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Abstract 

This thesis aims to reinforce the role of the biliary epithelial cells (BEC)-T cells 

crosstalk as central mechanism in the pathogenesis of primary biliary cholangitis 

(PBC). I will also explore the role of regulatory T cells (Tregs) in the pathogenesis 

of PBC, proposing a new approach to use induced Tregs as cell therapy for the 

treatment of PBC.  

In the first chapter, I will explore at first the complex processes involved in 

maintaining the immune tolerance within the liver in homeostatic condition. I will, 

then, discussed the anatomy and physiology of the BECs, introducing their role 

as immune active cells. A general overview of PBC will be then provided, fading 

into its pathogenesis with a particular focus on the BEC-T cell interaction and the 

role of Tregs. I will mention emperipolesis as an under identified entity in PBC 

pathology and potential factor in PBC pathogenesis. Finally, I will describe the 

general biology and classification of cell-in-cell (CIC) structure, focusing on its 

role within the liver. 
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1. Introduction 

Disclaimer: The themes discussed in this chapter have been discussed in reviews 

I have published(1-4) or are currently accepted but not published yet. The figures 

are all from the same papers and all of them have been produced as results of 

my work.  

1.1. The liver and immune system an history of tolerance 

The liver has been of great interest for humans since ancient times. Early 

detection of such interest is proven by paintings of liver vasculature found in cave 

paintings in southern France(5). Around 700 BCE, it was common practice, in 

Mesopotamia, to divine the will of the gods by inspecting the liver as reported by 

Ezekiel(6, 7). Later in time the Romans thought not only that the liver housed the 

soul but it was the centre of blood production and emotions(8). 

 

Leonardo da Vinci in 16th-century was the first to document that precise liver 

anatomy(9). In "De Humani Corporis Fabrica Septum”, Andreas Vesalius, shortly 

after, described the anatomical relationship between the liver parenchyma and 

the biliary tree(10). However, insight of the functioning of the liver should wait 

until the early microscope came along and Marcello Malpighi in 1666 described 

the liver's lobules and vasculature(11). The technical advancement in research 

tools and the introduction of electron microscopy boosted the liver research.  
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The biochemical role of the liver became evident, and its immunological features 

emerged during the transplant era of the 1960s. In fact the liver transplants 

appeared to be more tolerated, compared with other organs, even in presence of 

major histocompatibility complex (MHC) mismatches and minimal 

immunosuppression(12). Intriguingly, when other organs were transplanted at the 

same time of the liver, the other organs were better tolerated as well(13). 

 

Cantor and colleagues tested the liver tolerance, trying to understand whether it 

was functional also to regulate systemic immune response. They infused load of 

antigens through the portal vein and subcutaneously. The systemic infusion 

triggered the production of circulating antibodies directed against the infused 

antigens. Surprisingly, when the infusion was done through the portal vein and 

sequentially subcutaneously, the antibodies in the circulation were undetectable, 

suggesting that the liver can indeed induce tolerance toward the antigens passing 

through the portal circulation(14). This unique feature is crucial since the liver 

processes over 2000 litres of blood daily from the portal vein (75%) and hepatic 

artery (25%). The blood in the portal vein collects all the venous bloods from the 

gut and is enriched with a plethora of antigens, from microbial products to food 

antigen. Therefore, the liver's immune system has evolved to tolerate benign 

antigens while effectively combating genuine threats. 

 

The liver is now recognized as an immune organ(15, 16). The shift from 

maintaining immunological balance to the acute or chronic activation of the liver's 

innate or adaptive immune response underpins liver diseases.  
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1.1.1. Liver microanatomy 

The liver sinusoids receive mixed bloods from the portal vein, draining from the 

intestine and the hepatic artery, coming from the systemic arterial circulation(17, 

18). The sinusoidal endothelium lacks basal membrane and has got pores of 150-

200 nm and it is a highly permeable structure. 

The main epithelial cells in liver tissue are the hepatocytes. They are distributed 

in cords, typically one to two cells thick. Before reaching the lymphatic vessels, 

the lymph produced by the liver drains in a virtual space positioned between the 

hepatocytes cords and the sinusoidal channels called “space of Disse”, which 

houses the hepatic stellate cells(19). This internal recirculation facilitates the 

movement of immune cells from the blood into the liver tissue and then to the 

lymph nodes. 

 

The liver's reticuloendothelial system acts as the primary barrier for the 

immunogenic factors (antigens or microbes) that eludes the gut barrier. It plays a 

pivotal role in maintaining liver immune balance orchestrating the immune 

response by regulating the lymphocyte activation and shaping the 

microenvironment(20). 

The first line of defence is represented by the endothelium and particularly by the 

liver sinusoidal endothelial cells (LSECs). In a well-orchestrated function along 

with Kupffer cells (KCs), they form an efficient barrier capturing and processing 

any antigenic molecules in the sinusoidal blood, either initiating signalling 

pathways through Toll-like receptors (TLRs) or scavenger receptors or presenting 

the antigens to resident immune cells(21-23). 
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The figure 1.1 is a schematic representation of the tolerogenic process of the 

antigens in the sinusoids.  

KCs is a unique population of hepatic macrophages positioned within the 

sinusoids.  

They originate from erythromyeloid progenitors in the yolk sac that can self-renew 

(24, 25).  

Their position allows frequent interaction with circulating immune cells. Under 

homeostatic condition they modulate the liver's immune activation by secreting 

IL-10 and prostaglandin-E2, preventing harmful inflammatory response, against 

harmless antigens(20, 26, 27). The chronic exposure to lipopolysaccharides 

(LPS), triggers the consistent secretion of IL-10 and the expression of Programm 

death-ligand 1 (PD-L1), both causing the inhibition of T cell responses(26, 28).  
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Figure 1.1 Antigen presentation within the liver. The molecules that trigger a response enter the 
body through the portal vein and activate various types of cells responsible for presenting antigens 
(such as KCs, DCs, HSCs, hepatocytes and LSECs). Normally under conditions, KCs and DCs 
suppress NK and T cells, by expressing PD L1 and releasing IL 10. LSECs also produce IL 10. 
When hepatocytes antigens it can either cause T cell inactivation or lead to their elimination. 
However, during times of inflammation activated KCs produce IL 12. Stimulate NK and T cells to 
produce IFN φ. A high level of this molecule helps sustain the activated state of KCs which can 
contribute to liver damage by releasing TNF α. Both HSCs and KCs are capable of presenting lipid 
antigens to NKT cells using CD1d. 
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LSECs express both MHC class I and II and they can, in fact, function as antigen-

presenting cells to both T CD4+ and CD8+ cells. The outcome of the antigen 

presentation varies based on the amount of the available antigen and can trigger 

either a tolerogenic response or activate the immune cascade(29, 30) or even 

induce apoptosis in activated CD4 lymphocytes(30). 

 

Hepatic stellate cells (HSCs) in the subendothelial space can interact with 

immune cells. While they play a role in chronic inflammation and fibrosis, they 

also contribute to immune balance in normal conditions(31-34). 

 

Immune cells can traverse the LSEC barrier and interact with hepatocytes. These 

liver cells, like KCs and LSECs, can act as non-professional antigen-presenting 

cells. They typically express MHC class I but can also express MHC class II under 

certain conditions. This interaction can influence the course of infections, 

potentially favouring chronic infections over viral clearance(35-38). 

1.1.2. Liver as lymphoid organ 

The multifaceted functions the liver has, makes challenging to define this organ 

functionally. However, despite not being a traditional lymphoid organ like the 

spleen or thymus, it hosts a diverse range of resident cells within its parenchyma 

and portal tract (Figure 1.2). 
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Figure 1.2  Immune cells distribution in the hepatic sinusoids. Representative scheme of the immune cells 
within the hepatic sinusoids and of their distribution in the sinusoidal structure. PV= portal vein; HA = hepatic 
artery; LV = lymphatic vessel 
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The state of activation and the function of the resident populations relies tightly 

on the liver's immune environment. In fact, the act as keepers of the immune 

tolerance, switching to central players of the immune response during 

inflammation. 

The epithelial cells, namely hepatocytes and biliary epithelial cells (BECs) can 

instead become unintended targets of immune damage, resulting in acute or 

chronic liver conditions. When "activated", both BECs and hepatocytes transition 

from mere bystanders to active participants in the pathological process, either as 

antigen-presenting cells or as sources of inflammatory cytokines. The 

subsequent sections detail the feature of the liver's immune resident network. 

1.1.2.1. Dendritic Cells (DCs) 

DCs are professional antigen-presenting cells (APCs) and they are commonly 

abundant in skin, lungs, gut, and liver. Liver DCs can be sub-categorized into 

three groups: the conventional lymphoid (CD8α-, B220-, CD11b+) and myeloid 

(CD8α+, CD103+, B220-, CD11b-, CD1c+), preferentially found in the periportal 

region and around the central vein, and the plasmacytoid DCs (B220+, CD11b-) 

located within the liver parenchyma(39, 40). The latter, characterized by BDCA-

2 and CD123 expression(41), play a pivotal role in viral defence upon the TLR 

7/8 singling. The effect of the antigen presentation may have different outcomes 

based on the liver microenvironment. In fact, their response to low levels of LPS 

or IFN-γ results in the expression of indoleamine-2,3-dioxygenase (IDO), an 

enzyme that increase the levels of kynurenine, an immune-tolerogenic 

molecule(42, 43). Immature DCs remain triggers tolerogenic response, however, 
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chronic inflammation can stimulate their maturation upon CD80 signal and 

participate in the inflammatory process. (44). 

1.1.2.2. Natural Killer Cells (NK) 

NK cells are the most represented immune population within the liver(45, 46). 

Classically they are classified based on CD56 surface expression levels into 

CD56bright or CD56dim, with the former showing low cytotoxic activity but with 

intense cytokine secreting activity and the latter with more cytolytic function(47). 

These cells are strategically located near KCs and LSECs(48). The liver resident 

killer (lrNK) cells exhibit functional and phenotypic differences compared to the 

circulating NK cells (cNK). Although both types originate from the bone marrow, 

the development and maintenance of lrNK cells depend on T bet and aryl 

hydrocarbon while cNK cells require Eomesodermin(49). Recent studies at the 

single cell level indicates that lrNKs have got an augmented expression of 

inhibitory receptors such as TIGIT and KLRB1 compared to cNK cells suggesting 

a potential role in maintaining tissue immune homeostasis(50, 51). These 

findings require validation through functional studies and, as such, the clear 

function of these cell population at the steady state remains to be better defined. 

1.1.2.3. Natural Killer T Cells (NKT) 

NKT are atypical lymphocytes that get peculiarly activated by lipid antigens or 

TLR pathways. They are enriched within the liver parenchyma and functionally 

and phenotypically divided into type I and type II, with the latter being more 

suppressive(52). They have a restricted T cell receptor (TCR) and often 

recognize self-antigens such as glycolipid sulfatide. When the type II cells get 

activated they release IL-4 which promotes the growth of hepatocytes and plays 
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a role, in liver regeneration(53). Additionally, they interact with DCs controlling 

the activation of type I NKT cells that are more proinflammatory and produce IFN-

γ. 

1.1.2.4. Mucosal Associated Invariant T Cells (MAIT) 

MAIT cells are a group of unconventional T cells that are predominantly found in 

liver tissue. Their activation is specifically regulated by a polymorphic MHC class 

I related protein called MR1. This protein has the ability to present metabolites 

derived from vitamin B2 and B9 to the MAIT cells(54). The MAIT cells have been 

recognized as a barrier for the biliary epithelium shielding it from potential 

microbial triggers originating from the gut. BECs play a role in this process by 

producing CXCL16 and CCL20, which act as ligands for receptors (CXCR6 and 

CCR6) expressed on the surface of MAIT cells(55). The importance of MAIT cells 

as sentinels against infections in the liver is evident when considering their 

dysfunction in individuals, with alcoholic liver disease, which significantly 

increases their susceptibility to infections(56, 57). 

1.1.2.5. Tissue Resident Memory T Cells (TRM) 

Another central player in maintaining the intricate balance between tolerance and 

effective immune response, is a subset of memory T cells known as tissue-

resident memory T cells (TRM). 

They provide sustained local intravascular immunosurveillance, allowing them to 

rapidly respond to threats such as hepatitis B, malaria, and even liver cancers 

like hepatocellular carcinoma(58). Their constant presence within the liver is not 

mere confinement; it's a strategic placement, ensuring they are the frontline 

defense against pathogens and tissue damage(59-61). 
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Liver TRM maturation differs from the ones in other tissues. The usual maturation 

route is the antigen priming in lymphoid tissue and the following migration toward 

the organ of residency. Liver TRMs instead are primed in situ, promoting the local 

maturation of this cell subset. This unique feature is instrumental to keep the cells 

close to the location of the cognate antigen encounter. The long local retention 

likely allows the clonal selection for the best adapted cells to the liver environment, 

promoting the tolerogenic role of this cells at the steady state(62, 63).  

The liver's sinusoidal vessels play a pivotal role in the retention and behaviour of 

TRM. Markers like CD69, CXCR6, CXCR3 and CD103 have been identified as 

defining features of these cells, suggesting their long-term residency within the 

liver(60, 64, 65). 

Lessons about the protective role of TRM comes from viral and parasite 

infections(66-71). 

CD8+ TRM was demonstrated to provide protection against malaria infections at 

the liver stage(64, 72-76). Early experiment showed the secretion of IFN-γ by 

intrahepatic populations and subsequent accumulation of memory T cells within 

the liver. These cells were instrumental for malaria protection(77, 78). This 

evidence was later confirmed by the formation of TRM in the liver following malaria 

vaccination(64, 79). 

Maini’s group pioneered the understanding of virus specific CD8+ TRM response 

and revealed their potential for long lasting effects(59-61). They described the 

presence of virus-specific TRM directed against all the major virus antigens, 

correlating with well-controlled infection and low viral load. Such specific TRM keep 

residing withing the liver even after resolving an infection(59). 
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In fact, they represent a first anti-viral defence, ready to release high load of IFN-

γ and TNF upon TCR stimulation(80). These agents can inhibit HBV replication 

without causing cell damage(81-83). 

 

However, their prolonged residence and interaction with the liver's rich cellular 

network make TRM susceptible to influences from their environment. In conditions 

where the liver's homeostatic balance is disrupted, TRM can contribute to tissue 

damage.  

In studies on murine models on non-alcoholic steatohepatitis (NASH), associated 

with hepatocellular carcinoma (HCC)(84, 85), it was noticed an accumulation of 

activated hepatic CD8+ T cells with markers indicating tissue residency. This 

accumulation was linked to immune mediated liver damage and the progression 

of HCC. Dudek et al. Proposed a concept called "auto-aggression " where these 

CD8+ TRM cells specifically attack hepatocytes. Interestingly blocking the FasL 

pathway showed effects against this auto aggression suggesting a potential 

therapeutic approach for chronic liver diseases, like NASH(84). On the hand 

Pfister et al., found that these TRM cells produce significant amounts of TNF which 

is hypothesised to impair immunosurveillance and reduces the effectiveness of 

immunotherapies(85). 

Based on the findings in mice it has been discovered that humans with levels of 

CD69 expression in their liver CD8+ T cells can cause liver damage through 

pathways induced by IL-15. The severity of liver failure in patients with end stage 

cirrhosis is directly related to the number of these cells(86). Recent studies using 

techniques like single cell RNA sequencing have also linked hepatic CD8+ T cells 
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to non-specific cytotoxic activity in patients experiencing hepatitis B virus (HBV) 

flares. Similar increases in CD8+ TRM cells have been observed in cases of acute 

liver failure(87) and autoimmune hepatitis(88) with the latter showing a correlation 

with disease severity. 

Further research may be able to distinguish between pathogenic subsets of liver 

CD8+ TRM cells. Alternatively, these TRM cells may play a role under certain 

conditions and a pathogenic role under others depending on specific 

inflammatory and metabolic signals. 

1.2. Biliary epithelial cells: physiology and their immune 

role 

1.2.1. Anatomy and physiology of the BECs 

The biliary system is characterised by an intricate network of bile ducts lined by 

the BECs. It can be divided in intrahepatic and extrahepatic systems. The human 

intrahepatic biliary epithelium can be divided in hepatic ducts being the largest, 

measuring over 800 µm, followed by segmental ducts ranging between 400–800 

µm, area ducts spanning 300–400 µm, septal bile ducts around 100 µm, 

interlobular ducts varying between 15–100 µm, and the smallest being the bile 

ductules, which are less than 15 µm(89-91). 

 

According with the bile duct size, the morphology of BECs changes with them 

being classified as small or large BECs. Small BECs are found in the bile ductules 

(<15 mm in diameter), are cuboidal in shape and have a high nucleus-to-
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cytoplasm ratio. On the other hand, the large BECs are positioned in larger bile 

ducts and are columnar, rich in organelles, and have a reduced 

nucleus/cytoplasm ratio(92). Small BECs are less specialised cells, compared 

with the large BEC that participate in the final bile formation. They have cilia on 

their surface which function as sensors within the bile duct lumen, detecting 

changes in bile flow and composition(93). After the bile has been secreted in the 

bile canaliculus by the hepatocytes, the BECs are involved in the final 

composition of the bile. They are responsible for up to 40% of the bile-salt 

independent bile flow(94). BECs main role in the bile formation is the secretion of 

bicarbonate into the bile upon the secretin stimulation in a process involving cystic 

fibrosis transmembrane conductance (CFTR) and Cl-/HCO3- anion exchanger 2 

(AE2)(95). 

Supporting their functional difference, the molecular expression of surface 

transporters involved in the secretin-stimulated bicarbonate secretion varies 

along the biliary epithelium. Large BECs express molecules like secretin receptor 

(SR), CFTR, and AE2, which are pivotal for biliary fluid secretion through a cyclic 

adenin monophosphate (cAMP)-dependent pathway(96, 97). In contrast, small 

BECs relies on Ca2+ -activated signalling pathways to increase the intracellular 

cAMP and participate in the bicarbonate secretion(98, 99). 

Large BECs are more susceptible to damage compared with their smaller 

counterparts which, instead, exhibits greater resistance to liver injury(96) (98, 100, 

101). Small BECs are also responsible to replenish large BECs in case of 

damage to the biliary epithelium. 
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BECs also play a crucial role in the liver's response to injury. They are quiescent 

at their baseline, however, when they are injured they become activated and 

highly proliferative(102-104). The pattern of response can however be several 

and span from ductopenia to biliary hyperplasia and ductular reaction (105-107). 

The biliary hyperplasia is common in cholestatic disease like primary sclerosing 

cholangitis (PSC). The loss of BECs triggers what seems a compensatory 

regenerative mechanism, which also triggers an increased secretion of HCO3-

(105). The ductular reaction is typical of chronic disease like MASH and it is 

characterised by the proliferation of small and immature bile ductulus at the 

interface between portal tracts and liver parenchyma. The ductopenia is, instead, 

characterised by the reduction or loss of small bile ducts. This is a common 

histological feature observed in toxic injuries or autoimmune cholangiopathies 

such as primary biliary cholangitis (PBC)(106).  

1.2.2. BECs role in liver immunology 

BECs were thought to be just lining the biliary epithelium, shaping the final 

content of the bile. However, the evidence of their immune role piled up over the 

last 20 years.  They are in fact instrumental in homeostatic protection of the biliary 

tree or active responder when an injury is perpetrated toward the biliary tract. 

1.2.2.1. Homeostatic Immunobiology of BECs 

In a state of equilibrium, BECs contribute significantly to the liver's immune 

defence.  BECs luminal secretion include a plethora of proteins with potential 

antimicrobial and immunological functions(108). The most abundant of these 

molecules is certainly immunoglobulin (IgA).  Notably, in humans, the 

responsibility of biliary IgA secretion falls on BECs, distinguishing them from the 
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rodent whereby the hepatocytes perform this function(109, 110). The IgA from 

the biliary epithelium fortifies the local antimicrobial defence systems in the bile 

ducts and upper intestine, potentially aiding to the systemic clearance of 

antigens(111, 112). 

BECs also secrete defensins, mucins, lactoferrin, and cathelicidin, bolstering the 

antimicrobial effect of the bile(108, 113, 114). Furthermore, BECs can detect 

pathogen-associated molecular patterns (PAMPs) upon TLRs binding(113, 115).  

To support their role in the biliary epithelium protection, both the secretory 

machinery and TLR expression is increased by infections(115-117). 

 

BECs express HLA class I at the steady state and can act as APCs. They also 

express adhesion molecules to recruit leukocyte at the biliary site. However, 

when they are quiescent, such antigen presentation results in apoptosis of the 

immune cells (118-120). Recent findings suggest cholangiocytes can present 

antigens to unconventional T cells, like mucosa-associated invariant T (MAIT) 

cells and natural killer T (NKT) cells, which are abundant near the gut 

microflora(121).  

1.2.2.2. Immunobiology of Activated BECs 

BECs can get activated when they are injured in cholestatic processes or 

infections(122, 123). Besides their proliferation pattern discussed earlier, they 

change their phenotype and become crucial players of the immune cascade(124, 

125). 
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Activated BECs can engage in crosstalk with T cells and potentially act as APCs. 

Highly relevant for the recruitment in the peri-biliary region are CCL20 and 

CXCL16 which are active on CXCR6+ T cells. BECs express several adhesion 

molecules to interact with the immune cells with the most relevant being ICAM-1 

and VCAM-1, CD40, CD44, CD95, LFA3(119, 126-129). Furthermore, when 

stimulated they start expressing MHC class II (119, 130). There are some 

controversies around the possibility they might be effective APCs. In fact, there 

is not data confirming any co-stimulatory molecule expression (i.e. CD80/CD86) 

to trigger second immune signal and activate T cells and their role as APC remain 

theoretical. 

Activated BECs can also recruit monocytes in the biliary tract upon IL-8 secretion, 

which is upregulated in the bile of cholestatic liver disease patients(131-135). 

In conclusion, BECs play a multifaceted role in liver immunology, both under 

homeostatic conditions and after being activated. Their secretions, receptor 

expressions, and interactions with other immune cells underscore their 

importance in maintaining liver health and responding to injuries. 

1.3. The breach of tolerance and the autoimmunity in the 

liver: the case of primary biliary cholangitis 

Autoimmunity occurs when the immune system mistakenly targets its self-

structures. The activation of such aberrant immune response triggers a vicious 

circle, in which the inflammation is fed by the continue release of the self-antigen. 

The current understanding of autoimmunity suggests that a combination of 
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genetic background predisposition and environmental factors contributes to the 

process onset.  One proposed theory suggests that the immune system responds 

to self-antigens that share similarities with microbial peptides, a phenomenon 

known as molecular mimicry(135, 136). In fact, genetic polymorphism may cause 

a disruption in the immune regulation and affect the clonal immune selection or 

reduce the immune activation threshold. Furthermore, various pieces of evidence 

have indicated the involvement of xenobiotic substances in mimicking 

antigens(137) or causing changes in endogenous proteins to form neoantigens 

(138) triggering the immune response.  

