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Abstract 
 

Hepatocellular carcinoma (HCC) is a major complication of cirrhosis and liver disease 

secondary to alcohol related and non-alcohol related fatty liver disease (NAFLD) is a growing 

concern. Work identifying cancer specific or immunomodulatory antigens is key to rapidly 

advancing immunotherapeutic options. Natural Killer (NK) cells provide potent anti-pathogen 

and tumour surveillance responses. Harnessing NK cells is an exciting prospect as they are 

capable of direct cytotoxicity and mediate antibody-dependent cellular cytotoxicity. 

However, understanding pre-existing modifications to NK cells in cirrhosis is key to 

understanding the role of NK cells in disease and how they can be modified. 

Peripheral blood and intrahepatic NK cells from patients with liver disease of a non-viral 

aetiology were characterised using flow cytometry, Nanostring technology and tissue culture 

techniques and compared to healthy controls. NK cells were hypofunctional, with reduced 

expression of key activating receptors NKp46, DNAM-1, and CD16 and an upregulation in 

inhibitory receptor CD161 in disease. NKp30 was associated with reduced cytotoxicity in 

NAFLD. The expansion of a CD56dimNK cell subpopulation in cirrhosis and HCC was identified, 

with reduced expression of CD16, increased expression of liver-homing CXCR6 and CCR5, 

preserved cytotoxic function but impaired cytokine production. Furthermore, having 

identified an increased proportion of CD161+ NK cells in cirrhosis, I demonstrated the 

increased expression of the ligand LLT1 on liver tissue in cirrhosis using 

immunohistochemistry and real-time quantitative PCR. By generating LLT1 overexpressing 

Huh7 cells, I demonstrated that LLT1 inhibits NK cell degranulation. Lastly, I demonstrated 

that tumour growth factor beta (TGFβ), a key cytokine in the pathogenesis of fibrosis, may 

result in the upregulation of LLT1 in the liver. 

Overall the data describes an inhibitory profile of NK cells in cirrhosis with impaired function, 

identifies a novel dysfunctional CD56dimCD16+/-NK cell subpopulation in cirrhosis and HCC 

and identifies an inhibitory pathway important in cirrhosis. 
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1. Introduction 

1.1 The burden of liver disease and Hepatocellular carcinoma 
Liver disease remains a significant cause for morbidity and mortality globally (Devarbhavi et 

al., 2023). Liver cancer remains the 6th most common cancer worldwide 

(https://www.wcrf.org/preventing-cancer/cancer-statistics/liver-cancer-statistics/). Despite 

advances in the treatment of viral hepatitis, hepatitis B infection and cirrhosis related to 

hepatitis C remain leading causes of hepatocellular carcinoma globally (J. Llovet et al., 2021), 

with the incidence of hepatocellular carcinoma 2 to 3 fold greater in men than women (Sung 

et al., 2021). However in England, premature liver related death from alcohol related liver 

disease has continued to rise over the last 20 years (latest statistics from The Office of Health 

Improvement & Disparities, https://www.gov.uk/government/statistics/liver-disease-profile-

april-2024-update). Furthermore, The World Health organisation determined that obesity 

rates in adolescents have quadrupled since 1990, giving concern to the rise of morbidity from 

metabolic dysfunction-associated liver disease and liver damage from concomitant alcohol 

consumption(Hart et al., 2010).  

1.1.1 Diagnosis and current therapeutic options for HCC 

Patients with cirrhosis have a higher risk of developing HCC (Tarao et al., 2019). Surveillance 

of patients with known cirrhosis is recommended with liver ultrasound (Galle et al., 2018). 

However, the sensitivity of ultrasound surveillance alone is dependent on operator and 

patient factors, such as obesity, with sensitivity estimated to be 51-87% (Ayoub et al., 2019). 

Biomarkers such as α-fetoprotein (AFP) in addition to US can increase sensitivity (Ayoub et 

al., 2019). Radiological diagnostic features of HCC consist of arterialisation of tumours that 

demonstrate wash out in comparison to the surrouding non-tumour cirrhotic liver in the 

portal phase on triple phase cross sectional imaging. Histological confirmation can be sought, 

particularly for lesions arising in non-cirrhotic livers, and to guide therapy. 

Current management strategies for HCC in the UK are based on the Barcelona clinic liver 

cancer (BCLC) staging criteria (Dufour et al., 2012; Bruno Sangro et al., 2024). Staging is based 

on liver function as assessed using the Child-Pugh status, Eastern Cooperative Oncology 

Group (ECOG) performance status and the tumour burden. Resection and transplantation are 

curative options for some, but despite the use of the Duvoux criteria to allow downstaging of 

disease, many patients remain outside of transplantation criteria with an advanced Child-
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Pugh score, multifocal and advanced disease or a poor performance status. In addition, those 

post-resection are still at risk of HCC, with a high recurrence rate due to remaining underlying 

viral infection, chronic inflammation and cirrhosis (Portolani et al., 2006). Alternatives such a 

radiofrequency ablation and transarterial chemoembolization may also be offered, as stated 

in the BCLC guidance. 

The updated European Society of Medical Oncology (ESMO) guidance has included newer 

therapies, such as selective internal radiation therapy (SIRT), which can be considered in 

disease limited to the liver, with preserved liver function and in whom first line therapy with 

embolisation or systemic therapy is not appropriate, and stereotactic ablative radiotherapy 

(SABR) for tumours with a high risk of failure of traditional resection or ablative techniques 

due to tumour location (Vogel et al., 2018, 2021). Other therapies, such as irreversible 

elcetroporation (IRE) cannot be recommended yet as standard therapy without further 

evidence (Sugimoto et al., 2020). 

For those presenting with advanced disease, there is currently also a paucity of chemotherapy 

alternatives on offer. Atezolizumab and bevacizumab are currently recommended as first line 

treatment for those with advanced HCC and portal invasion or extrahepatic metastases with 

preserved liver function and performance status (Vogel et al., 2021). Atezolizumab is a 

monoclonal antibody against PD-L1 and bevacizumab is a monoclonal antibody to vascular 

endothelial growth factor (VEGF) in the circulation (Finn et al., 2020). PD-L1 is often 

overexpressed on tumour tissue and is a recognised checkpoint inhibitor of T cell function, 

with VEGF involved in abnormal angiogenesis required for tumour growth and survival (Finn 

et al., 2020). However, 20% of patients do not respond to this treatment regimen and need 

to move onto secondline treatments (Vogel et al., 2021).   Sorafenib, a multi-tyrosine kinase 

inhibitor, has been demonstrated to increase the median overall survival by approximately 3 

months, though these patients had Child’s Pugh A status and a good performance score 

(Eastern cooperative oncology group ECOG 2 or less)(Palmer, 2008). Levantinib (multikinase 

inhibitor against VEGF), has been compared to sorafenib and not demonstrated inferiority, 

and has only been evaluated as a first line therapy (Vogel et al., 2021). A few other multikinase 

inhibitors, such as Regorafenib, Cabozantinib and Ramicurimab, are reserved for potential 

second line therapy as per recently updated European Society for Medical Oncology (ESMO) 

Guidelines (Vogel et al., 2021). 
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Further immunotherapeutic options are being explored (Pardee & Butterfield, 2012; Sawada 

et al., 2013). Monotherapy with nivolumab (anti-PD1 therapy) did not show benefit when 

compared to sorafenib in terms of improving overall survival (Yau et al., 2022), and 

monotherapy with pembolizumab for patients previously treated with sorafenib in the 

KEYNOTE-224 phase III did not demonstrate significant improvement in progression free 

survival compared to best supportive care (Finn et al., 2019; Vogel et al., 2021). Further 

immunotherapies, including adoptive cell transfer, combination therapy with multikinase 

inhibitors and therapeutic vaccines are being explored (Palmer et al., 2009; Bruno Sangro et 

al., 2021; Vogt et al., 2014). Furthermore, combinations of immunotherapy and locoregional 

treatments or surgical treatments are another avenue being explored (e.g. PRIMER-1 trial 

delivering pembrolizumab (PD-1 inhibitor) and or lenvatinib in combination with surgical 

resection in patients with HCC). 

Key evident pitfalls in managing HCC include patients presenting late with advanced disease, 

a high risk of recurrence of HCC following therapy due to a background of a scarred cirrhotic 

liver and the paucity of therapeutic options for patients with advanced disease. In order to 

identify novel targets for therapy, we must first understand the pathophysiology of HCC and 

the immune environment. 

 

1.1.2 Pathogenesis of HCC 

Cirrhosis is recognised to be associated with an increased risk of developing HCC regardless 

of the underlying aetiology of cirrhosis (Tarao et al., 2019).  Mechanisms resulting in the 

pathogenesis of cirrhosis that appear to be aetiology independent include repetitive cycles of 

liver damage, inflammation, regeneration and repair, leading ultimately to chronic 

inflammation, stellate cell activation, extensive fibrosis and regenerative nodule formation 

(Farazi & Depinho, 2006). Telomere shortening is associated with cirrhosis and contributes to 

genetic instability (Farazi & Depinho, 2006). Furthermore, genetic and epigenetic alterations 

including the loss of p53, telomerase reactivation, over expression of receptor tyrosine 

kinases and abnormal DNA methylation have been identified to contribute to the 

pathogenesis of HCC (Farazi & Depinho, 2006; Ramakrishna et al., 2013a).  
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However, despite these common processes leading to HCC, HCC demonstrates vast 

intratumoural heterogeneity (Faivre et al., 2020; Q. Zhang et al., 2020). This is in part 

determined by aetiology specific mechanisms associated with the pathogenesis of HCC. 

Furthermore, HCC can arise without established cirrhosis, for example, as seen in HCC 

associated with aflatoxin ingestion, viral hepatitis and non-alcohol related liver disease 

(NAFLD) (Desai et al., 2019; Farazi & Depinho, 2006).  

The hepatropic viruses Hepatitis B (HBV) and Hepatitis C (HCV) can result in chronic 

inflammation leading to cirrhosis. HBV DNA integration can result in deletion of tumour 

suppressor genes and genes integral to the cell cycle, including p53 and telomerase reverse 

transcriptase (Farazi & Depinho, 2006). HCC associated with HBV are classified as proliferative 

tumours with an aggressive, poorly differentiated phenotype (J. Llovet et al., 2021). The 

Hepatitis B x antigen (HBx) plays a regulatory role in viral replication, interacting with 

transcription factors to sustain viral replication whilst promoting cell survival by inhibiting 

apoptosis (Rawat & Bouchard, 2015). HBx has also been demonstrated to interfere with DNA 

repair processes, directly binding with p53, promoting angiogenesis by upregulating vascular 

endothelial growth factor (VEGF) and promoting vascular invasion and metastasis (Ali et al., 

2014; Z. He et al., 2017; J. M. Llovet et al., 2021). Hence there is a greater risk of HCC in HBV 

infected individuals, regardless of whether there is established underlying cirrhosis. In HCV 

related HCC, the HCV core protein can cause steatosis, promote cell proliferation and increase 

reactive oxygen species in addition to inducing fibrosis and cirrhosis (Goto et al., 2020; Moriya 

et al., 1997; Okuda et al., 2002). There is also some evidence from transgenic mice studies 

that non-structural HCV proteins NS3 and NS5A can promote cell transformation (Goto et al., 

2020). Like HBV, HCV can also interfere with key transcription factors, such as the HCV core 

protein activating hypoxia -inducible factor 1 alpha (HIF1α) in turn upregulating VEGF and 

promoting angiogenesis, and plays a role in aberrant epigenetic methylation (Goto et al., 

2020; Hassan et al., 2009; Toh et al., 2019). 

Carcinogenic processes specific to alcohol related liver disease (ALD) include the generation 

of the liver damaging intermediate, acetaldehyde, during the metabolism of alcohol; reactive 

oxygen species, from alcohol metabolism and abnormal iron metabolism, accentuating 

oxidative mediated stress; alcohol mediated hypomethylation and epigenetic alterations 



26 
 

(Ganne-Carrié & Nahon, 2019).  Susceptibility to HCC from these pathogenic processes is 

further modulated by the presence of specific gene variations (Nahon & Zucman-Rossi, 2012). 

Steatohepatitis is a feature of alcohol related hepatitis and hepatitis secondary to metabolic 

dysfunction-associated steatotic liver disease (MASLD). A single nucleotide polymorphism 

(SNP) in the PNPLA3 allele (adiponutrin/platin-like phospholipase 3) has been associated with 

steatosis in both alcohol related liver disease and MASLD and specifically with an increased 

risk of HCC on a background of cirrhosis secondary to these two aetiologies (Ganne-Carrié & 

Nahon, 2019; Romeo et al., 2008; Singal et al., 2014). Other SNPs, including TM6SF2, are 

associated with the promotion of steatosis in both ALD and MASLD but not specifically with 

the progression of HCC (Ganne-Carrié & Nahon, 2019; Grgurevic et al., 2021). 

Metabolic syndrome and diabetes can in itself be associated with promoting the pathogenesis 

of HCC. Hyperinsulinaemia, associated with insulin resistance in metabolic syndrome, drives 

cell proliferation via stimulation of oncogenes c-fos and c-jun via mitogen-activated protein 

kinase (MAPK) pathways (Grgurevic et al., 2021). Furthermore, hyperinsulinaemia promotes 

steatosis and induced reactive oxygen species secondary to increased oxidation of free fatty 

acids (Grgurevic et al., 2021; J. Llovet et al., 2021). This results in repeated cell damage and 

apoptosis whilst simultaneously driving proliferation. 

Immunological changes, both aetiology dependent and aetiology independent, resulting 

immune escape of transformed cells are also imperative in the evolution of HCC. In order to 

understand these changes, it is vital to understand the underlying immune profile of the liver, 

its role as a tolerogenic organ and alterations in the immune milieu in chronic liver disease. 

 

1.2  Immune dysfunction in cirrhosis and HCC 

The predisposition to infections and the recognition of cirrhosis as a premalignant state 

requiring screening for HCC suggests underlying immune dysfunction and suboptimal host 

anti-tumour immune responses in cirrhosis. Understanding immunological adaptations that 

may arise in cirrhosis is key to developing novel anti-cancer therapies for HCC in the context 

of cirrhosis.  
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1.2.1 The immunological role of the normal liver 

The liver contains a rich myriad of immune cells that, along with non-haematopoietic cells 

within the liver, provide a tolerogenic environment whilst also retaining the capacity to 

produce potent local and systemic immunological responses when required.  

Liver resident immune cells line the sinusoidal spaces (Freitas-Lopes et al., 2017). The liver 

lymphoid population comprises of Natural Killer (NK) cells, forming up to of 50% of the liver 

lymphoid population compared to 10-15% of the peripheral blood circulation, NKT cells and 

T cells (Hudspeth et al., 2016b). Kupffer cells, liver resident macrophages, form the largest 

population of tissue resident macrophages in the body (Robinson et al., 2016). Dendritic cells 

are enriched also within the liver and myeloid suppressor cells have been demonstrated as 

being expanded in disease (Robinson et al., 2016). In addition to the immune cell populations, 

hepatocytes and other epithelial cells are also able to produce immune responses. 

Hepatocytes express all toll-like receptors (TLRs), has the capacity to directly produce 

interleukin 6 (IL-6) and produce acute phase proteins in response to the activation of STAT3 

(Nakamoto & Kanai, 2014; Z. Zhou et al., 2016). Furthermore, hepatocytes also can generate 

acute phase proteins via the activation of NF-κB secondary to stimlation by interleukin 1 beta 

(IL-1β) (Z. Zhou et al., 2016). Liver sinusoidal endothelial cells (LSECs) also play a pivotal role 

through by expressing pattern recognition receptors (PRRs) including TLRs (Nakamoto & 

Kanai, 2014; Robinson et al., 2016). Hepatic stellate cells are known to have a key role in 

disease and fibrogenesis in response to transforming growth factor beta (TGFβ). 

The normal state of the liver is that of an immune tolerogenic environment, allowing the 

exposure of immune cells and hepatocytes residing within the liver to multiple antigens via 

the portal circulation, but inhibiting unfavourable immune responses (Bowen et al., 2004; 

Thomson & Knolle, 2010). Blood from the portal venous system containing antigens from food 

and gut commensals flows through the sinusoidal spaces, is filtered through liver sinusoidal 

endothelial cells to pass through to hepatocytes before draining out via central veins 

(Robinson et al., 2016). Pathogen associated molecular patterns (PAMPs) and damage 

associated molecular patterns (DAMPs) within the portal vein blood are recognised by PRRs 

found on hepatocytes and Kupffer cells, phagocytosed and removed without producing an 

inflammatory response (Robinson et al., 2016). The ability to recognise and phagocytose 
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these antigens without producing a potent immune response is in part reliant on the balance 

of pro- and anti-inflammatory cytokines within the liver. Interleukin 10 (IL-10) produced by 

Kupffer cells and dendritic cells reduce the expression of MHC class II on surrounding antigen 

presenting cells (APCs) thereby limiting any stimulation of the adaptive CD4 T cell response 

(Robinson et al., 2016; Thomson & Knolle, 2010). Furthermore, LSECs, hepatocytes and 

dendritic cells present antigen to T cells via MHC class I, without co-stimulation to activate T 

cells, thereby inducing tolerance (Robinson et al., 2016; Thomson & Knolle, 2010). 

However, the liver is able to produce potent local adaptive and innate immune responses 

when required. In response to pathogens, Kupffer cells produce an array of pro-inflammatory 

chemokines and cytokines, including IL-6, interleukin 1 (IL-1) and tumour necrosis factor alpha 

(TNFα) (Robinson et al., 2016). Liver resident cells recruit circulating immune cells by two 

mechanisms. Firstly, immune cells may be recuited from the blood supply in an antigen 

specific manner, by antigen presentation on MHC class I by LSECs and dendritic cells (Thomson 

& Knolle, 2010). Secondly, the upregulation of certain chemokines and chemokine receptors 

on LSECs can result in the engagement of passing lymphoid cells within the sinusoidal space, 

for example, CCR5 and CXCR6 engagement of T cells and NK cells (Hudspeth et al., 2016b; 

Thomson & Knolle, 2010). Hepatocyte death can occur, either by the direct effect of toxins 

(necrosis) or due to the indirect effect of pathogen clearance and inflammation (J. Li et al., 

2019). The liver can regenerate by hepatocyte proliferation, the differentiation of liver 

progenitor cells and by the production of extracellular matrix components by activated 

hepatic stellate cells (J. Li et al., 2019; Robinson et al., 2016).  Pro-inflammatory cytokines, 

coupled with TGFβ, activate hepatic stellate cells and induce the secretion of extracellular 

matrix components and growth factors (J. Li et al., 2019; Robinson et al., 2016). However, this 

process is tightly regulated by matrix metalloproteinases (MMPs), secreted by activated liver 

macrophages, which in turn breakdown these extracellular matrix components (Roeb, 2018). 

