improve discriminatory power 

We next asked whether combining previously reported features predicted irAEs better than single 

features alone. Therefore, we generated simple penalized logistic regression models (48) and 

random forest (49) analyses in leave-one-out cross-validation (LOOCV). Neither approach found 

reliable predictive models (Figure 2). AUC ≃ 0 were obtained when penalization of the linear 

model excluded all features in multiple cross-validation steps, leading to a null-model of only the 

intercept. The prediction of each left-out sample is then the mean prediction of all other samples, 

which always leads to incorrect class prediction. 
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Figure 2. ROC-curves for linear models and random forests with previously reported biomarkers and clinical 

parameters. ROC-curves in LOOCV for penalized logistic regression and random forest models predicting hepatitis 

(AUC 0 and 0.50), colitis (AUC 0.57 and 0.39), thyroiditis (AUC 0.41 and 0.57), hepatitis and/or colitis (AUC 0 and 0.43) 

and hepatitis and/or colitis and/or thyroiditis (AUC 0.53 and 0.61). 

 

Our inability to find a reliable predictive model combining different discriminatory biomarkers could 

be explained in several ways: (i) There may be no immunological predisposition to particular 

irAEs; (ii) immunological factors might be only partly responsible for any such predisposition; (iii) 

hepatitis or colitis may be the end-result of more than one immune aetiology; (iv) although we 

may be capturing predictive information, we might be unable to extract the signal from background 

noise; or (v) our selection of biomarkers might not capture all phenotypic information necessary 

for a reliable prediction. Importantly, the hope of finding predictive biomarkers of irAE risk that 

could drive personalized treatment decisions rests upon there being measurable predisposing 

factors of irAE. There is now good mechanistic evidence for immunological predisposition to irAEs 

in some cases. For instance, our group and others reported that irAE risk is predicted by 

oligoclonal expansion of T cells prior to immunotherapy, likely as a consequence of chronic or 

recurrent viral exposure (13, 20). 
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To investigate whether our selection of features or analytical methods were limiting the 

performance of our predictive models, we extended our set of biomarkers by making a finer 

manual re-gating of our flow cytometry data before repeating our uni- and multivariate analyses. 

After correction for multiple testing, no extended-set features were significantly associated with 

hepatitis, colitis, thyroiditis or “hepatitis and/or colitis” risk. However, three B cell subpopulations 

were significant markers of “any irAE” (Supplemental Table IIIB). The extended-set feature that 

returned the highest AUCs in prediction of hepatitis was CD4+ TEM (AUC = 0.677), whereas colitis 

was weakly predicted by immature neutrophils (AUC = 0.670) (Supplemental Table IV).   

Unfortunately, combining the extended-set features did not return a more stable predictive model 

for any of the outcomes (Supplemental Figure 1B).   

 

ICI-related hepatitis may have more than one cause 

We previously reported that CD4+ TEM expansion in CMV-seropositive patients before therapy is 

a strong predictor of hepatitis risk after combined Nivolumab and Ipilimumab treatment (13). We 

were able to rederive this result in a subset of patients comprising the validation set from our 

original publication (n=45) plus an additional 30 patients added in this study: The AUC for CD4+ 

TEM (%) was 0.729. In addition, we used the full dataset to discover another 12 markers of CMV 

IgG+ hepatitis with AUC > 0.65, which were mainly T cell subsets (Supplemental Table IIIC). 

Interestingly, for the CMV IgG- samples, monocyte frequency (AUC = 0.705) and absolute 

numbers (AUC = 0.657) predicted hepatitis risk, suggesting there may be more than one 

aetiological route to ICI-related liver inflammation (Supplemental Table IIID & Supplemental Table 

IV). 

 

Unsupervised clustering returns new predictive features 
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It is conceivable our flow cytometry dataset captured predictive information about irAE risk, but 

that our manual gating strategy failed to identify the most informative cell subsets. Therefore, we 

applied an unsupervised clustering algorithm (FlowSOM) to samples stained with B cell or T cell 

markers, then used clusterwise cell abundances as predictive features (47). Univariate analyses 

after clustering of B cell markers identified no new features with greater discriminatory value than 

previously considered features (Supplemental Table IIIE & IIIF). Furthermore, the top-performing 

models after combining B cell (meta-)clusters in LOOCV were not superior to single features alone 

(Supplemental Table IV, Supplemental Figure 2A & 2B).  

Likewise, clustering T cells revealed no better discriminatory features for hepatitis, thyroiditis, 

“hepatitis or colitis” or “any irAE” (Supplemental Table IIIG & IIIH, Supplemental Table IV & 

Supplemental Figure 2C). Surprisingly, 4 clusters (C45, C50, C56 and C63) were significantly 

associated with colitis after FDR correction. These clusters returned AUCs of 0.690, 0.709, 0.711 

and 0.713, respectively – hence, they showed greater discriminatory value than previously 

considered features (Supplemental Table IIIH). Unfortunately, combining C45, C50, C56 and C63 

in LOOCV did not improve their predictive performance (Supplemental Figure 2D).  

We next asked why these particular T cell clusters might encode more information about colitis 

risk than other T cell subsets. C63, C56 and C45 were CD4+ memory T cells with a CD45RA- 

CCR7int/- CD27+ CD28+ CD57- phenotype, possibly representing transitional states between 

recently activated central memory (TCM) and TEM cells (Figure 3). Apart from CCR7 expression, 

these T cell clusters differed only in PD-1 expression. C50 was a minor population of CD8+ 

CD45RA+ CCR7- CD27+ CD28- PD-1- CD57+ TEMRA cells. We speculate that C50 overlaps with a 

non-exhausted, recirculating subset of CD8+ TEMRA cells that others have reported as important 

for maintaining anti-viral immunity (50). Our results suggest that patients at risk of ICI-related 

colitis might have on-going immune responses – possibly against subclinical viral infections – and 

that our predictive features actually capture information about the rate of TCM to TEM differentiation.  
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Figure 3. Phenotype of cells in FlowSOM clusters associated with colitis. Dot plots show the phenotype of the cells in 

each cluster (color) and all gated cells for reference (grey). Clusters 63 and 56 are CD4+ CD45RA- CCR7int CD27+ 

CD28+ CD57- T cells that differ only in expression of PD-1. Cluster 45 is CD4+ CD45RA- CCR7low/- PD-1int CD27+ CD28+ 

CD57- T cell population. Cluster 50 represents a CD8+ CD45RA+ CCR7- CD27+ CD28- PD-1- CD57+ TEMRA 

subpopulation. Data from one representative patient. 

 

Discussion 

Reproducibility studies using external data are an important validation step in clinical biomarker 

development. Here, we showed that previously reported flow cytometry-based biomarkers of irAE 

are not generally reliable enough to predict hepatitis, colitis or thyroiditis as a basis for clinical 

decision-making. Promisingly, however, unsupervised clustering revealed four T cell 
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subpopulations associated with risk of colitis that returned AUC > 0.65, which we take as a sign 

that better predictions of irAE risk might be possible with a refined marker selection and more 

sophisticated computational methods. We conclude that deeper phenotyping of monocytes and 

CD4+ memory T cells transitioning between TEM and TCM might lead to more informative 

biomarkers in future.  
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