Both, molecular mimicry, and the neo-antigen generation by xenobiotics have 

been proposed as triggers for the tolerance loss in PBC. The immune response 

in PBC targets a mitochondrial antigen, the lipoic acid binding residue of the inner 

lipoyl-domain of pyruvate dehydrogenase complex (PDC-E2). This protein 

structure is highly conserved among species and the human protein sequence is 

similar to Escherichia Coli (E.Coli) PDCE-E2(139). This data is interesting in 

consideration that recurrent urinary tract infections, often caused by E.coli, are 

correlated with the risk of developing PBC(140). The modification of the 

mitochondrial antigen by certain chemical compounds found especially in 

cosmetic products such as nail polish, namely 2 octynoic acids(141), may 

contribute to the higher prevalence of PBC among females(142). 

1.3.1. Definition and Epidemiology 

PBC is a chronic, cholestatic autoimmune liver disease that affects predominantly 

women. The histological picture is characterized by a chronic granulomatous 
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lymphocytic cholangitis targeting small and medium bile ducts with a specific 

seroreactivity for antimitochondrial antibodies (AMA)(143). 

 

Despite being defined a rare disease, magnifying its epidemiological picture on 

the individuals at risk, namely middle-aged women, PBC is not rare at all. It has 

been estimated that every year at least 100,000 individuals got diagnosed with 

PBC and that at least one in 1000 women over the age of 40 years might be living 

with PBC(144). The prevalence of PBC has steadily increased across the whole 

world, with the latest report estimating a range from 3.7 to 29.9/ 100000 in North 

America (1981-2020), 3.2-20.7/100000 in Europe (1971-2020) and 2.0-15.3 in 

Asia-Pacific (1991-2020) (145, 146).  The incidence trends have increased over 

the world up to 2000 and they stabilised afterwards with yearly incidence of 2.75, 

1.86 and 0.84/100000 in North America, Europe, and Asia-Pacific, respectively 

(145, 146). These disparities in prevalence rates across regions suggest potential 

genetic, environmental, or even diagnostic variations that might influence the 

disease’s manifestation. 

 

Several genetic studies have shown several hereditary factors predisposing 

individuals to develop PBC (147-152). The geographical variation in the 

epidemiological picture, raise the question the different environmental exposure 

in different part of the world might be accountable for such variation. This includes 

risks such as smoking prevalence as well as exposure to environmental toxins 

like those, from toxic waste, historical coal mining activities or high levels of 

environmental cadmium(140, 153, 154). 
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1.4. PBC: Clinical Manifestation and disease burden 

PBC is a slowly progressive disease. It is usually identified in early stages and 

the main referral pathways is through abnormal routine blood tests showing 

abnormal cholestatic enzymes (i.e. ALP) (143). 

The main prognostic factor for patient with PBC is the response to the first line 

treatment, the ursodeoxychoclic acid (UDCA)(155-160) and the main prognostic 

score developed so far,  both dichotomic and continuous, are computed after one 

year of treatment(157-160). Unfortunately, up to now 20-40% of patients do not 

have a complete response to treatment and face the risk of disease progression 

toward cirrhosis and potentially liver transplant(161, 162).  

The burden of the disease goes however far beyond the life expectancy. In fact, 

despite the good overall prognosis of the patients who respond to the treatment, 

the plethora of symptoms experienced by PBC patients, significantly decrease 

their quality of life(163). The most common are pruritus and fatigue(143). 

However, other common symptoms include sicca complex (dryness of mouth and 

eyes) and abdominal pain.  

1.4.1. Treatment and Unmet Need 

The treatments for PBC to date are two biliary acids: the first line is the UDCA 

and for whom have an incomplete response after 12-month of adequate 

treatment the Obethicolic acid as add-on treatment(164, 165). UDCA exerts its 

function changing the bile acids pool and protecting the BECs from the action of 

the hydrophobic bile acids(166). Furthermore, increase the bile flow increasing 

the bicarbonate-rich choleresis(167). OCA on the other is a semi-synthetic bile 
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acid analog and it is a potent agonist of the farnesoid X receptor (FXR). The 

activation of FXR and in gut and the liver, effectively decrease the amount of bile 

acids produced, reducing the toxic effect on the BECs(168, 169). FXR signalling 

activation, has got an effect also on the inflammatory pathways in the liver(170). 

Additionally, off-label therapy with the pan-PPAR agonist bezafibrate has gained 

recognition as an effective alternative(171). 

 

Despite these advancements, a significant gap remains in the treatment 

landscape of PBC. There is no current treatment available targeting the 

underlying immune dysregulation seen in PBC. The recurrence of PBC post-liver 

transplantation is a clear indication of the disease's immune-mediated 

nature(172). However, the lack of understanding of the immunopathogenesis of 

the disease, obstacle the process of an immune-targeted treatment, highlighting 

the need for further research on the basic mechanism of PBC.  

1.4.2. PBC pathogenesis 

PBC is a prototypical autoimmune disease with a well-recognized and 

characterised autoantigen and the presence of specific antibody the AMA in the 

blood (summary of the current pathogenetic hypothesis of PBC is given in figure 

1.3). In fact, one of the diagnostic pillars, as discussed earlier is the detection of 

serum AMAs, which are found in almost 95% of patients. Besides specific disease 

being markers, AMAs also play a crucial role in the immunopathology of PBC(173, 

174). In the early 90’s ground-breaking studies on PBCs identified all the 

autoantigens recognized by AMAs, pinpointing the unique dominant epitope (no 

determinant spreading) within the lipoyl-binding site(175-177). When tested with 
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the specific recombinant peptides, AMAs are almost exclusively present in PBC 

patients, if they can be detected even years before clinical symptoms 

appear(178-180). To reinforce the central role of this epitope, xenobiotic proteins 

can mimic the dominant epitope of the PDC-E2 and they are reactive with 

AMAs(181-184). Such proteins are typically used to immunize murine models, 

inducing AMAs and PBC-specific signs of cholangitis(185, 186).  
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Figure 1.3 Pathogenesis of primary biliary cholangitis. PBC is thought to be the results of genetic 
and environmental interplay. Once the tolerance is broken the autoantigen PDC-E2 presented intact on 
the surface of the apoptotic blebs triggers the proliferation of the autoreactive B cells clone resulting in 
the production of AMAs. T cells response is a key player in the disease pathogenesis. The early-stage 
disease is characterized by a Th1-like response, whilst the late stage is characterized by a Th17-like 
response. The inflammation triggers a defective bicarbonate secretion, causing a reduced protection of 
the biliary epithelium surface. A similar effect is due to the post-transcriptional downregulation of the 
anion exchange protein 2 as effect of the overexpression of miR-506. 
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The role of the adaptive immune system in the pathogenesis of PBC is well 

recognized and summarised in figure 1.4.  

Common histological finding in PBC is the infiltration of mononuclear cells around 

the small-medium sized bile ducts. These cells are infiltrating the injured bile 

ducts and are in proximity with BECs. Further characterisation of the immune 

populations through immunohistochemistry have revealed a dominance of CD4 

and CD8 T cells along with B cells and killer (NK) cells. 

 

 

 

 

 

Figure 1.4 Adaptive immunity in PBC Th1 cells secrete IFN-𝛾 and TNF-𝛼, contributing to the loss 
of tolerance down-regulating peroxisome proliferator-activated receptor 𝛾 (PPAR𝛾 ). Th17 secrete 
IL17 potentially inducing BECs regeneration. CCR6 and CXCR6 expressed on MAIT cells surface 
allow them to get in proximity of biliary epithelium (secreting CCL20 and CXCL16) and participate 
to the damage. The role of B cells includes AMA secretion but they have also a suppressive effect 
on regulatory T cells (Tregs) though IL-4 secretion. Adapted from(1) 
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The plethora of evidence pointing toward the antigen specific immune reaction is 

in fact the presence of PDC-E2-specific T CD4 and CD8 cells in PBC livers(187-

190). A study conducted using blood mononuclear cells (PBMCs) from PBC 

patients by Kita and colleagues identified an HLA A2 restricted cytotoxic T 

lymphocyte epitope of PDC E2 that triggered a specific response after in vitro 

stimulation with dendritic cells loaded with antigens. They also emphasized that 

not only can autoantigen immune complexes be presented through cross 

presentation but that the efficiency of autoantigen presentation is relatively 

enhanced(187, 189).  

 

Both IL 12 and IL 23 are cytokines, with functions and strong pro inflammatory 

properties playing crucial roles in various autoimmune disorders(191). Similarly, 

elements related to the IL-12/Th1 signalling pathway such as IL 12A, IL 12Rβ2 

and STAT4 have been identified as genetic risk factors for PBC based on genome 

wide association studies (GWAS)(152, 192). Moreover, liver samples from PBC 

patients have shown a presence of Th17 lymphocytic infiltrates primarily around 

compromised interlobular bile ducts. This prevalence of Th17 becomes more 

pronounced in late stage of PBC with increased secretion of IL 23p19 from 

inflamed hepatocytes surrounding deteriorated BECs expressing IL 23R, IL 

12Rβ2 and IFN γ(193, 194). It is believed that while Th1 plays a role in disease 

onset, Th17 is crucial, for sustaining the existing pathology during advanced 

stages of PBC(194). 
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The innate immune system on the other hand is multifaced and, plays certainly a 

role in initiating or sustaining the autoimmune response (Figure 1.5). 

  

Figure 1.5 Innate immunity in PBC. BECs express more Tool-like-receptor (TLR) 4 in PBC patients, 
which binds bacterial LPS the receptor for bacterial LPS, and TLR 3 which binds instead, viral dsRNA. 
These two signals can activate BECs and induce the secretion of proinflammatory cytokines and 
contribute to breaking immune tolerance. CCL20 and CX3CL1 are chemoattractant causing the 
recruitment of several cell populations as natural killer cells, macrophages, dendritic cells and mast 
cells at the site of inflammation. The microenvironment is enriched with IL-5 and IL-3 produced by the 
mast cells, which acts as chemoattractant and activating factors for eosinophils. Adapted from(1) 
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There is evidence suggesting that monocytes derived by patients with PBC 

produce higher levels of proinflammatory cytokines in-vitro after being exposed 

to TLR ligands(195). Additionally, PBC patients show a rise in the frequency and 

quantity of NK cells in their blood and liver(196). These NK cells in the liver exhibit 

enhanced cytotoxic activity against their own BEC, resulting in further release of 

the autoantigens, maintaining the aberrant activation of the autoreactive T 

cells(197). IFN-γ bridges the gap between the role of the innate immunity and the 

acquired immunity(198, 199). All the APCs express a protein called CD40, which 

interacts with its ligand, CD40L, on the surface of activated CD4 T cells. CD40 is 

also expressed on the surface of B cells, and its activation, is central in the 

process of Ig class switching. The dysregulation of CD40-CD40L signal has been 

linked to an increase Fas/FasL- mediated BEC apoptosis(200, 201). Furthermore, 

the high IgM levels found as common features in PBC patients can be linked to 

epigenetic defect in CD40L resulting in disrupted Ig class switching(201).  

MAIT cells, are a type of T cells are innate like T cells that have conserved and 

unchanging TCR α and β chains, specifically Vα 7.2. These cells are abundant in 

tissues throughout the body and particularly abundant in the liver accounting for 

up to 50% of T lymphocytes(202). A reduction in the circulating MAIT cells with 

parallel increase in their level within the liver has been reported in PBC patients. 

Furthermore, low numbers of MAIT cells in the peripheral blood has been 

correlated with biochemical signs of cholestasis (i.e. ALP) (203). In relatively 

recent study Botcher et al. demonstrated that the chronic stimulation of MAIT 

cells, by IL-12 leads to increased secretion of IL-17. This heightened secretion 

may potentially contribute to fibrosis deposition by stellate cells(57). 
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1.4.2.1. BECs and T cells crosstalk  

BECs play a role in protecting the biliary tree from inflammatory challenges. Like 

the epithelium of the respiratory and gastrointestinal systems, the biliary 

epithelium is crucial in modulating immune responses to ensure tolerance. 

Beyond the molecular mimicry and environmental factors previously discussed, 

another unifying theory has put a secretory malfunctioning at the centre of the 

PBC pathogenesis. According to this pathogenic angle, cholestasis in PBC would 

be mainly due to compromised bicarbonate secretion and a malfunctioning 

“bicarbonate shield” on the BEC surface(105). The activation of AE2 on BEC's 

apical membrane facilitates bicarbonate secretion into the bile(204, 205).  

 

Research has identified an upregulation of a microRNA, miR-506, in PBC BECs. 

This upregulation leads to hindered bicarbonate secretion due to diminished AE2 

activity(206). The inflammatory environment of the liver seems to upregulate miR-

506, causing bicarbonate secretion anomalies and intracellular pH shifts. Such 

changes might influence cellular metabolism, potentially leading to PDC-E2 

overexpression(207). Another factor that might expose BECs to immune 

reactions is the heightened apoptosis observed in PBC patients. Apoptotic 

remnants could reveal an immunogenic form of PDC-E2. When macrophages 

from PBC patients are co-cultured with biliary apoptotic bodies and AMA, there's 

a notable release of inflammatory cytokines(208-210). 

 

The immune response against the self-antigen PDC-E2 is likely central to PBC. 

Chronic BEC stimulation alters their phenotype, making them more active and 
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central to disease progression. These cells release mediators that influence BEC 

proliferation, myofibroblast differentiation, and immune cell attraction(211). The 

immune system can further stimulate BEC activation, and the interaction between 

immune cells and the biliary epithelium perpetuates a cycle driving the disease. 

Both innate and adaptive immune systems engage with BECs, leading to biliary 

damage. AMA interacts with the preserved PDC-E2 antigen in BEC apoptotic 

bodies, activating liver macrophages. This results in a cascade of inflammatory 

cytokines that sustain BEC apoptosis and inflammation(210). Gut-derived 

bacterial products, like LPS, also play a role in PBC pathogenesis(212-214). PBC 

patient BECs show increased TLR4 surface expression, and upon activation, 

produce elevated levels of IL-1, TNF-α, and IL-8 compared to controls(215). 

BECs also express the IFN-γ receptor, and its activation upregulates TLR 

expression and susceptibility to pathogen-associated molecular patterns 

(PAMPs)(216). The peroxisome proliferator-activated receptor γ (PPARγ) is 

consistently expressed in BECs and helps maintain biliary immune balance by 

dampening PAMP-induced inflammation(217, 218). Th1 cytokines can 

downregulate PPARγ, potentially promoting tolerance loss against the biliary 

epithelium. Moreover, BECs can attract immune cells through 

CX3CL1/fractalkine, a potent chemoattractant for cells expressing the specific 

receptor CX3CR1. Elevated CX3CL1 expression in PBC BECs results in 

significant infiltration of CX3CR1-positive CD8, CD4 T, and NK cells in these 

patients' portal tracts(199, 219-221). The interaction between the biliary 

epithelium and the immune system, especially the IL-17 axis, becomes 

particularly relevant in the disease's later stages. Elevated Th17 cell numbers 
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and cytokine secretion are observed in advanced PBC stages(193, 222). BECs 

express the IL-17 receptor(223) and, upon activation, promote Th17 

differentiation of CD4 T cells. BECs release CCL20, attracting CCR6+ CD4 cells. 

The activation of these cells, along with IL-1β, IL-6, and TGF-β, is essential for 

CD4 T cell differentiation into Th17. The exposure to LPS augments CCL20 

secretion(224). A further hit to the bile epithelium is caused by the bile acid stasis 

in damaged bile ducts and the therapeutic benefits of UDCA and obethicolic acid 

highlight bile acids' significance in PBC pathogenesis(165). The expression of 

AE2 is diminished in PBC, and AE2-deficient mice develop PBC-associated 

biliary damage(225). Proinflammatory cytokines contribute to this reduced AE2 

expression in BECs(207). In a T cell-induced cholangitis mouse model, bile salt 

export pump expression increased, while bile acid synthesis and uptake 

decreased. This change is mediated by proinflammatory cytokines TNF and IFN-

γ in an FXR-dependent manner(226). Conversely, bile acids can modulate both 

T cells and MAIT cells, emphasizing their dual role in the immune system(203, 

227).  

1.4.2.2. Regulatory T cells 

PBC murine models strongly support the hypothesis that Tregs deficiency is a 

central defect in the PBC pathogenesis. The dominant-negative Transforming 

Growth Factor beta (dnTGF-βRII) selectively affect the TGFβ R-signaling 

pathway 

in T cells. This affects directly the Treg suppressive capacity which heavily relies 

on TGF-β for their functioning. This results in the accumulation of tissue-specific 

autoreactive T cells, mimicking the PBC histology damage (228). Similarly, IL-
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2Rα knockout model, which affects the IL-2 signalling and in turn the Treg 

production, develops severe autoimmune cholangitis and AMA in 100% of 

individuals(229). To support further the role of Treg in the loss of tolerance in PBC 

Zhang and colleagues reported the AMA development and autoimmune 

cholangitis in Scurfy mice, which have a complete Treg deletion due to a FoxP3 

transcription factor mutation(230). Furthermore, Liaskou et al. demonstrated an 

impaired lineage stability in Treg cells from PBC patients. When exposed to 

relatively low levels of IL-12 leads, these cells started to increase significantly the 

IFN-γ expression(231). The use of Tregs as cell-therapy was also attempt in 

murine models. After inducing autoimmune cholangitis in recombination-

activating gene (Rag)1–/– by transferring cytotoxic CD8 T cells from dnTGF-βRII, 

Tanaka and colleagues, successfully reduced portal inflammation transferring 

Tregs from C57BL/6 mice but not from dnTGF-βRII(232). This study not only 

suggest the potential of autologous Treg cell-therapy in the treatment of PBC but 

confirm the reduced functioning of Treg from PBC murine models.  

1.4.2.3. Cytotoxic T CD8 cells 

Murine models suggested the critical role of differentiated T CD8+ cells to inflict 

the ultimate bile damage. The transfer of cytotoxic T CD8+ cells from non-obese 

diabetic c3c4 but not T CD4+ cells can induce the autoimmune cholangitis directly 

mediating the bile duct injury(233, 234). Yang et al in 2008 in conducted similar 

experiment and demonstrated that transferring T CD4+ cells from dnTGF-βRII to 

Rag1 knockout mice could induce only IBD-like inflammation. Instead, 

transferring CD8+ T cells from triggered autoimmune cholangitis with histological 

features similar to PBC, with intense infiltrate of terminally differentiated T CD8+ 
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cells(235).  In humans it has been shown that chronic antigenic stimulation leads 

to the accumulation of terminally differentiated 

CD45ROhighCD57+CD8high cytotoxic T cells around the portal area of patients 

with PBC (236).  They can infact secrete fractalkine (CX3CL1), which attracts 

more T cells feeding a vicious pathogenetic loop(237). 

This striking evidence shift the interest as damage mediator upon CD8+ T cells. 

Confirmatory data came from Yikang et al. who confirmed an enrichment of 

terminally differentiated T CD8+ killer cell lectin-like receptor G1+ (KRLG1+) 

Granzyme B+ Perforin+ cells in the portal tract of PBC patients compared with 

autoimmune hepatitis and viral hepatitis. Furthermore, they have shown how 

such accumulation correlated with a more aggressive PBC phenotype according 

with ALP and risk of liver transplantation (234). 

The same group identified TRM CD8+CD103+ as the dominant autoreactive 

cytotoxic population within the human PBC livers (238). In fact, this cell population 

was shown to be directly cytotoxic against BECs and, intriguingly, to correlate 

with UDCA response, which represent the most powerful prognostic factor in PBC 

patients.  

1.4.2.4. Double hit disease hypothesis  

The current data offers a pathogenic angle for the immunopathogenesis of PBC. 

In fact, the large amount of evidence provided by the Gershwin and Xiong groups 

over the last 20 years, opens to the idea that PBC could be defined a double hit 

disease.  

The defect on both regulatory compartment and the aberrant activation toward 

the self-antigen is required to precipitate the bile damage. Such hypothesis has 
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also been tested and confirmed, by Huang et al. in 2014. They took advantage of 

mixed dnTGFβRII and B6 bone marrow chimeric mice to demonstrate that the T 

CD8 cells in dnTGF-βRII are not sufficient to generate the biliary injury. It is 

interesting to note that the number of Tregs in dnTGFβRII and B6	but they were 

defective in the PBC model. that in a of model of creating a chimeric the 

transferring of is insufficient to induce the cholangitis in presence of functioning 

Tregs(239).  

The figure 1.6 summarises this pathogenic hypothesis and opens to two different 

potential therapeutic scenarios: target the cytotoxic T cells or increase the 

number of functional and stable Tregs within the liver parenchyma.  

  

Figure 1.6 PBC as double hit disease. The perturbation of the immune homeostasis in the liver 
due to a reduction in number and function of Treg. Allows the proliferation of autoreactive T 
CD8+ cells clones. They aberrantly proliferate due to the continuous release of the PDC-E2 
from the damaged BECs.  
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1.5. Cell-in-cell structure 

The intricate and dynamics cell-cell interaction includes several mechanisms in 

which cells not only communicate with each other, but they also engage in 

process of invasion, engulfment, and sometimes, mutual destruction. On this 

background we find the captivating phenomena of the formation of cell-in-cell 

(CIC) structures. These phenomena have recently come under the spotlight due 

to their potential implications in various physiological and pathological contexts. 

1.5.1. Definition and Historical Background 

The first observation of cell-in-cell structure can be traced back to the early 20th 

century when, when researchers noticed evidence of cell residing within another. 

This evidence was initially considered an artifact of tissue preparation, however, 

as microscopy techniques advanced and our understanding of cellular biology 

improved, it became clear that this phenomenon was indeed a genuine biological 

process with potential implications in human disease processes(240, 241). 

 

After the first evidence, the cell-in-cell process has been observed across several 

tissue types and in various disease states, especially in the context of cancer. 

The process involves the internalization of one cell (the internalized cell) by 

another (the host cell). The mechanism of the internalisation is heterogenous and 

some of them are yet to be elucidated. As much as the mechanism, the fate of 

both the host and the internalised cell is heterogenous and can range from the 

release of the internalized cell to its destruction within the host cell. 
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The interest in this research area was boosted around 1970 with several studies 

attempting to dissect the molecular and cellular mechanisms behind this cellular 

structure(242, 243). In this time period the term "emperipolesis" was coined, to 

define a specific type of cell-in-cell structure where a living cell was internalized 

by another, often leading to its death. This was distinct from phagocytosis, where 

cells engulf particles or dead cells(244, 245). 