Activated macrophages also reduce tissue inhibitors of metalloproteinases (TIMPs) that 

promote fibrosis, while activated NK cells delete activated hepatic stellate cells via tumour 

necrosis factor-related apoptosis inducing ligand (TRAIL), NKG2D activation and Fas ligand 

(FasL) (Robinson et al., 2016; Roeb, 2018).  
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 1.2.2 Immune dysfunction in cirrhosis 

Cirrhosis is associated with low grade systemic inflammation in the compensated state, which 

is escalated in acute on chronic liver failure (ACLF) (Albillos et al., 2022). There are several 

mechanisms culminating to this chronic activation of the immune system. Dysbiosis in the gut 

results in an alteration of the gut microbiota in cirrhosis (Albillos et al., 2022). This, coupled 

with the increase in gut permeability results in the alteration of and increase in the PAMPs 

that are presented via the portal circulation (Albillos et al., 2022; Pijls et al., 2014). 

Furthermore, continued chemical insults from alcohol, viruses and steatosis results in 

hepatocyte damage and the increased release of DAMPs locally (Albillos et al., 2022). This 

increased influx of DAMPs and PAMPs detected via PRRs on Kupffer cells and LSECs triggers 

the activation and release of pro-inflammatory cytokines (Albillos et al., 2022).  The 

proinflammatory response is mediated by the construction of structures called 

inflammasomes, with the nucleotide-binding oligomerisation domain (NOD)-like receptors 

family pyrin containing 3 (NLRP3) inflammasome having been characterised within Kupffer 

cells and hepatocytes in viral hepatitis, ALD and MASLD (Ramakrishna et al., 2013b; X. Wu et 

al., 2017). NLRP3 activation results in the release of caspase 1, which cleaves and results in 

the release of pro-inflammatory IL-1β, IL-18 and IL-1α (X. Wu et al., 2017). Furthermore, 

circulating monocytes are recruited into the injured liver, further releasing pro-inflammatory 

cytokines (TNFα, interferon (IFN) gamma, IL-6) and propagating liver damage, whilst also 

releasing TGFβ and activating hepatic stellate cells to promote fibrosis (Tacke, 2012). 

However, there is evidence that there is systemic immune dysfunction in cirrhosis. Circulating 

proinflammatory CD14+CD16+ monocytes are expanded in patients with cirrhosis, however, 

these monocytes demonstrate attenuated phagocytic effector functions (Albillos et al., 2022; 

Tacke, 2012). Circulating neutrophils in patients with cirrhosis demonstrate impaired 

phagocytosis with increased production of reactive oxygen species, impaired adhesion and 

migration (Irvine et al., 2019). Patients with cirrhosis are demonstrably lymphopaenic (Matos 

et al., 2013; Tuchendler et al., 2018). Cytotoxic T cells have been demonstrated to express 

exhaustion markers PD-1 and Tim-3 (Albillos et al., 2022; Markwick et al., 2015) and induce 

dysfunction in monocytes and neutrophils (Lebossé et al., 2019).  

The systemic hyporesponsiveness in immunity in advanced cirrhosis is thought to culminate 

from perisistent activation followed by ultimate tolerance and exhaustion of immune cells 
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following the release of DAMPs from the liver and PAMPs from increased gut permeability 

coupled with the reduction in the capacity for the damaged liver to produce acute phase 

proteins (Albillos et al., 2022; Irvine et al., 2019). This immune dysfuction and relative 

innumodeficiency has been associated with the frequent episodes of sepsis in patients with 

cirrhosis (Strnad et al., 2017) and may also result in the predisposition to developing liver 

cancers. 

 

1.2.3 The Tumour Microenvironment 

Cytotoxic immune cells, such as NK cells and CD8+ T cells are involved in tumour surveillance, 

eliminating tumour cells identified directly by abnormal cell surface receptor expression, 

abnormal expression of antigens via MHC-1, and by antigen presentation from professional 

APCs (G. P. Dunn et al., 2002; Swann & Smyth, 2007). Increased populations of tumour 

infiltrating CD8+ T cells and NK cells are associated with a favourable prognosis in HCC 

(Ringelhan et al., 2018). Conversely, tumour cells that acquire mutations may escape from 

immune cell surveillance and elimination (G. P. Dunn et al., 2002; Swann & Smyth, 2007). 

There is sufficient evidence to suggest that the interplay between tumour cells and non-

tumour cells residing within and around the tumour, results in a modulation of the non-

malignant cells and the local environment to promote tumour survival and growth: a 

phenomenon known as the ‘Tumour Microenvironment’ (Balkwill et al., 2012; Fridman et al., 

2012; Mbeunkui & Johann, 2009). Within this HCC tumour microenvironment, key cells that 

accumulate and support tumour survival include tumour asscociated macrophages, myeloid 

derived suppressor cells and T regulatory cells (J. Zhou et al., 2021). 

 

Tumour associated macrophages (TAMs) 

TAMs have an immunosuppressive phenotype, characterised by producing IL10, IL6 and TGFβ 

with lower levels of IL12 (Porta et al., 2009). An increased density of TAMs intra- or peri-

tumoural has been asscociated with poor prognosis in HCC (Ding et al., 2009; Kong et al., 

2013). TAMs promote angiogenesis and can enhance metastases through promoting 

migration and invasion (Wan et al., 2015). TAMs may recruit T regulatory cells (Tregs) via TGFβ 

and CCL22 secretion, further promoting tumour growth (D. Wang et al., 2019).  Within the 
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liver, the pro-inflammatory activation of STAT3 and NF-κB via IL-6 and TNFα respectively, as 

discussed above, have been associated with the development of HCC, with TAMs sustaining 

the secretion of these pro-inflammatory cytokines (Ringelhan et al., 2018; Weston et al., 

2019). However, activation of the NLRP3 inflammasome has been associated with protective 

effects against HCC development in some studies (C. Shi et al., 2020). Furthermore, cross talk 

between monocytes and NK cells have been suggested as a mechanism for rendering tumour 

infiltrating NK cells hypofunctional (Y. Wu et al., 2013).  

Tumour infiltrating T cells 

An increased density of intratumour CD8+T cells are associated with a better prognosis while 

an increased density of intratumoural Tregs is associated with a poorer overall survival in HCC 

(Schoenberg et al., 2021; Yu et al., 2020).  Tumour infiltrating CD8+ T cell cytotoxicity and IFNγ 

secretion is suppressed by Tregs in HCC, with the upregulation of PDL1 on Tregs (Langhans et 

al., 2015; J. Llovet et al., 2021). Expression of PDL1 on HCC tumour tissue further suppresses 

CD8+T cell functional responses, with an increased proportion of PD-1+CD8+T cells in the 

circulation being associated with disease progression (F. Shi et al., 2011). Furthermore, 

circulating tumour cells in HCC directly secrete CCL5, recruiting Tregs to create an 

immunosuppressive environment in the circulation, allowing seeding and metastasis of 

circulating tumour cells (Y.-F. Sun et al., 2021). Single cell RNA sequencing has also identified 

CTLA-4 expression on tumour infiltrating CD8+ T cells (C. Zheng et al., 2017). As discussed 

above, circulatory immune cells in patients with cirrhosis also display an activated and 

exhausted phenotype with effector dysfunction. T cell exhaustion is further compounded by 

chronic infection with hepatropic viruses (HBV and HCV), where an increased proportion of 

Tregs may be found, thus reducing tumour surveillance capacity (Jinan He et al., 2024; 

Ringelhan et al., 2018).  

Myeloid derived suppressor cells (MDSCs) 

MDSCs are expanded in the circulation of patients with HCC and asscociated with poorer 

outcomes in HCC (Lu et al., 2019; Weston et al., 2019). There are 2 subsets of MDSCs: 

monocytic (M-MDSC) and polymorphonuclear (PMN-MDSC) and they are activated via TGFβ, 

IFNγ, IL13 or IL4 (Cassetta et al., 2020; Gabrilovich & Nagaraj, 2009). MDSCs reportedly inhibit 

T cell proliferation, inhibit NK cell cytotoxicity and activate T regulatory cells via the 
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production of multiple factors, including consumption of arginase-1 and cysteine, production 

of nitric oxide synthase, TGFβ, IL-10 and indoleamine 2.3-dioxygenase (IDO) (Lu et al., 2019; 

Zea et al., 2005).  

Neutrophils 

Tumour associated neutrophils (TANs) have been described to have the capacity to have pro- 

and antitumour effects depending on the cyokine environment within the tumour (Coffelt et 

al., 2016). Anti-tumour effects include reactive oxygen species (ROS) production, cross talk 

with monocytes to promote IL-12 production and subsequent NK cell activation, and 

chemokine production (Kotsari et al., 2023). However through the production of CCL2 and 

CCL17, TAN have been shown to attract macrophages and Tregs in turn promoting tumour 

growth (S.-L. Zhou et al., 2016). Peritumoural TANs have also been decribed to express PD-L1 

thereby inhibiting T cells (G. He et al., 2015). TANs also have the capacity to display myeloid 

derived suppressor cell activity (Furumaya et al., 2020). 

The role of NK cells in HCC is discussed further below. 

It is important to understand the non-immune cell components that contribute to the tumour 

microenvironment also: cancer associated fibroblasts, liver sinusoidal cells and cytokines. 

Cancer associated fibroblasts, derived from activated hepatic stellate cells or directly from 

cancer cells, promote angiogenesis, produce extracellular matrix and secrete growth factors 

(Yin et al., 2024; J. Zhang et al., 2020).  

1.2.4 Immunotherapy in Hepatocellular carcinoma 
The heterogeneity of HCC, combined with the immunosuppressive tumour microenvironment 

described, and the lack of predictive biomarkers to predict response to immunotherapy make 

successful targeting with treatments difficult. In addition, the presence of cirrhosis and liver 

dysfunction from different underlying aetiologies adds another layer of complexity. Initial 

immunotherapy trials focussed on the use of a single agent but neither showed superiority to 

sorafenib in terms of overall survival: nivolumab (anti-PD1) in the Phase III CheckMate459 

trial (Yau et al., 2022) and pembrolizumab (anti-PD1) in the Phase III KEYNOTE-240 (Finn et 

al., 2019). Current first line immunotherapy for advanced HCC involves dual therapy with 

atezolizumab and bevacizumab, targeting PD-1 checkpoint-mediated inhibition and 

exhaustion of tumour infiltrating T cells and angiogenesis via anti-VEGF inhibitor respectively 
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(Finn et al., 2020). Ipilimumab (CTLA-4 inhibitor) in combination with nivolumab (phase III 

checkmate 9DW trial has now demonstrated an improved overall survival against sorafenib  

or Lenvatinib (NCT04039607). Durvalumab (PD-L1 inhibitor) and tremelimumab (CTLA-4 

inhibitor) (Phase III HIMALAYA trial) has also shown benefit over sorafenib (B. Sangro et al., 

2024). 

Given the success of combination immunotherapy in patients with advanced disease, 

immunotherapy trials are currently running looking at adjuvant treatment to prevent 

recurrence following treatment. The IMbrave 050 has reported that patients receiving 

atezolizumab and bevacizumab had a better recurrence free survival (Qin et al., 2023). 

The neoadjuvant use of immunotherapy is also being explored for patients undergoing 

surgery for HCC e.g. PRIMER-1 trial (NCT05185739) is currently investigating the use of 

pembrolizumab (PD-1 inhibitor) and/or Lenvatinib for 6 weeks prior to surgery to improve 

recurrence free survival (Childs et al., 2024).  

Other avenues under exploration include combination immunotherapy and locoregional 

therapy: EMERALD1 reported an improved performance free survival period for patients 

having durvalumab and bevacizumab and trans-arterial chemoembolization (TACE) versus 

TACE alone (Lencioni et al., 2024).  

Adoptive cell transfers, like chimeric antigen receptor T (CAR-T) cells (Mandlik et al., 2023) are 

an exciting research avenue. T cell receptors are manufactured to recognise specific anti-

tumour antigen, thereby directing the T cells to the tumour (Aggeletopoulou et al., 2024). 

However understanding not only the tumour environment, but also the underpinning 

immunological changes established in cirrhosis is essential to overcome the underlying 

immunosuppressive environment. 

 

1.3 NK cells 

Natural Killer (NK) cells are innate lymphocytes with important anti-pathogen and anti-

tumour responses. NK cells were initially discovered in mice, coining the term ‘natural’ killer 

cells due to the rapid, antigen-independent onset of cytotoxicity against leukaemia cells 

(Kiessling et al., 1975). NK cells account for 5-15% of peripheral blood lymphocytes, but are 
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concentrated within liver tissue, accounting for up to 50% of liver resident lymphocytes (Gao 

et al., 2008). 

1.3.1 NK cell development 

Innate lymphoid cells (ILCs) can be categorised into five types: NK cells, ILC1, ILC2, ILC3 and 

lymphoid tissue inducer cells. NK cells and ILC1 share many functional and phenotypical 

features. Both cell types have the capacity to produce interferon gamma, kill via the 

expression of tumour necrosis factor related apoptosis inducing ligand (TRAIL) and express 

CD56 and NKp46 (Panda & Colonna, 2019). However, NK cells are found in the circulation as 

well as within tissue, whereas ILC1 cells are thought to be tissue resident cells only, expressing 

tissue homing markers including CD69, CD49a and CD103 (Panda & Colonna, 2019). 

Differential expression of transcription factors T-bet, EOMES and Hobit are also seen but 

expression is can vary based on location and type of NK cell and ILC1 (Panda & Colonna, 2019). 

NK cells are derived from a common progenitor cell (Figure 1). NK cells are thought to arise 

within the bone marrow, but can mature in secondary lymphoid tissue, including lymph nodes 

(Abel et al., 2018). Hematopoietic stem cells acquire CD45RA expression, and subsequently 

acquire IL7R, CD38, CD7 and CD10 to differentiate into common lymphoid progenitor cells 

(CLPs). Acquisition of IL-2Rβ (CD122) demarcates differentiation into NK cells and CD56 

expression classically identifies NK cells, with CD56bright NK cells thought of as a less mature 

subset of NK cells and CD56dim NK cells as the mature NK cells (Abel et al., 2018; Scoville et 

al., 2017). However, the identification of a CD56negative subset of NK cells expanded in 

Human Immunodeficiency Virus infection and a CD56dimCD16negative subset in aplastic 

patients with stem cell transplants challenges this and indicates other possible routes of 

differentiation (Cao et al., 2022; Roberto et al., 2018). NK cells are deemed terminally mature 

with the expression of CD16, CD57 and killer immunoglobulin receptors (Abel et al., 2018; 

Mikulak et al., 2019). Expression of NKG2C/CD94 in mature NK cells has been associated with 

an adaptive memory phenotype (Lopez-Vergès et al., 2011). 
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 Figure 1 Stages of NK cell development (Adapted from Abel et al, 2018 and Scoville et al, 2017)  
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1.3.2 NK cell education 
During NK cell development, NK cells are classically licenced following exposure to cells 

expressing major histocompatibility complex class 1 (MHC1) molecules. In brief, NK cells 

express a variety of killer immunoglobulin-like receptors (KIRs) that demonstrate 

heterogeneity, allowing the recognition of a multitude of self MHC1 molecules. The 

interaction of KIR with specific MHC1 ligands, delivers a potent inhibitory signal to the NK cell 

allowing functional maturity. The now licenced NK cell is inhibited by cells expressing the 

same self MHC1 ligands, and mounts a potent cytotoxic response to other cells lacking that 

specific MHC1 i.e. cells ‘missing self’ MHC1 (Y. He & Tian, 2017; S. Kim et al., 2005).  NK cells 

that do not encounter MHC1 ligands for the KIRs they express do not learn this inhibitory 

response but also do not become functionally mature, and hence do not mount cytotoxic 

responses to healthy cells. Hence both licenced and unlicenced NK cells have a self-tolerance 

(S. Kim et al., 2005). Furthermore, Zamora et al demonstrate that while licenced NK cells 

function as potent effector cells in the context of viral infection, unlicenced cells can act as 

helper cells, migrating to lymph nodes and producing GM-CSF to promote dendritic cell 

activation and thus T cell activation (Zamora et al., 2017). 

Other inhibitory receptors, such as NKG2A expressed on NK cells may also play a role in 

education, as NKG2A+ NK cells can show increased responsiveness to target cells not 

expressing HLA-E, the ligand for NKG2A (Y. He & Tian, 2017). However, education via classical 

MHC1 results in NK cells with the ability to deliver potent cytotoxic and cytokine responses, 

whereas education solely via non-classical MHC results in NK cells with cytotoxic capacity but 

weak cytokine producing capacity (Y. He & Tian, 2017). This suggests that the strength of 

inhibition varies by receptor type and influences education (Brodin et al., 2009). 

 

1.3.3 The circulating NK cell phenotype in health 

Circulating NK cells are classically defined as CD3- negative, differentiating them from T cells, 

and CD56+ innate lymphocytes. They are further defined as mature CD56dim NK cells with 

predominantly cytotoxic capacity, forming 90% of circulating NK cells, and the less mature 

CD56bright NK subpopulation with the capacity to produce potent cytokine responses.  
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Activation is dependent on the balance of inhibitory and stimulatory signals mediated by cell 

surface receptors and allows immediate directed cytotoxic responses resulting in the 

elimination of infected and transformed cells. Surface receptors can be classified into C-type 

lectins (including NKG2D, NKG2A), natural cytotoxicity receptors (NCRs including NKp46, 

NKp30, NKp44), killer-immunoglobulin like receptors (KIR), and activating receptors such as 

2B4, DNAM-1 and CD16 (see Figure 2). 

CD16 is highly expressed on mature circulating NK cells, and binds to the Fc portion of 

immunoglobulins, triggering antibody dependent NK cell mediated cytotoxcity (ADCC). 

NKG2D is a powerful activating receptor, binding to stress-induced ligands (MIC-A, MIC-B, 

ULBP) upregulated on the cell surface of transformed cells and infected cells. The NCRs are 

also potent activating receptors. Co-enagement of NK cell activating receptors can result in 

synergy with activation of cytotoxicity (Bryceson et al., 2006b). 