 

The cell-in-cell process, in its various forms, has been linked to numerous 

physiological processes, including tissue homeostasis, immune response 

modulation, and nutrient acquisition. In pathological contexts, its roles in tumour 

progression, metastasis, and immune evasion have been of particular interest 

(246-250).  

1.5.2. Classification 

The complexity of this biological phenomenon can be hardly captured by simple 

classification. There were attempt in such sense, trying to define the CIC 

structures based on the cells involved (hetero or homotypic) or based on the 

process they were involved (neoplastic or not). I found quite effective what 

proposed by Borensztejn et al(241) (figure 1.7). They suggest classifying the 

event based on the cells initiating the cascade: endocytic CIC if it has started 

from the outer cell or invasive CIC if it is an invasion.  
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Figure 1.7 Cell-in-cell structure classification. Adapted from (240) 
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Endocytic CICs can be further classified based on their molecular mechanisms. 

Those resembling phagocytosis include cell cannibalism and phagoptosis, while 

enclysis, mirrors pinocytosis. 

 

Phagoptosis, a variant of phagocytosis, involves a living cell's engulfment by a 

phagocyte. While phagoptosis typically leads to the engulfed cell's death(241, 

251), cell cannibalism mirrors phagocytosis(252, 253). The distinguishing factor 

between the two phenomena lies in the engulfing cell's phenotype. While most 

cell types can exhibit cell cannibalism by adopting a cannibalistic phenotype(254), 

macrophages in phagoptosis retain their phagocytic phenotype, enabling them to 

phagocytose pathogens, dead, or living cells. Phagoptosis can be involved in 

physiological or pathological process, while cell cannibalism is always involved in 

pathological processes. Both structures typically culminate in the lysosomal 

death of the internalized cells(255, 256). 

 

Enclysis refers to a structure involving hepatocytes as host cells which extends 

lamellipodia to engulf T lymphocytes (257, 258). Unlike phagocytosis-like CICs, 

the inner cell's type determines its fate. Tregs typically undergo lysosomal 

digestion, while other immune cells often manage to evade degradation(258). 

 

Invasive CICs, on the other hand, are further classified into heterotypic (various 

emperipolesis forms) and homotypic (entosis). These CICs always are typically 

initiate by the inner cell, which actively penetrates the host cell's cytoplasm. Both 
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entosis and emperipolesis share the key proteins involved in the molecular 

mechanisms, like ezrin and E-cadherin(250, 259, 260), but they are differentiated 

by the cells involved and their roles. Emperipolesis, involving heterotypic CICs 

with the inner cell typically being a leukocyte, can be observed in both non-

tumorigenic and cancer cell lines(261). This process can result in the death of 

either cell through various mechanisms(250, 262) or the inner cell's escape, 

leaving both cells intact(260). Emperipolesis has several variations, including 

suicidal emperipolesis, emperitosis, thymic cell emperipolesis, macrophage-

neutrophil emperipolesis, and megakaryocyte-neutrophil emperipolesis(250, 260, 

262-264). 

 

Entosis, a homotypic CIC process, consistently involves multiple epithelial cells, 

often cancerous. This process can lead to the inner cell's survival or its lysosomal 

death(246, 265). 

1.5.3. Emperipolesis 

Emperipolesis, first identified in 1956, is a cellular event where one cell actively 

penetrates another, with both cells typically remaining intact (243). This process 

is predominantly heterotypic, with leukocytes often acting as the internalizing 

cells. Examples include neutrophils entering megakaryocytes(264), thymocytes 

within thymic nurse cells(263), and NK cells infiltrating cancer cells(250). 

 

The outcomes of emperipolesis can vary. Sometimes, both cells survive, with the 

internalized cell eventually exiting the host. In other scenarios, the internalized 

cell might undergo processes like mitosis(266)  or various death pathways(250, 
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262). The host cell can either remain unaffected or be killed, potentially through 

mechanisms like granzyme B activity(267). 

 

In the context of the liver, emperipolesis involving CD8+ T lymphocytes has been 

observed. For instance, in certain conditions, these T cells can be engulfed and 

subsequently degraded by lysosomal enzymes(262), a phenomenon termed 

"suicidal emperipolesis". In autoimmune hepatitis (AIH), CD8+ T lymphocytes can 

penetrate hepatocyte lines, leading to their own apoptosis. This internalization 

involves proteins like ezrin, F-actin, and CD44(261). The relationship between 

emperipolesis and inflammation in AIH remains unclear(268). 

 

NK cells, when interacting with cancer cells, can either exhibit cytotoxicity (267) 

or undergo apoptosis post-invasion(250). The molecular mechanisms involve 

proteins like ezrin, ICAM-2, and E-cadherin. Once inside the cancer cell, the NK 

cell might release granzyme B, inducing apoptosis. However, the host cell can 

encapsulate the NK cell, preventing granzyme B release, leading to a process 

termed "emperitosis"(269). 

 

Another instance of emperipolesis involves a megakaryocyte and a neutrophil. 

Here, the neutrophil donates its cell membrane to emerging platelets, potentially 

accelerating platelet production(260). 

 

Emperipolesis is also a hallmark of Rosai–Dorfman disease (RDD)(270), a 

benign disorder. The presence of emperipolesis can help differentiate RDD from 
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other similar conditions (270). Additionally, emperipolesis might play a role in viral 

transmission, as seen with the Epstein–Barr Virus (EBV)(271). 

 

Despite advancements, emperipolesis remains a complex phenomenon, with 

many aspects still under investigation. 

1.5.4.  Entosis 

Entosis is a cellular process where one epithelial cell actively invades another, 

marking it as a homotypic event(246, 265). Initiated by the inner cell's detachment 

from the matrix, it can also occur when both cells are matrix-attached or 

substrate-detached, such as during mitosis(272). This results in a unique cell-in-

cell (CIC) structure, where the outer cell envelopes the inner cell, which remains 

membrane-intact within a large vacuole. The inner cell can either be digested by 

the host through autophagy or escape (246, 265). Both cells might undergo 

mitosis post-CIC formation, but the outer cell's division can be disrupted, 

potentially leading to aneuploidy(273). 

 

Several molecular players and pathways facilitate entosis. Cell adhesion requires 

calcium ions, E-cadherin, and β-actinin. The Rho/ROCK pathway then gets 

activated, aiding the inner cell's engulfment (265). During this, a molecular ring 

forms around the inner cell, comprising proteins like vinculin, E-cadherin, catenin, 

and F-actin(274). Microtubules are essential for this process, and ezrin-

dependent membrane blebbing in the inner cell precedes entotic invasion (259). 

The inner cell's digestion involves autophagy proteins like LC3(275), and a rapid 

pH drop in the entotic vacuole(276). Factors like glucose starvation can induce 
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entosis(272), and the inner cell's fate might be influenced by its autophagic 

activity under starvation (275). Entosis can also be triggered by ultraviolet 

radiation(277) and certain drugs (264). 

 

Entosis has dual implications in cancer. It can act as a tumor suppressor, 

eliminating aneuploid cells from prolonged mitosis(278). However, it can also 

promote cancer progression by inducing aneuploidy and DNA damage. 

Interestingly, TP53-mutated inner entotic cells show higher survival compared to 

TP53-null and TP53 wild-type cells(279). Entosis also aids cancer cell survival 

under stress, like glucose starvation (267). 

 

Clinically, entotic figures are observed in various cancers, including 

nasopharyngeal, pancreatic, breast, and lung adenocarcinoma(279-282). Their 

presence often correlates with increased malignancy (279) and poorer prognosis 

(265). Additionally, entosis is linked with specific mutations like TP53 inactivation 

or KRAS amplification(279, 283, 284). The relationship between cell cannibalism 

and entosis is evident in malignant melanoma cells, which can engulf both 

apoptotic and viable cells(256, 285). This engulfment is facilitated by proteins like 

ezrin and actin(265), and the death of entotic cells is regulated by LC3, linking 

entosis to autophagy(286). The occurrence of CICs in tumors can vary, even 

within metastases. 

1.5.5.  Cell-cannibalism 

Cell cannibalism refers to the act where one cell engulfs another, a phenomenon 

observed in neoplastic tumors (287). While it can involve identical cells 
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(homotypic)(288), there are instances of heterotypic cannibalism, like melanoma 

cells engulfing lymphocytes(256). This process is seen as a nutrient source for 

metastatic tumors (252, 255). 

 

The engulfment is initiated by the outer cell, without preference for viable or 

necrotic cells (289). This action, taking over 30 minutes, leads to the formation of 

an active lysosome that releases enzymes near the engulfed cell, leading to its 

digestion. The inner cell is surrounded by a membrane from the outer cell (290). 

Key proteins in this process include ezrin, caveolin-1(256, 291), and 

TM9SF4(292), the latter being highly expressed in cannibalistic cells. TM9SF4's 

exact function remains unclear, but it's believed to play a role in pH regulation of 

intracellular vesicles(256). 

 

Cell cannibalism might be an evolutionary echo from our unicellular origins (256), 

with cancer cells exhibiting traits reminiscent of unicellular organisms like 

amoebas. This process was once termed "cellular phagocytosis" (287). 

 

Cannibalism serves as a nutrient source, especially during starvation, and can 

also provide an advantage by eliminating immune cells. For example, melanoma 

cells can engulf CD8+ T lymphocytes (256), a process triggered by harsh 

conditions like starvation or acidic environments. This action has been linked to 

enhanced survival in metastatic melanoma cells. 
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Cell cannibalism also plays a role in cellular senescence and cancer dormancy, 

aiding cancer cell survival under adverse conditions. For instance, breast cancer 

cells (MDA-MB-231) have been observed to enter dormancy post cannibalizing 

mesenchymal stem cells (MSC)(293). Moreover, cell cannibalism has shown 

potential cancer-suppressive effects, as seen in pancreatic adenocarcinoma 

where its presence curbed metastases(294). 

 

Despite its century-long recognition, the intricacies of cell cannibalism remain 

largely uncharted, with its molecular triggers and regulation still under exploration. 

1.5.6. Phagocytosis and Phagoptosis 

Since Ilya Mechnikov's observations of white blood cells engulfing bacteria, 

phagocytosis has been recognized as a defense mechanism against 

pathogens(255). However, some microorganisms, like Mycobacterium 

tuberculosis, can evade this process. For a long time, phagocytosis was seen 

merely as a cleanup mechanism for dead cells. The term "phagoptosis" was 

introduced to describe cell death via phagocytosis, closely resembling 

efferocytosis, which clears dead cell debris. Both processes are influenced by 

"eat me" and "do not eat me" signals on the cell surface. 

 

Phosphatidylserine (PS) is a well-known "eat me" signal. Typically found on the 

inner cell membrane, certain conditions can expose PS on the outer layer(295). 

While PS exposure often indicates apoptosis, it can also be seen in living cells. 

Some external molecules can induce PS exposure without causing apoptosis 

(295-299), and this exposure can be reversible (296, 298, 300, 301). 
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CD47 acts as a "do not eat me" signal. It's a membrane protein that interacts with 

the macrophage's SIRPα receptor. A lack of CD47 promotes phagoptosis, while 

its activation inhibits the process(302). CD47 expression decreases in aging red 

blood cells (303), helping Kupffer cells in the liver identify and remove them (304). 

In cancer, CD47 overexpression helps cells evade the immune system(305). 

Other protective signals include PD-L1 (306) and β2-microglobulin (307). 

 

Antibodies can stimulate phagocytosis through their Fc domain (Figure 1.3). 

Macrophages have Fc receptors that can either promote or inhibit phagocytosis 

(284). Phagoptosis can be enhanced by certain antibodies, like Hu5F9-G4 (anti-

CD47) (307) and cetuximab (anti-EGFR) (284). In lab settings, phagocytosis 

rates can be significantly increased using specific stimulants (308). Another 

pathway involves Toll-like receptors, with TLR7 stimulating phagoptosis through 

calreticulin phosphorylation (309). 

 

Microglia, the brain's macrophages, can engulf live neural components, affecting 

neural architecture(310). Factors like LPS, LTA, and β-amyloid can induce PS 

exposure in neurons(300). Inhibiting phagocytosis can prevent neuron loss, 

suggesting potential treatments for conditions like ischemic stroke(297, 298). Low 

β-amyloid concentrations can cause neuron death via phagoptosis, but inhibitors 

can prevent this (298). Blocking certain stimulants can also protect neurons (311, 

312), hinting at potential treatments for neurodegenerative diseases like 

Alzheimer's. 
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1.5.7. Enclysis  

In 2019 Davies et al described a novel form of cell-to-cell interaction called 

"enclysis" (313). Enclysis occurs when a hepatocyte actively engulfs a CD4+ T 

cell. Interestingly while CD8+ T cells and B cells pass through the spaces 

between hepatocytes it is mainly the CD4+ T cells that are targeted for 

engulfment. Notably among the CD4+ subset FoxP3+ regulatory T cells are 

commonly subjected to enclysis. These regulatory T cells are directed towards 

degradation unlike other T cells that remain undegraded for longer periods(258, 

313). 

 

The specific molecular mechanisms governing enclysis are still not fully 

understood. The precise reasons why hepatocytes selectively target CD4+ T 

lymphocytes and the decision-making process behind determining their fate 

remain elusive. Certain proteins such as ICAM 1 and β catenin have been 

identified in relation to enclysis. Distinguish it from other types of cell-to-cell 

interactions (Figure 1.4). During enclysis structures like blebs and lamellipodia 

form and the process is hindered by blebbistatin—a known inhibitor of myosin II. 

However, pinocytosis non-specific nature does not align with the nature of 

enclysis towards CD4+ cells, in this context(313). 

It is crucial to conduct research in order to better understand the complexities of 

both enclysis and macropinocytosis. 

1.5.8. Cell-in-cell structures in the liver 

The liver, a vital organ responsible for detoxification and metabolism, is a complex 

environment teeming with various cell types. Among the myriads of interactions 
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that occur within the liver, the CIC structures stand out as particularly intriguing. 

These structures have been observed in various tissues, their role within the liver 

becomes interesting as potentially involved in the organ's unique immunological 

and regenerative properties. 

 

For instance, efferocytosis plays a pivotal role in the tuning the liver immune 

response. The presence of dying cells within the parenchyma from either from its 

routine detoxification processes or from infiltrating immune cells is constant and 

the ability to efficiently clear these “corpse” is crucial to prevent unwanted 

inflammatory responses and potential autoimmune reactions(314).  

According with the classification presented earlier, this is an endocytic CIC the in 

fact, the hepatocytes, are not just bystanders in this process. They actively 

engulfing dying cells, a phenomenon first observed in the 1950s. Aside having 

likely a role in the immunosurveillance, the process might also provide 

hepatocytes with nutrients from the digested cells and potentially increase their 

genetic diversity(258). It is intriguing how, efferocytosis could be seen as a matter 

to increase the liver's adaptability, it could also increase the mutation rate and 

eventually play a role in the carcinogenesis in hepatocellular carcinoma 

(HCC)(254, 314). 

 

Unlike efferocytosis, which targets dead cells, entosis involves the internalization 

of live cells. It is equally ambiguous within the cancer scenarios as it is 

instrumental to clear cells showing early cancerous signs, however, it serves as 
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mechanisms to sustain cells under metabolic distress, hence it can be used by 

cancer cells to find nutrients, giving them selective advantage. 

The liver's unique environment, with its constant exposure to toxins and its role 

in metabolism, might influence the occurrence and outcomes of entosis. 

Furthermore, the engulfment and subsequent degradation of immune cells via 

entosis could serve as a source of antigens for liver-resident antigen-presenting 

cells. This could facilitate the presentation of these antigens to other immune cells, 

promoting immune regulation and tolerance. Such a mechanism would be 

especially vital in preventing autoimmune reactions in the liver. 

 

Emperipolesis, has been historically observed in the biopsy of patients with viral 

hepatitis and autoimmune hepatitis, being for long-time a diagnostic feature for 

the AIH patients(262). Bertolino et al. define for the first time the mechanistical 

role of one of this CIC, calling it suicidal emperipolesis, involving an autoreactive 

CD8+ T cells and the hepatocytes(315). 

In the attempt to apply the classification to this CIC structure, we should classify 

emperipolesis as invasive CIC, as it is an invasion of the immune cell within the 

hepatocytes. However, the fate of the internalised lymphocyte is lysosomal 

degradation.  

The youngest of the CIC structure described is the enclysis which was indeed 

observed in the liver. It is quite plausible that the enclysis might be one of the 

mechanisms to disrupt the immunotolerance, however the implications of 

enclysis for liver function and immunity are yet to be clarified.  
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The CICs within the liver described so far, have as either target or host cells the 

hepatocyte.  

As mentioned before, Zhao et al. described the emperipolesis of T CD8 cells in 

the BECs. Intriguingly, this phenomenon correlated with the grade of biliary 

damage, and it seemed to end up with the apoptosis of the biliary cells(316).  

This CIC structure is so far poorly defined and both the exact mechanism and its 

role in the pathogenesis of the PBC remains unknown.   
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2. Material and Methods 

N.B. the content presented in this chapter are part of a paper recently 

published(317). 

2.1. Ethical approval 

All human sections were cut from liver tissue, obtained from surgical procedures 

carried out at the Queen Elizabeth Hospital, Birmingham, UK, with written 

consent from patients. Ethical approval for the study was granted by the Local 

Research Ethics Committee (LREC) (reference number 06/Q702/61). Diseased 

liver tissue was obtained from explanted livers from patients undergoing 

transplantation for chronic liver disease or liver malignancies. Non-cirrhotic liver 

tissue was taken from donor livers which were rejected for transplantation or 

surplus to clinical requirements. Blood from patients with PBC, healthy volunteers 

or haemochromatosis (HFE) was collected under the same LREC when given full 

consent. 

2.2. Human samples 

I have consented and collect peripheral blood from PBC patients with established 

inflammation ethic approval in Liver Clinics at Queen Elizabeth Hospital, 

Birmingham. All the PBC cases have been diagnosed according with EASL 

criteria (“EASL Clinical Practice Guidelines: The Diagnosis and Management of 
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Patients with Primary Biliary Cholangitis,” 2017). I have used as healthy controls 

patients undergone venesection due to hemochromatosis. All the patients with 

abnormal liver function tests, or with other liver or autoimmune conditions have 

been carefully excluded. For the experiment performed in Japan, peripheral blood 

mononuclear cells were isolated by centrifugation over a ficoll gradient in the Liver 

Lab at the University of Birmingham. PBMCs were then frozen and transferred to 

Sgakuchi’s Lab at Osaka University, using a material transfer agreement set up 

with this specific purpose, under a signed agreement between the two 

Universities. All patients provided a written informed consent before sampling 

according to the Declaration of Helsinki.  

2.3. Antibodies 

The following antibodies were used for flow cytometry analysis: 

APC-E-cadherin, BV786-CD103 and BV605-CD8 were also used to sort live E-

cadherin+/- CD8+ T cells, using APC-mIGgG1 as an isotype-matched control to 

assist gating.  

The following primary antibodies were used for immunocytochemistry: α-hCD3 

mouse IgG1, α-hCD4 mouse, α-hCD8 mouse IgG2b, α-hCD69, α-hCD103 Rabbit 

IgG, α-hKLRG-1 rabbit IgG, α-hE-cadherin mouse IgG2a, α-hβ-catenin mouse 

IgG1, α-hCytokeratin-19 rabbit IgG, α-hCytokeratin-19 mouse IgG1 

The following primary antibodies were used for immunocytochemistry: α-hCD8 

mouse IgG2b, α-hE-cadherin mouse IgG2a, α-hβ-catenin mouse IgG1, α-

hCytokeratin-19 rabbit IgG. 
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The full list of antibodies used for flow cytometry experiment, 

immunohistochemistry and immunocytochemistry is summarised in table 1 and 

table 2.  

Target protein Fluorochrome  Clone Supplier Cat No Working 

dilution 

Surface 

CD3 BV510 OKT3 BioLegend 317332 1:100 

CD4 BUV395 RPA-T4 BD 564724 1:400 

CD8 BV605 SK1 BioLegend 344742 1:400 

CD45RA BV711 HI100 Biolegend 304130 1:400 

CD45RA BV786 HI100 BioLegend 563870 1:400 

CCR7 PE-594 150503 BD 562381 1:50 

CD25 BV421 BC96 BioLegend 302630 1:200 

CD127 BV711 A019D5 BioLegend 351328 1:100 

CD107a PE-Cy7 H4A3 BioLegend 328617 1:400 

CD161 APC HP-3G10 BioLegend 339912 1:100 

CCR6 PE 11A9 BD 559562 1:50 

CXCR3 AF700 G025H7 BioLegend 353742 1:33 

KLRG1 FITC SA231A2  BioLegend 367714 1:100 

CD103 BV786 Ber-ACT8 BioLegend 350230 1:50 

CXCR6 BV421 SA051D1 BioLegend 151109 1:100 

CD69 PE FN50 BioLegend 310906 1:100 

CD27 BUV395 L128 BD 563815 1:100 

CD57 PerCP  HNK-1 BioLegend 359622 1:400 

CD28  BV650 CD28.2  BioLegend 302946 1:100 

CD38  PE-Cy7 HIT-2 BioLegend 25038942 1:400 

E-cadherin APC 67A4 Biolegend 324107 1:25 

Beta-catenin PE 815B8 BioLegend 862604 1:100 

LFA1  AF700 m24 BioLegend 363422 1:200 

VLA1  APC TS2/7 BioLegend 328314 1:100 

Intracellular 

Perforin PerCPCy5.5 DG9 Biolegend 308114 1:50 

Granzyme B PE GB11 BD 561142 1:100 

Granzyme B PerCPCy5.5 QA16A02 Biolegend 372212 1:100 
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IL-17 FITC 64DEC17 eBio 11717942 1:50 

IFN-γ APC B27 Biolegend 506510 1:100 

Ki-67 BV510 Ki-67 Biolegend 350517 1:100 

TNF-α BV650 MAB11 Biolegend 502938 1:50 

Table 1 List of the antibodies used for the flow cytometry experiments. 
 
 
 

Target Host Reactivity Conjugate Clonality  Clone 

number 

Brand Dilution 

Cytokeratin-19 Rabbit Human Unconjugated IgG Monoclonal R EP1580Y Abcam 1/2000 

Cytokeratin-19 Rabbit Human Unconjugated IgG Monoclonal R EP1580Y Abcam 1/1000 

Cytokeratin-19 Rabbit Human Unconjugated IgG Monoclonal R EP1580Y Abcam 1/500 

Cytokeratin-19 Mouse Human Unconjugated IgG1  4E8 Invitrogen 1/1000 

Cytokeratin-19 Mouse Human Unconjugated IgG1  4E8 Invitrogen 1/500 

Cytokeratin-19 Mouse Human Unconjugated IgG1  4E8 Invitrogen 1/500 

KLRG1 Rabbit Human Unconjugated IgG Monoclonal R 2388C  R&D 1/200 

KLRG1 Rabbit Human Unconjugated IgG Monoclonal R 2388C  R&D 1/100 

CD103 Rabbit Human Unconjugated IgG Monoclonal R EPR22590-

27 

Abcam 1/1000 

CD103 Rabbit Human Unconjugated IgG Monoclonal R EPR22590-

27 

Abcam 1/500 

CD8 Mouse Human Unconjugated IgG2b 4B11 Invitrogen 1/100 

CD8 Mouse Human Unconjugated IgG2b 4B11 Invitrogen 1/50-100 

E-cadherin Mouse Human Unconjugated IgG2a 34/E-

Cadherin 

BD 

Bioscience 

1/100 

E-cadherin Mouse Human Unconjugated IgG2a 34/E-

Cadherin 

BD 

Bioscience 

1/100 

PDCE-2 Mouse Human Unconjugated IgG1  15D3G9C11 Abcam 1/200 

PDCE-2 Mouse Human Unconjugated IgG1  15D3G9C11 Abcam 1/100 

PDCE-2 Mouse Human Unconjugated IgG1  15D3G9C11 Abcam 1/100 

CD4 Mouse Human Unconjugated IgG2a  OTI5D9 Novus Bio  1/100 

CD4 Mouse Human Unconjugated IgG2a OTI5D9 Novus Bio  1/50 

 
Table 2 List of the antibodies used for tissue staining  
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2.4. Biliary epithelial cell isolation and culture 

Human biliary epithelial cells (BECs) were isolated from a minimum of 200 g of 

explanted human liver tissue from patients with non-cholestatic disease (to avoid 

PBC-bias for in vitro experiments; a mixture of non-alcoholic steatohepatitis 

[NASH], cryptogenic, and alcoholic liver disease [ALD]) or non-cirrhotic tissue 

from donor livers rejected for transplantation. Tissue was digested enzymatically 

with collagenase type 1A (Sigma) and filtered through fine mesh.  Density 

gradient centrifugation using 33%/77% Percoll (Amersham Biosciences UK Ltd) 

was used to separate non-parenchymal cells from BECs were extracted from the 

mixed nonparenchymal population via magnetic selection using antibodies 

against the cholangiocyte-specific receptor HEA-125 (50 μg/mL; Progen 

Biotechnik). HEA-125–positive BECs were plated in flasks coat with 2.5% rat-tail 

collagen- and kept in culture maintained in media comprising 45% Dulbeccos 

modified eagles medium (DMEM; Invitrogen), 45% HAMS F-12 nutrient mix, 10% 

heat-inactivated Fetal bovine serum (FBS,; Sigma), 10 ng/ml epidermal growth 

factor (EGF; Peprotech 100-15), 10 ng/ml hepatocyte growth factor (HGF; 

Peprotech, AF-100-39), 2 μg/ml hydrocortisone, 10 ng/ml cholera toxin (Sigma 

C8052), tri-iodo-thyronine (Sigma, T5516), 1% PenStep (Invitrogen), 1% L-

glutamine (Invitrogen) and 0.125 IU Insulin. BECs were not used for co-culture 

experiments beyond their fourth passage. 
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2.5. T cell isolation and culture 

PBMCs were isolated from blood samples by layering on Lympholyte-H 

separation media (Cedarlane) and centrifugation according to manufacturers 

while using the minimal break setting. CD8+ T cells and CD4+ T cells were then 

extracted using a human CD8+ T Cell Isolation Kit (Miltenyi, 130-094-156) or 

human CD8+ T Cell Isolation Kit (Miltenyi,130-096-533), respectively. Cells were 

then washed with PBS three times and and seeded in pre-warmed complete 

RPMI supplemented 10% heat-inactivated FBS (Sigma), 1% PenStrep, 1% L-

glutamine and 500 IU IL-2 (Peprotech, 200-2) at a density of 1x106/ml. All cells 

were cultured in incubators at 37°C, 5% CO2. After 1 h, T cells were activated 

with αCD3/CD28 stimulation. For CD4+ T cell vs CD8+ T cell comparisons of 

internalisation, Human T-Activator CD3/CD28 Dynabeads™ (ThermoFisher 

Scientific; 11161D) were used at a 1:4 beads to cell ratio. For all other 

experiments, cells were activated with 10 μl/ml TransAct (Miltenyi, 130-111-160).  

2.6. Flow Cytometry 

For all immune cell flow cytometry phenotyping (PBMCs or T cells alone), cells 

were washed in ice-cold FACS-buffer (2% FBS, 2 mM EDTA in PBS) and 

resuspending in round-bottom 96-well plates at concentration of 2x107 cells/ml. 

Cells were incubated with Fc block for 10 min at 4°C. Cells were washed and 

resuspended in 100 ul of appropriate antibody cocktail diluted in cold FACS Buffer. 

Cells were incubated for 25 minutes at 4°C. Cells were washed twice in ice-cold 
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FACS Buffer and resuspended in 100 µL Cytofix (BD Biosciences), then 

incubated at room temperature in the dark for at least 20 min. Cells were washed 

twice in cold FACS Buffer then resuspended in 100uL of appropriate intracellular 

antibody cocktail made up 1X Perm buffer (Invitrogen). Cells were incubated 

overnight (at least 16 h) at room temperature in the dark. Cells were washed once 

in Perm buffer then twice in cold FACS buffer before being resuspended in cold 

FACS Buffer and transferred to 5 mL round-bottom polystyrene tubes. Cells were 

analysed on LSR Fortessa X20 (BD Biosciences). 

2.7. Quantitative Co-culture Assays 

BECs were seeded at 2x104 cells/well in micro-clear black 96-well plates (Greiner 

CELLSTAR) coated with 2.5% rat-tail collagen (Sigma) and allowed 24 h to 

adhere. BECs were then labelled with 5 µM CellTracker Green (5-

chloromethylfluorescein diacetate, CMFDA, Thermo Fisher Scientific) diluted in 

serum-free DMEM. CD8+ and CD4+ T cells were labelled with 5 µM CellTracker 

Red (CMTPX, ThermoFisher Scientific) dilution in serum-free RPMI. Cells were 

then washed in PBS and rested for 1 h our in their normal serum-containing 

media. Both cell types had their media replaced prior to their co-culture to remove 

leached dye. If needed, CD8+ T cells were then washed and then resuspended 

in normal media containing molecular inhibitors. T cells were then co-cultured 

with BEC at a ratio of 1:4 (BEC: T lymphocyte), unless stated otherwise, for 4 h. 

For CD4+ T cell vs CD8+ T cell comparisons of internalisation, cells were then 

fixed with 3.7% formaldehyde for 10 mins. Cells were then washed with PBS and 
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imaged using a ThermoFisher Scientific CellInsight CX5 high-content imager. 

Internalised cells were quantified manual with the assistance of cell counting tools 

in ImageJ software. Nine fields of view were analysed for each technical repeat.  

For all other experiments, cells were labelled with 5.0 µg/mL Wheat Germ 

Agglutinin conjugated to AlexaFlour 680 (Invitrogen, W32465) diluted in DMEM, 

for 10 min. Cells were then fixed with 3.7% formaldehyde for 10 mins. Cells were 

then washed with PBS and imaged using a Zeiss Cell Discover 7 microscope. 

Nine fields of view were acquired for each technical repeat. Images from these 

experiments were analysed by high content analysis using CellProfiler software.  

2.8. CellProfiler high content analysis 

Co-culture experiments imaged using the Zeiss Cell Discoverer 7 were analysed 

using a custom analytical pipeline developed in CellProfiler v4.2.1. Raw .czi Cell 

Discoverer 7 acquisition files were split into individual fields of view (“splite scene, 

write files”) and then single channel images were exported from each using batch 

processing in Zen software (Carl Zeiss), ensuring the channel or fluorophore 

name was present in the file name. Images were then imported into CellProfiler 

and then designated into channels based on their file names. BEC were detected 

using “IdentifyPrimaryObject” command. The generated objects were used to 

mask the matching T cell channel to remove T cells not found in the same areas 

as BEC. T cells were then detected and used to mask the membrane label image. 

T cells which possessed membrane labels were detected and deleted from total 

T cell objects detected using the “MaskObjects” feature. The newly masked 
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objects were then used to mask the BEC channel. Objects detected following this 

were T cells who possessed low membrane labelling, but were not localised at 

areas of displayed BEC cytoplasm. These objects were masked against objects 

pertaining to total CD8s without membranes. The resulting BEC cytoplasm-

negative, membrane-negative cells were classed as internalised. Overlays of 

these cells were made over the raw BEC channel image to validate the analysis. 

Partially deleted cells at each masking step were removed using the 

“FilterObjects” feature by removing objects with an eccentricity value of more than 

0.92. Numbers generated by manual counting were compared to those generated 

with this pipeline were analysed by linear regression to ensure the accuracy of 

the pipeline before conducting further experiments.  

2.9. T cell siRNA knockdown 

Knockdowns for CDH1 (E-cadherin) were performed using blood derived primary 

human CD8+ T cells from PBC patients by a reverse transfection method, 24 h 

post-activation with TransAct™. 750 ng of CDH1 siRNA (Flexitube Gene 

Solutions, QIAGEN Cat. 1027416, ID GS999 for CDH1, Human NM_004360) or 

Silencer Select negative control (Invitrogen, Cat. 4390843) were diluted in 100 

μL Gibco OptiMEM™ (Thermo Fisher Scientific, Cat. 31985062) in 48-well plates. 

6 μL Lipofectamine™ RNAiMAX (Invitrogen/Thermo Fisher Scientific, Cat. 

13778100) was then added to each well, mixed gently, and incubated at room 

temperature for 20 min. 2 Å~ 105 activated CD8+ T cells in 100 μL OptiMEM 

were then added on top of siRNA complexes and incubated for 4 h at 37 °C. 400 
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μL RPMI, containing 1% L-Glutamine, 10% FBS, 10 μL/mL TransAct™ and 500 

IU/mL IL-2, was then added to each well, (final siRNA concentration; 100 nM). 

After 48 hr, cells were then used in co-culture assays as described previously, 

with the exception that cells were co-cultured at a 1:3 ratio and performed in 

duplicate due to lower availability of cells. Expression of E-cadherin was also 

assessed by flow cytometry in parallel for each co-culture experiment and initially 

when validating each siRNA. The following individual siRNAs were used: siRNA1 

– Hs_CDH1_13, GeneGlobe ID SI02654029, target sequence 

TCGGCCTGAAGTGACTCGTAA; siRNA2 – Hs_CDH1_12; GeneGlobe ID 

SI02653546, target sequence CTAGGTATTGTCTACTCTGAA; siRNA3 – 

Hs_CDH1_15, GeneGlobe ID SI04434598, target sequence 

TTGAATGATGATGGTGGACAA; siRNA4 – Hs_CDH1_14, GeneGlobe ID 

SI04434591, target sequence CAACTGGACCATTCAGTACAA. 

2.10. Fluorescence Activated Cell Sorting of E-cadherin+ 

cells 

CD8+ T cells cultured for 48 h post-activation were harvested and washed in PBS. 

Cells were then resuspended in ice-cold FACS buffer. Cells were stained using 

fluorophore-conjugated antibodies (see antibody section) and labelled using 

eBioscience Fixable viability Dye efluor 780 (ThermoFisher Scientific, 65-0865-

14). 1x107 in 200 µl were stained as the population to be sorted. 5x105 cells 

received the staining panel containing an isotype-matched control for the E-

cadherin detecting antibody. Cells were incubated with antibodies for 30 min at 
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4°C. Cells were then sorted using a BD FACSAria Fusion Cell sorter. Cells were 

gated on CD8+ positivity and viability dye negativity. Populations were then 

sorted into E-cadherin+ and E-cadherin- populations based on isotype-matched 

control staining. Cells were collected in warm RPMI, washed, and reseeded in 

48-well plates in their normal culture medium at 2x105 cells/well. Cells were then 

used within BEC co-culture assays as previously described.  

2.11. Paraffin-embedding of tissue 

Primary liver samples from both mice and consented human patients used 

paraffin-embedded for staining.  All tissues were fixed in formalin (4% 

formaldehyde) for at least 24 h. Tissues underwent secondary processing and 

placed in the tissue cassettes. Tissues were then embedded in paraffin wax. 3 

µm-thick sections were then cut using a rotary microtome and then floated on 

water to remove undesired tissue folding. Tissue sections were then mounted 

onto charged glass slides. Sections were then later stained using haematoxylin 

and eosin (H&E) or by immunohistochemistry. For 3D IHC imaging, 50 µm-thick 

sections were produced on a rotary microtome and after heating onto glass slides. 

Sections then underwent overnight low temperature epitope retrieval (ALTER), 

as previously described(318). Sections were then immunostained and imaged as 

previously described(313). 
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2.12. Immunohistochemistry  

All immunohistochemistry was performed using paraffin-embedded tissue. 

Tissue sections were deparaffinized with xylene and rehydrated using 97% 

industrial denatured alcohol (IDA) and then underwent antigen-retrieval 

procedures by microwaving in Tris-based antigen unmasking solution (Vector 

Laboratories, UK). Endogenous peroxidase activity and non-specific antibody 

binding within tissue sections was blocked using Dako REAL peroxidase blocking 

solution (Dako) and 2X casein solution (Vectorlabs), respectively. Sections were 

incubated with primary antibodies at room temperature for 1 h or overnight at 4°C. 

Appropriate isotype-matched controls were used for all procedures. For detection 

using fluorophore-tagged secondary antibodies, tissue sections were stained with 

master mixes of appropriate secondary antibodies following their post-primary 

antibody washes. Slides were incubated for 1 h at room temperature and then 

washed with TBS. Slides were then incubated with Vector TrueView 

Autofluorescence quenching kit (Vectorlabs, SP-8400-15) four five min. Slides 

were then washed twice with TBS and mounted with VectaShield Vibrance 

Antifade Mounting Medium with DAPI (Vectorlabs, H-1800-10). Slides were then 

imaged using a Zeiss 880 confocal microscope. Where required, images were 

3D-volumed rendered using Bitplane IMARIS for cell biologists, v8.3. 
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2.13. Semi-quantitative analysis of tissues 

For the assessment of the presence of CD103+ and KLRG1+ CD8+ T cells in 

non-cirrhotic donors and livers with patients with different liver diseases, FFPE 

tissue sections were stained for CD8, E-cadherin and either CD103 or KLRG1. 

Slides were then imaged using a Zeiss 880 confocal microscope. Images were 

centred at areas of portal triads, parenchyma, fibrotic scars ,and large bile ducts 

for each case. 5x5 tile scans were then acquired at x40 magnification using 

minimal zoom. Manual ocular assessment was also conducted and 

supplemented with example single images. A minimum of 3 examples of CD8+ T 

cells expressing CD103 or KLRG1 were observed classifying each case as 

positive for a specific area 6 cases were analysed per disease condition.  

2.14. Immunocytochemistry 

BEC cells were seeded on glass coverslips in 24-well plates coated with 2.5% 

rat-tail collagen and allowed 24 h to adhere. Cells were then labelled with 

CellTracker Green (5-chloromethylfluorescein diacetate, CMFDA, Thermo Fisher 

Scientific and T lymphocytes were labelled with a CellTracker Red (CMTPX) at 

this point, if needed, and rested for 1 h our in their normal serum-containing media. 

BEC and CD8+ T cells were then co-cultured with BEC at a ratio of 1:4 (BEC: T 

lymphocyte), unless stated otherwise, for 4 h. Cells were fixed in 4% MeoH-free 

formaldehyde for 10 min. Cells were washed in PBS and blocked for 30 min with 

1% (w/v) FBS and 1% (w/v) BSA, in PBS for a minimum of 30 min. Cells were 
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then stained with primary antibodies detecting membrane-bound antigens, which 

were were prepared in the same staining buffer at previously optimised 

concentration determined by titration. Cells were incubated with primary antibody 

for 1 h at RT, or 24 h at 4°C. Cells were washed again in staining buffer and then 

incubated with secondary, fluorophore-conjugated antibodies at the appropriate 

dilution in staining buffer containing 200 µg/ml Hoechst 33342 (Invitrogen, 

H3570). For intracellular stains, cells were then washed in PBS and incubated 

with buffer containing 1% (w/v) FBS and 1% (w/v) BSA with 0.1% Saponin 

(Sigma) for 10 min. Previous antibody staining rituals were then repeated, only 

with antibodies diluted in Saponin-containing buffer. In some cases, at this point 

secondary antibody cocktails also contained Alexa Fluor 594 phalloidin. Cover 

slips were then mounted on glass microscope slides using Vectashield 

Vibrance® Antifade Mounting Medium (Vectorlabs, H-1700). Cells were then 

imaged using a Zeiss 900 confocal microscope equipped with Airyscan 2. Where 

required, images were 3D-volumed rendered using Bitplane IMARIS for cell 

biologists, v8.3. Production of new channels depicted colocalised channels were 

generating using the same software and were comprised of pixels of 80% 

minimum colocalization. 

2.15. Inhibitors 

For some experiments, prior to co-culture with BEC, CD8+ T cells were treated 

molecular inhibitors for 30 min (1 μM Wortmannin, 5 nM H-1152 (Sigma, Cat No. 

555550) or 5 μM cytochalasin D). Inhibitors were solubilised to stock 
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concentrations which permitted a final DMSO concentration of 0.001% during 

experimentation following 1/1000 dilutions. Concentrations of all treatments and 

relevant vehicle controls were maintained throughout the experiment duration.   

2.16. Live imaging 

For live cell imaging, labelled CD8+ T cells were added to BEC seeded in black 

96-well plates and were then transferred to a Zeiss Cell Discoverer 7 automated 

microscope. Cells were then imaged overnight for 3 h at 37°C, 5% C02. Images 

were acquired every 4 min.  

2.17. Electron microscopy 

BEC were seed at a density of 5x104 in 24-well plates on 12 mm glass coverslips 

and allowed 24 hours to adhere. 4 h co-cultures between biliary epithelial cells 

and CD8+ T cells were performed as they were for previous experiments, which 

the exception that cells were not labelled with fluorescent dyes. Following this, 

cells were fixed in 2.5% glutaraldehyde diluted in cacodylate buffer for at least 1 

h. For scanning electron microscopy, cells underwent two 15 min washes each 

in increasing concentrations of Ethanol (50%, 70%, 90% then 100%). Alcohol 

was then replaced with liquid C02 and then samples were heated to a critical dry 

point to fully dehydrate the sample. Cells were then mounted on a sample stub 

and coated with gold. Stubs were then imaged with a ThermoFisher Scientific 

Apreo SEM.  
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For transmission electron microscopy, cells were prepared using the same 

methodology as SEM samples, but with the following additions: cell were treated 

with 1% osmium tetroxide for 1 h post-fixation, and samples received two 

additional sets of washed following the 100% alcohol wash; 100% dried alcohol 

and propylene oxide. Samples were then placed in a mixture of 1:1 propylene 

oxide/resin on a rotator in a fume cupboard for 1 h. Samples were then 

transferred to 100% resin, pulled through a vacuum for 30 min and allowed to 

return to atmospheric pressure. Resin was then polymerised at 60°C for at least 

16 h. 100 nm-thick sections were cut with an ultramicrotome and imaged using a 

JEOL JEM 1400 TEM microscope with Monada Soft imaging system. All sample 

processing following fixation and imagined was performed at the Centre for 

Materials and Metallurgy at the University of Birmingham. 

2.18. Characterization of the epigenetic profile of PBC T 

cells. 

PBMCs will be stained with anti-CD4, anti-CD25, and anti-CD45RA, anti-

CD127, anti-CCR6 and, anti-FOXP3 antibodies and I used fluorescence 

activated cell sorting (FACS) to separate them in naïve conventional T cells 

(naïve Tconv) and regulatory T cells (Treg). Foxp3 gene locus for STAT5 

binding, H3K27ac, and chromatin status will be characterized by Chromatin 

immunoprecipitation followed by sequencing (ChIP-seq) and assay for 
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transposase-accessible Chromatin using sequencing (ATAC-seq) as previously 

described by Sakaguchi Lab. 

2.19. Chromatin Immunoprecipitation Followed by 

Sequencing (ChIP-seq) 

To investigate the binding of STAT5 and the histone modification H3K27ac at the 

Foxp3 gene locus, I performed ChIP-seq on sorted naïve conventional T cells 

(naïve Tconv) and regulatory T cells (Treg). Following fluorescence-activated cell 

sorting (FACS), cells were promptly crosslinked to preserve protein-DNA 

interactions. For histone modifications, cells were crosslinked in 1% 

formaldehyde solution for 5 minutes at room temperature. For transcription 

factors like STAT5, an extended crosslinking time of 30 minutes was used to 

ensure efficient fixation. 

The crosslinking reaction was quenched by adding 125 mM glycine for 5 minutes. 

Cells were then lysed using a lysis buffer containing 1% SDS, 10 mM EDTA, and 

50 mM Tris-HCl (pH 8.0). The chromatin was sheared to an average size of 200–

500 base pairs using sonication (e.g., 30 cycles of 30 seconds on/30 seconds off 

at high power with a Bioruptor sonicator). 

The sheared chromatin was pre-cleared with Dynabeads Protein G magnetic 

beads (Thermo Fisher Scientific) for 1 hour at 4°C to reduce nonspecific binding. 

For immunoprecipitation, the pre-cleared chromatin was incubated overnight at 

4°C with antibodies specific to STAT5 (e.g., anti-STAT5 antibody, clone XYZ, 
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supplier) or H3K27ac (e.g., anti-H3K27ac antibody, clone ABC, supplier) that had 

been pre-bound to Dynabeads IgG magnetic beads. The antibody-bead 

complexes were preincubated for 6 hours at 4°C with gentle rotation to enhance 

binding efficiency. 

After immunoprecipitation, the bead-bound complexes were washed sequentially 

with the following buffers to remove nonspecific interactions: 

1. Low-salt wash buffer: 0.1% SDS, 1% Triton X-100, 20 mM Tris-HCl (pH 8.0), 

150 mM NaCl, 2 mM EDTA. 

2. High-salt wash buffer: same as low-salt but with 500 mM NaCl. 

3. LiCl wash buffer: 0.25 M LiCl, 1% NP-40, 1% deoxycholate, 10 mM Tris-HCl 

(pH 8.0), 1 mM EDTA. 

4. TE buffer:10 mM Tris-HCl (pH 8.0), 1 mM EDTA. 

The chromatin was then eluted from the beads using an elution buffer (1% SDS, 

0.1 M NaHCO₃) and reverse-crosslinked by incubating at 65°C overnight in the 

presence of proteinase K (20 µg/mL) and RNase A (10 µg/mL) to degrade 

proteins and RNA contaminants. 