However, there is evidence that receptors can have more than one action. NKG2D can 

activate different responses in NK cells depending on which isoform is expressed and the 

which ligand is engaged (Silva-Santos & Strid, 2018). Furthermore, repeated prolonged 

exposure to NKG2D ligands has been associated with a downregulation of NKG2D and 

impairment of NKG2D related cytotoxicity (Coudert et al., 2005; Oppenheim et al., 2005). 

Dendritic cells can exert an inhibitory role on NK cells via IL-10 secretion and engagement of 

the NKp46 receptor, an NCR receptor usually deemed to have an activating role (Spallanzani 

et al., 2015).  

There is also emerging evidence that combinations of receptors on NK cell subsets influence 

the overall functional role of the NK cell. In mice, NK cell subsets expressing CD27, NKG2A and 

DNAM-1 together delineate NK cells preferentially delivering cytotoxic responses against 

tumour cell lines, while NK cells expressing CD11b and KLRG1 produce interferon gamma in 

response to tumour cell lines (Rocca et al., 2022). 
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Figure 2 NK cell receptors. KIR: Killer immunoglobulin receptor,  HLA: Human leucocyte antigen, HHLA: Human Endogenous Retrovirus-H Long Terminal 
Repeat-Associating Protein 2, KLRG1: Killer cell lectin-like receptor subfamily G member 1, LILRB1: Leukocyte Immunoglobulin Like Receptor B1, TIGIT: T cell 
immunoreceptor with Ig and ITIM domains, PVR: Poliovirus receptor, DNAM-1: DNAX accessory molecule 1, LAIR1: Leukocyte-associated immunoglobulin-
like receptor 1, MHC: Major histocompatibility complex, MIC: MHC class I chain-related protein, AICL:  Activation induced C-type lectin
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CD160 HVEM

NK Cell
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1.3.4 NK cell effector functions 

NK cells execute effector functions via a variety of routes to mediate anti-tumour and anti-

pathogen responses.  

1.3.4.1 NK cell mediated cytotoxicity 
NK cells contain preformed lytic granules containing perforin, granzyme, granulysin, Fas 

ligand (FasL) and TNF-related apoptosis inducing ligand (TRAIL) as well as small peptides and 

defensins (Krzewski & Coligan, 2012). NK cells mediate cytotoxicity through directed lytic 

granule release (Topham & Hewitt, 2009). Activated NK cells engage with target cells and 

establish an immune synapse, with stabilisation of the synapse via the engagement of 

integrins with ligands on the target cell (Bryceson et al., 2006a; Orange, 2008; Riteau et al., 

2003). If there is a lack of inhibitory signalling from the engagement of KIR at the immune 

synapse, activating signals trigger a cytoskeletal reorganisation resulting in polarisation of the 

microtubule organising centre, movement of the lysosomes containing the lytic granules 

towards the immune synapse and the directed release of lytic granules towards the target 

cell (Orange, 2008). Degranulation is measured indirectly by the increase of LAMP-1/CD107a 

expression on the NK cell surface following the fusion of LAMP-1 lined lysosomes with the NK 

cell surface following exocytosis of the lytic granules (Alter et al., 2004). 

Once delivered towards the target cell, perforin proceeds to be inserted via calcium 

dependent process into the target cell membrane, generating pores, while granzymes result 

in the generation of reactive oxygen species resulting in mitochondrial and DNA damage 

(Krzewski & Coligan, 2012). Granulysin serves as a chemoattractant for other immune cells, 

while peptides and defensins within the granules can aid anti-microbial responses via 

macrophage activation (Krensky & Clayberger, 2009; Krzewski & Coligan, 2012). 

FasL and TRAIL engage with death receptors Fas and TRAIL-receptor (TRAIL-R) expressed on 

target cells, inducing caspase dependent apoptosis of the target cell (S. Wang & El-Deiry, 

2003; Zamai et al., 1998). Fas and TRAIL-R can be upregulated on target cells via IFNγ secretion 

by NK cells (Abel et al., 2018). FasL is also expressed on the NK cell surface, and can be induced 

following NK cell CD16 engagement (Bloom et al., 1999). 

Furthermore, NK cells have the capacity for antibody dependent cell mediated cytotoxicity 

via CD16 mediated NK cell activation, upon CD16 binding the Fc portion of antibodies that 
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have opsonised infected or transformed cells, effectively triggering cytotoxic effector 

functions directed towards the infected cell (O Mandelboim et al., 1999). This in particular 

makes the NK cell a cell of interest in delivering antibody mediated cancer immunotherapies 

(N. Kumar & Khakoo, 2018b). 

1.3.4.2 NK cell secretion of cytokines and chemokines 
NK cells have the capacity to produce the pro-inflammatory cytokines interferon gamma 

(IFNγ), Tumour necrosis factor alpha (TNFα) and GM-CSF on activation (Arase et al., 1996; 

Levitt et al., 1991; Paya et al., 1988). Furthermore, NK cells can produce chemokines CCL3 

(MIP1α), CCL4 (MIP1β), CCL5 (RANTES), XCL1 and CXCL8 (Abel et al., 2018) and there is 

evidence that on encounter with target cells, release of these chemokines precedes the 

release of IFNγ and TNFα, with single activating receptor engagement by target cells being 

sufficient for chemokine release, but multiple receptors engagement being required for IFNγ 

and TNFα release (Fauriat et al., 2010).  

Whilst the pro-inflammatory cytokines and chemokine attract other immune cells, activating 

and supporting anti-pathogen responses, NK cells also have the capacity to produce 

interleukin 10 (IL-10), demonstrating a potentially anti-inflammatory role of NK cells, by 

reducing dendritic cell activation and inhibiting T cell activation particularly in chronic viral 

infections (Martinez-Espinosa et al., 2022). 

 

1.3.5 Cross talk with other immune cells 

NK cells can directly interact with other immune cells to promote a pro-imflammatory 

response. NK cell interactions with dendritic cells and monocytes have been well 

characterised, with antigen presentation via MHC class II molecules and secretion of 

interleukin 12 (IL-12) by dendritic cells and monocytes resulting in the activation of NK cells 

(Ferlazzo & Morandi, 2014). Activated NK cells produce IFNγ, which in turn promotes anti-

pathogen monocyte effector functions (Ferlazzo & Morandi, 2014; Oth et al., 2018). 

Furthermore, interleukin 15 (IL-15) production and transpresentation by dendritic cells 

further promotes NK cell survival, which can be modulated by co-engagement of inhibitory 

NK cell receptors (Anton et al., 2015; Lucas et al., 2007). Direct interactions have been 

documented with dendritic cells via the NKp30 receptor to promote dendritic cell maturation 
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but also to delete immature dendritic cells (Castriconi et al., 2003; Vitale et al., 2005). 

Activated NK cells releasing IFNγ and TNFα reciprocally provide stimulation to dendritic cells 

to enhance IL-12 production and promote a TH1 immune response (Ferlazzo & Morandi, 

2014). NK cell mediated cytotoxicity results in the release of further antigens, promoting 

antigen presentation to mount an adaptive T cell response. 

However, NK cell interactions can also be regulatory and limit immune responses. Activated 

CD8+ T cells can be susceptible to NK cell cytotoxicity through the upregulation of NKG2D 

ligands and DNAM-1 ligands (Pallmer & Oxenius, 2016). NK cell mediated deletion of T cells is 

can be important feature in chronic viral infections, as seen in chronic HBV infection with 

TRAIL mediated killing of HBV specific CD8 T cells (Peppa et al., 2013). T regulatory (Treg) cells 

may have a negative impact in return on NK cell function, which may be important in chronic 

viral infections or cancers where the Treg population is expanded (Pallmer & Oxenius, 2016). 

Whilst interleukin 2 (IL-2) promotes NK cell activation and cytotoxicity, Treg cells limit the 

availability of IL-2 and thus regulate the NK cell response (Gasteiger et al., 2013).  

 

1.3.6 NK cells within the healthy liver 

1.3.6.1 Phenotype 
Natural Killer (NK) cells account for thirty to fifty percent of liver lymphocytes (Gao et al., 

2008). Unlike circulating NK cells, CD56bright NK cells make up a greater proportion of liver 

resident NK cells, but differ from circulating CD56bright NK cells with an increased expression 

of the liver homing surface receptors CXCR6, CCR5, CD69 and transciption factor EOMES but 

with a lower expression of the transcription factor T-bet in comparison to circulating NK cells 

(Marquardt et al., 2015; Stegmann et al., 2016). A subset of liver NK cells have also been 

reported to express CD49a (T. Hydes et al., 2017; Marquardt et al., 2015). The upregulation 

of transcription factors Hobit and Blimp has also been described as key in the upregulation of 

CD69 and driving tissue residency in NK cells (Mackay et al., 2016). 

Hepatic NK cells may be derived from different precursors to circulatory NK cells and this may 

account for why liver resident NK cells are typically CD56bright NK cells with a tissue homing 

repertoire of cell surface molecules (Mikulak et al., 2019).  
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As described earlier, liver resident NK cells are long-lived, found lining sinusoidal spaces and 

are not thought to enter circulation following engagement through CXCR3, CCR5 and CXCR6 

ligands expressed within the liver sinusoids, with CCL3+ Kupffer cells, CCL5+ sinusoidal T and 

NK cells and CXCL16+LSECs  (Cuff et al., 2016; Hudspeth et al., 2016a; Pallett et al., 2020). 

Whilst circulating blood CD56bright NK cells are thought to be less mature than CD56dim NK 

cells, there is evidence that circulating NK cells may be a precursor for CD56bright liver 

resident NK cells. Circulating NK cells in adults can be recuited to the liver and, once engaged 

in liver sinusoids, these recruited NK cells upregulate EOMES and demonstrate a liver resident 

NK cell phenotype (Cuff et al., 2016). 

1.3.6.2 Effector Functions 
Liver resident NK cells also significantly differ with regards to effector function in comparison 

to circulating NK cells. Liver resident NK cells must maintain hyporesponsiveness in order to 

maintain a tolerogenic environment within the liver (Mikulak et al., 2019). TRAIL and FasL are 

upregulated on liver NK cells indicating that NK cell-mediated apoptosis may play a bigger role 

in the liver (Tang et al., 2016). IL-10 from Kupffer cells inhibits NK cell pro-inflammatory 

responses. Furthermore the engagement of NKG2A by HLA-E molecules on hepatocytes 

promotes TGF- secretion by NK cells which in turn modulates dendritic cell function and 

supports the expansion of Treg cells (Jinushi et al., 2007). Treg cells additionally produce IL-

10 and TGF further inhibiting NK cells and promoting tolerogenesis (Mikulak et al., 2019; 

Pedroza-Pacheco et al., 2013). In addition, exposure of NK cells to apoptotic cells results in 

the production of TGF by NK cells, and an attenuated IFNγ response following NK cell 

stimulation (Chong et al., 2010). Furthermore, these NK cells in turn suppress CD4+T cell 

proliferation via NKp46 engagement (Chong et al., 2010). 

There is also evidence that liver resident NK cells may have adaptive properties as 

demonstrated by their ability to function like memory cells. Studies on mouse NK cells in the 

context of murine cytomegalovirus infection demonstrated that CD57+NKG2C+NK cells may 

have memory like responses on re-infection with CMV (Lopez-Vergès et al., 2011; J. C. Sun et 

al., 2009).  Pre-activating human NK cells with IL-12, IL-15 and IL-18 followed by a prolonged 

rest period resulted in cytokine induced memory like NK cells (Tarannum & Romee, 2021). 

Furthermore, these NK cells were able to pass on their abilities to daughter cells, partly 

explained by epigenetic modifications within the cytokine induced memory like NK cells (Pahl 
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et al., 2018). However, interestingly these memory NK cells are CXCR6+ liver resident NK cells 

(Paust et al., 2010), and the transcription factor aryl hydrocarbon receptor in mice has been 

demonstrated as being upregulated in these cells (L. H. Zhang et al., 2016). 

 

1.3.7 Functional roles of NK cells in anti-viral, anti-pathogen and anti-tumoural responses 

NK cell effector functions described above play a vital role in anti-pathogen responses, having 

the capacity for direct cytotoxicity in response to virally infected cells, and releasing cytokines, 

such as interferon gamma, aiding monocyte/macrophage recruitment and activation 

essential in anti-bacterial responses. NK cells also play a pivotal role in tumour surveillance, 

having the capacity to lyse transformed cells. General NK cell effector functions will be 

discussed below, followed by specific NK cell responses in liver disease. 

1.3.7.1 NK cell anti-viral and anti-pathogen responses 

NK cells are powerful effectors in acute viral infections, predominantly due to their capacity 

for IFNγ production and direct cytotoxicity following the engagement of activating NCRs via 

ligands expressed on infected cells (Barrow et al., 2019; Van Erp et al., 2019). Virally infected 

NK cells may evade antigen recognition by T cells by downregulating MHC class I, but this 

results in a loss of inhibition of NK cells via KIR as described above (Waggoner et al., 2016). In 

addition, the upregulation of death ligands (FasL and TRAIL) on infected cells may also trigger 

NK cell mediated apoptosis (Van Erp et al., 2019; Waggoner et al., 2016). In addition, NK cells 

produce potent antibody mediated direct cell cytotoxicity following the engagement of CD16 

by infected cells opsonised with antibody, as described above (Ofer Mandelboim et al., 1999). 

With regards to bacterial infections, NK cells are activated by IL-12 secreted by monocytes, 

and in turn support monocyte function via the production of IFNγ, activating monocytes and 

recruiting monocytes and cascading immune cell recuitment (Souza-Fonseca-Guimaraes et 

al., 2012). NK cells also express TLR and cytotoxicity can be directly induced in response to 

the detection of PAMPs (Noh et al., 2020). TLR4 enagagement by lipopolysaccharide 

promotes IFNγ production and  enhances NK cell cytotoxicity (Lauzon et al., 2006). NK cells 

also produce alpha defensins and LL37, anti-bacterial peptides important in the 

chemoattraction of adaptive T cells (Agerberth et al., 2000).  
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1.3.7.2 NK cell tumour Surveillance and anti-tumour responses 

NK cells provide an efficient first line response to tumours cells (Y. Li & Sun, 2018). Tumour 

cells often downregulate MHC-1 expression, allowing escape from CD8+ T cell cytotoxicity. 

However, this triggers a powerful anti-tumour NK cell response from licenced NK cells, in 

keeping with the ‘missing self hypothesis’ (Raulet & Vance, 2006). Tumour cells often 

upregulate stress ligands, such as MHC Class I polypeptide-related sequence A and B (MICA 

and MICB) that readily engage NKG2D, a powerful activating NK cell receptor. Cross talk with 

dendritic cells supports the activation and maturation of dendritic cells and promotes antigen 

presentation to mount CD8+T cell responses as described above. 

The increased activity of NK cells is associated with a reduced occurrence of cancer, thereby 

supporting the role of NK cells intumour surveillance (Imai et al., 2000; Muntasell et al., 2017). 

Similarly, reduced tumour infiltrating NK cells in solid tumours is associated with poor 

outcomes in multiple different cancers (Eckl et al., 2012; Habif et al., 2019; Tartter, 1987). 

Furthermore, infiltrating NK cells can be modulated negatively in the tumour 

microenvironment, thereby allowing the tumour to persist. Le Maux Chansac et al. examined 

NK cells residing within lung tumour tissue, and found that although these NK cells were 

capable of cell cytotoxicity when incubated with the MHC-1 negative cell line K562, these 

same NK cells were unable to lyse the autologous lung tumour also deficient in MHC-1 (Le 

Maux Chansac et al., 2005). This was predominantly due to an up-regulation of inhibitory 

ligands by the lung adenocarcinoma (Le Maux Chansac et al., 2005). In addition, Platonova et 

al. examined the phenotype and function of intratumoural NK cells residing within non-small 

cell lung cancers and, when comparing them to those from peripheral blood or non-tumour 

tissue, found the NK cell repertoire was altered with a down-regulation of activating receptor 

expression, including NKG2D and DNAM-1, and a lack of expression of some MHC-1 receptors, 

rendering these NK cells hypofunctional within the tumour microenvironment (Platonova et 

al., 2011). Tumours may also express inhibitory ligands on tumour cells, as exemplified by the 

up-regulation of CD137L expression on acute myeloid leukemia cells, which interacts with the 

inhibitory receptor CD137 on NK cells (Baessler et al., 2010). 
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1.3.8 NK cells in Liver disease 
 

1.3.8.1 Viral hepatitis 
Hepatitis C (HCV) results in chronic infection in 80% of people infected, and untreated can 

result in cirrhosis in approximately 20% of patients and HCC in up to 4% of patients (Lauer & 

Walker, 2001; M. H. Lee et al., 2014). At the beginning of 2020, an estimated 56.8 million 

people across the world were affected by HCV, and with the novel direct acting antiviral 

agents now available, there is a global drive to eliminate HCV (Blach et al., 2022). NK cell 

modulation and HCV mediated evasion from NK cell cytotoxicity in part explains the ability of 

HCV to persist in the human host.  

Genetic polymorphisms in KIR and their HLA ligands are associated with differing outcomes, 

with KIR2DL3/HLA-C1, KIR2DL3/HLA-Cw*03 and KIR3DS1/HLABw4 being associated with an 

increased incidence of spontaneous resolution to infection (De Re et al., 2015; Khakoo et al., 

2004; Knapp et al., 2010),  while KIR2DS2/HLA-C1, KIR2DL2/HLA-C1, KIR2DS3/HLA-C2, 

KIR3DL1/HLABw4 and KIR2DS4/KIR2DS1/KIR2DL1 rs35440472-A with HLA-C rs1130838-A are 

associated with negative outcomes, including increased susceptibility to infection with HCV 

and/or chronicity and/or HCC (De Re et al., 2015; Dring et al., 2011; Shen et al., 2021; 

Umemura et al., 2021). The KIR3DL1/HLABw4 combination in particular is strongly associated 

with the development of HCC in patients with HCV related cirrhosis (Umemura et al., 2021). 

Combinations of KIR and HLA can have a significant impact on viral clearance following 

treatment with directly acting anti-viral therapies, with patients carrying KIR2DL3/HLAC1C1 

responding to treatment and those carrying KIR2DL2/HLAC1C2 not responding to treatment 

(Vidal-Castiñeira et al., 2010). 