Purified DNA was extracted using a phenol-chloroform-isoamyl alcohol method 

followed by ethanol precipitation or purified using a commercial kit like the 

QIAquick PCR Purification Kit (Qiagen). DNA libraries were prepared using the 

KAPA HyperPrep Library Preparation Kit (Roche) according to the manufacturer's 
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instructions, which included end-repair, A-tailing, adapter ligation, and library 

amplification steps. 

The quality and concentration of the DNA libraries were assessed using an 

Agilent 2100 Bioanalyzer or TapeStation system. Libraries were sequenced on 

an Illumina platform (e.g., NovaSeq 6000) to generate high-throughput 

sequencing data. Sequencing reads were aligned to the human reference 

genome (GRCh38/hg38) using Bowtie2 or BWA-MEM aligners. Peak calling to 

identify enriched regions of STAT5 binding or H3K27ac modification was 

performed using Model-Based Analysis of ChIP-Seq (MACS2) software. Data 

visualization and analysis were conducted using the Integrative Genomics Viewer 

(IGV) and additional bioinformatics tools as needed. 

2.20. Assay for Transposase-Accessible Chromatin Using 

Sequencing (ATAC-seq) 

To assess genome-wide chromatin accessibility, including at the *Foxp3* locus, 

ATAC-seq was performed on the sorted cell populations, following the protocol 

established by Buenrostro et al. (2013). 

2.20.1. Cell Lysis and Nuclei Preparation: 

Immediately after sorting, approximately 50,000 cells per sample were collected 

and washed twice with cold phosphate-buffered saline (PBS). Cells were lysed in 

50 µL of cold lysis buffer composed of: 
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- 10 mM Tris-HCl (pH 7.4) 

- 10 mM NaCl 

- 3 mM MgCl₂ 

- 0.1% IGEPAL CA-630 (Nonionic surfactant) 

The lysis was carried out on ice for 10 minutes to ensure efficient lysis without 

damaging nuclei. 

2.20.2. Transposition Reaction: 

Nuclei were pelleted by centrifugation at 500 × g for 10 minutes at 4°C using a 

refrigerated centrifuge. The supernatant was carefully removed, and the nuclear 

pellet was resuspended in the transposase reaction mix, which included: 

- 25 µL 2× TD buffer (Illumina Nextera DNA Library Prep Kit) 

- 2.5 µL Tn5 Transposase enzyme 

- 22.5 µL nuclease-free water 

The reaction mix (total volume of 50 µL) was incubated at 37°C for 30 minutes 

with gentle mixing to facilitate the integration of sequencing adapters into open 

chromatin regions. 
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2.20.3. Library Amplification: 

Following transposition, DNA was purified using a Qiagen MinElute PCR 

Purification Kit according to the manufacturer's protocol. The purified DNA was 

amplified using NEBNext High-Fidelity 2X PCR Master Mix (New England 

Biolabs) and custom Nextera PCR primers containing sample-specific barcodes.  

2.20.4. Library Purification and Quality Control: 

Post-amplification, libraries were purified using AMPure XP beads (Beckman 

Coulter) at a ratio of 1.8× to remove fragments smaller than 100 bp, which are 

typically primer dimers. Library quality and fragment size distribution were 

assessed using an Agilent Bioanalyzer or TapeStation. The concentration of the 

libraries was quantified using a Qubit fluorometer (Thermo Fisher Scientific). 

2.20.5. Sequencing and Data Analysis: 

Sequencing was performed on an Illumina NextSeq 500 or equivalent platform to 

generate paired-end reads (2 × 75 bp or 2 × 150 bp). Sequencing reads were 

trimmed to remove adapter sequences using Trimmomatic or Cutadapt and then 

aligned to the human reference genome (GRCh38/hg38) using Bowtie2 with 

parameters optimized for ATAC-seq data. 

Aligned reads were filtered to remove duplicates and mitochondrial DNA. Peaks 

representing regions of open chromatin were identified using MACS2 with the 

following parameters: `--nomodel --shift -100 --extsize 200 --keep-dup all`. Peaks 

were annotated relative to gene features using tools like HOMER or ChIPseeker. 
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Visualization of ATAC-seq peaks was performed using the Integrative Genomics 

Viewer (IGV) genome browser, allowing for qualitative assessment of chromatin 

accessibility at the *Foxp3* locus and other regions of interest. Quantitative 

analyses, such as differential accessibility between naïve Tconv and Treg cells, 

were conducted using DESeq2 or edgeR. 

2.21. Bisulfite sequencing 

The methylation CpG status was defined by bisulfite sequencing. After the 

sorting, cells were left overnight in lysis buffer (1ml 5M NaCl, 5ml 0.5M EDTA, 

2.5ml 10% SDS and 500 ul 1M Tris-HCl pH 8.0) and proteinase K. After lysing, 

DNA was extracted by phenol reaction and by ethanol precipitation. 

Approximately DNA was then treated with sodium bisulfite solution and the 

modified DNA was amplified by PCR (CNS2, intron3a, and exon 2). The primer 

used are listed in the table 3. Bisulfite PCR products were extracted from gel 

pieces, purified and ligated to a vector. E.coli DH5𝛼 colonies were then 

transformed. The colonies (10-16 colonies/region) were directly amplified with 

the Illustra TempliPhi Amplification Kit (GE Healthcare) and sequenced using 

3500xL Genetic Analyzer for Sanger sequencing.  

Alternatively, after bisulfite conversion, the DNA was amplified and analysed 

using digital PCR for absolute quantification of nucleic acids. VIC fluorescent-

tagged and FAM fluorescent-tagged TaqMan assay was used to quantify, 

respectively, the methylated and unmethylated FoxP3 TSDRs. The reaction 
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was dispensed in QuantStudio™ 3D Digital PCR 20K Chip v2 and amplified the 

QuantStudioTM 3D Digital PCR system.  

Primer name Sequence 

mFoxp3_CNS2 - Fwd ATT TGA ATT GGA TAT GGT TTG T 

mFoxp3_CNS2 - Rev AAC CTT AAA CCC CTC TAA CAT C 

mIkzf2_intron3a_Fwd AGG ATG GTT TTT ATT GAA GGT GAT 

mIkzf2_intron3a_Rev ATA CAC ACC AAA CAA ACA CTA CAC C 

mCtla4_exon2_Fwd  TGG TGT TGG TTA GTA GTT ATG GTG T  

mCtla4_exon2_Rev  

 

AAA TTC CAC CTT ACA AAA ATA CAA TC  

Table 3 Primer list 

2.22. Generation and testing of Stable and functioning 

induced regulatory T cells.  

CD4+ T cells were magnetically enriched from peripheral blood mononuclear 

cells (PBMCs) of PBC patients. CD4+T cells were activated by CD3+ activator 

beads without CD28 co-stimulatory signal, and cultured in presence of IL-2 and 

AS2863619 (CDK8/19 inhibitor) for 2 weeks. 

The functionality of SFiTreg was investigated by vitro suppression assays using 

CellTrace Violet dye-labelled effector T-cells, CD3 activator beads and IL-2. 
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The stability of SFiTreg was evaluated after culturing the cells in presence of 

Th1 polarising cytokines (IL-12 and IFN-gamma) by bisulfite sequencing of 

Helios, FoxP3 and CTLA4 genes and flow cytometry.  

2.23. Generation of antigen specific stable and 

functioning induced regulatory T cells  

PBMCs from PBC patients or controls were resuspended at concentration of  

1x106/mL and cultured in X-VIVO-15 (Lonza, BE02-054Q) enriched with 100U/ml 

penicillin and 0.2µg/ml streptomycin (Sigma-Merck; P4333) at concentration of 2 

x 106/ml  in presence of IL-4, GMC-SF and Ftl3-L in a 96-well plate for 24 hours. 

After taking off the supernatant, the cells were resuspended in X-VIVO-15 media 

in presence of LPS, IL-1Beta, R848 and with either PDC-E2 (at either 7, 10 or 14 

µg/ml), PepMix Human (MOG) (JPT) or CEFT pool (JPT) for another 24 hours. 

The cells were then fed with a media enriched with IL-2, IL-17 and IL-15 for 

another 7 days and a total of 9 days of culture. The cells were then separated in 

two aliquots, the first part was re-stimulated with peptide and 𝛼CD49a and 

𝛼CD28 antibodies for 4 hours and the second part prepared for staining and flow 

cytometry acquisition.  After the re-stimulation, the cells were assessed for 

cytokine production. Cytokine secretion was blocked by addition of Brefeldin A 

(5µg/ml, Sigma Aldrich) and Monesin (5µg/ml, Sigma Aldrich). The re-stimulation 

experiment included three positive controls: Phorbal Myristate Acetate (PMA) 

(25ng/ml, Sigma Aldrich) and ionomycin (1µM, Sigma Aldrich), CEFT pool, or 
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TransActTM (Myltenibiotech) and two negative controls, the vehicle alone or 

MOG.   

2.24. Statistics 

For all experiments where the frequency of internalised T cells were measured, 

results were expressed as a fold-change from control parameters by dividing 

individual measures by control means for each individual experiment. Graphs 

were made and statistical tests were performed using Graphpad Prism 9.0 

software. Data underwent tests for normal distribution prior to the use of 

parametric comparisons. The comparison of two groups of normally distributed 

data was performed by Student’s t tests, unpaired non-parametric data by Mann-

Whitney test or for paired, non-parametric data by Wilcoxon test. Correlation was 

determined using linear regression analysis. Statistical significance was defined 

as p value < 0.05. Error bars were plotted on graphs representing standard error 

of the mean (SEM). 
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3. Results 

3.1. Biliary epithelial cells invaded by T CD8 cells: a cell-

in-cell structure. 

N.B. the content presented in this chapter are part of a paper recently 

published(317) . 

3.1.1. Introduction 

The onset of an aberrant and unresolved immune response is the 

pathophysiological ground of autoimmunity. The liver, despite not being a 

traditional barrier organ (like the skin or the gut) is exposed to continuous 

antigenic exposure, and despite possessing an immune response skewed 

towards tolerance at homeostasis, remains vulnerable to vulnerable to the 

development of autoimmune processes (55, 319, 320).  

Studies in murine models have shown how the ultimate drivers of damage to the 

biliary epithelium in PBC are CD8+ T lymphocytes(143, 223, 239, 321). However, 

to date, the exact mechanism of the CD8+ T cell crosstalk with the biliary 

epithelium remains elusive. This particular interaction is at the basis of PBC 

pathogenesis, and a deeper understanding of it, it might shade the light on the 

tolerance breakdown (i.e. the disease onset) and the mechanism of damage (i.e. 

the disease progression). Recent observations suggest that CD8+ T cells are 

also present within the cytoplasm of BEC in liver tissues from patients with 
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PBC(316). The presence of internalised CD8+ T cells correlated with bile duct 

damage, although the mechanism of internalisation was not investigated.  

The aim of this first chapter is to confirm Zhao and colleagues data(316), and 

better characterise what I believe is an intriguing and overlooked cell-to-cell 

interaction, potentially relevant in the pathogenesis of PBC. The CICs presence 

and feature will be assessed on PBC liver explant tissue and then modelled and 

replicated in-vitro using a platform developed with this exact purpose.  

The experiments presented in the chapter 3 and chapter 4 were done in 

collaboration with Dr Scott Davies who shared with me the ownership of the data 

and was co-leading author with me on our recent published paper(317). 

3.1.2. Live CD8+ T cells are internalised into biliary epithelial cells in vivo 

and in vitro whereas CD4+ T cells are not.  

To confirm the observations of CD8+ T cell internalisation into BEC made by Zhao 

and colleagues(316), multiplex immunohistochemistry (IHC) staining of formalin-

fixed paraffin-embedded (FFPE) tissue sections of liver tissue derived from PBC 

patients was performed (Fig. 3.1). The presence of CD3+ CD8+ T cells frequently 

contained within the cytoplasmic spaces of cytokeratin-19 (CK19)-expressing 

BEC was confirmed using fluorescence microscopy.  
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Merg 20 DAP CD

Figure 3. 1 CD8+ T cells are internalised into biliary epithelial cells in PBC liver in late disease 
stages. Immunohistochemistry (IHC) staining of liver tissue from a PBC patient. Red arrows indicate 
CD3+ (yellow) CD8+ (magenta) T cells invading cytokeratin-19+ (CK19; grey) biliary epithelial cells 
(BEC). Right panel shows magnified view of area outlined by yellow box in left panel and further 
magnified image of CD8+ T cell (blue arrow) surrounded by CK19 staining (magenta box).
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The invasion of BECs by CD8+ T cell was assessed also in liver biopsies, to 

confirm the phenomena was also relevant for early disease. IHC staining for liver 

biopsies from patients with active PBC was performed (n=9; Fig. 3.2). Internalised 

CD8+ T cells were found within CK19+ EpCAM+ BEC in all biopsies analysed. 
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Figure 3. 2 CD8+ T cells are internalised into biliary epithelial cells in PBC livers in early disease 
stages. Representative fluorescence image of liver core biopsy, taken from a PBC patient with active 
disease, stained for CD8 (magenta), CD103 (green) and CK19 (orange) by immunohistochemistry 
(IHC). Yellow box identifies cluster of bile ducts. B. Multichannel representation of orthographical views 
showing bile duct outlined in part A (red box) showing internalised CD8+ T cell (white arrow). C. 
Magnified single Z-plane image of inset shown in B (green box) 
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To assess if this interaction could be replicated in vitro in absence of disease-

specific stimuli, we performed co-cultures using primary human cells from non-

PBC patients. Peripheral blood derived CD8+ T cells, obtained from patients who 

have chronic iron overload (Haemochromatosis or HFE) undergoing venesection, 

were co-cultured for 4 h with primary human BEC, isolated from non-cirrhotic 

donor livers or explanted livers from patients with chronic liver disease.  Both cell 

types were labelled with fluorescent CellTracker™ dyes prior to co-culture and 

CK19 using immunocytochemistry (ICC) confirmed the identity of the BEC. 

Fluorescence confocal microscopy confirmed the presence of T cells within 

cytoplasmic spaces of the BEC (Fig. 3.3); displacement of BEC cytoplasm was 

concurrent with the presence of labelled T cells and Z-stack acquisition proved 

the complete enclosure of T cells within the BEC. 

 

  
Figure 3. 3 The internalisation of activated CD8+ T cells can be replicated in vitro. Orthographical 
confocal micrograph showing peripheral blood-derived CD8+ T cells (CellTracker™ Red; CTR, cyan) 
co-cultured with BEC (CellTracker™ Green; CTG, yellow) stained for CK19 (magenta) using 
immunocytochemistry (ICC). Blue arrows show CD8+ T cells attached to the surface of the BEC. White 
arrows show flatter internalised CD8+ T cells. 
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Transmission electron microscopy (TEM) imaging of co-cultured BEC and CD8+ T cells 

further confirmed the complete internalisation of CD8+ T cells within BEC (Fig. 3.4).  

 

The CICS, historically, described in the liver are defined according to the cells 

involved, the duration of the internalisation and the fate of the internalised cell. 

Transendothelial migration, involves transient occupation of T cells within the 

cytoplasm of the endothelial cells, with the purpose to migrate through them(322). 

Suicidal emperipolesis, instead, refers to autoreactive CD8+ lymphocytes 

internalised by the hepatocytes, resulting in their deletion(262, 313).  

To define the duration, and the fate of the internalised, lymphocytes, time-lapse 

fluorescence microscopy was performed during the CD8+ T cell-BEC co-culture 

(Fig. 3.5).  

5 µm 

 

Figure 3. 4 Live and activated CD8+ T cells are internalised into biliary epithelial cells (BEC) in 
human livers. Transmission electron microscopy (TEM) image showing a CD8+ T cell fully internalised 
within a BEC. 
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To investigate whether CD4+ T cells were also capable of entering BEC, IHC staining of 

PBC liver tissue sections for CD4, CD8 and CK19 was performed (Fig. 3.6). While CD8+ 

T cells were found enclosed within the CK19+ BEC, CD4+ T cells were instead mostly 

observed to be adhering to the outer surfaces of the epithelium, but not internalised.  

  

Figure 3. 5 CD8+ T cells can be internalised into BEC within 20 min of attachment and remain 
internalised over a longer time. A Representative time-lapse images captured at 4 min intervals 
showing co-cultured biliary epithelial cells (CellTracker™ Green; yellow) and peripheral blood-derived 
CD8+ T cells (CellTracker™ Red; cyan) 1 h after initial co-culture. T cells were activated with α-
CD3/CD28 stimulation and cultured for 48 h prior to their co-culture with BEC. Red arrow shows a CD8+ 
T cell being internalised throughout the time course. B Same internalised CD8+ T cell (red arrow) after 
180 min of co-culture. Phase Gradient (grey) microscopy images were acquired simultaneously. 
 

Figure 3. 6 CD8+ T cells are enclosed within BECs but not CD4+ T cells in PBC livers. IHC 
staining of PBC liver showing CD4+ T cells (yellow; yellow arrow), and a CD8+ T cell 
(magenta, white arrow) associated with the CK19+ BEC (grey). Right panel shows magnified 
view of area outlined by orange box in left panel. B. 3D-volume rendered version of Z-stack 
acquired from same region as A. White arrow identifies internalised CD8+ T cell. Yellow 
arrows indicate adhered and infiltrating CD4+ T cells. 

A 

B 
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Additionally, co-cultures between donor- matched CD4+ and CD8+ T cells with BEC 

were performed quantifying the frequency of internalisation (Fig. 3.7). Internalisations of 

either cell type did not occur in the absence of αCD3/CD28 stimulation. Activated CD4+ 

T cells demonstrated some capacity to internalise into BEC. However, the frequency of 

activated CD8+ T cell internalisation was significantly more than that of CD4+ T cells. 

Taken together, T cell internalisation within BEC is most frequent with those expressing 

CD8 in PBC liver tissue; this was an observation that could be reproduced in vitro.  

 

 

 

 
 

 

  

Figure 3. 7 Quantification of internalisation of CD4+vs CD8+T cells within the BECs. A. 
Representative images of BEC (yellow) co-cultured with α-CD3/CD28-activated CD4+ or CD8+ T 
cells (cyan). B. Quantification of internalised non-activated (black bars) or activated (blue bars) T 
cells per 100 BEC. Mean values from triplicate technical repeats are plotted. n=3 biologically 
independent experiments. Statistics were derived from paired two-tailed Student’s t-tests. Error 
bars represent standard error of the mean (SEM).  
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3.1.3. CD8+ T cells are larger, more eccentric, and more frequently 

internalised within BEC after activation in vitro. 

A morphological peculiarity of CD8+ T cells found within BEC of PBC liver tissues in the 

first ICH experiment was that they possessed a dendritic-like appearance and were 

significantly larger than those in the surrounding structures (Fig. 3.1, fig 3.6 and fig 3.8).  

 

 

Figure 3. 8 CD8+ T cells are bigger and with irregular shape in PBC livers.   
Immunohistochemistry staining of a liver tissue section from a patient with primary biliary 
cholangitis (PBC), showing larger, irregularly shaped CD8+ T cells (yellow) invading the biliary 
epithelial cells (BEC). Right panels show 3D-reconstructed versions (top) and 3D-volume renders 
(bottom) of Z-stack images acquired for inset in left panel (red box) showing eccentric CD8+ T 
cells surrounded by cytokeratin-19 (CK19; magenta). Further magnified images of CD8+ T 
cells are also shown (far right; yellow boxes). 
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T cells can become enlarged because of mTOR signalling following T cell receptor 

(TCR)-mediated activation(323, 324), and it is possible that the chronic stimulation in the 

chronically inflamed PBC livers could have triggered a chronic activation state. However, 

similar results could not have been replicated in the in-vitro model, after 24-hour of 

activation (Fig. 3.2, 3.7). I hypothesised the reason a similar T cell morphology was not 

observed in vitro was that 24-hour activation was not sufficient to induce similar 

morphological changes in CD8+ T cells. To address this, I compared the sizes of non-

activated human CD8+ T cells to those of donor-matched cells 24 h and 48 h post-

activation using flow cytometry. Forward scatter analysis of singlet-gated CD8+ T cells 

revealed a substantial increase in cell size between 24 and 48 h following α-CD3/CD28 

activation (Fig. 3.9). 

  

Figure 3. 9 48-hours of activation triggered the change in T-cells shape and size. A. 
Representative flow cytometry gating strategy for phenotyping peripheral blood-derived 1317 live, 
CD3+ CD4+ and CD8+ T cells. B. Representative flow cytometry contour plots of side and 1318 
forward scatter areas (SSC-A/FSC-A), showing the difference in granularity and size, 1319 
respectively, of CD8+ T cells. Cells were phenotyped in the absence of activation stimuli 1320 (black) 
or following 24 h (red) or 48 h (cyan) after α-CD3/CD28-mediated activation. 
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To determine if CD8+ T cell internalisation into BEC was increased by using T cells 

previously activated for 48 h, 4 h co-culture experiments were repeated, comparing 48 h 

activated cells to 24 h activated cells. As previously observed, activation with α-

CD3/CD28 stimulation was required to promote CD8+ T cell internalisation into BEC. 

However, CD8+ T cells which had undergone 48 h activation displayed a significantly 

higher propensity to internalise into BEC. (Fig. 3.10).  
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Figure 3. 10 48-hour activation increase the number of internalised CD8+ T cells compared with 24-
hour activation. A  Representative images of BEC (CellTracker™ Green; yellow) co-cultured with 24 h 
or 48 h-1322 activated CD8+ T cells (CellTracker™ Red; cyan). Cells were labelled with wheat germ 1323 
agglutinin conjugated to Alexa Fluor 680 (WGA680, grey) after co-culture. B Quantification of number per 
100 BEC of internalised CD8+ T cells in either non-activated, 24 h activated, or 48 h activated prior to co-
culture. Nine fields of view were analysed from triplicate wells. Mean values/technical repeat are plotted. 
Values are normalised and displayed as a fold change from non-activated cells. n=5 biologically 
independent experiments. Statistics are derived from unpaired two-tailed Student’s t-tests. p values are 
displayed for each statistical comparison made.  
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Additionally, the size and eccentricity (lack of roundness) of internalised cells was 

quantified using CellProfiler (Fig. 3.11). The size of internalised cells was consistent 

regardless of activation status (Fig. 3.11A). Internalised cells were, however, more 

eccentric 48 h post-activation compared to 24 h activation, and non-activated cells (Fig. 

3.11B).  
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Figure 3. 11  48-hour activation increase the size and eccentricity of internalised CD8+ T 
cells compared with 24-hour activation.  Quantification of size (A) and eccentricity (B) per 100 
BEC of internalised CD8+ T cells in either non-activated, 24 h activated, or 48 h activated prior to 
co-culture. Nine fields of view were analysed from triplicate wells. Mean values/technical repeat 
are plotted. Values are normalised and displayed as a fold change from non-activated cells. n=5 
biologically independent experiments. Statistics are derived from unpaired two-tailed Student’s t-
tests. p values are displayed for each statistical comparison made.  
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3.1.4. CD8+ T cells internalisation required actin cytoskeleton 

rearrangements to form discreet junctions with biliary epithelial cells 

and invade them. 