KIR may work synergistically with other NK cell receptors. Patients regularly injecting 

substances and who are at high risk of contracting HCV but remain negative for HCV infection 

had an increased proportion of KIR2DL3+NKG2A- NK cells (Thoens et al., 2014). As patients 

with HCV infection demonstrated an upregulation of HLA-E expression in the liver, the 

reduced expression of NKG2A on circulating NK cells may confer protection to contracting 

HCV (Thoens et al., 2014). 

Other NK cell receptors also play a role in acute and chronic HCV infection, although the 

reported changes seen in chronic HCV infection are inconsistent across studies (Cheent & 
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Khakoo, 2011; H. R. Rosen & Golden-Mason, 2020).  Overall, many studies have demonstrated 

that in chronic HCV infection, both circulating NK cells and intrahepatic NK cells are reduced 

in proportion to healthy controls (Bonorino et al., 2009; Meier et al., 2005; Barbara Oliviero 

et al., 2009; Pembroke et al., 2014). The HCV NS3 protein can attenuate NK cell function by 

downregulating the NCRs NKp46 and NKp30 (Yang et al., 2017). Worryingly, attenuated NK 

cell effector functions following exposure to the HCV core protein, do not appear to recover 

following clearance of HCV (Golden-Mason et al., 2014), implying that NK cell dysfunction may 

persist for some time following viral clearance (H. R. Rosen & Golden-Mason, 2020). Within 

the liver, cross talk with Treg cells may also promote fibrosis, with activated hepatic stellate 

cells demonstrating a reduced expression of MIC A and MIC B following incubation with Treg 

cells, resulting in reduced killing by NK cells (Langhans et al., 2015). Intrahepatic NK cells are 

also altered, demonstrating reduced TRAIL expression (Varchetta et al., 2012). 

Interestingly, TRAIL expression on intrahepatic NK cells in HBV infection is upregulated, 

unfortunately resulting in hepatocyte death while mediating anti-HBV responses within the 

liver (C. Dunn et al., 2007). Furthermore, CD8+T cell deletion by NK cells has been 

characterised in chronic HBV infection, with TRAIL-R2 being upregulated on HBV specific CD8 

T cells and triggering TRAIL-mediated NK cell cytotoxicity (Peppa et al., 2013), indicating that 

some NK cell responses in HBV infection may not be desirable and may contribute to 

persistence (Maini & Peppa, 2013).  

While NK cell cytotoxicity appears to be maintained in circulating and intrahepatic NK cells in 

chronic HBV infection, the production of IFNγ and TNFα is impaired (Barbara Oliviero et al., 

2009; Peppa et al., 2010). Furthermore, there is some evidence that inhibitory receptors, 

including T cell immunoglobulin and mucin domain containing 3 (TIM3) and NKG2A, are 

upregulated on NK cells (Ju et al., 2010; F. Li et al., 2013). Gene expression analysis 

demonstrates similarities between these dysfunctional NK cells and exhausted T cells 

(Marotel et al., 2021). 
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1.3.8.2 Autoimmune Liver Disease 
Autoimmune liver disease encompasses a range of diseases, sometimes with overlap, 

including autoimmune hepatitis (AIH), primary biliary cholangitis (PBC) and primary sclerosing 

cholangitis (PSC).  

Whilst NK cells constitute approximately half of the liver lymphocyte population, there is little 

evidence regarding the role of NK cells in AIH, with pathology attributed mainly to the 

adaptive immune system (M. Liu et al., 2021; Mikulak et al., 2019). However, polyIC mediated 

liver injury in mice resulted in NK cell enrichment in the liver and a resulting autoimmune 

hepatitis in mice (Dong et al., 2004). In patients with AIH, intrahepatic CD56bright NK cells 

reduced significantly in proportion following corticosteroid therapy, and a significant 

proportion of these NK cells were CD161 positive (Jeffery et al., 2018). 

In patients with PBC, NK cytotoxicity in peripheral and intrahepatic NK cells remains preserved 

and even enhanced (Y. Chuang et al., 2006; M. Liu et al., 2021). NK cells surrounding destroyed 

biliary epithelium in PBC are increased in number (Shimoda et al., 2011) and appear to be 

constitutively activated (T. J. Hydes et al., 2019).  

In PSC, there is an increase in peripheral circulating NK cells (Panasiuk et al., 2004), and certain 

genetic variations in MICA (MICA5.1) and MICB (MICB24), ligands for the activating NK cell 

receptor, are associated with an increased susceptibility to developing PSC (Wiencke, 2001). 

In both PBC and PSC, TRAIL mediated apoptosis appears to be the most likely pathway for NK 

cell mediated autoreactivity (Takeda et al., 2008).  

 

1.3.8.3 Alcohol related Liver disease 
Alcohol related liver disease (ALD) is a major cause of morbidity and mortality. Updated 

statistics on liver disease in England from the Office for Health Improvement and Disparities 

(April 2024 update, https://www.gov.uk/government/statistics/liver-disease-profile-april-

2024-update/liver-disease-profile-april-2024-update) reveal that the rate of premature 

deaths from liver disease has risen by 40% from 2001 to 2022, with the number of deaths 

from ALD increasing by 61.3% in England since 2003.  

Alcohol related liver disease is associated with impaired cytotoxic NK cell function (F J Laso et 

al., 1997; Pan et al., 2006). Patients dependent on alcohol, without underlying liver disease, 

https://www.gov.uk/government/statistics/liver-disease-profile-april-2024-update/liver-disease-profile-april-2024-update
https://www.gov.uk/government/statistics/liver-disease-profile-april-2024-update/liver-disease-profile-april-2024-update
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had reduced perforin expression within NK cells in comparison to healthy volunteers (Perney 

et al., 2003), suggesting that alcohol or related metabolites can have direct detrimental 

effects on NK cell function. However, it is unclear at what stage of ALD and the development 

of fibrosis that NK cell dysfunction becomes apparent. NK cells in patients consuming alcohol 

chronically in excess but without liver fibrosis reveal activated circulating NK cells with 

increased cytotoxicity (Francisco Javier Laso et al., 2010). However, in patients with alcohol 

related hepatitis, NK cells have been described as either with impaired cytotoxicity (Støy et 

al., 2015) or found to have increased cytotoxicity contributing to severe alcohol related 

hepatitis (Sehgal et al., 2020). 

Cui et al demonstrate that NK cells provide protective mechanisms as NK cell depletion in 

these mice resulted in an increase in hepatic steatosis, and beneficial effects were mediated 

by IFNγ release from NK cells (Cui et al., 2017). NK cell mediated killing of activated hepatic 

stellate cells as an anti-fibrotic mechanism is also impaired, again via impaired IFNγ secretion, 

in alcohol related liver disease mouse models (Jeong et al., 2008). Furthermore, cross talk 

with NKT10 cells, a subset of invariant NKT cells with the capacity to produce IL-10, is thought 

to inhibit NK cell function as demonstrated in a mouse model with alcohol induced liver 

disease (Cui et al., 2017).  

1.3.8.4 Metabolic dysfunction-associated Liver Disease 
The nomenclature for non-alcohol related fatty liver disease was updated to metabolic 

dysfunction-associated steatotic liver disease (MASLD) following the mounting evidence of 

the condition being associated with a more global multi-system metabolic syndrome, with 

strong associations with diabetes, cardiovascular and renal disease (L. A. Adams et al., 2017; 

Eslam et al., 2020; Rinella et al., 2023; Targher et al., 2021, 2024). The term MetALD was also 

coined to recognise the separate population of patients with a combination of MASLD and an 

increased alcohol intake for whom outcomes from the disease and disease progression may 

differ from patients with simple MASLD (Rinella et al., 2023).  

In MASLD, the evidence for NK cells remains contradictory, and this may be in part due to the 

broad spectrum of disease, from simple steatosis to a pro-inflammatory steatohepatitis 

characterised by an increase in intrahepatic Kupffer cells, neutrophils, activated CD8+T cells 

and TH17 T cells (Martínez-Chantar et al., 2021). While the majority of studies report a 

reduced frequency and reduced cytotoxicity of circulating NK cells in obese patients 
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(Martínez-Chantar et al., 2021; Michelet et al., 2018; Viel et al., 2017), studies on NK cells in 

MASLD and metabolic dysfunction-associated steatohepatitis (MASH) are less congruent 

(Table 1). 

With regards to NK cell receptors, while some studies found an increased expression of the 

activating NKG2D receptor on NK cells in MASH (Kahraman et al., 2010; Stiglund et al., 2019), 

other studies found a reduced expression of NKG2D in MASLD (Diedrich et al., 2020). Reduced 

expression of NKp46 and NKp30 and increased expression of inhibitory/exhaustion markers 

including Siglec 7 and 9, TIGIT, PD-1 and ILT2 have also been described (Sakamoto et al., 2021). 

In addition, the altered metabolic environment in MASLD may play a role in reprogramming 

NK cell function. NK cell cytokine production and degranulation is reliant on aerobic glycolysis 

and oxidative phosphorylation, and mTOR (the mammalian target of rapamycin) is involved 

in upregulating these processes (Martínez-Chantar et al., 2021). TGFβ has been demonstrated 

to reduce NK cell metabolism through reduced mTOR signalling in obese mice (Cuff et al., 

2019).  
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Table 1 NK cell frequencies and cytotoxicity in NAFLD and NASH studies 

DISEASE 
COMPARISON 

NK CELL 
NUMBER/PROPORTION 

NK CELL CYTOTOXICITY  

MASLD VS MASH No difference in 
peripheral blood NK cell 
number 

No difference in 
peripheral blood 

(Stiglund et al., 
2019) 

MASLD VS HEALTHY Increased NK cells in 
peripheral blood in 
patients with F4 fibrosis 

Peripheral blood NK 
cytotoxicity inversely 
correlates with liver 
fibrosis 

(Amer et al., 2018) 

MASLD VS HEALTHY  Liver NK cell 
degranulation inversely 
correlates with liver 
fibrosis 

(Cuff et al., 2019) 

MASLD VS MASH Increased intrahepatic 
NK cells in MASH vs 
MASLD 

 (Kahraman et al., 
2010) 

MASLD VS HEALTHY Reduced NK cells in the 
peripheral blood in 
MASLD 

Reduced degranulation in 
CD56dim NK cell subset 

(Sakamoto et al., 
2021) 

MASLD VS HEALTHY Increased liver stiffness 
on fibroscan correlated 
negatively with 
intrahepatic NK cells 
 
Reduced numbers of NK 
cells in peripheral blood 

 (Diedrich et al., 
2020) 

 

1.3.8.4 Hepatocellular carcinoma and NK cell related immune dysregulation 
 

Solid tumours with reduced numbers of infiltrating NK cells have been associated with poor 

prognosis as described above. Altered NK cell numbers, activity and receptor expression has 

also been demonstrated in HCC as detailed in Table 2 below (Cai et al., 2008; W. L. Chuang et 

al., 1990; Y. Wu et al., 2013). The interactions resulting in hypofunctional NK cells are not fully 

understood. Chew et al describe an immunosuppressive gradient across the tumour 

microenvironment, where NK cells, with an increased IL10 production and reduced Granzmye 

B production, are recruited to the tumour microenvironment to join an enriched population 

of Treg and exhausted CD8+PD-1+T cells (Chew et al., 2017). NK cell crosstalk with other cells 

of the tumour and stromal immune infiltrate may account for some of the phenotypic and 

functional changes seen in NK cells. Macrophage and NK cell peri- and intra-tumoural 

interactions in HCC via the 2B4 reeceptor on NK cells results in an initial NK cell activation but 
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then a rapid subsequent exhaustion of NK cells (Y. Wu et al., 2013). Myeloid derived 

suppressor cells that are expanded in HCC have been demonstrated to interact with NKp30 

on NK cells but inhibit NK cell function (Hoechst et al., 2009). Interactions with fibroblasts 

derived from HCC tumour tissue have induced dysfunctional NK cells in vitro (T. Li et al., 2012). 

T-regulatory (Treg) cells also inhibit NK cell function in the context of HCC, with loss of anti-

tumour responsesin NK cells from patients with higher proportions of Treg cells (Cai et al., 

2008). 

Modulation of NK cell receptor expression has been described in HCC and associated with NK 

cell dysfunction. NKG2D expression has been demonstrated to be important for effective NK 

mediated tumour surveillance (Guerra et al., 2008). NKG2D expression has been described as 

altered in HCC many independent studies (Jinushi et al., 2005; Mantovani et al., 2019; 

Sheppard et al., 2017; Zecca et al., 2021). Jinushi et al., describe soluble MICA levels that are 

elevated in some patients with HCC and corresponding peripheral blood NK cells had lower 

levels of NKG2D expression and impaired activation (Jinushi et al., 2005). ULBP1 has also been 

described in the serum of patients with HCC but has been associated with improved survival 

(Easom et al., 2020; Kamimura et al., 2012), while soluble MICA has been associated with 

poorer outcomes (Jinushi et al., 2005; V. Kumar et al., 2012). Further conflicting evidence 

comes from Sheppard et al who describe a mouse model where NKG2D sufficient mice 

demonstrate accelerated tumour growth with the recruitement of CD8+ T cells in comparison 

to NKG2D deficient mice (Sheppard et al., 2017). Conflicting evidence for NKp30 expression 

in HCC is partly explained by an alteration in the isomer expressed in HCC, with an increase in 

the inhibitory NKp30 variant being expressed in HCC (Mantovani et al., 2019). 

More recent studies imply a regulatory and possibly pathogenic role of NK cells in HCC. Zecca 

et al describe a CD49a+ NK cell tumour infiltrating subset, that have a increased expression of 

NCRs, a lower expression of NKG2D and demonstrate reduced NK cell cytotoxicity and TNFα 

production. The CD49a+NK subset is also EOMES+, unlike liver resident NK cells that are 

classically TbetHiEOMESlo (Zecca et al., 2021). CD49a+EOMES+ NK cells have been described 

in the decidua, in increased abundance early in pregnancy, where the role of these NK cells is 

thought to promote angiogenesis to support a successful pregnancy (Montaldo et al., 2016; 

Zecca et al., 2021). This pro-angiogenic NK cell subset found within HCC tumour tissue raises 

the question of whether NK cells are beneficial or pathogenic in this context, and if promoting 
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NK cell function with targeted immunotherapy would be beneficial for the patient or 

detrimental. 

Some studies have demonstrated an increase in NK cell function following treatment being 

associated with better outcomes. Patients with 5 year recurrence free survivals following 

adjuvant sorafenib in the STORM trial had higher intratumoural NK cells (Pinyol et al., 2019). 

Sorafenib has also been shown to inhibit the release of MICA from tumour cells, thereby 

mitigating the effects of soluble MICA (Kohga et al., 2010). Patients following radiofrequency 

ablation demonstrated an increase in circulating NK cells expressing activating receptors and 

increased effector responses, and this correlated with an improved disease free survival, 

supporting the hypothesis that promoting NK cell function in patients with HCC is beneficial 

(Zerbini et al., 2010).  
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Table 2 Studies on NK cells in patients with HCC. HCC:Hepatocellular carcinoma, MDSC:myeloid derived suppressor cells, Treg:T regulatory cells,  

COMPARISON SITE NK CELL NUMBER NK CELL FUNCTION NK CELL RECEPTORS/NK CELL CROSSTALK  

HCC VS HBV 

CIRRHOSIS VS 

HEALTHY 

Blood  Reduced cytotoxcity in HCC and 

non-HCC cirrhosis compared to 

healthy 

Cytotoxicity inversely correlates 

with advanced HCC/vascular 

invasion 

 (W. L. Chuang 

et al., 1990) 

HCC VS HEALTHY Blood  Reduced cytotoxicity in HCC MDSC inhibit NK cells via NKp30 (Hoechst et 

al., 2009) 

HCC VS HEALTHY Blood 

Tumour 

Reduced 

CD56dimCD16+ NK 

cells in blood and 

tumour 

Reduced cytotoxicity in HCC and 

reduced IFNγ production in blood 

and tumour 

Treg cells inhibit NK cells (Cai et al., 

2008) 

HCC VS HEALTHY Blood Reduced numbers of 

NK cells in blood 

  (Fathy et al., 

2009) 

HCC TUMOUR VS 

NON TUMOUR 

TISSUE 

Liver Reduced numbers of 

NK cells in tumour 

and in patients with 

metastases  

 Increased Treg cells in tumour (Guo et al., 

2012) 
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COMPARISON SITE NK CELL NUMBER NK CELL FUNCTION NK CELL RECEPTORS/NK CELL CROSSTALK  

HCC TUMOUR VS 

NON TUMOUR 

TISSUE 

Liver Reduced numbers of 

CD56brightNK cells 

in tumour 

Reduced TNFα and IFNγ by 

tumour infiltrating NK cells 

Crostalk with stromal monocytes via 2B4 

receptor activates and induces NK cell 

dysfunction 

(Y. Wu et al., 

2013) 

HCC Blood  Reduced cytotoxicity by NKG2Dlo 

NK cells from patients with HCC 

and soluble MICA in serum 

Reduced maturation/activation of DC by 

NK cells pre-treated with soluble MICA 

NKG2D downregulated in patients with 

HCC and soluble MICA in serum 

(Jinushi et al., 

2005) 

HCC Fibroblast 

from HCC 

tumour 

tissue 

  HCC tumour tissue derived fibroblasts 

inhibit peripheral blood NK cell Granzyme 

B and perforin production via 

Prostaglandin E2 and IDO expression 

(T. Li et al., 

2012) 

HCC POST 

TREATMENT VS 

CIRRHOSIS VS 

HEALTHY 

Blood  Reduced NK cell cytotoxicity in 

patients with worse outcomes 

following HCC treatment 

NK cells coexpressing NKG2A, NKp46 and 

NKp30 associated with worse outcomes 

following curative HCC treatment 

NK cells with increased granzyme B and 

CD3ζ associated with better outcomes 

(Cariani et al., 

2016) 

HCC VS HEALTHY Liver  Increased CD96 on NK cells with 

increased IL-10, TGFβ, low gene 

expression of Tbet, IL-15, 

perforin, granzyme and reduced 

production of IFNγ and TNFα 

Increased CD96 on intratumoural NK or 

CD155 on tumour tissue associated with 

poorer outcomes 

(H. Sun, 

Huang, et al., 

2019) 
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COMPARISON SITE NK CELL NUMBER NK CELL FUNCTION NK CELL RECEPTORS/NK CELL CROSSTALK  

HCC Liver Increased CD49a+ 

NK cells in HCC 

tumour tissue 

correlates with poor 

prognosis 

 Increased PD-1, CD96 and TIGIT on CD49a+ 

NK cells within tumour tissue 

(H. Sun, Liu, et 

al., 2019) 

HCC Blood 

Liver 

  Decreased NKp30, reduced NKG2D, 

increased TIM3 in peripheral blood 

NKp30+NK cells expressed the inhibitory 

variant of NKp30 in advanced HCC 

Increased soluble B7-H6 in advanced HCC 

(Mantovani et 

al., 2019) 

HCC PRE 

TREATMENT 

AND HCC POST 

RFA 

Blood No difference No difference 

Increased risk of HCC recurrence 

if proportion of NK cells 

producing IFNγ is <45% at 1 

month post RFA 

 (H. A. Lee et 

al., 2021) 

HCC VS HEALTHY Liver Reduced liver 

resident CXCR6+ NK 

cells within tumour - 

Intratumour NK cells 

mostly 

TbetHiEOMESlo 

Reduced NK cell cytotoxicity 

Reduced TNFα production 

Increased CD49+EOMES+NK subset in HCC 

Higher expression of NKp46, NKp30, NKp44 

Lower expression of NKG2D 

(Zecca et al., 

2021) 

NK regulatory 
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1.4 Hypothesis 

Whilst NK cells have been demonstrated to be dysfunctional in HCC, it is important to 

understand at what point of the disease process NK cell dysfunction arises and at what 

point tumour surveillance may be impaired as this has important consequences for 

potential immunotherapeutics. I propose that NK cell modulations occur before HCC 

arises, resulting in hyporesponsive NK cells in keeping with cirrhosis associated 

immune dysfunction and with cirrhosis being a premalignant state. 

While NK cell dysfunction is well characterised in viral hepatitis, it is not clear at which 

stage in steatotic liver disease NK cell dysfunction arises and if changes seen in 

cirrhosis secondary to steatotic liver disease persist in patients who develop HCC. 

 

1.5 Thesis Aims 

 

1. Characterise NK cells in patients with cirrhosis and in HCC and underlying 

cirrhosis secondary to non-viral liver disease with deep phenotyping (protein 

expression and gene expression) and functional analysis of circulating and 

intrahepatic NK cells in cirrhosis and HCC. 

2. Investigate the CD56dimCD16+/- NK cell subpopulation that is expanded in 

cirrhosis and HCC 

3. Clarify the role of the inhibitory CD161-LLT1 interaction in cirrhosis and HCC 
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2. Materials and Methods 
2.1.Ethics 
Ethical approval for the use of patient samples for this study was sought and granted 

by the Research Ethics Committee for London (City & East, REC reference 

15/LO/0363).  

 

2.2 Subject selection and sample collection 

2.2.1 Patient recruitment and sample collection 

Patients with cirrhosis, hepatocellular carcinoma (HCC), or undergoing surgery for a 

liver resection but without underlying cirrhosis or HCC were recruited and consented 

from outpatient clinics at Imperial College NHS Healthcare Trust (St Mary’s Hospital 

and Hammersmith Hospital) and Kings College Hospital.  Patients with non-alcoholic 

fatty liver disease (NAFLD) who were not cirrhotic (biopsy proven Metavir score <4 or 

with a fibroscan score of <7kPa) were also consented as a control group. All patients 

were given the relevant patient information sheet (Appendices A-C) and gave 

informed written consent to participate (Appendices D-F).  Patients awaiting liver 

transplantation were consulted via telephone and posted patient information sheets 

if they consented verbally. Formal written consent was then taken when the patient 

subsequently attended an outpatient clinic appointment or was called in to hospital 

prior to transplantation. Criteria deeming patients eligible to participate were aged 

over 18 years with capacity to give informed consent.  

 

Peripheral venous blood was taken from participants in sodium heparin blood bottles 

and serum separating tubes (SST). Up to a volume of 40ml of blood was taken and 

processed. The maximum time between venesection and blood processing was 4 

hours. Liver tissue from surgical liver resections or whole liver explants were either 

taken fresh immediately to the histopathologist for examination or placed on ice in a 

cold room (at 4°C) until the histopathologist could examine the liver tissue. 

Subsequently, any liver tissue deemed surplus to diagnosis by the histopathologist 

was then processed for mononuclear cell extraction. The maximum time between 

liver resection/removal and liver tissue processing was 16 hours. 
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2.2.2 Healthy controls  

Healthy volunteers were recruited and written consent taken. After informed consent 

blood samples were obtained from individuals who had no known history of liver 

disease and no regular medication use. For all of the assays described, each 

experiment comprised healthy control samples alongside the patient samples, in 

order to control for any assay-to-assay variation.  

 

2.3. Sample Processing 

2.3.1 Whole blood processing 

Blood from sodium heparin tubes was diluted with one volume of phosphate-buffered 

saline (Gibco™ PBS, pH 7.4, Thermofisher Scientific). This diluted blood was layered 

over Ficoll-Paque™ PLUS Media (GE Healthcare) (30mls diluted blood over 15mls 

Ficoll-Paque™ PLUS Media) and spun at 2000rpm for 20mins without brakes. 

Peripheral blood mononuclear cells (PBMCs) were thus harvested via density 

centrifugation, resuspended in sterile heat-inactivated fetal calf serum (FCS, Lonza) 

with 10% dimethyl sulfoxide (DMSO) and stored in controlled containers (Nalgene® 

Mr. Frosty® Cryo 1°C freezing containers) at -80°C for 8-24 hours, before being 

transferred to liquid nitrogen at -190°C. When required for assays or phenotyping, the 

cells were thawed at 37°C, rapidly transferred and washed in RPMI 1640 medium 

(Thermofisher Scientific) and resuspended in RPMI 1640 supplemented with 10% FCS 

and 1% penicillin-streptomycin and 2mM L-glutamine (Thermofisher Scientific), 

henceforth referred to as R10 culture medium. 

 

Blood collected in serum separating tubes was spun at 1800rpm for 10minutes. The 

serum was stored at -80°C in 500ul aliquots. 

 

2.3.2 Liver tissue processing 

Liver tissue was washed in 500mls of PBS, diced into 5mm3 pieces and transferred into 

RPMI 1640 medium supplemented with 10% FCS. Tissue and media was then 

transferred to gentleMACS C-tubes and mechanically dissociated using a 
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gentleMACS™ Dissociator (mouse-spleen program 03, Miltenyi Biotech). The 

subsequent liver tissue slurry was then filtered through a 70μm mesh and then spun 

at 50rcf for 5mins to pellet any remaining large hepatocyte debris. The supernatant 

was then filtered again through a 35μm filter, and then layered over Ficoll-Paque™ 

PLUS Media (GE Healthcare) (30mls of supernatant over 15mls Ficoll-Paque™ PLUS 

Media) and the liver mononuclear cells (LMNCs) extracted by density centrifugation. 

The liver mononuclear cells were washed, any remaining red blood cells lysed using 

ACK lysis buffer (Thermofisher Scientific), and stored in CryoStor® cell 

cryopreservation media (CS10, Sigma-Aldrich) in controlled cooling containers 

(Nalgene® Mr. Frosty® Cryo 1°C freezing containers) at -80°C for 8-24hours before 

being transferred to liquid nitrogen at -190°C. 

 

2.4 Cell lines and cell culture 

2.4.1 K562  

The K562 cell line is a human erythroleukaemic cell line derived from a patient with 

chronic myeloid leukaemia. These cells do not express surface MHC class I and are 

therefore readily killed by NK cells (Koeffler & Golde, 1980). 

 

2.4.2 Huh7 

The Huh7 cell line is an hepatocellular carcinoma cell line, derived originally from a 

patient with a well-differentiated hepatocellular carcinoma and established by 

Nakabayshi, H. and Sato, J (Nakabayashi et al., 1982). 

 

2.4.3 HepG2 

The HepG2 cell line is another hepatocellular carcinoma cell line, derived from a 

patient with a well-differentiated tumour (Aden et al., 1979). 

2.4.4 Jurkat 
The Jurkat cell line is a T cell lymphocyte cell line derived from a patient with a T cell 

leukaemia (Schwenk & Schneider, 1975). 
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2.4.5 Raji Cells 

The Raji cell line is a B cell line, derived from a patient with Burkitt’s 
lymphoma(Pulvertaft, 1965). 

 

Cell culture and reagents 

Cell lines were cultured and maintained in R10 culture medium (RPMI medium (Gibco, 

ThermoFisher Scientific) supplemented with 10% heat inactivated foetal calf serum 

and 1% penicillin/streptomycin) at 37°C under 5% CO2. These were maintained in 

logarithmic phase at neutral pH by diluting the cultures at a 1 in 10 dilution every 72 

hours in the case of K562 cells, or when cells had reach 80% to 90% confluence in the 

case of Huh7 and HepG2 cells. Adherent cell lines were detached from culture flasks 

using trypsin-EDTA (0.25%) solution (ThermoFisher Scientific, 25200072). 
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Table 3 Phenotyping flow cytometry antibody panels. 

Laser Phenotyping panel 1 Phenotyping panel 2 Liver Panel Maturity panel 1  Maturity panel 2 
405 450/50 CD3- eF 450 

(SK7, 48-0036-41, 
ThermoFisher) 

CD3- eF 450 
(SK7, 48-0036-41, 
ThermoFisher) 

CD16 V450  
(644490,  
3G8, BD) 

CD16 V450  
(644490,  
3G8, BD) 

CD16 V450  
(644490,  
3G8, BD) 

405 525/50 Fixable Viability Dye eF 506 
(65-0866-14,  
ThermoFisher) 

CD4- BV510  
(566804, BD) 

Fixable Viability Dye eF 506 
(65-0866-14,  
ThermoFisher) 

Fixable Viability Dye eF 506 
(65-0866-14,  
ThermoFisher) 

Fixable Viability Dye eF 506 
(65-0866-14,  
ThermoFisher) 

405 610/20 NKp30 BV605 
(563384, BD) 

  IL7R  
(562662, BD) 

 

405 660/20  BTLA-BV650  
(564803, BD) 

   

405 710/50 DNAM-1 BV11 
(752659, BD) 

 CCR5 BV711  
(2D7, 563395, BD) 

  

405 780/60 NKp46 BV786 
(563329, BD) 

PD-1 – BV786  
(741018, BD) 

   

488 530/30 NKG2D FITC 
(11-5878-42, ThermoFisher) 

CD56-FITC 
 (11-0566-42, ThermoFisher) 

 NKG2C AF488  
(FAB138G-100, R&D) 

 

488 575/26  CTLA-4 PE (12-1529-42,  
ThermoFisher) 

CD56 PE  
(CMSSB, 12-0567,  
ThermoFisher) 

NKG2A PE  
(FAB1059P-100,  
R&D) 

CD56 PE  
(CMSSB, 12-0567,  
ThermoFisher) 

488 610/20 CD161 PE-eF 610 
(61-1619-41,  
ThermoFisher) 

CD161 PE-e 610 
(61-1619-41,  
ThermoFisher) 

EOMES PE-eF610  
(WD1928, 61-4877,  
ThermoFisher) 

KLRG1 PE eF 610  
(61-9488-42, 
 ThermoFisher) 

 

488 695/40 CD16 PerCP-e710 
(Clone 3G8, 46-0166-41,  
ThermoFisher) 

Va7.2 PerCP-Cy5.5 
(use 5ul) 

CD3 (clone SK7)  
PerCP-eFluor 710  
(ThermoFisher) 

CD3 (clone SK7)  
PerCP-eFluor 710  
(Thermofisher) 

CD3 (clone SK7)  
PerCP-eF 710  
(ThermoFisher) 

488 780/60 CD56 PE-Cy7 
(CMSSB, 25-0567-41, 
 ThermoFisher) 

CD25 PE-Cy7  
(25-0257-42,  
ThermoFisher) 

T-Bet PE-Cy7  
(4B10, 25-5825,  
ThermoFisher) 

CD56 PE-Cy7 
(CMSSB, 25-0567-41,  
ThermoFisher) 

 

633 670/14 CXCR6 AF647 
(SA051D1, Biolegend) 

CD8- APC 
(47-0088-42, ThermoFisher) 

CD49a  
(328314, Biolegend) 

CD57 APC  
(359610, Biolegend) 

TCF-1  
(566693, BD) 

633 780/60  Fixable Viability Dye eF 780  
(65-0856-18,  
ThermoFisher) 
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2.5 NK cell phenotyping 

2.5.1 Ex-vivo phenotyping using flow cytometry 

PBMCs for phenotyping were thawed rapidly at 37°C, washed initially in Gibco RPMI 

1640 medium (ThermoFisher Scientific) and then phosphate-buffered saline (PBS, 

Sigma-Aldrich) and resuspended in PBS.  5x105 cells were aliquoted in a 100μl volume 

into wells of a 96 well plate. LMNCs were also thawed and washed as above but 

resuspended at 2x105 cells per 100μl per well. The cells were then stained for viability 

(fixable viability dye 506 or fixable viability dye 780, Thermofisher Scientific) for 

20mins at 4°C. Following this, the cells were washed initially with PBS, and then again 

with flow cytometry staining buffer containing foetal bovine serum and 0.09% sodium 

azide (eBioscience™ Flow Cytometry Staining Buffer, Thermofisher Scientific), before 

being incubated with a blocking buffer (10% human AB serum (Sigma-Aldrich) in flow 

cytometry staining buffer (Thermofisher Scientific) for 20mins at 4°C. Following this, 

the cells were resuspended in a pre-mixed cocktail of fluorescently conjugated 

antibodies and BD brilliant staining buffer (Becton Dickinson) in a final volume of 100μl 

for 20mins at 4°C. The pre-mixed cocktails of antibody panels are detailed in Table 1 

above. Control wells were stained with the above cocktail of antibodies excluding one 

antibody (fluorescence minus one), and one well remained unstained. Quantities of 

antibodies to be used were initially optimised to ensure that maximal staining 

(percentage positive population and mean/median fluorescent intensity of the 

positive) was achieved with minimal non-specific binding. Finally, the cells were 

washed twice with flow cytometry staining buffer (eBioscience™, Thermofisher 

Scientific), resuspended in a final volume of 150μl of flow cytometry staining buffer 

and acquired by flow cytometry. 

Intracellular staining where required (i.e. for transcription factors TCF-1, Tbet, EOMES) 

was undertaken after surface staining as follows. The cells were washed twice in flow 

cytometry staining buffer (eBioscience™, Thermofisher Scientific) and fixed in 

eBioscience™ IC Fixation Buffer (Thermofisher Scientific) containing 2% 

paraformaldehyde for 30mins at 4°C. Cells were then permeabilised with two washes 

in eBioscience™ Permeabilization Buffer (10X) containing saponin (Thermofisher 

Scientific), and subsequently blocked again by resuspending the cells in 100μl of 
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permeabilisation buffer with 2% Human AB serum (Sigma-Aldrich) for 20mins at 4°C. 

Following this, antibodies for the transcription factors were added directly to each 

well and incubated for a further 20mins at 4°C. Cells were then washed again in 

permeabilisation buffer, followed by flow cytometry staining buffer, and then 

resuspended in a final volume of 150μl of flow cytometry staining buffer 

(eBioscience™, Thermofisher Scientific) and acquired immediately by flow cytometry.  

 

 

2.5.2 Phenotyping following co-culture with K562 target cells 

PBMCs were thawed rapidly at 37°C, washed initially in RPMI 1640 medium, then 

resuspended in R10 medium at a concentration of 1x106 cells/ml and stimulated for 

16hours at 37°C in 5% CO2 with IL-15 (Thermofisher Scientific) at a concentration of 

1ng/ml. The following day the IL-15 containing medium was removed from the PBMCs, 

and the PBMCs were resuspended at a concentration of 5x105 cells/100μl in fresh R10 

media. K562 target cells were suspended in R10 medium at a concentration of 1x105 

cells/100μl, and 100μl of this was added to the PBMCs, resulting in a PBMC:K562 ratio 

of 5:1 in a final volume of 200μl in a 96 well U bottom plate. Cells were then incubated 

at 37°C in 5% CO2 for either 4 hours or 48 hours. Two wells were plated for each donor 

with 5x105 PBMCs alone in 200μl of R10 media and no K562 target cells, as controls 

for the 4 hour incubation and the 48 hour incubation. Surface phenotyping of NK cells 

were then undertaken at the end of each incubation as described above with 

phenotyping panel 1 (see Table 3) and acquired by flow cytometry. 

 

2.5.3 Phenotyping following co-culture with Huh7 cells 

PBMCs were thawed rapidly at 37°C, washed initially in RPMI 1640 medium, then 

resuspended in R10 medium at a concentration of 1x106 cells/ml and stimulated for 

16hours at 37°C in 5% CO2 with IL-15 at a concentration of 1ng/ml. The following day 

the IL-15 containing medium was removed from the PBMCs, and the PBMCs were 

resuspended at a concentration of 1x106 cells per 100μl in fresh R10 media. Huh7 cells 

were plated as follows to achieve either direct co-culture, indirect co-culture or heat 

damaged Huh7 co-culture conditions. 
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2.5.3.1 Direct Huh7 and PBMC co-culture 

Huh7 cells were plated the day before at 2x105 cells per well in a volume of 500μl of 

R10 medium in a flat bottom 24 well plate, allowing the cells 16 hours to incubate at 

37°C in 5% CO2 to adhere to the well and provide an 80-90% confluent lining to the 

well. Following this, all media was aspirated from the well lined with Huh7 cells, and 

100μl of the resuspended PBMCs in R10 were placed in each well, resulting in a 5:1 

PBMC:Huh7 ratio. One well was plated with 100μl of the resuspended PBMCs alone 

for each donor in R10 (i.e. without any Huh7 cells). The volume of media in all wells 

was made up to 500μl in total by adding fresh R10 media, and the plate incubated at 

37°C in 5% CO2 for 48hours. 