The molecular mechanisms and cell-cell dynamics of the internalization process was 

assessed by electron microscopy imaging of 48 h activated CD8+ T cell interactions with 

BEC. I have then investigated the organisation of their actin cytoskeletons in the same 

model using phalloidin labelling. TEM revealed that these CD8+ T cells formed multiple 

discrete pseudopod-like connections with BEC at initial stages of contact (Fig. 3.12A). 

Airyscan confocal microscopy imaging of fluorescent dye and phalloidin-labelled CD8+ 

T cells demonstrated that these contacts were enriched with filopodia and that the actin 

cytoskeleton polarity of these CD8+ T cells was directed towards the BEC (Fig. 3.12A).  

  



 108 

 

 

  

 

 

 

 

 

 

 

 

 

 

Scanning electron microscopy (SEM) was used to further identify cellular interactions 

between BEC and T cells (Fig. 3.13). The same pseudopodia formation and discrete cell-

cell contacts between BEC and CD8+ T cells were observed at locations where CD8+ T 

cells had adhered. Furthermore CD8+ T cells formed a higher number of discrete 

connections, and these T cells appeared to spread out across of the surface of the BEC.  

5 µm 

DAPI CD8+ T cell BEC Actin 

Figure 3. 12 Activated CD8 Activated CD8+ T cells undergo morphological changes and 
actin cytoskeleton rearrangements. A.Transmission election microscopy (TEM) micrograph 
showing a CD8+ T cell 1339 contacting the surface of a BEC. Right panel shows magnified 
image corresponding to the 1340 inset (blue box) showing pseudopodia-like elongated 
contacts made between the CD8+ T cell 1341 surface and BEC membrane (blue arrows). B. 
Airyscan confocal image of phalloidin-labelled 1342 (grey) co-cultured cells showing CD8+ T 
cell (CellTracker™ Red; magenta) polarising towards 1343 a BEC (CellTracker™ Green; 
yellow) and forming actin-rich filopodia at the BEC surface 
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Figure 3. 13 Dynamics of CD8+ T cells interaction with BECs. A. Scanning electron microscopy (SEM) 
image showing CD8+ T cells on the BEC surface. Insets demonstrate T cell polarisation (i) and initial 
pseudopodia-like contacts (ii) between the cells. B. SEM image showing CD8+ T cells beginning to flatten 
out whilst formed multiple discrete contacts with BEC. C. SEM image showing two CD8+ T cells; one 
internalised into the BEC (white arrow) and the second one in contact with the surface. D. Scanning electron 
microscopy (SEM) image showing polarised CD8+ T cell partially internalised into BEC. Inset (yellow box) 
shows the CD8+ T cell breaching the surface of the BEC. 
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In some cases, CD8+ T cells appeared to polarise and breach the BEC membrane prior 

to their entry (3.13D). Additionally, some of the BECs had large bumps under their 

surface which resembled fully internalised T cells (3.13C).  

To assess the necessity of T cell actin remodelling for the invasion of BEC, I used the 

co-culture HCA platform to test the effect of small molecular inhibitors which limit actin 

remodelling and other CICS formation processes (Fig. 3.14). Prior to co-culture with BEC, 

CD8+ T cells were pre-treated with wortmannin, H-1152 or cytochalasin D for 30 min. 

Wortmannin is a broad phosphatidylinositol 3-kinases (PI3K) inhibitor which was 

reported to disrupt suicidal emperipolesis(262). H-1152 is a highly-specific inhibitor of 

Rho Kinase (ROCK1; Ki = 1.6 nM) and has been reported to inhibit entosis(246).  

Cytochalasin D is a potent inhibitor of total actin remodelling which we reported to 

effectively inhibit enclysis(313). Pre-treatment concentrations were maintained 

throughout the 4 h co-culture period. Both wortmannin and cytochalasin D treatment of 

CD8+ T cells significantly reduced the frequency of their internalisation into BEC, 

whereas H-1152 did not produce the same result consistently (Fig. 3.14).  
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Figure 3. 14 Wortmannin and cytochalasin D treatment of CD8+ T cells significantly reduced 
the frequency of their internalisation into BEC. Representative images of co-cultured biliary 
epithelial cells (CellTracker Green™; cyan) and 48 h-activated CD8+ T cells (CellTracker Red™; 
cyan), comparing the frequency of internalisation of T cells into BEC following 30 min pre-treatment 
with 5 µM Wortmannin (broad Phosphoinositide 3-kinase inhibitor). Cells were co-cultured for 4 h and 
then labelled with wheat germ agglutinin conjugated with AlexaFluor 680 (WGA680, grey). G. 
Quantification of internalised 48 h-activated CD8+ T cells per 100 BEC in which T cells were pre-
treated with 1 μM Wortmannin, 5 nM H-1152 (ROCK1 inhibitor), or 5 μM cytochalasin D (actin 
remodelling inhibitor) prior to co-culture. Nine fields of view were analysed from triplicate wells.  Mean 
values of no. of internalised T cells/100 BEC/technical repeat are plotted. Values are normalised and 
displayed as a fold change from vehicle-treated cells. 
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3.1.5. Discussion  

The data presented in this chapter build on the hypothesis that CD8+ T cells are indeed 

central in PBC pathogenesis. These experiments demonstrated that more eccentric 

CD8+ T cells could be found within BEC in PBC liver tissue in vivo and that this could be 

replicated in vitro from non-PBC blood 48 h after α-CD3/CD28 activation. The 

lymphocyte activation was concurrent with an overall enlargement of these cells prior to 

co-culture and a higher propensity for internalisation into BEC. In fact, these data 

demonstrate that CD8+ T cells are actively involved in their internalisation into BEC 

through dynamic cytoskeletal rearrangements, and inhibition of actin-remodelling 

reduces their entry.  

The CIC events were observed in both early and late PBC stages; therefore, it is likely 

that CD8+ T internalisation is directly linked to its pathogenesis. 

The entry mechanism of CD8+ T cells into BEC observed, was different to other 

described CICS of the liver, based on differences in phenotype and protein-protein 

interactions. Our lab recently reported the process of enclysis; the specific capture of 

CD4+ T cells by hepatocytes which frequently resulted in the deletion of regulatory T 

cells(313). In contrast to enclysis, where hepatocytes undergo membrane alterations and 

form ruffles to assist the engulfment of CD4+ T cells, minimal rearrangements were seen 

on BEC which possessed adhered or internalised CD8+ T cells. Additionally, CD4+ T 

cells were rarely observed to invade BEC after TCR-mediated activation. CD8+ T cell 

invasion into BEC did share mechanistic similarities with “suicidal emperipolesis”; both 

processes were sensitive to PI3K inhibition and detailed events of active invasion by 

CD8+ T cells into other cells(262). To corroborate the similarity Wortmannin, reported to 

disrupt suicidal emperipolesis(262), significantly reduced the frequency of the 

internalisation. However, unlike suicidal emperipolesis, in our model the T cell 
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internalisation were rarely associated with autoreactivity and the T cells were not deleted 

as consequence of the internalisation.  

In the CICs herein described, the internalised cells were larger and more eccentric 

compared with the non-internalised cells. Therefore, these cells possess a wider surface 

area for forming cell-to-cell contacts and better capacity for cytoskeletal rearrangements. 

As such, they would be able to form more points of contact with BEC, as identified by 

SEM and phalloidin staining.  

It should be noted that ROCK1 inhibition did not consistently reduce internalisation. 

Therefore, it is likely that other mechanisms may exist which permit CD8+ T cell entry 

into BEC which are dependent on PI3K signalling and actin remodelling but do not 

require ROCK1 activity.   

The purpose and “immunological motivations" of CD8+ T cells internalisation into BEC 

remain unclear. It is unlikely that this CD8+ T cell subset has evolved specifically for 

intentionally killing invaded cells from the inside; BEC that were possessing T cells did 

not display any morphological changes associated with cell death when analysing high-

content assays and viewing the cells ultrastructure with SEM. However, Zhao and 

colleagues reported that the frequency of CD8+ T cells found within BEC was correlated 

with increased apoptosis of BEC in patients with PBC(316). How BEC become apoptotic 

following this internalisation is still uncertain and further investigations into how 

internalised CD8+ T cells disrupt BEC intracellular processes would provide insight into 

whether this process contributes directly to BEC cytotoxicity associated with PBC.  
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3.2. The expression of E-cadherin is instrumental for 

biliary epithelial cells invasion and is expressed by T CD8 

cells 

N.B. the content presented in this chapter are part of a paper recently 

published(317). 

3.2.1. Introduction 

The presence of tissue resident cells is enriched in the liver. Among them, the 

tissue-resident memory CD8+ T cells are a special subset, which populate non-

lymphoid organ and represent one of the first line of defence in these organs, 

being highly activated by antigen rechallenge(325). Huang and colleagues 

recently reported human data showing that cytotoxic CD8+ T cells population in 

PBC liver tissue was autoreactive and possessed a CD103+ tissue resident 

phenotype(238). Zhu and colleagues used single-cell RNA sequencing to further 

characterise Il12b-/-Il2ra-/- mice as model of autoimmune cholangitis. They 

identified a population of T CD8+ Trms highly cytotoxic and capable to induce 

apoptosis of BECs. They proved also that this cell subset express high level of 

PD-1. They took advantage of this to create a chimeric antigen receptor to target 

PD-1 expressing CD8+ Trm cells. This approach selectively depleted liver Trms 

and alleviated liver inflammation in the model.  This line of evidence further 

demonstrates the crucial role of Trms subset in the genesis of the biliary damage 

in PBC. However, to date, the exact mechanism of the CD8+ T cell crosstalk with 

the biliary epithelium remains elusive and so it does the mechanism of damage. 
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In this chapter I will describe a subset of liver resident memory T cells expressing 

e-cadherin. The expression of such adhesion marker, more typical of epithelial 

cells, will be shown as key factor for the internalisation of lymphocyte within the 

cytoplasm of BECs. The frequency of this internalisation event was found to be 

notably enriched in PBC liver tissue compared to that of non-cirrhotic donor livers 

and those from patients with other chronic liver diseases. 

3.2.2. Internalised CD8+ T cells observed within biliary epithelial cells in 

vivo are CD69+CD103+, and are enriched in patients with Primary 

Biliary Cholangitis. 

Having identified that CD8+ T cells undergo cytoskeletal and morphological 

rearrangements when internalising into BEC, I hypothesised that they would 

express specific surface proteins that would facilitate this process. I further 

postulated that the frequency of CD8+ T cells expressing such proteins would be 

highest after 48 h activation due to the higher frequency of internalisation 

observed with these cells. I phenotyped and compared matched HFE-derived 

peripheral blood CD8+ T cells and CD4+ T cells using flow cytometry at 24 h and 

48 h post-activation (Fig. 4.1). I specifically interrogated the expression of 

lymphocyte adhesion molecules, residency markers, and chemokine receptors 

associated with migration to the liver and localisation around biliary epithelium 

(223, 326, 327) (figure 4.1 panel A and B). The percentage of 24 h activated 

CD8+ cells expressing chemokine receptors, CXCR3 and CXCR6 were higher 

compared to patient-matched activated CD4+ T cell. Both CD8+ and CD4+ T 

cells displayed similar expression levels of adhesion molecules CD49a and 

chemokine receptor, CCR6.  
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Figure 4.1 Peripheral blood derived CD8+ and CD4+ T cells express biliary epithelium 
homing chemokine receptors. Peripheral blood derived CD8+ and CD4+ T cells were 
phenotyped using flow cytometry specifically for the expression of receptors associated with 
recruitment, residency markers, and cytolytic enzymes. A. Representative contour plots (dark red) 
for CCR6 (n=8), CXCR3 (n=8), CXCR6 (n=8), and CD49a (n=5) expression by 24 h activated 
CD8+ T cells. Black contours show isotype match control plots for each individual marker of 
interest. B. Percentage of CD4+ and CD8+ T cells expressing each cell surface marker shown in A 
24 h post activation with α-CD3/CD28 stimulation. Values for individual patient samples are plotted. 
p values were generated using two-tailed Wilcoxon Signed-Rank tests. 
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CD69 expression was also observed on both 24 and 48 h activated CD8+ T cells 

and CD4+ T cells, as expected. However, upregulation of the tissue resident 

memory (Trm) and intraepithelial lymphocytes (IEL) marker, CD103, was 

significantly higher in CD8+ T cells 48 hr post-activation compared to matched 

CD4+ T cells (Fig. 4.2 panel A-C). 

Both CD69 and CD103 are markers of intraepithelial lymphocytes(328-330). 

CD8+ T cells also displayed more frequent expression of Granzyme B, compared 

to non-activated CD8+ T cells (Fig 4.2 panel D). 
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Figure 4.2 Assessment of CD69 and CD103 expression by peripheral blood-derived CD8+ T cells 
via flow cytometry. Cells were phenotyped in the absence of activation stimuli (black) or following 24 h 
(red) or 48 h (cyan) after α-CD3/CD28 activation. Panel A: representative contour plots showing CD69 
and CD103 expression by non-activated, 24 h-activated, 48 h-activated CD8+ and CD4+T cells. Panel 
B: Percentage of CD8+ T cells expressing CD103. n = 14 independent patient samples. Panel C: 
Comparison of the percentage of CD69+ CD103+ cells between CD4+ and CD8+ T cells 48 h post α-
CD3/CD28 stimulation (n=15). Panel D: comparison of percentage Granzyme B expression by CD8+ T 
cells between non-activated cells and 48 hr post α-CD3/CD28 stimulation (n=14).  
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Multiplex IHC staining of PBC liver tissues confirmed that CD8+ T cells found 

within BEC also expressed both CD69 and CD103 (Fig. 4.3).  

 

 

 

DBAPI CD8 E-

20 μm 

CD69 CD103 Merge 

Figure 4.3 Immunohistochemistry (IHC) staining of a liver tissue section from a 
patient with primary biliary cholangitis (PBC) showing CD69+

 (green), CD103+
 

(magenta) CD8+
 (grey) T cell (white arrow) internalised within E-cadherin+

 (orange) 
biliary epithelial cells (BEC) which forma bile duct. Right panel shows magnified images 
of left panel inset (yellow box) 



 120 

To confirm complete internalisation of these cells, 50 μm-thick tissue sections 

(compared to the typical 3-4 μm thickness) of PBC liver were stained by IHC 

(Fig. 4.4) as previously described (313).  

  

A B 

C D 

Figure 4.4 CD103+ CD8+ T cells are internalised within CK19+ BEC in human PBC livers. A. 
Immunohistochemistry (IHC) staining of a 50 μm-thick primary biliary cholangitis (PBC) liver tissue 
section showing cytokeratin-19+ (CK19; magenta) bile ducts associated with CD103+ (grey) CD8+ 
(yellow) T cells. Top panel shows reconstructed Z-stack as viewed from above. Bottom panel 
shows angled view of inset from top panel (white dotted box). B. Orthographical, multichannel 
representations of A bottom panel inset (white box) demonstrating CD103+ CD8+ T cell with CK19 
staining of biliary epithelial cells (BEC) localised around it. C. 3D-volume rendered representation 
of merged images shown in B. D. Cross-sectional view of panel C representing the area highlight 
by the dotted line. Nuclear staining using DAPI is shown in cyan. 
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Z-stack confocal microscopy of this thick-cut section confirmed the presence of 

a CD103+ CD8+ T cell enclosed within BEC expressing CK19 and the ligand of 

CD103, E-cadherin(331) (Fig 4.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The next step has been to perform IHC-based semi-quantitative analysis of FFPE 

liver tissue sections from explanted diseased livers from patients with PBC, 

autoimmune hepatitis (AIH), and alcoholic liver disease (ArLD), as well as non-

cirrhotic donor livers (N=6 each; Fig. 4.6 C; Supplementary Data 5B-C). 

A B 

Figure 4.5 CD8+ T cells internalised by BEC express CD103. A. Immunohistochemistry (IHC) 
staining of a 50 μm-thick primary biliary cholangitis (PBC) liver tissue section showing a CD103+ 
(magenta) CD8+ (green) T cells adhered to E-cadherin+ (grey) cytokeratin-19+ (CK19; orange) 
biliary epithelial cells (BEC) which form the bile ducts. Top right panel shows 3D-volume rendered 
version of the left image. Bottom panel shows magnified image from of the top-right panel (white 
dotted box) demonstrating CD103+ CD8+ T cell, surrounded by E-cadherin and CK19 (white 
arrow). DAPI (cyan) was not rendered to enhance the visualisation of the internalised T cell. B. 
Orthographical, multichannel representations of magnified image of the part A bottom panel, 
showing the localisation of the CD103+ CD8+ T cell. 
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Figure 4.6 Internalised CD8+ T cells are enriched for CD103 but not for KRLG1. Panel A: semi-
quantification of IHC-stained liver tissues for the presence of CD103+ CD8+ and KLRG1+ CD8+ T 
cells in specific locations within liver tissues from non-cirrhotic donors and patients with PBC, ArLD 
or AIH. n = 6 independent patient samples per disease condition. Bars represent the percentage of 
tissues analysed displaying a minimum of three CD103+ CD8+ or KLRG1+ CD8+ T cells in the 
location stated in the graph titles. Panel B: example confocal micrographs of liver parenchyma from 
non-cirrhotic donor liver livers stained by IHC for CD8 and either CD103 (top panel; yellow) or 
KLRG1 (bottom panel; yellow). Panel C: location-matched representative images of serial liver 
tissue sections from a patient with ArLD stained for E-cadherin (orange), CD8 (magenta) and either 
CD103 or KLRG1 (yellow). Right panels show multichannel representations of left panel insets 
(purple dotted boxes). Arrows in upper panel show a CD103+ CD8+ T cell adhered to the surface 
of E-cadherin+ BEC. Bottom panel shows that the same cells do not express KLRG1 (bottom right 
panel). 
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The presence of CD8+ T cells in the parenchyma or sinusoids, at portal regions 

(within of 50 μm of portal triads), at bile ducts (within 10 μm) or within BEC 

(internalised) was quantified. Simultaneously, CD8+ T cells expressing CD103 

were compared to Killer cell lectin-like receptor subfamily G member 1 (KLRG1), 

as both molecules are binding partners of E-cadherin but elicit opposite effects 

on T cell activity following their engagement, and are associated with different T 

subtypes with contrasting origins (resident vs blood derived); engagement of 

CD103 stimulates T cell activity and is associated with tissue resident cells, 

whereas KLRG1 is a co-inhibitory molecule and is typically expressed by 

circulating T cells (332-334). KLRG1+ CD8+ T cells were recently reported to be 

enriched within portal regions in patients with PBC(334). I too found that KLRG1+ 

CD8+ T cells were more frequently observed in portal regions compared to other 

diseased livers. These cells were also found in the parenchyma and portal 

regions of 100% of donor livers, but rarely observed within proximity of bile ducts 

across all conditions and were not found within the BEC. In contrast, CD103+ 

CD8+ T cells were observed in portal regions across all conditions and in the 

parenchyma or sinusoids in donor, AIH and ArLD livers, but not in PBC. These 

cells were also found in proximity to bile ducts in all PBC and ArLD cases (Fig 

4.6 Panel B), as well as a smaller proportion of donor and AIH patients. However, 

despite being localised at bile ducts. internalised CD103+ CD8+ T cells were 

rarely internalised within BEC in donor and ArLD patients. By contrast, every PBC 

patient analysed possessed CD103+ CD8+ T cells contained with BEC. These 

observations demonstrated that the ability to invade BEC is restricted to CD103+ 
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CD8+ T cells and, although not exclusive, was a constant histological feature of 

PBC.  

As internalised CD8+ T cells within BEC consistently expressed CD103, we 

postulated that CD103 expression on CD8+ T cells and likely the interaction with 

E-cadherin expressed by BEC would be integral to the process of internalisation. 

Co-cultures were performed between BEC, and 48 h activated CD8+ T cells in 

the presence of αhCD103 antibodies (Figure 4.7).  

 

 

 

 

 

 

However, no effect was observed on CD8+ T cell internalisation following CD103 

blockade. Taken together, CD8+ T cells expressing CD103 are the population 

capable of invading BEC regardless of disease setting, although CD103 binding 

is not a mechanistic requirement for CD8+ T cell internalisation.  

 

 

Figure 4.7 Blocking CD103 does not have any effect on the the number of internalised cells. 
Quantification of internalised 48 h activated CD8+ T cells per 100 BEC following 4 h co-culture. T 
cells were pretreated with α-CD103 antibody or an isotype-matched control (IMC). Nine fields of view 
were analysed from triplicate wells. Mean numbers of internalised CD8+ T cells/100 BEC/technical 
repeat are plotted. Values are normalised and displayed as a fold change from IMC-treated cells. n 
= 1 biologically independent experiment.  
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3.2.3. The expression patterns of E-cadherin by activated T cells is 

consistent with the characteristics of their internalisation into biliary 

epithelial cells.  

To understand why CD8+ T cell internalisation into BEC appeared not to require 

CD103 expression, we performed ICC staining of co-cultured BEC and 48h-stimulated 

CD8+ T cells for E-cadherin, the ligand of CD103. Surprisingly, E-cadherin appeared to 

be more associated with invading CD8+ T cells than the infiltrated BEC (Fig. 4.8).  

 

 

 

 

 

 

 

 

To rule out the possibility that T cells were scavenging soluble E-cadherin released 

from the BEC, we phenotyped peripheral blood-derived CD8+ T cells, which been 

activated for different lengths of time, using flow cytometry (Fig. 4.9).  

  

Hoechst 
10 μm 

E-cadherin 

Coloc. 