 

2.5.3.2 Indirect Huh7 and PBMC co-culture 

Huh7 cells were plated the day before at 2x105 cells per well in a volume of 500μl of 

R10 medium in a flat bottom 24 well plate, allowing the target cells 16hours to 

incubate at 37°C in 5% CO2 to adhere to the well and provide an 80-90% confluent 

lining to the well. Following this, all media was aspirated from the wells lined with 

Huh7 cells, and replaced with 500μl of fresh R10 media. Polycarbonate cell culture 

inserts with 0.4μm pores (ThermoFisher Scientific) were gently placed within each well 

above and not touching the adhered Huh7 cells. 1x106 PBMCs were seeded in a 200μl 

volume of fresh R10 media onto the cell culture inserts, maintaining at PBMC:Huh7 

ration of 5:1. One well was set up as above for each PBMC donor but without Huh7 

cells (ie 500μl of fresh R10 media in a well with 1x106 PBMCs seeded onto a cell culture 

insert placed within the well). The plate was incubated at 37°C in 5% CO2 for 48hours. 

 

2.5.3.3 Heat-damaged Huh 7 and PBMC co-culture 

Huh7 cells were suspended at a concentration of 4.5x105 cells per ml of R10 media, 

and exposed to 70°C in a heated water bath for one minute. Huh7 cells were then 

resuspended in the same media in which they were exposed to 70°C and plated at 

2x105 cells per well (400μl of the media with suspended Huh7 cells) in a flat bottom 

24 well plate, allowing the cells 16 hours to incubate at 37°C in 5% CO2. Following this, 

100μl of the resuspended PBMCs in R10 were added to each well, resulting in a 5:1 
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PBMC:Huh7 ratio in a 500μl volume of media. One well was plated with PBMCs only 

for each donor (no Huh7 cells) in 500μl of fresh media. The plate was incubated at 

37°C in 5% CO2 for 48hours. 

 

Surface phenotyping of NK cells were then undertaken at the end of each incubation 

as described above with phenotyping panel 1 (see Table 3) and acquired by flow 

cytometry. 

 

2.5.4 Phenotyping following incubation in serum from patients with cirrhosis 

Healthy PBMCs from three donors were incubated at 37°C in 5% CO2 for 48 hours in 

Gibco RPMI 1640 medium (ThermoFisher) supplemented with 1% penicillin-

streptomycin (GibcoTM, ThermoFisher) and 25% serum from healthy donors (n=4) or 

patients with cirrhosis (n=6) (5x105 PBMCs in 500μl of media). Controls for each PBMC 

donor included RPMI 1640 medium supplemented with 25% heat inactivated human 

AB serum (Sigma-Aldrich) and RPMI 1640 medium supplemented with 25% foetal 

bovine serum (GibcoTM, ThermoFisher). PBMCs were then surface stained with NK 

phenotyping panel 1 as described above  and acquired using flow cytometry. 

 
2.5.5 Gene expression analysis 

2.5.5.1 Cell sorting 

PBMCs and MNCs were thawed rapidly at 37°C, washed initially in Gibco RPMI 1640 

medium (ThermoFisher Scientific) and then PBS, and resuspended in PBS 

(MilliporeSigma, St Louis, Missouri, USA). The cells were then stained for viability 

(fixable viability dye 506, ThermoFisher Scientific) for 20mins at 4°C. Following this, 

the cells were washed initially with PBS, and then again with flow cytometry staining 

buffer containing foetal bovine serum and 0.09% sodium azide (eBioscience™ Flow 

Cytometry Staining Buffer, Thermofisher Scientific), before being incubated with a 

blocking buffer (10% human AB serum (Sigma-Aldrich) in flow cytometry staining 

buffer (Thermofisher Scientific) for 20mins at 4°C. Following this, the cells were 

resuspended in a pre-mixed cocktail of fluorescently conjugated antibodies and BD 

brilliant staining buffer (Becton Dickinson) in a final volume of 100μl for 20mins at 4°C. 
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The pre-mixed cocktail of antibodies were as follows, mixed as 5μl of antibody per 

million cells in a maximum staining volume of 100μl  per 5million cells: eFluor405-CD3 

(eBioscience™, Thermofisher Scientific), PerCP eFluor710-CD16 (eBioscience™, 

Thermofisher Scientific) and PE-Cy7-CD56 (eBioscience™, Thermofisher Scientific. 

Controls of 1 x 106 PBMCs were stained as follows: a) with the above cocktail of 

antibodies excluding one antibody (fluorescence minus one), b) single stained with 

only one antibody, c) one control remained stained with the fixable viability dye only 

and d) one control remained unstained. Finally, the cells were washed twice with flow 

cytometry staining buffer (eBioscience™, Thermofisher Scientific), resuspended in 

100μl of flow cytometry staining buffer per 5million cells and kept on ice. Cells were 

sorted using the BD FACS Aria II and collected in fresh R10 media at 4°C. Gating was 

as demonstrated in figure 3, gating initially on lymphocytes and singlet cells as 

identified on forward and side scatter plots, then live cells, then CD3 negative cells, 

then CD56 positive cells. The following subpopulations were sorted and collected: 

CD56dimCD16++ NK cells, CD56dimCD16+/- NK cells and CD56brightCD16- NK cells. 
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Figure 3 Gating strategy for cell sorting NK cell subpopulations based on CD56 and CD16 
expression. 

 

2.5.5.2 Gene expression and Nanostring analysis 
Sorted NK cell subpopulations were lysed at a concentration of 20 000 cells per 1μl of 

buffer RLT (RLT lysis buffer, Qiagen, Germany) and stored at -80°C. Gene expression 

analysis was performed using NanoString nCounter® GX Human Immunology V2 assay 

(NanoString Technologies, Inc., Seattle, WA), consisting of a 594 immunology-related 

gene panel, that was customised with a further 30 genes, and housekeeping control 

genes (see Appendix A for the customised gene panel). The cell lysates were 

transported on ice to the NanoString facility at University College London for the 

NanoString team to process as follows: Cell lysates were incubated with NanoString 

reporter probes, labelled with a barcode, and capture probes, labelled with biotin, at 

65°C for 18 hours overnight. This allowed hybridisation of the NanoString reporter 

probes and capture probes to the target RNA in the cell lysate. These probe-target 
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complexes were then immobilised on a cartridge via the biotin on the capture probe, 

and the fluorescently labelled barcodes on the reporter probes were scanned using 

the nCounter® Digital Analyser at the UCL NanoString Facility (University College 

London, UK). Reporter code count (RCC) files were generated for each sample, 

reporting the number of copies of each of the genes found in each sample. This 

NanoString data was analysed using nSolver® analysis software v4.0, normalising gene 

expression with the use of housekeeping genes and subtracting negative controls from 

the normalised data. Normalised data was compared between NK cell subpopulations, 

in disease and in health, to reveal differential expression of genes where gene 

expression levels were greater than 30, with p<0.05 and false discovery rate (FDR 

<0.05) (calculated using the Benjamini-Hochberg approach) and a fold change of 

greater than 2.  

Gene enrichment analysis, to determine which pathways were upregulated or 

downregulated in disease compared to health and between NK cell subpopulations, 

was undertaken using two platforms: ReactomeGSA (version 89) and Ingenuity 

Pathway Analysis software (version 24.0, Qiagen). 
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2.6 NK cell functional assays  

2.6.1 CD107a, Interferon gamma (IFNγ) and Tumour necrosis factor alpha (TNFα) in all 

NK cells 

PBMCs for functional assays were thawed rapidly at 37°C, washed initially in Gibco 

RPMI 1640 medium, then resuspended in R10 medium at a concentration of 1x106 

cells/ml and stimulated for 16hours at 37°C in 5% CO2 with IL-15 at a concentration of 

1ng/ml. The following day the IL-15 containing medium was removed from the 

PBMCs, and the PBMCs were resuspended at a concentration of 5x105 cells per 100μl 

in fresh R10 containing anti APC-H7-CD107a antibody (eBioscience™, Thermofisher 

Scientific) at a concentration of 1μl antibody per million cells. As with the phenotyping 

assays, all antibody concentrations used in the functional assays were optimised to 

allow maximal binding but minimise non-specific staining. K562 target cells were 

suspended in R10 medium at a concentration of 1x105 cells/100μl, and 100μl of this 

was added to the PBMCs, resulting in a PBMC:Target ratio of 5:1 in a final volume of 

200μl in a 96 well U bottom plate. This optimal ratio was pre-determined by titration 

of PBMC:Target ratios ranging from 1:1 to 20:1. In one control well, K562 targets were 

not added to the PBMCs, but the volume was made up to 200μl by adding fresh R10 

medium. This allowed the assessment of baseline spontaneous degranulation and 

IFNγ and TNFα production in PBMCs without target cells. The cells were incubated at 

37°C in 5% CO2 for 1 hour, after which cell transport protein inhibitor (eBioscience™ 

Protein Transport Inhibitor Cocktail (500X), Thermofisher Scientific) was added to the 

wells to prevent internalisation of the membrane bound CD107a and allowing 

accumulation of intracellular cytokines. After a further 3 hours incubation at 37°C in 

5% CO2, the cells were washed, resuspended in PBS and stained with fixable viability 

dye 506 (eBioscience™, Thermofisher Scientific ) for 20mins at 4°C, and then washed 

and incubated with blocking buffer as described above. The PBMCs were then surface 

stained with monoclonal antibodies in BD brilliant staining buffer (Becton Dickinson) 

in a final volume of 100μl as follows: PerCP eFluor710-CD3 (eBioscience™, 

Thermofisher Scientific), V450-CD16 (Becton Dickinson), PE-Cy7 CD56 (eBioscience™, 

Thermofisher Scientific). The cells were washed twice in flow cytometry staining 

buffer (eBioscience™, Thermofisher Scientific) and fixed in eBioscience™ IC Fixation 
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Buffer (Thermofisher Scientific) containing 2% paraformaldehyde for 30mins at 4°C. 

Cells were then permeabilised with two washes in eBioscience™ Permeabilization 

Buffer (10X) containing saponin (Thermofisher Scientific), and subsequently blocked 

again by resuspending the cells in 100μl of permeabilisation buffer with 2% Human AB 

serum (Sigma-Aldrich) for 20mins at 4°C. Following this, anti PE-IFNγ and anti-Alexa 

fluor700-TNFα were added directly to each well and incubated for a further 20mins at 

4°C. Cells were then washed again in permeabilisation buffer, followed by flow 

cytometry staining buffer, and then resuspended in a final volume of 150μl of flow 

cytometry staining buffer (eBioscience™, Thermofisher Scientific) and acquired 

immediately by flow cytometry.  

 

Huh7 or HepG2 target cells were plated the day before at 2x105 target cells per well 

in a volume of 500μl of R10 medium in a flat bottom 24 well plate, allowing the target 

cells 16hours to adhere to the well and provide an 80-90% confluent lining to the well. 

Following this, the media from each target lined well was removed and replaced with 

200μl of PBMCs with anti-CD107a antibody in R10 medium prepared as described 

above at a concentration of 5x105 cells per 100μl, resulting in a 5:1 PBMC:target ratio. 

The cells were incubated at 37°C in 5% CO2 for 1 hour, after which cell transport 

protein inhibitor (eBioscience™ Protein Transport Inhibitor Cocktail (500X), 

Thermofisher Scientific) was added to the wells and incubated for a further 3 hours at 

37°C in 5% CO2. Surface staining for NK cell CD107a expression and intracellular 

staining for TNFα and IFNγ was undertaken as described above and acquired 

immediately by flow cytometry. 
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Table 4 Functional flow cytometry antibody panels 

Laser Functional NK Panel Perforin and Granzyme panel 
405 450/50 CD16 V450 (644490, 3G8, BD) CD16 V450 (644490, 3G8, BD) 
405 525/50 Fixable Viability Dye eF 506 

(65-0866-14, ThermoFisher) 
Fixable Viability Dye eF 506 
(65-0866-14, ThermoFisher) 

405 610/20   
405 660/20   
405 710/50   
405 780/60   
488 530/30   
488 575/26 IFNgamma PE (502509, Biolegend) Perforin PE (353304, Biolegend) 
488 610/20   
488 695/40 CD3 (clone SK7) PerCP-eFluor 710  

ThermoFisher 
CD3 (clone SK7) PerCP-eFluor 710  
ThermoFisher 

488 780/60 CD56 PE-Cy7 
(CMSSB, 25-0567-41, ThermoFisher) 

CD56 PE-Cy7 
(CMSSB, 25-0567-41, ThermoFisher) 

633 670/14  Granzyme B APC (372204, Biolegend) 
633 730/45 TNF alpha Alexa Fluor 700 (502928, 

Biolegend) 
 

633 780/60 CD107a APC-H7 (561343, BD)  
 

  

2.6.2 CD107a in NK cell subpopulations determined by CD56/CD16 expression 

Peripheral blood mononuclear cells from patients with cirrhosis (n=3) were sorted into 

NK cell subpopulations based on CD56 and CD16 expression as demonstrated in Figure 

2.1 and as described above. Isolated NK cell subpopulations were incubated for 12 

hours with IL-15 (1ng/ml) and then co-cultured for 1 hour in fresh R10 media 

supplemented with 1μl APC-H7-CD107a antibody (eBioscience™, Thermofisher 

Scientific) per million cells with K562 target cells in a 1:1 ratio. Cell transport protein 

inhibitor (eBioscience™ Protein Transport Inhibitor Cocktail (500X), Thermofisher 

Scientific) was added at this point, and then incubated for a further 3 hours. Cells were 

then washed and resuspended in 150μl of flow cytometry staining buffer and acquired 

immediately by flow cytometry to detect CD107a expression. 

 

2.6.3 Ex-vivo Perforin and Granzyme B staining 

PBMCs and LMNCs were prepared, stained with fixable viability dye 506 

(eBioscience™, Thermofisher Scientific) and incubated in blocking buffer as described 

above for phenotyping. Surface staining was then performed using the following 

antibodies in a final volume of 100μl: PerCP eFluor710-CD3 (eBioscience™, 
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Thermofisher Scientific), V450-CD16 (Becton Dickinson) and PE-Cy7- CD56 

(eBioscience™, Thermofisher Scientific). The cells were washed twice in flow 

cytometry staining buffer (eBioscience™, Thermofisher Scientific) and fixed in 

eBioscience™ IC Fixation Buffer (Thermofisher Scientific) containing 2% 

paraformaldehyde for 30mins at 4°C. Cells were permeabilised with two washes in 

eBioscience™ Permeabilization Buffer (10X) containing saponin (Thermofisher 

Scientific), and subsequently blocked again by resuspending the cells in 100μl of 

permeabilisation buffer with 2% Human AB serum (Sigma-Aldrich) for 20mins at 4°C. 

Following this, anti PE-Perforin and anti APC-Granzyme B were added directly to each 

well and incubated for a further 20mins at 4°C. Cells were then washed in 

permeabilisation buffer, followed by flow cytometry staining buffer, and then 

resuspended in a final volume of 150μl of flow cytometry staining buffer 

(eBioscience™, Thermofisher Scientific) and acquired immediately by flow cytometry. 

 

2.6.4 Cytokine secretion 

PBMCs from patients with cirrhosis (n=3) were sorted into NK cell subpopulations 

based on CD56 and CD16 expression as demonstrated in Figure 1 and as described 

above. The isolated NK cell subpopulations were then stimulated with PMA (50ng/ml, 

MilliporeSigma, St Louis, Missouri, USA) and ionomycin (500ng/ml, MilliporeSigma, St 

Louis, Missouri, USA) in duplicates for four hours. The supernatants were then 

collected and cytokine secretion assessed using a V-plex Proinflammatory Panel 1 kit 

(MSD, Maryland, USA), a multiplex cytokine detection system detecting 10 different 

cytokines (TNFα, IFNγ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13). The assays 

were performed in duplicate and the plate read using a QuickPlex SQ 120 instrument 

(MSD), with data downloaded using DISCOVERY WORKBENCH® 4.0 software. 
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2.7 Immunohistochemistry 

2.7.1 LLT1 expression and scoring and analysis by Image J 

LLT1/CLEC2D mouse monoclonal antibody (M01, clone 4C7 (Abnova, Taiwan)) was 

tested in different dilutions and optimised on formalin fixed and paraffin embedded 

(FFPE) liver tissue (3um in thickness), using salivary tissue as a positive control as 

recommended by the antibody manufacturer (Abnova, Taiwan). A dilution of 1 in 4000 

was determined to give best yield with no background staining. 

FFPE blocks of normal liver tissue margins from resections for colorectal metastases 

and cirrhotic liver tissue from liver biopsies were identified. Liver tissue from 

resections demonstrating HCC and background liver tissue blocks from the same 

patients were also identified. These FFPE blocks were cut in 3µm sections and 

mounted on slides. Slides were stained for LLT1 (1:4000) in batches using automated 

staining to minimise variability using a Leica BOND-III instrument (Leica Biosystems, 

Wetzlar Germany) and selecting the BOND Epitope Retrieval Solution 1 (Leica 

Biosystems, Wetzlar Germany), a citrate based pH6 solution for heat induced epitope 

retrieval. Control slides used with each batch (salivary tissue as a positive control, 

unstained slides as a negative control). The antibody was developed with BOND DAB 

enhancer (Leica Biosystems, Wetzlar Germany) and counterstained with 

haematoxylin. Consecutive slides were stained with Haematoxylin and Eosin (Dako 

CoverStainer, Agilent, UK). 

These tissue slides were then scanned in their entirety, and images analysed using 

NDP.view 2.4.26 and ImageJ v1.48 software. Images were reviewed to characterise 

the nature and location of LLT1 staining within liver tissue. The total area of tissue 

(tumour and non-tumour) was outlined and measured using ImageJ software. An 

automated scoring system was devised to reduce bias and attempt to quantify 

staining.  Strength of staining of LLT1 was determined using the positive and negative 

control slides, and contrast ranges set correlating to negative, weak, moderate and 

strongly positive using ImageJ software. The area of the tissue section covered by each 

contrast range was measured using ImageJ, and then calculated as a percentage of 

the total area initially measured (Figure 4). A score of 0-3 was assigned to each 

contrast range, with 0 for areas negative for LLT1, 1 for areas weakly staining for LLT1, 
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2 for areas staining moderately for LLT1 and 3 for areas strongly positive for LLT1 

(Table 5). This was then multiplied by the area, as a percentage of the total area of 

tissue, corresponding to each contrast range to provide an overall score for LLT1 

staining (Table 5). 
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Figure 4 LLT1 Immunohistochemistry scoring system for LLT1 expression in the liver. Formalin 

fixed paraffin embedded (FFPE) blocks of liver tissue demonstrating normal liver margins from 

liver resections for indications other than Hepatocellular carcinoma (HCC) (e.g. liver resections 
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for colorectal metastases), cirrhosis, HCC and paired background liver tissue from patients with 

HCC were identified. Slides were prepared using 3µm sections of tissue from these FFPE blocks, 

with slides stained for LLT1 (1:4000 dilution, Abnova) and consecutive slides stained with 

haematoxylin and eosin (H&E). A) Original scanned image of whole slide demonstrating LLT1 

expression using immunohistochemistry on a section of tissue from a liver resection for HCC 

on a background of cirrhosis. The image demonstrates an area of tumour tissue and 

background non-tumour margins. Image displayed at 0.45x magnification. B) The total area 

of tissue on the slide was outlined and measured using ImageJ software for healthy liver tissue, 

cirrhotic liver tissue (for patients without HCC), background non-tumour liver tissue for 

patients with HCC and tumour tissue for patients with HCC.  This image (picture B) 

demonstrates the total area of HCC tumour tissue outlined in black. The total area was 

measured using ImageJ software with the image at 0.45x magnification. C) and D) 

demonstrate contrast thresholds for each strength of staining (strong, moderate, weak, 

negative), set using negative and positive controls for each batch of slides stained. C) The red 

areas demonstrate the area on the slide with the allocated staining intensity for LLT1 (strong, 

moderate, weak, negative intensity of staining for LLT1) set by contrast ranges in table D). As 

the ImageJ software was used to analyse the entire image, the background white area of the 

slide without tissue also appeared red when the negative staining threshold was set. The total 

area of tissue highlighted as red was measured as the area corresponding to that contrast 

level i.e. in this example, the total area highlighted as red within the tumour area initially 

outlined (picture B) was measured by ImageJ for each contrast level. The measured area of 

liver tissue for each contrast range on each slide was calculated as a percentage of the total 

area of liver tissue on that slide for healthy livers and for cirrhotic livers without HCC. As a 

result, for each slide, the area of tissue staining negative, weak positive, moderate positive 

and strong positive was calculated as a percentage of the total tissue area on that slide. For 

slides with tumour tissue, as demonstrated in this figure, the area of tumour tissue at each 

contrast range (corresponding to strong, moderate, weak, negative intensity of staining for 

LLT1) as defined by table D) were then calculated as a percentage of the total tumour tissue 

area measured on that slide using ImageJ software.  
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Table 5 Weighted scoring system, resulting in higher scores for tissue sections demonstrating 

stronger staining of LLT1 by immunohistochemistry. The area of liver tissue at each staining 

intensity for LLT1 was calculated as a percentage of the total area of liver tissue on that slide 

as described in Figure 4. The percentage of liver tissue demonstrating each intensity level of 

staining for LLT1 was then multiplied by the corresponding weighted score for that intensity of 

staining as per the table below. A total score was calculated by adding all of the scores at each 

staining intensity. The higher the score, the higher the overall intensity of LLT1 staining in the 

liver tissue for that patient sample. 

Weighted 
Score 

Intensity of 
staining 

Area corresponding to the 
intensity of staining (as a % 
of the total area of tissue on 
the slide) 

Weighted score multiplied by 
area corresponding to intensity 
of staining (as a % of the total 
area of tissue on the slide) 

0 Negative Area a 0 x Area a 

1 Weak Area b 1 x Area b 

2 Moderate Area c 2 x Area c 

3 Strong Area d 3 x Area d 

  Total area = a + b + c + d = 
100% 

Total Score (minimum score 0, 
maximum score 300) = (0 x a) + (1 
x b) + (2 x c) + (3 x d) 
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2.7.2 Double staining protocol to ascertain LLT1 co-localisation 

 

Table 6 Antibodies used for double staining liver tissue 

ANTIBODY SUPPLIER AND CATALOGUE NUMBER DILUTION 

LLT1 Abnova, H00029121-M01 1/4000 

CD68 CLONE KP1  Dako, M0814 1/2000 

CD3 CLONE LN10 Novocastra, NCL-L-CD3-565 1/100 

CD20 CLONE L26 Dako, M0755 1/100 

VIMENTIN CLONE V9 Novocastra, NCL-L-VIM-V9 1/100 

 

Double staining of normal liver tissue slides was undertaken by the Pathology 

Translational Technology Platform service at UCL. In brief, 3µm paraffin sections of 

normal liver tissue margins from liver resections for colorectal metastases (n=3) 

underwent automated dewaxing (Leica Bond Dewax AR9222, Leica Biosystems, 

Wetzlar Germany). Automated antigen retrieval was then performed on the sections; 

Leica Bond Epitope retrieval solution 2 (pH9, AR9640, Leica Biosystems, Wetzlar 

Germany) was applied to the slides and they were heated to 100 degrees Celsius for 

30 minutes.  

LLT1 antibody (Abnova, H00029121-M01) was applied to the slides at a dilution of 

1/4000 and incubated at room temperature for 30 minutes. The antibody was 

developed with Bond Red Refine Detection Kit (catalogue number DS9390, Leica 

Biosystems, Wetzlar Germany). The secondary antibody (CD3, 1/100; CD20, 1/100; 

CD68, 1/2000; or Vimentin, 1/100) was then applied and incubated for 30 minutes. 

Bond Post Primary AP and Bond Polymer AP were applied. The slides were then 

removed from the Bond-RX automated immunostainers (Leica Biosystems) and 

completed by hand: Vector Blue AP stain (Vector Labs SK-5300) was applied and 

developed manually, visually confirming using a microscope. Once the stain was 

sufficiently developed, the reaction was stopped by rinsing the slides in distilled water. 

Slides were then allowed to air dry and were mounted in Vector Mount Permanent 

Mounting Media (Vector Labs H-5000). Control slides were single stained for each 

primary antibody. 
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Images were captured and analysed using Nuance Multispectral Imaging System 3.0.2 

(PerkinElmer, UK).  

 

2.8 Quantitative real-time PCR for LLT1 expression 

Liver tissue samples from resection specimens or explants undertaken for HCC and 

cirrhosis, and normal margins from liver resections undertaken for indications other 

than primary liver cancer, were snap frozen and stored in liquid nitrogen at –190°C.  

Tissue samples were thawed and RNA extracted following mechanical 

homogenisation using a TissueRuptor II as per the Qiagen RNeasy plus Mini kit 

following the manufacturer’s instructions (Qiagen, Germany), eluting the RNA in 50μl 

volume of RNAse free water (Qiagen). RNA was then transcribed into complementary 

DNA (cDNA) using the Qiagen Omniscript kit following the manufacturer’s protocol 

(Qiagen, Germany), using Oligo dT primers.  

Real time reverse transcription (RT)-PCR for LLT1 expression (CLEC2D gene) was 

performed using a TaqMan gene expression assay, multiplexing FAM dye-labelled 

LLT1 probe (ThermoFisher, Hs00203174_m1) with VIC dye-labelled GAPDH 

(glyceraldehyde-3-phosphate dehydrogenase, ThermoFisher, Hs02786624_g1) probe 

(GAPDH used as an endogenous control). Each sample was run in duplicate with the 

difference in threshold cycles for LLT1 and GAPDH calculated for each sample (ΔCT) 

and the difference in ΔCT between normal liver, cirrhotic liver and HCC tumour tissue 

samples (ΔΔCT). Reactions were run for 40 cycles, CT values averaged across replicates. 

The fold change in LLT1 expression was expressed as 2ΔΔCT. Statistical comparisons 

were made using Mann-Whitney tests, with Wilcoxon matched-pairs signed rank test 

used for samples from the same donor i.e. HCC tumour tissue and paired background 

liver tissue. 

 

2.9 Elisa for serum analysis for LLT1 

Serum samples from patients with cirrhosis were screened for soluble LLT1 expression 

using an ELISA based assay as follows. Serum samples from 10 healthy donors, 17 
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patients with cirrhosis not currently acutely decompensated and 13 patients with 

treatment naïve HCC were collected and stored in 100 aliquots at -80 following 

centrifugation of fresh blood in serum separating tubes. A C type lectin domain family 

2 member D (CLEC2D) ELISA kit (Mybiosource, San Diego, US, MBS7213167) was 

purchased. Serum samples were diluted 1:2 with the assay buffer and plated in 

duplicate on the assay plate that is pre-coated with a CLEC2D-HRP conjugate, with 

control standards diluted as per the manufacturer’s protocol. Following incubation, 

the assay plate was decanted and washed 5 times, a subtracted for HRP added and 

then a stop solution added. The intensity of colour was measured using a plate 

spectrophotometer, with a standard curve generated from the standard controls and 

with CLEC2D concentrations calculated from this standard curve. Statistical analysis 

was performed using the non-parametric Mann-Whitney test between groups.  

 

2.10 LLT1 surface expression on liver cell lines 
 

Huh7 cells and HepG2 cells were surface stained as follows to determine surface LLT1 

expression. HepG2 cells and Huh7 cells were detached from the T25 culture flasks by 

removal of the R10 culture medium and incubation at 37°C in 5% CO2 for 2 minutes 

with 2mls of PBS supplemented with 5mM EDTA (ethylenediaminetetraacetic acid) 

and 0.1% BSA (Bovine serum albumin, Sigma-Aldrich). Trypsin-EDTA was not used to 

detach cells as this was found to cleave cells surface proteins. Huh7 cells and HepG2 

cells were washed twice in PBS. 1x105 HepG2 cells and 1x105 Huh7 cells were 

resuspended in 1ml of PBS and 1µl of fixable viability dye 506 (ThermoFisher Scientific, 

65-0866-18) for 20minutes at 4°C. The cells were washed with flow cytometry staining 

buffer containing foetal bovine serum and 0.09% sodium azide (eBioscience™ Flow 

Cytometry Staining Buffer, Thermofisher Scientific), before being incubated with a 

blocking buffer (10% human AB serum (Sigma-Aldrich) in flow cytometry staining 

buffer (Thermofisher Scientific)) for 20mins at 4°C. Cells were resuspended with 5µl 

of an unconjugated primary antibody against LLT1 (M01, mouse anti human LLT1 

monoclonal clone 4C7 (H00029121-M01, Abnova, Taiwan) or goat anti-human 

OCIL/CLEC2D polyclonal antibody (AF3480, R&D systems, Minnesota, US)) in 100µl of 
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flow cytometry staining buffer for 20mins at 4°C. Cells were washed twice with flow 

cytometry staining buffer and resuspended in 5µl of a corresponding fluorescent 

secondary antibody (goat anti-mouse alexa fluor 633 (ThermoFisher Scientific, A-

21146) or rabbit anti-goat alexa fluor 633 (ThermoFisher Scientific A-21086)) diluted 

in 100µl of flow cytometry staining buffer for 20mins at 4°C. Cells were washed twice 

in flow cytometry staining buffer and resuspended in 200µl of flow cytometry staining 

buffer an acquired immediately by flow cytometry. 

2.11 Stimulation of liver cell lines to upregulate LLT1 surface expression 

2x105 Huh7 cells were plated per well in a 24 well plate with 2mls of R10 complete 

media and incubated at 37°C in 5% CO2 for 16hours. The media was then 

supplemented with cytokines or toll-like receptor (TLR) agonists as detailed in the 

table below. Each stimulation was performed in duplicate, for 48 hours, with two wells 

remaining unstimulated in R10 media alone. Following the 48 hour stimulation, the 

media was aspirated off the Huh7 cells from each well, washed by layering on 1ml of 

PBS into each well and aspirating the PBS, and detached by and then incubating each 

well in 500µl of PBS supplemented with 5mM EDTA for 2 minutes at 37°C in 5% CO2. 

Cells were then washed with PBS, stained with a fixable viability dye and proceeded 

to determine surface expression of LLT1 as described above. 

 

Table 7 Cytokine and TLR ligands used to stimulate Huh7 cells for 48hours (concentrations in 

R10 medium). 

Cytokines TLR ligands 

IL 1β 10ng/ml Pam 1μg/ml (TLR1/2 agonist) 
IL4 100ng/ml HKLM 108 /ml (TLR2 agonist) 
IL5 50ng/ml Poly I:C 5μg/ml (TLR3) 
IL6 1ng/ml Poly I:C LMW 5μg/ml (TLR3 agonist) 
IL10 100ng/ml LPS 1μg/ml (TLR4 agonist) 
IL12 20ng/ml FLAST 100ng/ml (TLR5 agonist) 
IL17 50ng/ml FSL-1 100ng/ml (TLR6/2 agonist) 
IL22 100ng/ml Imiquimod 1μg/ml (TLR7 agonist) 
TNFα 10ng/ml ssRNA 2.5μg/ml (TLR8 agonist) 
TGF beta 10ng/ml ODN 2006 5μM (TLR9 agonist) 
IFNγ 50units/ml  
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2.12 LLT1 cloning and transfection 

Human LLT-1 were cloned by RT-PCR from cDNA created following reverse 

transcription of RNA extracted from healthy donor PBMCs as follows. RNA was 

extracted following the manufacturer’s protocol using a Qiagen RNeasy Mini Kit 

(Qiagen, Germany). LLT-1 was amplified from this cDNA with PCR using primers 5’-

CGTGTACAAGGGAGGCGGTTCAATGCATGACAGTAACAATGTGG-3’ and 

CAAATCAGATATACATGTCTAGAGCGGCCGCTCGAGCG-3’ (ThermoFisher Scientific) and 

the resulting LLT1 DNA product was ran using electrophoresis on an 1% agarose gel 

(1g agarose, 10ml x5 Tris-borate-ethylenediaminetetraacetic acid buffer) and 

subsequently purified following gel extraction with the QIAquick Gel Extraction kit 

using the manufacturer’s protocol (Qiagen). LLT1 was N-terminally tagged with 

fluorescent proteins by cloning the LLT1 DNA and the pcDNA3.1 vector (ThermoFisher 

Scientific, V79520) containing enhanced yellow fluorescent protein (EYFP). This was 

achieved by digesting the LLT1 DNA product following gel extraction and the 

pcDNA3.1 vector with BsrG1 (ThermoFisher Scientific, ER0931) and Xho1 

(ThermoFisher Scientific, ER0691) at 37°C for 1 hour. The digested products were run 

on an agarose gel, purified by gel extraction and ligated for 1 hour at room 

temperature. The resulting plasmid DNA was used to transform preprepared 

chemically competent Escherichia coli dh5α cells by incubating them together at 4°C 

for 30mins, then 42°C for 2 minutes followed by rapid cooling on ice for 2 minutes. 

100μl of Luria broth (Gibco, Thermofisher) was added and the transformed cells were 

plated on to selective agar plates and cultures at 37°C overnight. Miniprep cultures, 

from single colonies grown on these plates, were cultured in 10ml of Luria broth 

supplemented with antibiotics (0.1mg/ml ampicillin) overnight at 37°C. Plasmid DNA 

was extracted from miniprep cultures using a QIAprep Spin Miniprep Kit (Qiagen) 

following the manufacturer’s instructions and eluted in 50μl of RNAse free water. The 

plasmid DNA was sequenced to ensure the correct transcript for LLT1 had been 

cloned. 

 

The pcDNA3.1 vector with the YFP tagged LLT1 insert was then digested with BamH1 
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(ThermoFisher, ER0051) and Xho1 to cleave the LLT1-YFP tagged insert. The LLT1-YFP 

insert was then ligated as described above with a predigested pIB2 plasmid vector 

(Gift from M. Purbhoo) (predigested with BamH1 and Xho1). The pIB2 vector with the 

LLT1-YFP insert was used to transform competent cells as described above, plated on 

selective agar plates and cultured at 37°C. Miniprep cultures from single colonies were 

cultured the next day in 10ml of Luria broth supplemented with 0.1mg/ml of ampicillin 

as described above and the subsequent plasmid DNA extracted using the QIAprep Spin 

Miniprep Kit (Qiagen).  

 

Phoenix amphotrophic cells, a retroviral packaging cell line encoding gag-pol and env 

DNA, were cultured in R10 media until they reached 80% confluence in a 6 well plate. 

10μg of the pIB2 vector with the LLT1-YFP insert was mixed with 10μl of Plus Reagent 

(ThermoFisher, 11514015) and 8μl lipofectamine (ThermoFisher Scientific, 18324012) 

in 200μl of OPTI-MEM (Gibco, ThermoFisher, 31985062) for 15 minutes at room 

temperature under a sterile tissue culture hood. The R10 media was carefully 

aspirated from the plate containing the adhered Phoenix cells, and the 

vector/lipofectamine/OPTI-MEM mixture was gently placed over the Phoenix cells, 

with an additional 800μl of OPTI-MEM to bring the volume up to 1ml. The Phoenix 

cells were incubated at 37°C in 5% CO2 for 4 hours before adding 5mls of R10 media 

and incubated overnight. The next day, the medium was aspirated and replaced with 

2mls of serum free OPTI-MEM and incubated at 37°C in 5% CO2 for a further 24 hours. 

Following this, the supernatant was aspirated, collecting all the retroviruses 

containing the pIB2-LLT1-YFP DNA manufactured by the Pheonix cells, and filtered 

through a 45μm filter. Lipofectamine (8μl) and Plus Reagent (10μl) was added to the 

retrovirus containing aspirate and incubated at room temperature under a sterile 

hood for 15minutes. The retrovirus/lipofectamine mixture was then placed directly on 

to Huh7 cells plated in a 6 well plate at 80% confluence. The plate was spun at a low 

speed (500G for 60 minutes). The plate was then incubated at at 37°C in 5% CO2 for 

overnight (10hours). The next morning, the retrovirus/lipofectamine mixture was 

aspirated and removed, the Huh7 cells washed in complete R10 media and left to 

incubate overnight again at 37°C in 5% CO2 before being transferred to a larger T25 

flask. Huh7 cells were subsequently examined under a confocal microscope to ensure 
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they had been transfected and were expressing LLT1-YFP. Huh7-LLT1 YFP 

transfectants were selected for by adding 5 µg/ml Blasticidin (ThermoFisher Scientific) 

to the R10 media for 48hours.   

 

2.13 Co-culture of PBMCs with Huh7-LLT1 YFP transfectants 

In order to assess whether LLT1 expression had an effect on NK cell cytotoxicity, 

PBMCs were co-cultured with Huh7 cells that express LLT1 constitutionally at a low 

level and Huh7-LLT1 YFP transfectants that express LLT1 at a higher level as follows. 