CD8 Merge 

Figure 4.8 E-cadherin expression is associated with CD8+T cells. Airyscan super resolution 
confocal micrographs of 4 h co-cultured BEC and 48 h activated CD8+T cells, stained by 
immunocytochemistry (ICC) for CD8 (yellow) and E-cadherin (magenta). Middle panels show 
3D-volume rendered versions of left panel that were acquired using Z-stack microscopy. Right 
panels show zoomed images of 3D reconstructed Z-stacks from left panel. Bottom section of 
right panels shows colocalised CD8 and E-cadherin signal (grey). 
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Figure 4.9 The expression patterns of E-cadherin by activated T cells are consistent with the 
characteristics of their internalisation into BEC. Panel A: representative graphs (contour plot and 
histogram) of surface E-cadherin staining of CD8+ T cells 48 h following α-CD3/CD28 stimulation, as 
assessed by flow cytometry. Panel B-E: flow cytometry phenotyping of PBMCs isolated from patients 
undergoing venesection treatment for haemochromatosis (HFE). Cells were phenotyped either when 
non-activated or 24 h (magenta data points) or 48 h (cyan data points) after α-CD3/CD28 activation. 
Panel B: percentage of E-cadherin+

 CD8+ T cells comparing non-activated and 48 h-activated CD4+ and 
CD8+ T cells. Error bars present median and interquartile range. n = 14 biologically independent patient 
samples. Panel C: percentage of E-cadherin+ CD8+ cells without activation and either 24 h or 48 h post-
activation. Error bars present median and interquartile range. n = 14 biologically independent patient 
samples. Panel D: representative flowcytometry contour plots comparing E-cadherin and CD69 
expression patterns in CD8+ T cells in the absence of activation (black) or following 24 h (red) or 48 h 
(cyan) activation with α- CD3/CD28. Panel E: Percentage of CD8+

 T cells expressing E-cadherin, CD69, 
and CD103 assessed via flow cytometry. Error bars present median and interquartile range. n = 14 
biologically independent patient samples. 
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CD8+ T cells were shown to express E-cadherin at 48 h post-activation (Fig. 4.9 Panel 

A). Matching the observed patterns of internalisation frequency, the percentage of E-

cadherin+ CD8+ T cellswas significantly higher 48 h post stimulation compared to 24 h 

(Fig. 4.9 Panel C and E). Increases in expression of E-cadherin were primarily 

observed for activated CD8+ T cells and were rarely observed in CD4+ T cells (Fig. 4.9 

Panel C). 

Further phenotyping demonstrated that E-cadherin+ CD8+ T cells also expressed high 

levels of CD103 and intermediate levels of CD69 (Fig. 4.9 Panel D). The percentage of 

CD103+ CD69+ E-cadherin+ CD8+ T cells continued to increase 48 h post-activation 

(Fig. 4.9 Panel E). These data show that CD8+ T cells upregulate surface expression 

of E-cadherin following TCR stimulation. Furthermore, the observed expression 

patterns of E-cadherin were aligned with the frequency of CD8+ T cell internalisation 

into BEC, suggesting a mechanistic link of E-cadherin to this process.  

3.2.4. CD8+ T cells from adherens junction through E-cadherin-b-catenin 

interaction. 

E-cadherin is most widely associated with the formation of adherens junctions through 

homodimerization and interactions with β-catenin(335, 336). This same interaction has 

been linked mechanistically to entosis(246). We hypothesised that surface expressed E-

cadherin on CD8+ T cells may behave similarly and be sufficient to form adherens 

junctions with BEC. Initially, we aimed to establish if the CD103+ CD69+ CD8+ 

population found within BEC in PBC tissues expressed E-cadherin. Initially, we 

performed multiplex fluorescence IHC staining of PBC liver tissue (Fig. 4.10).  

  



 128 

 

 

 

 

 

 

 

 

 

 

 

 

 

To establish whether E-cadherin+ T cells could form conventional β-catenin interactions 

with BEC in these livers, we assessed the distribution of β-catenin expression in PBC 

liver in relation to E-cadherin and CD103+ CD8+ T cells using multiplex IHC (Fig. 4.11 

Panel A). We observed a CD103+ CD8+ T cell adhered to the surface of a bile duct. Z-

stack confocal microscopy demonstrated that CD103 expression overlapped with areas 

where β-catenin and E-cadherin colocalised (Fig. 4.11).  
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Figure 4.10 CD8+ T cells interact with biliary epithelial cell (BEC) membranes through E-
cadherin – β-catenin interactions. Immunohistochemistry staining of a liver tissue section from 
a patient with Primary Biliary Cholangitis (PBC), showing CD69+ (green), CD103+ (magenta) 
CD8+ (grey) T cells adhered to bile ducts (white arrows). E-cadherin staining (orange) intensifies 
at contact point between T cell and epithelial cell. White arrows show attached or partially 
internalised CD69+ CD103+ CD8+ T cells. 
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Figure 4.11E-cadherin+CD69+CD103+CD8+ T cells interaction with b-catenin. Panel A: 
Immunohistochemistry staining of a liver tissue section from a patient with PBC, showing CD103+ 

(magenta) CD8+ (grey) T cell adhered to bile ducts comprised of BEC expressing E-cadherin 
(orange) and β-catenin (green). Panel B: Higher power, Z-stack confocal micrograph showing 
magnified region of part B (yellow box). Top row shows 3D-reconstruction (left) and 3D-volume 
rendered version (right). Bottom row shows magnified image of the BEC-T cell interface. Left: 
rendered versions of CD103, DAPI, E-cadherin and β-catenin. Right: replication of left panel with 
CD103 render made semi-transparent and with only co-localising E-cadherin and β-catenin 
showing (grey). Orange arrow denotes area of E-cadherin expression localised to the CD8+ T cell 
membrane which is not co-localised with β-catenin. 
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Non-colocalised E-cadherin expression was also observed on the T cell membrane at 

areas not in contact with the BEC. To establish whether E-cadherin+ T cells could form 

conventional β-catenin interactions with BEC in vitro, ICC staining was performed for 48 

h-activated CD8+ T cells co-cultured with BEC (Fig. 4.12). Intense staining of colocalised 

E-cadherin and β-catenin was observed at the interface between CD8+ T cells and BEC. 

Collectively these data suggest that E-cadherin expression by CD8+ T cells grants them 

the ability to form adherens junction-like interactions with BEC and potentially invade 

them through a mechanism resembling entosis.  

  

10 μm 

DAPI β-catenin E-cadherin CD8+ T Colocalised E-cadherin + β-catenin 

Figure 4.12 The b-catenin-E-cadherin interaction on CD8+ T cells and BECs can be 
replicated in-vitro. Orthographical confocal micrograph showing immunocytochemistry (ICC) for 
E-cadherin (yellow) and β-catenin (magenta) of BEC co-cultured with 48 h activated CD8+ T cells 
(CellTracker™ Red, orange). Cells were co-cultured for 4 h prior to fixation and staining. Bottom 
left panel shows the 3D-volume rendered version of top left image. Right image shows 3D-volume 
rendered image with reconstructed channel (grey) showing co-localised E-cadherin and β-catenin. 
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3.2.5. E-cadherin expression increases the frequency of internalisation 

of CD8+ T cells into biliary epithelial cells.  

To directly assess the involvement of E-cadherin expression by CD8+T cells in their 

internalisation into BEC, we used fluorescence activated cell sorting (FACS) to isolate 

E-cadherinhi and E-cadherinlo cells from 48 h activated CD8+ T cells using isotype-

matched control staining (Fig. 4.13 Panel A and Panel B). A proportion of each 

population expressed CD103 (Fig. 4.13 Panel C), although this subset was more 

frequent in the E-cadherinhi population. Sorted cells were replated at equal densities and 

rested for 24 h following their separation. Over this period, E-cadherinhi CD8+ T cells 

appeared to both proliferate and aggregate more than E-cadherinlo cells (Fig. 4.13 Panel 

D). 
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When co-cultured with BEC for 4 h, E-cadherinhi CD8+ T cells more frequently adhered 

to BEC compared to their E-cadherinlo counterparts and remained attached to BEC after 

the media was removed for WGA680 labelling (Fig. 4.14a, b). E-cadherinhi cells found 

within BEC were also larger than E-cadherinlo internalised cells (Fig. 4.14c). Furthermore, 

the frequency of internalisation of E-cadherinhi T cells by BEC was increased by 70% 

compared to E-cadherinlo cells (Fig. 4.14d). To confirm that the internalisation of E-

B A 

C 

Figure 4.13 E-cadherinhi CD8+ T cells show higher proliferation, aggregation and CD103 
expression than E-cadherinlo CD8+ T cells. Panel A: Graphical representation of the experiment 
pipeline. CD8+ T cells derived from healthy volunteer PBMCs, isolated using magnetic negative 
selection, were activated by α-CD3/CD28 stimulation and cultured for 48 h. E-cadherinhi CD8+ T 
cells and E-cadherinlo CD8+ T cells were then isolated using FACS. T cells were then rested for 24 
h, labelled with CellTracker™ Red, and co-cultured with CellTracker™ Green-labelled biliary 
epithelial cells (BEC) for 4 h. Cells were fixed and then imaged by fluorescence microscopy. Panel 
B: representative gating strategy for sorting of live CD8+ T cells E-cadherinhi (purple) and E-
cadherinlo (orange) populations. Panel C: representative zebra plots of CD103+ CD8+ T cells in 
sorted E-cadherinhi (purple) and E-cadherinlo (orange) populations. n=2 biologically independent 
experiments. Panel D: phase contrast images of E-cadherinhi CD8+ T cells (purple border) and E-
cadherinlo CD8+ T cells (orange border) 24 h after being sorted and seeded at equal concentrations. 
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cadherinhi CD8+ T cells into BEC required the same actin remodelling that was observed 

with unsorted CD8+ T cells, we treated E-cadherinhi CD8+ T cells with previously used 

small molecular inhibitors of actin remodelling (Fig. 4.14e). T cells received 30 min 

pretreatment with inhibitors, and co-cultures with BEC were performed whilst maintaining 

inhibitor concentrations. As with our previous co-culture experiments using total, 

unsorted CD8+ T cells (Fig. 3.f, g), E-cadherinhi T cell internalisation into BEC was 

sensitive to PI3K inhibition by wortmannin (Fig. 4.14e). In contrast, H-1152 treatment 

also reduced the frequency of internalisation of E-cadherinhi CD8+ cells by 40%. These 

data reveal the unique characteristics of E-cadherinhi CD8+ T cells and demonstrate that 

invasion into BEC is actin remodelling-dependent and may require both PI3K and 

ROCK1- mediated signalling. 
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Figure 4.14 Internalisation of E-cadherin+ CD8+ T cells into BEC is more frequent than E-
cadherin- CD8+ T cells and is sensitive to Rho Kinase inhibition. Peripheral blood CD8+ T 
cells derived from healthy volunteers were activated by α-CD3/CD28 stimulation and cultured for 
48 h. E-cadherin+ CD8+ T cells and E-cadherin- CD8+ T cells were then isolated using 
fluorescence activated cell sorting (FACS). T cells were then rested for 24 h, labelled with 
Celltracker™ Red, and then co-cultured with differently labelled BEC for 4 h. Cells were fixed with 
4% formaldehyde and then imaged by fluorescence microscopy. A. FACS-associated scatter plot 
showing the sorting strategy for activated CD8+ T cells either E-cadherin- (orange) or E-cadherin+ 
(purple) B. Representative images of BEC (CellTracker™ Green; yellow) co-cultured with either 
E-cadherin- or E-cadherin+ CD8+ T cells (CellTracker™ red, cyan). C-E. Quantification of CD8+ 
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T cells attached to BEC (C) and number per 100 BEC (E), and size (D), of internalised CD8+ T 
cells for E-cadherin-and E-cadherin+ sorted cells. Nine fields of view were analysed from triplicate 
wells.  Mean values/technical repeat are plotted. Experimental N=2. df=10 (C-D): Error bars 
represent median and interquartile range. (C) t=2.785. (D) t=2.406. (E). Error bars represent 
standard error of the mean. t=3.224. F. Quantification of internalised E-cadherin+ CD8+ T cells 
per 100 BEC in which T cells were pre-treated with 1 μM Wortamanin or 5 nM H-1152 (ROCK1 
inhibitor), prior to co-culture. Nine fields of view were analysed from triplicate wells.  Mean values 
of no. of internalised CD8+ T cells/technical repeat are plotted. Values are normalised and 
displayed as a fold change from DMSO (vehicle) treated cells. Experimental N=1. Error bars 
represent standard error of the mean. P values are displayed in the figure for each statistical 
comparison made.  

 

3.2.6. CD8+ cell internalisation into BEC is a consistent event in PBC 

and driven by E-cadherin expression 

Internalisation of CD8+ T cells into BEC was originally described as a histological feature 

in patients with PBC across a variety of stages of biliary disease progression. The 

experiments so far presented showed CD9+ T cells internalised at any stage of PBC. If 

we look at the early disease, using liver biopsies of PBC patients (Fig. 3.2), the 

percentage of bile ducts possessing internalised CD8+ T cells ranged from 6% to 83%, 

with CD103+ CD8+ T cells ranging from 2 to 50% (Fig 4.15 panel A). ALT x upper limit 

of normal (normalised) values were higher for patients who demonstrated a higher 

frequency of CD8+ and CD103+ CD8+ T cell internalisation in the biopsies we analysed 

(Fig 4.15 panel B).  
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Finally, we documented the presence of CD8+ T cells within EpCAM+ BEC of bile ducts 

which appeared to have ruptured (Fig. 4.16). This observation was based on the 

incomplete continuity of the bile duct and incomplete barrier staining of both EpCAM and 

E-cadherin. The same bile duct also possessed EpCAM+ fragments within the duct 

which also colocalised with CD8+ staining. 

This data suggested that the internalisation process was associated with E-cadherin 

expression by CD8+ T cells, so the next aim was to investigate the relationship between 

the presence of E-cadherin+ CD8+T cells and PBC. I then performed co-cultures using 

48 h activated CD8+ T cells derived from PBC patient blood samples. These cells 

became larger upon activation compared to non-PBC, resembling those observed in 

PBC liver tissue biopsies. Flow cytometry phenotyping of peripheral blood mononuclear 

Figure 4.15 CD8+ T cells in PBC patients can be found internalised within BEC in liver biopsies 
and correlates with hepatocellular damage. Panel A. Violin plots showing the percentage of bile 
ducts with attached or internalised CD8+ or CD103+ CD8+ T cells. Liver biopsies taken from primary 
biliary cholangitis (PBC) patients with active disease were stained for CD8, CD103 and cytokeratin-19 
(CK19) by immunohistochemistry (IHC). Bile ducts were identified using CK19 staining and the 
frequency of CD8+ and CD8+ CD103+ T cells either within biliary epithelial cells (BEC) or attached to 
bile ducts was quantified. Statistics were derived from two-tailed Mann-Whitney tests. n=9 biologically 
independent patient samples. Panel B. Linear regression of analysis comparing the percentage of bile 
ducts possessing internalised CD8+ or CD8+CD103+ T cells observed in patient liver biopsies against 
patient-matched alanine transaminase levels (ALT; U/I) 
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cells (PBMCs) originating from PBC patients demonstrated that CD8+ T cells exhibited 

higher expression of E-cadherin 48 h post-activation compared to non-PBC controls (Fig. 

4.17). 
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Figure 4.17 Internalisation of PBC-derived CD8+ T cells into BEC is driven by E-cadherin expression 
by CD8+ T cells. Panel A. Multichannel image of immunohistochemistry (IHC) staining of PBC biopsy for 
CD8 (yellow), E-cadherin (white) and EpCAM (magenta), showing CD8+ T cells (white arrows) within the 
biliary epithelial cells (BEC) of a ruptured bile duct. Panel B. 3D-reconstructed Z-stack of internalised CD8+ 
T cells highlighted in (a) (green box) which also expressed E-cadherin (colocalised signal in grey; right panel). 
Panel C. Comparison between healthy controls and PBC patients for frequency of E-cadherin expression 
amongst blood-derived CD8+ cells 48 h post activation, determined by flow cytometry.  

C 

C 
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E-cadherin+ CD8+ T cells from PBC patients were also more representative of terminally 

differentiated T effector memory cells expressing CD45RA (TEMRA) subset of T cells 

(CCR7- CD45RA+) compared to controls. E-cadherin+ CD8+ T cells were also enriched 

for the TEMRA phenotype compared to matched, total CD8+ T cell populations 

(Supplementary Fig. 4.18).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 CD8+ T cells in PBC patients and represent different sub-populations compared to 
non-PBC controls.  Peripheral blood mononuclear cells (PBMCs) from PBC patients and 
haemochromatosis (HFE) controls were phenotyped 48 h after activation via α-CD3/CD28 stimulation 
using flow cytometry. Expression of CD45RA and CCR7 was assessed to determine the subset of 
memory T cells that represent E-cadherin+ CD8+ T cells. Panel A. Representative contour plots for 
CCR7 and CD45RA expression by E-cadherin+ CD8+ or E-cadherin- CD8+ cells from PBC and HFE 
patients. TCM – T central memory. TEM T effector memory. TEMRA – T effector memory expressing 
CD45RA. Panel B. Left: comparison of the percentage of E-cadherin+ CD8+ T cells expressing 
TEMRA markers between PBC patients and control patients. n=6 biologically independent patient 
samples/disease condition. p value was generated from a two-tailed Mann-Whitney test. Right: 
comparison of the percentage of total CD8+ T cells and E-cadherin+ CD8+ T cells expressing TEMRA 
markers in PBC patients.  
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Furthermore, in our IHC-stained PBC biopsies, we observed CD8+ T cells with 

colocalised E-cadherin staining located within the EpCAM+ BEC of rupturing bile ducts 

(Fig 4.19 Panel A). 

To further determine the necessity of E-cadherin expression for the internalisation of 

these cells, we performed siRNA-knockdowns of CDH1 for 24 h activated CD8+ T cells 

derived from PBC patient blood. siRNA-treated T cells were then assessed for E-

cadherin expression by flow cytometry. Two out of the four individual CDH1 siRNAs 

tested, named siRNA 3 and siRNA 4, elicited 50% reduction of E-cadherin MFI assessed 

by flow cytometry, 48 h after performing knockdowns. Co-cultures were performed 

between BEC and CD8+ T cells treated with siRNA. Treatment with siRNA 3 or siRNA 4 

resulted in a 0.5-fold change in internalisation frequency compared to CD8+ T cells 

treated with control siRNA, which correlated with E-cadherin MFI of CD8+ T cells 

determined in parallel by flow cytometry. Taken together, these data demonstrate the 

importance of E-cadherin expression by CD8+ T cells in driving their internalisation into 

BEC. Additionally, they further exemplify the consistent association between this 

internalisation process and PBC. 
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Figure 4.19. The number of internalized cells is affected by E-cadherin expression 
reduction. Panel A. Median fluorescence intensity (MFI) values, determined by flow cytometry, 
of E-cadherin staining performed for PBC patient-derived CD8+ T cells treated with different 
CDH1-targeting siRNAs (siRNA1-4). Panel B. Representative images of BEC (CellTracker™ 
Green; yellow) co-cultured with siRNA- treated CD8+ T cells (CellTracker™ red; cyan). Red 
arrows show internalized CD8+ T cells. Panel C. Quantification of internalised CD8+ T cells per 
100 BEC for siRNA-treated CD8+ T cells. Panel D. Linear regression analysis comparing matched 
E-cadherin MFI determined by flow cytometry (x) with mean frequency of CD8+ T cell 
internalization (y). 
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3.2.7. Discussion 

Overall, these experiments demonstrated that more eccentric CD8+ T cells observed 

within BEC in PBC liver tissue in vivo could be generated in vitro from non-PBC blood 

48 h after α-CD3/CD28 activation. This change was concurrent with an overall 

enlargement of these cells prior to co-culture and a higher propensity for internalisation 

into BEC. In fact, these data demonstrate that CD8+ T cells are actively involved in their 

internalisation into BEC through dynamic cytoskeletal rearrangements, and inhibition of 

actin-remodelling reduces their entry. 

CD8+ T cells within BEC in liver tissues from patients with PBC was recently observed 

and their presence was correlated with increased in BEC apoptosis(316).  The results 

herein presented greatly expand on the cellular and molecular mechanisms of this 

interaction.   

This chapter data shows the entry mechanism of CD8+ T cells into BEC was different to 

other described CICS of the liver, based on differences in phenotype and protein-protein 

interactions. Our lab recently reported the process of enclysis; the specific capture of 

CD4+ T cells by hepatocytes which frequently resulted in the deletion of regulatory T 

cells(313). In contrast to enclysis, where hepatocytes undergo membrane alterations and 

form ruffles to assist the engulfment of CD4+ T cells, minimal rearrangements were seen 

on BEC which possessed adhered or internalised CD8+ T cells. Additionally, CD4+ T 

cells were rarely observed to invade BEC after TCR-mediated activation. CD8+ T cell 

invasion into BEC did share mechanistic similarities with “suicidal emperipolesis”; both 

processes were sensitive to PI3K inhibition and detailed events of active invasion by 

CD8+ T cells into other cells(262). 

The internalised cell associated with homotypic entosis possesses weaker contacts to 

the surrounding environment(272, 337). As CD8+ T cells would not be anchored to the 

stromal environment as strongly as BEC, it is likely that they “pull themselves inside” 
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upon E-cadherin expression. In agreement with this, the internalised cells were larger 

and more eccentric. These cells possess a wider surface area for forming cell-to-cell 

contacts and better capacity for cytoskeletal rearrangements. As such, they would be 

able to form more points of contact with BEC, as identified by SEM and phalloidin staining. 

It should be noted that ROCK1 inhibition did not consistently reduce internalisation in 

experiments where CD8+ T cells were not enriched for E-cadherin expression. Therefore, 

it is likely that other mechanisms may exist which permit CD8+ T cell entry into BEC 

which are dependent on PI3K signalling and actin remodelling but do not require ROCK1 

activity.   

The purpose and “immunological motivations" of CD8+ T cells internalisation into BEC 

currently remain unclear. It is unlikely that this CD8+ T cell subset has evolved 

specifically for intentionally killing invaded cells from the inside; BEC that were 

possessing T cells did not display any morphological changes associated with cell death 

when analysing high-content assays and viewing the cells ultrastructure with SEM. 

However, Zhao and colleagues reported that the frequency of CD8+ T cells found within 

BEC was correlated with increased apoptosis of BEC in patients with PBC(316). 
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3.3. The generation of PDCE-2 specific, stable and 

functioning induced regulatory T cells from peripheral 

blood of patients with PBC.  

N.B. the content presented in this chapter are part of a paper recently published 

(4). 

 

3.3.1. Introduction 

Disruption of immunological homeostasis is fundamental to the onset of liver 

autoimmunity. Traditional autoimmune treatments rely on untargeted 

immunosuppression, administered as lifelong therapies. These therapies expose 

patients to risks of cancer, infections, and significant side effects. There is a considerable 

effort to develop treatment strategies to re-establish the tolerogenic mechanisms typical 

of the liver immune environment as a potentially curative approach for the patients 

suffering from these rare conditions. It is important to note that most of these strategies 

rely on a deep knowledge of the self-antigen which is known in PBC and in the minority 

of AIH cases.We tested the ex-vivo expansion of Tregs from patients with AIH and the 

reinfusion of the cell product. This early phase trial proved that the treatment is very well 

tolerated. We also showed that the Tregs after reinfusion localised mainly within the liver, 

most likely due to the homing to the inflamed organ(326).A similar strategy was used in 

combination with IL-2 in type 1 diabetes. The use of low dose of IL2 significantly boosted 

the number of Tregs, but with a significant effect also on NK and CD8+ T cells(338).  

The development of antigen specific Treg treatment in humans remains incredibly 

challenging. The expansion of a small component of self-reacting circulating Treg 

cells relies on engineering tetramers to target the epitope of interest.  
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Sakaguchi and colleagues suggested a novel platform to develop stable and 

functioning Treg cells by inhibiting cyclin dependent kinase 8 and 19. This 

approach allows to select CD4+ T memory cells and convert them into induced 

Tregs by inducing the expression of FOXP3(339).  

In this chapter I will present my own attempt to generate stable and functional induced 

regulatory T cells (SFiTreg) starting from CD4+ T cells of PBC patients. All the 

experiments herein presented were conducted in the Immunology Frontier Research 

Centre at Osaka University and funded by EMBO.  

 

3.3.2. The generation of SFiTreg is effective and reliable.  

Generating SFiTregs took two weeks. Figure 5.1 provides a schematic overview of the 

protocol, which is fully described in Chapter 2. The protocol’s main aim was to obtain a 

pure population of CD4+ T cells. On day 1, in addition to isolating PBMCs from peripheral 

blood, magnetic negative isolation of CD14- was used to exclude monocytes, followed 

by magnetic positive isolation of CD4+ T cells. This last step excluded CD8+ cells which 

have demonstrated to affect the protocol severely, most likely as greedy binders of IL-2.  

The activation of the cells was obtained via beads and did not include co-stimulatory 

stimulation, but only through TCR stimulation. In fact, as shown by Mikami et al. (340), 

the activation of TCD4+ cells in presence of TGF- and IL-2, but with the deprivation of 

CD28 induces Treg-type DNA hypomethylation. To the first activation followed and 

expansion and a further activation with a step similar to the first one. The whole process 

included adding in the media AS2863619(339) a CDK8/19 blocker.  
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The results presented in Figure 5.2 shows a nice and clean population of CD4+ T cells 

expressing FoxP3 and CTLA4 already ad day 9, when according to the protocol a first 

purity check is indicated.  

 

 

 

 

 

Figure 5.1 Schematic overview of the protocol to induce stable and functional 
regulatory T cells.  

A 

B 

C 

D 
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Figure 5.2 Phenotype of the CD4+ T cells at day 9 checking FOXP3 and CTLA4. Panel A. At 
this point of the protocol the cells have been expanded twice and after starting with less than 10 
millions of TCD4+ cells, at day 9 we have already 35 millions of cells. Panel B. Representative 
flow cytometry plots showing the upregulation of both FOXP3 and CTLA4. Panel C and D. 
Frequency of induced Tregs at day 9 compared with the number of natural Tregs at the beginning 
of the protocol.  

 

 

Figure 5.3 shows the comparison between the cell product after 9 days and 14 days in 

culture. While the expression of FoxP3 and CTLA4 remained similar, the markers were 

more stably expressed by day 14. Additionally, there was a significant increase in cell 

numbers, exceeding 200 million by the end of the protocol (Figure 5.3). 

 

 

Figure 5.3 Comparing number of cells, FOXP3 and CTLA4 expression at day 9 vs day 14. 
Upper panels: representative plots of the cell product at day 9. Lower panels: representative 
plots of the cell product at day 14.  
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3.3.3. SFiTregs remain stable and functional in inflammatory 

environment.  

One of the Treg feature is the plasticity. The microenvironment can affect their 

lineage stability and change their phenotype and function, shifting them toward a 

more inflammatory phenotype (i.e. Th1 or Th17).  

The key action of IL-12 and IFN- has been well described in PBC. Intriguingly, 

Liaskou and colleagues, demonstrated, that small concentration of IL-12 can 

induce IFN production in Tregs from patients with PBC, confirming the lineage 

instability could also be a mechanism of tolerance breakdown(231).  

 

This is potentially a significant limitation of Treg cell therapy. To test whether the 

cells I produced were stable in an inflammatory environment SFiTregs generated 

from PBC individuals were exposed in-vitro to a cocktail of Th1 polarising 

cytokines. After being cultured 6 days with IFN-gamma and IL-12, SFiTregs did 

not lose the expression of FOXP3 and did not upregulate significantly the 

expression of Tbet, specific for Th1 population (Figure 5.4).  
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Figure 5.4 SFiTregs are stable in Th1 proinflammatory environment. Panel A 
Representative zebra plot showing similar expression of FOXP3 and Tbet comparing 
baseline vs stimulated vs unstimulated at day 6. Panel B. Graphical representation of 
the percentage of Tbet+ and FOXP3+ cells, at day 0 vs day6.  
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The gold standard, however, to assess the stability of FOXP3 is to look to the 

methylation status of CNS2 in our SFiTreg products. We assessed the 

methylation – demethylation ratio of the region using digital PCR and it was found 

significantly lower after 6 days of high dose Th1 cytokine exposure, suggesting 

that SFiTregs could eventually lose the FOXP3 expression, if exposed to high 

dose of pro-inflammatory cytokines (Figure 5.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, the functionality when I tested the suppressiveness of these cells using 

regular suppressive assay it was confirmed that the product maintains the 

suppressive potential (Figure 5.6).   
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Figure 5.5 CNS2 methylation decrease overtime in SFiTregs when exposed to Th1 polarising 
cytokines. Panel A. Representative graph of bisulfite assessment of methylation status of CNS2 
using digital PCR of SFiTregs showing a reduction in cells exhibiting methylated CNS2. Panel B. 
Graphical summary of the experiments confirming a significant reduction of the CNS2 
methylation/demethylation ratio.  
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3.3.4. SFiTregs cell epigenetic profile is different from natural Tregs.  

I clearly defined the epigenome of the SFiTreg cells I generated and compared 

with natural Tregs, to assess the change of the initial CD4+ T cells toward Treg 

phenotype.  

I tested CNS2, and CTLA4 methylation profile through bisulfite PCR. We could 

not observe any significant difference in CNS2 and CTLA4 methylation pattern 

using digital PCR. The assay for transposase-accessible chromatin with 

sequencing (ATACseq) confirmed a clear peak in CNS2 region, to confirm the 

epigenetic change allowing the FOXP3 expression in the SF-iTregs, not present 

in CD4+ T naïve cells (Figure 5.7).  
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Figure 1.4.2.45.6 SFiTregs do not only express FOXP3 and Treg associated markers 
but remain suppressive. Representative experiment of regular suppression assay, showing 
suppressive effect of the produced SFiTregs.  
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I then assessed the difference in the differentially accessible regions (DAR) in 

natural Treg vs SFiTreg (Tconv included as reference control). We found 

significant difference in the two subsets of cells, and in a pathway enrichment 

analysis, we found them associated, among others, with lymphocyte 

differentiation, cell adhesion and response to lipopolysaccharide (Figure 5.8). 
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Figure 5.7. Epigenetic comparison between induced nTreg vs SF-iTregs. Panel A. CNS2, 
and CTLA4 methylation profile assessed through bisulfite PCR. Panel B. ATACs confirmed a 
clear peak in CNS2 region, to confirm the epigenetic change allowing the FOXP3 expression in 
the SF-iTregs, not present in CD4+ T naïve cells. 
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Figure 5.8 ATACs analysis of nTregs, SFiTregs and Tconv. Difference in the differentially 
accessible regions (DAR) in nTreg vs SFiTreg (Tconv included as reference control). Panel 
A. Heatmap of the 100 most differentially accessible regions. Panel B. Pathway enrichment 
analysis. 
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To test these results, we took advantage of a model of wedge perfusion optimised 

by Dr Angus Hann in our lab. The model is synthetised in the cartoon in Figure 

5.9. Briefly, a peristaltic pump was used to infuse SFiTregs, previously generate 
at a concentration of 0.03 x 106 /mL, labelled with CellTracker Red (CMTPX) for 

12 hours. A separate wedge was perfused using media as control.  

 

 

 

 

I phenotype the SFiTregs after thawing them to assess the stability of the FOXP3 

and CTLA4 expression. The FOXP3 was expressed in more than 90% of the cells, 

with a slight reduction in CTLA4 (Figure 5.10).  

5.9 Wedge perfusion model. Two different peristaltic pumps perfuse two wedges from 
the same donor liver. The experimental lobe is perfused using CMPTx labelled 
SFiTregs, and the control lobe with cell-free media.  
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After the labelling the SFiTregs were further assessed to define the baseline 

expression of Treg function markers such as TIGIT, CD39 and CTLA4 (Fig 5.11). 
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Figure 5.10 FOXP3 expression reduction in thawed SFiTreg cells. Representative 
flow cytometry staining of SFiTregs after thawing.  
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Figure 5.11 Phenotype of the SFiTreg cells after labelling them with CMTx.  
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After the perfusion, the wedges were processed as well as the supernatant to 

isolate mononuclear cells. After isolation the cells phenotype was defined using 

flow cytometry, using the same markers I stained before the infusion.  

I could identify the cells in the perfusate, however their level of expression of 

FOXP3 was significantly lower compared with what it was before the infusion 

(94% vs 25%) (Figure 5.12).  
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Figure 5.12 Flow cytometry analysis of the perfusate of experimental and control lobe after 
the perfusion. Panel A. Singlet, gated on live cells, showing CMPTx CD4+ cells. Panel B.  Singlet 
lymphocytes, gated on live cells, and then on CD4+CMPTx+ cells. These cells were then stained for 
Treg-specific marker, such as FOXP3, CD39, CTLA4, TIGIT.  
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Intriguingly, when I investigated the cells within the wedges, the levels of FOXP3 

were comparable with the pre-infusion levels, and the cells expressed high levels 

of CD39, TIGIT and CTLA4 with the latter being significantly higher compared 

with the pre-infusion levels. I could identify a nice population of hepatic Tregs not 

labelled, which showed a significantly less expression of activation markers 

(Figure 5.13). Overall we could infer that the infused SFiTregs upregulate FOXP3 

and activation markers upon being exposed to the liver environment and, in turn, 

were retained within the liver.  
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Figure 5.13 Flow cytometry phenotype of the lymphocyte isolated from the 
experimental lobe. The upper panels show the singlet, alive, CD4+CMPTx- FOXP3+ cells, 
namely the not infused Tregs (resident and circulating Tregs). The lower panels show the 
singlet, alive, CD4+CMPTx+FOXP3+ cells, namely the infused SFiTregs.  
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3.3.5. Discussion 

 

In this chapter I presented an alternative method to produce induced Tregs as 

cell therapy product in PBC. The protocol I optimised in the last part of my PhD, 

requires two weeks to obtain more than 200 millions of cells, starting from 2 

million of CD4+ T cells extracted from peripheral blood of PBC patients. This 

could be a way to overcome the long process needed to generate autologous 

cells expanded from the peripheral Treg pool.  

SFiTregs demonstrated significantly higher stability in inflammatory environments, 

as they did not shift to the Th1 phenotype when exposed to a Th1-polarizing 

cytokine cocktail that simulates the liver environment in PBC patients. However, 

there was an observed tendency for CNS2 methylation. Liaskou and colleagues 

clearly showed how very small dose of IL-12 is already enough in patients with 

PBC to have their Treg cells starting to produce IFN-gamma and become 

instrumental to the inflammation rather than countering it(341).  

SFiTregs, instead, not only remain fairly stable in high quantity of IL-12 and IFN-

gamma, but they maintained their suppressive function too.  

Another finding that could indicate a further advantage of SFiTregs compared 

with polyclonal autologous Tregs could be the higher expression of genes 

associated with the tissue adhesion and cell differentiation. In fact, this could 

suggest a more mature and antigen experienced phenotype and could indicate 

cells more prone to be retained in the inflamed tissue.  

This was what we observed using wedge perfusion: SFiTregs after the infusion 

were more, and more activated compared with liver Tregs. Furthermore, the 
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number of SFiTregs recirculating in the supernatant was low and intriguingly the 

cells that was not retained in the liver where the ones less activated and which 

lost the FOXP3 expression.  

The presented set of experiments, despite producing interesting results, have not 

negligible limitations, mostly due to the limited amount of time my funds allowed 

me to spend in Japan and even more to the relatively exiguous number of PBC 

and control samples I could ship to Japan.  

For instance, I could not compare stability of SFiTregs vs natural Tregs extracted 

from the same individuals. These could have allowed me to replicate the results 

of Liaskou et al. however comparing head-to-head SFiTregs and natural Tregs.  

Similarly, it would have been crucial to test the stability in Th17 polarising 

environment, another circumstance in which the low number of samples played 

a role.  

Even with these limitations, I believe this data set the ground to explore SFiTregs 

as cell therapy platform.  
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4. Final Discussion and conclusions 

This review explored the basis of immunological architecture of PBC. We have 

presented the autoimmune hypothesis well sustained by data, and described the 

aberrant cell states and immune pathways, found in patients and recapitulate in 

models, which eventually converge to drive the disease's pathogenesis. The 

effort in dissecting the disease pathogenesis has got an ultimate purpose which 

is to find a targeted treatment.  However, despite extensive research and 

numerous attempts over the past four decades to identify effective immune-

modulating treatments, significant challenges remain. The prototype immune 

modulators, such as corticosteroids, have proven ineffective in PBC, even when 

used as adjunctive therapies(342-344). Further attempts with different class of 

drugs, like colchicine and penicillamine(345, 346), antivirals such as 

lamivudine(347), as well as immunosuppressants like azathioprine and 

methotrexate, have been tested(348-350). However, these treatments have 

generally demonstrated only marginal efficacy, or have been associated with 

potential harm, leading to their exclusion from current treatment 

recommendations.  

More recent attempt with targeted immunological treatment still failed in proving 

meaningful clinical effect. For instance, rituximab, an anti-CD20 monoclonal 

antibody, showed some promise by reducing alkaline phosphatase levels in a 

small cohort of patients, but overall clinical efficacy remained limited(351). High 

expectations were put on Ustekinumab, which targets the IL-12 and IL-23 

pathways, having based on experimental and genetic data, a strong biological 
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rationale. However, it did not achieve significant improvements in alkaline 

phosphatase levels in larger patient groups, despite some biochemical 

indications of pathway modulation(352, 353). These outcomes highlight the 

paradoxical nature of PBC, where conventional and even specific 

immunosuppressive strategies fail to translate into effective disease control. 

In the advanced stages of PBC, liver transplantation emerges as the only 

definitive treatment option, offering substantial improvements in graft and patient 

survival rates. Nonetheless, recurrence of PBC post-transplantation remains a 

frequent concern (172).  

The current used treatments for PBC are active on bile acids metabolism and on 

the secretory machinery of BECs.  These molecules, UDCA, or agonist of FXR, 

like obethicolic acid, and PPAR agonist, have an effect also on immune pathways. 

It would likely be helpful, for the general understanding of PBC pathogenesis 

detail the immune effects of this molecules. For instance, UDCA possesses 

multiple immune-modulating properties. It decreases the expression of MHC 

class I and II proteins on BECs, thereby reducing antigen presentation and the 

activation of autoreactive T cells(354). This might help restoring immune 

tolerance and break the inflammatory cascade driven by cytotoxic CD8⁺ T cells, 

TH1 cells, and macrophages. UDCA exerts anti-apoptotic effect, mediated 

through the modulation of survival signalling pathways such as nuclear factor 

kappa B (NF-κB), AKT, MAPK, and PI3K(355). Such effect not only prevent the 

biliary damage, but it also interrupts the antigen spreading, reducing inflammatory 

triggers. Additionally, UDCA restores NKT cell activity by reducing prostaglandin 
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E₂ production, fostering a balanced immune environment and preventing the shift 

toward a TH17-dominated response that promotes fibrosis(356). 

In cases where UDCA treatment is inadequate, second-line therapies targeting 

bile acid metabolism, such as obeticholic acid (OCA), an farnesoid X receptor 

(FXR) agonist, are used. These therapies aim to further modulate bile acid 

synthesis and transport, enhance intestinal barrier function, and reduce hepatic 

inflammation. However, even for FXR agonist, there are several and well 

described effects on immune system. McMahan and colleagues showed that the 

FXR and TGR5 agonism increase monocyte with anti-inflammatory phenotype 

and increase in obese mice. In vitro, upon FXR stimulation monocytes production 

of IL-10(357). Experimental models have demonstrated that FXR agonists can 

decrease the recruitment of natural killer (NK) cells and the production of IFN-γ, 

thereby mitigating immune-mediated liver damage and bacterial translocation 

from the gut(358). Also, OCA shows an effect in apoptosis reduction upon nuclear 

factor-κB activation.  

Furthermore, peroxisome proliferator-activated receptor (PPAR)-α and PPAR-δ 

agonists have shown promise in inhibiting pro-fibrotic pathways and reducing 

inflammation. PPARs are nuclear receptors that regulate gene expression 

involved in lipid metabolism, inflammation, and immune responses. Activation of 

PPAR-α and PPAR-δ leads to the suppression of pro-inflammatory cytokine 

production, inhibition of NF-κB signaling, and modulation of immune cell 

differentiation and function. Specifically, PPAR agonists regulate T cell responses 

by promoting the differentiation of Treg cells while inhibiting the proliferation and 

function of pro-inflammatory TH1 and TH17 cells. This shift enhances immune 
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tolerance and reduces autoimmune-mediated damage to cholangiocytes. 

Additionally, PPAR agonists induce an anti-inflammatory phenotype in 

macrophages, reducing the secretion of inflammatory cytokines such as TNF-α 

and IL-6, and inhibiting the activation of hepatic stellate cells, which are central 

to fibrosis development. By regulating the expression of genes involved in bile 

acid transport and synthesis, PPAR agonists help maintain bile acid balance, 

reducing hepatobiliary stress and subsequent immune activation(359, 360).  

The experimental work detailed in this thesis built on the hypothesis that CD8+ T 

cells play a central role in PBC pathogenesis. In particular, these cells were found 

to infiltrate and internalize into BECs, a novel and unexpected cellular interaction 

in PBC. The observed internalization of these eccentric CD8+ T cells involved 

dynamic cytoskeletal rearrangements and was dependent on PI3K signaling but 

did not involve ROCK1 activity, setting it apart from other known internalization 

processes in the liver such as CD4+ T cell enclysis. These findings mark an 

important step in understanding how CD8+ T cells interact with BECs, with further 

implications for how immune cells contribute to epithelial damage in autoimmune 

liver disease. 

Despite the absence of immediate cytotoxicity following CD8+ T cell 

internalization into BECs, the frequent correlation between these events and BEC 

apoptosis in PBC patients indicates a potential long-term cytotoxic mechanism. 

The details of how CD8+ T cells disrupt BEC intracellular processes to cause 

apoptosis remain unclear, but this chapter’s findings strongly suggest that the 

presence of these cells within BECs plays a role in disease progression. These 

insights into CD8+ T cell internalization help to clarify some of the previously 
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ambiguous aspects of PBC pathology and provide a basis for further investigation 

into how this process can be therapeutically targeted. 

The paradigm of treatment is shifting in autoimmunity from treating to curing. The 

recent evidence of CAR-T cells approach targeting B cells in complex 

autoimmune conditions is certainly gaining attention and pushing the field 

forward(361). In case of the liver, remodelling the liver microenvironment, 

changing the cell composition and re-establishing the immune homeostasis 

should be set as the treatment goal. Furthermore, a more targeted approach in 

this instance, relies on a deep knowledge of the self-antigen which is the unique 

opportunity offered by PBC. The excitement surrounding new technologies in 

cellular engineering and therapy may drive this shift from chronic treatment to a 

possible cure. The recent data on CAR technology targeting PD-1+ TRM cells may 

open new treatment venues, however, it remains to be seen how these results 

translate to humans.  

Increasing the number or reprogramming Treg cells is another therapy venue 

currently persued in several autoimmune conditions. The treatment approaches 

are several and none of them without challenges.  

The in-situ expansion of Tregs can be obtained using low dose of IL-2, targeting 

selectively Tregs and avoiding the proliferation of the cytotoxic population. Such 

approach has been tested in several autoimmune disease, such as lupus and 

diabetes.  The use of low dose of IL-2 significantly boosted the number of Tregs, 

but with a significant effect also on NK and CD8+ T cells(338).  

We tested the ex vivo expansion of Tregs from patients with AIH and the 

reinfusion of the cell product. This early phase trial proved that the treatment is 
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very well tolerated. We also showed that the Tregs after reinfusion localised 

mainly within the liver, most likely due to the homing to the inflamed organ(326). 

A similar approach is currently under investigations in our lab also for PBC.  

The collateral effect of inducing a broad tolerance toward dangerous antigens, 

can be overcome by inducing or transferring antigen-specific Treg cells. 

However, moving from a polyclonal Treg therapy to an antigen specific approach 

in humans remains incredibly challenging. The expansion of autoreactive clones 

from periphery, poses two issues, first the identification of the autoreactive 

clones. This relies on engineered tetramers which should target the epitope of 

interest. The second is the isolation and the consequent expansion of the cell 

population that could require long time to reach a therapeutic concentration. 

Alternatively, engineering the TCR to generate antigen specific clones is certainly 

an emerging approach(362). Sakaguchi’s group proposed an epigenetic 

reprogramming of CD4+ T cells to induce stable and functioning Treg cells by 

inhibiting cyclin dependent kinase 8 and 19. This approach allows to select CD4+ 

T memory cells and convert them into induced Tregs by inducing the expression 

of FOXP3(339). 

In this thesis I presented the first attempt to introduce this novel approach for the 

production of stable and functional induced regulatory T cells (SFiTregs) as a 

potential cell therapy platform for PBC. The process for generating SFiTregs, 

optimized over the course of this research, demonstrated the capacity to produce 

over 200 million cells from a small starting population of CD4+ T cells extracted 

from peripheral blood. The ability of SFiTregs to remain stable and functional in 

inflammatory environments, even in the presence of high levels of IL-12 and IFN-
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gamma, marks a significant improvement over polyclonal Tregs, which tend to 

lose their regulatory function and shift toward a Th1 phenotype under similar 

conditions. 

This stability, along with the enhanced expression of tissue adhesion and cell 

differentiation genes, suggests that SFiTregs may have superior retention in 

inflamed liver tissues compared to natural Tregs. Experimental data further 

support this hypothesis, as the infusion of SFiTregs into wedge-perfused livers 

resulted in their greater retention and activation in the liver compared to 

circulating Tregs, providing a promising avenue for future cell-based therapies in 

PBC. 

Over the past few decades, and especially in the last ten years, the clinical 

management of PBC has advanced significantly. We have now several options 

as second-line treatments and we have the ability to identify complex cases early 

using stratification tools.  

However, the underlying causes of PBC remain elusive. The variety of 

experimental findings to date hasn't yet led to a comprehensive understanding of 

the disease's pathogenesis. Immunologically, PBC stands out as a unique model 

for studying autoimmunity. This is due to its well-defined disease epitopes, slow 

disease progression, and a relatively consistent phenotype among patients. 

Moving forward, ongoing research is crucial to decipher the complexities of PBC 

and to develop more targeted therapies and even reestablish the tolerance 

toward the antigen in these patients. 
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