In brief, Huh7 cells and Huh7-LLT1 YFP cells were plated the day before at 2x105 cells 

per well in a volume of 500μl of R10 medium in a flat bottom 24 well plate, allowing 

the target cells 16hours to incubate at 37°C in 5% CO2 to adhere to the well and 

provide an 80-90% confluent lining to the well. PBMCs from three different healthy 

donors were thawed rapidly at 37°C, washed initially in Gibco RPMI 1640 medium, 

then resuspended in R10 medium at a concentration of 1x106 cells/ml and stimulated 

for 16hours at 37°C in 5% CO2 with IL-15 at a concentration of 1ng/ml. The following 

day the IL-15 containing medium was removed from the PBMCs, and the PBMCs were 

resuspended at a concentration of 5x105 cells/100μl in fresh R10 media. Following 

this, the media from each target lined well was removed and replaced with 200μl of 

PBMCs with anti-CD107a antibody in R10 medium prepared as described above at a 

concentration of 5x105 cells per 100μl, resulting in a 5:1 PBMC:target ratio (see section 

– CD107a assay). The cells were incubated at 37°C in 5% CO2 for 1 hour, after which 

cell transport protein inhibitor (eBioscience™ Protein Transport Inhibitor Cocktail 

(500X), Thermofisher Scientific) was added to the wells and incubated for a further 3 

hours at 37°C in 5% CO2. PBMC to target wells were set up in triplicate. Surface staining 

for NK cell CD107a expression was undertaken as described above and acquired 

immediately by flow cytometry. Jurkat cells were used as a control target due to the 

lack of expression of LLT1 as determined by flow cytometry using an unconjugated 

monoclonal primary antibody against LLT1 (M01, clone 4C7 (Abnova, Taiwan)) with an 

anti-mouse fluorescent secondary antibody as described above. 

The difference between CD107a expression was calculated between CD161-NK cells 

and CD161+NK cells against each cell type. Statistical comparisons were made 

between groups using Mann-Whitney tests. 
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2.14 Clinical data  

Patient information was recorded from clinical notes and database records. Data 

collected for cirrhotic patients included: age, sex, Child Pugh status, MELD-Na score at 

time of recruitment and underlying aetiology of liver disease. Laboratory data 

collected included serum alanine transaminase (ALT), aspartate transaminase (AST), 

total), albumin, internationalised normalised ratio (INR), platelet count, neutrophil 

and white cell count, sodium and creatinine. For patients with HCC, the Barcelona 

Clinic Liver cancer staging (BCLC) was also recorded. Phenotypic and functional data 

was correlated to these clinical parameters using Spearman rank correlation. 

 

2.15 Statistical analysis  

Data acquired by flow cytometry was analysed using Flowlogic v7 software (Inivai, 

Miltenyi biotech). Statistical data analysis was performed using GraphPad Prism 

version 7.0c software (GraphPad Software Inc, U.S.A). Descriptive statistics are shown 

as median± interquartile range. Comparisons between groups were made using the 

non-parametric Mann-Whitney test or Kruskal-Wallis test with Dunn’s multiple 

comparisons tests as appropriate. Paired analyses used the non-parametric Wilcoxon 

signed rank test. All tests were two-tailed and a probability value (p-value) of less than 

0.05 was considered significant. All error bars on graphs demonstrate the interquartile 

range. For differential gene expression and pathway enrichment analysis, p values and 

the false discovery rate (FDR) were calculated using the Benjamini-Hochberg approach 

using nSolver® analysis software v4.0 and ReactomeGSA (version 89). 
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3. Results: Phenotypic and Functional analysis of NK cells in 
patients with cirrhosis and HCC 
 

3.1 Introduction 
NK cell function and activation depends on a complex interplay between activating 

and inhibitory signals from NK cell surface receptors (Paul & Lal, 2017; Sivori et al., 

2019). NK cells are potently inhibited by MHC class I molecules expressed on the cell 

surface (Ewen et al., 2018). Loss of MHC class I is common immune escape mechanism 

in cancer, allowing malignant cells to evade detection of abnormal by CD8+T cells 

(Dhatchinamoorthy et al., 2021). However, upon encountering NK cells, this loss of 

MHC class I expression on transformed cells results in the release of NK cells from 

inhibition (Marcus et al., 2014; Raulet & Vance, 2006). Furthermore, transformed, 

damaged and infected cells up-regulate stress-induced surface molecules, which may 

in turn engage with activating NK cell receptors (Sivori et al., 2019). The combination 

of loss of inhibitory signalling, coupled with NK cell activating receptor engagement 

with surface antigens on transformed cells results in NK cell activation.  

 

However, NK cell activity may be attenuated despite the lack of MHC class I expression 

on target transformed cells and this has been described in many different cancers, 

including solid tumours of the lung and liver, as well as leukaemia (Baessler et al., 

2010; Cai et al., 2008; Le Maux Chansac et al., 2005; Platonova et al., 2011; C. Sun et 

al., 2015; Y. Wu et al., 2013). The induced expression of ligands for inhibitory receptors 

on malignant cells, often coupled with the down-regulation of activating receptors on 

NK cells have been associated with NK cell dysfunction in these tumours.  

 

Changes in the NK cell surface receptor repertoire have also been described in chronic 

hepatropic viral infections, such as hepatitis B and hepatitis C infection, and associated 

with NK cell dysfunction(Fisicaro et al., 2019; B Oliviero et al., 2009; Strunz et al., 

2018). Whilst NK cell surface receptor changes have been well characterised in viral 

hepatitis, due to the important anti-viral role of NK cells, NK cell receptor alterations 



87 
 

in cirrhosis and hepatocellular carcinoma (HCC) of a non-viral aetiology have been less 

well documented. 

 

The aim of this chapter is therefore to: 

1. Delineate and characterise any phenotypical changes seen in NK cells in 

cirrhosis with and without HCC of a non-viral aetiology 

2. Delineate and characterise any functional deficits seen in NK cells in cirrhosis 

with and without HCC of a non-viral aetiology. 

3. Define any key differences between circulating peripheral NK cells and 

intrahepatic NK cells in disease in cirrhosis. 

 

3.1 Characterising NK cell phenotype and function 

To investigate if individuals with cirrhosis with or without HCC have reduced 

immunosurveillance potential I performed a phenotypic analysis of NK cells.   

Peripheral blood mononuclear cells (PBMCs) and intrahepatic mononuclear cells 

(IMNCs) were extracted and purified by density centrifugation, and surface receptor 

expression evaluated using flow cytometry, as outlined in the methods. Peripheral 

blood samples were analysed from the following patient groups: outpatients with 

cirrhosis (cirrhosis group, n=35); patients with HCC on a background of cirrhosis (HCC 

group, n=29); and healthy volunteers (n=32, Table 8). Patients with autoimmune liver 

disease and viral hepatitis were excluded and only patients with an underlying 

aetiology of alcohol related liver disease (ALD) or metabolic dysfunction-associated 

steatotic liver disease (MASLD) were included. Patients with HCC were treatment 

naïve and had a background of cirrhosis secondary to ALD or MASLD. Peripheral blood 

samples from patients with MASLD but without cirrhosis, as determined by liver 

biopsy (ISHAK score <4 or Metavir <F3) and/or a liver stiffness score of less than 7kPa, 

were also analysed (n=7).  

Preliminary data was used to inform a power calculation to determine the smallest 

sample size needed to see functional differences between peripheral blood NK cells 
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from patients compared to healthy volunteers. Preliminary data demonstrated that 

the mean proportion of circulating healthy NK cells expressing CD107a, a marker of 

NK cell degranulation, against K562 target cells, was 67% (standard deviation 10%, 

based on healthy volunteer samples from 10 donors). Based on this, a priori power 

calculation was performed to calculate the minimum sample size required to 

demonstrate a 15% reduction in functional response (CD107a expression) in patients 

compared to healthy controls. Using G*Power version 3.1.9.7 (Faul et al., 2007), the 

minimum sample size in each group to detect this difference was calculated to be 7 

patients (effect size 1.5, Wilcoxon-Mann-Whitney comparison test, 0.05 probability of 

a type-I error, 80% power, one-tailed test). Thus the obtained sample size of 22 

healthy patients, 22 patients with cirrhosis (14 with ALD, 8 with MASLD) and 16 HCC 

patients (8 with ALD, 8 with MASLD) was adequate for detecting a reduction in 

functional response. 

IMNCs were extracted from liver resection tissue or liver explants with HCC (from both 

the tumour tissue and the surrounding liver background margins), with or without 

underlying cirrhosis (6 patients with HCC on a background of cirrhosis, 4 patients with 

HCC but without cirrhosis), or from explants with cirrhosis only (4 patients). All 

patients had liver disease of a non-viral aetiology and again patients with autoimmune 

liver disease and viral hepatitis were excluded. Patients with an underlying aetiology 

of ALD or MASLD were included. The presence of cirrhosis in the background liver 

tissue was determined by a histopathologist. All patients with HCC were treatment 

naïve. IMNCs extracted from histologically normal liver margins from resections 

undertaken for colorectal metastases were used as representative for healthy IMNCs 

(7 patients) (see Table 9). Again, liver tissue used was determined to be disease free 

by a histopathologist prior to extraction of IMNCs. 
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Table 8  Population characteristics of peripheral blood samples used for phenotyping experiments. All patients had liver disease of a non-viral aetiology. (HCC= 

patient group with treatment naïve, non-viral cirrhosis with hepatocellular carcinoma; ALD= alcohol related liver disease; MASLD= metabolic dysfunction-

associated steatotic liver disease; MASLD (non-cirrhotic) = patients with liver stiffness score of <7kPa and/or biopsy proven fibrosis score of F2 or less; BCLC 

staging= Barcelona clinic Liver Cancer staging; p values calculated using non-parametric Mann Whitney analyses). 

 Healthy Cirrhosis HCC MASLD 
(non-cirrhotic) 

 

Healthy vs. Cirrhosis 
(p value) 

Healthy vs. 
HCC 

(p value) 

Cirrhosis vs. 
HCC 

(p value) 
Total number 32 35 29 7    
Age, years  
mean, (range) 

 
41 (23-62) 

 
57 (26-79) 

 
72 (57-84) 

 
54 (43-69) 

p<0.0001 
**** 

p<0.0001 
**** 

p<0.0001 
**** 

Male  
n, (%) 

 
21, (70.0%) 

 
23, (65.7%) 

 
24 (82.8%) 

 
5 (71.4%) 

   

Child-Pugh (CP) Score: 
CPA n, (%) 
 
CPB n, (%) 
 
CPC n, (%) 
 
MELD-Na score 
mean, (range) 

 
 
 
 
 
 
 

 
13 (37.1%) 

 
14 (40.0%) 

 
8 (22.9%) 

 
12 (6-23) 

 

 
24 (82.8%) 

 
1 (3.4%) 

 
4 (13.8%) 

 
10 (6-18) 

    
 
 
 
 
 
 

p=0.42 

Aetiology: 
 
ALD  n, (%) 
MASLD  n, (%) 
Other(haemochromatosis+ALD) n, (%) 

 
 

 
 

26 (74.3%) 
8 (22.9%) 
1 (2.90%) 

 
 

11 (37.9%) 
15 (51.7%) 
3 (10.3%) 

    

 
BCLC staging: 
 
BCLC 0  n, (%) 
BCLC A  n, (%) 
BCLC B  n, (%) 
BCLC C  n, (%) 
BCLC D  n. (%) 
 

   
 
 

4 (13.8%) 
4 (13.8%) 
8 (27.6%) 
8 (27.6%) 
5 (17.2%) 

    



90 
 

 Healthy Cirrhosis HCC MASLD 
(non-cirrhotic) 

Healthy vs. Cirrhosis 
(p value) 

Healthy vs. 
HCC 

(p value) 

Cirrhosis vs. 
HCC 

(p value) 
Bilirubin (total) (μmol/L)  
mean, (range) 

  
27.4 (5-97) 

 
20.8 (3-82) 

 
7.43 (2-13) 

  p=0.09 

Platelets (109/L)  
mean, (range) 

  
156 (35-313) 

 
178 (33-735) 

 
216 (140-257) 

  p=0.97 

INR  
mean, (range) 

  
1.29 (1.0-2.2) 

 
1.19 (0.93-1.7) 

 
1.03 (0.93-1.1) 

  p=0.07 

Albumin (g/L)  
mean, (range) 

  
32.4 (18-42) 

 
35.5 (21-46) 

 
40.7 (34-43) 

  p=0.06 

ALT (IU/L)  
mean, (range) 

  
35.1 (6-114) 

 
40 (10-202) 

 
46.9 (15-93) 

  p=0.25 

Creatinine (μmol/L) 
mean, (range) 

  
84.2 (43-160) 

 
91 (44-171) 

 
69.1 (64-99) 

  p=0.31 

AFP (μg/L)  
mean, (range) 

   
12498 (2-264917) 

    

Lymphocyte count (109/L)  
mean, (range) 

  
1.5 (0.2-3.5) 

 
1.2 (0.2-2.1) 

 
2.34 (1-3.9) 

  p=0.69 
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Table 9 Population characteristics for liver samples from which intrahepatic mononuclear cells 

were extracted for phenotyping. All patients with cirrhosis and/or HCC had underlying liver 

disease of a non-viral aetiology. The presence of cirrhosis was determined by histological 

evaluation by the histopathologist. All patients with HCC were treatment naïve. Healthy liver 

tissue was taken from background liver from resections for colorectal metastases and 

determined to be healthy by histological examination by a histopathologist. 

 Healthy HCC 
without 
cirrhosis 

Cirrhosis HCC with 
cirrhosis 

Total number 7 4 4 6 
Age (mean, (range)) 60 (50-68) 60 (53-68) 50 (44-56) 61 (53-67) 
Male (n, (% of total)) 2 (28.6%) 2 (50.0%) 3 (75.0%) 5 (83.3%) 
AFP (mean,(range)  91 (2-212)  11 (2-28) 
Aetiology: 
 
ALD (n) 
MASLD (n) 
Mixed ALD+MASLD (n) 
Other (Haemochromatosis+ALD) (n) 

  
 

0 
1 
1 
2 

 
 

2 
1 
1 
0 

 
 

4 
1 
1 
0 

 

Following extraction of PBMCs and IMNCs via density centrifugation as described in 

the methods, NK cells were identified using flow cytometry methods following surface 

staining with fluorescently conjugated antibodies (Phenotyping panel 1, Table 3). In 

brief, mononuclear cells were labelled with a viability dye followed by a cocktail of 

fluorescently conjugated anti-CD3 and anti-CD56 antibodies. NK cells were 

sequentially identified using flow cytometry gating strategy shown in Figure 5. 

The proportion of NK cells and the expression of individual NK cell receptor was 

compared between patient groups, with statistical analyses between these groups 

using non-parametric Mann-Whitney tests, or Kruskal-Wallis test with Dunn’s multiple 

comparisons if comparing multiple groups. Receptor co-expression and expression 

against clinical composite scores was correlated using a Spearman rank correlation. 

Paired comparisons between circulating and intrahepatic NK cells in the same 

individuals were made using the non-parametric Wilcoxon matched-pairs signed rank 

test. P values are denoted on the figures and tables below as follows: * p<0.05, ** 
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p<0.01, *** p<0.001, **** p<0.0001. Error bars on the figures demonstrate the 

interquartile range, with bars representing the median value for the dataset. 

Figure 5 Gating strategy for NK cells from peripheral blood mononuclear cells (PBMCs) and 

intrahepatic mononuclear cells (IMNCs). Following staining of PBMCs and IMNCs with an 

amine binding viability dye, PBMCs and IMNCs were surface stained with fluorescently labelled 

anti-CD3 and anti-CD56 anti-human antibodies (Phenotyping Panel 1, Table 3). CD3-CD56+ NK 

cells were identified as follows using flow cytometry: lymphocytes were identified using a 

forward and side scatter density plot; singlet cells were then gated on; live cells were identified; 

CD3 negative cells were then selected and subsequently CD56 positive cells (NK cells) were 

then selected. 

 

There was no significant difference in the circulating proportion of lymphocytes that 

were NK cells in health or disease. Separating patients with ALD and MASLD cirrhosis 

and ALD and MASLD HCC on a background of cirrhosis again did not reveal a significant 

difference in circulating proportion of NK cells (Figure 6). Further comparisons 

between CD56dim NK cells and CD56bright NK cells did not show a significant 

difference between healthy and patient groups in the circulation or in the liver (data 

not shown). 
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Figure 6 The proportion of circulating peripheral blood mononuclear cells (PBMCs) that are NK 

cells. The percentage of circulating PBMCs that were CD3-CD56+ NK cells was determined 

following surface staining for CD3 and CD56 with fluorescently conjugated antibodies and 

subsequent flow cytometry (Phenotyping panel 1, Table 3). A) There were no significant 

differences in the proportion of circulating NK cells in patients with cirrhosis or hepatocellular 

carcinoma (HCC) in comparison to healthy individuals. B) There were no significant differences 

in the circulating proportions of NK cells in healthy individuals in comparison with patients with 

metabolic dysfunction-associated steatotic liver disease (MASLD) with or without cirrhosis 

(MASLD (non-cirrhotic) and MASLD cirrhosis respectively) and patients with HCC on a 

background of MASLD cirrhosis (MASLD HCC). C) There were no significant differences in the 

circulating proportions of NK cells in healthy individuals in comparison with patients with 

alcohol related liver disease (ALD) with cirrhosis (ALD cirrhosis) and patients with HCC on a 

background of ALD related cirrhosis (ALD HCC). Comparisons were made using the non-

parametric Mann Whitney test. Error bars represent the interquartile range. 

 

Comparisons of the proportion of intrahepatic mononuclear cells that were NK cells 

did not reveal a difference between the different patient populations (Figure 7). 

However, there was an increased proportion of intrahepatic mononuclear cells that 

were NK cells (median range 28%-55% across patient groups) in comparison to 

circulating mononuclear cells that were NK cells (median range 7.8%-8.2% across 

healthy individuals and patient groups) in keeping with published data (Figure 8).  
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Figure 7 The proportion of intrahepatic mononuclear cells (IMNCs) that are NK cells. The 

percentage of total IMNCs that were CD3-CD56+ NK cells was determined following surface 

staining for CD3 and CD56 with fluorescently conjugated antibodies and subsequent flow 

cytometry (Phenotyping panel 1, Table 3). There was no significant difference in the proportion 

of intrahepatic NK cells in healthy liver (Healthy, n=7) in comparison to patients with HCC 

without cirrhosis (HCC, non-cirrhotic background, n=4), HCC with cirrhosis (HCC, cirrhotic 

background, n=6) and patients with cirrhosis (Cirrhosis, n=4). Comparisons were made using 

the non-parametric Mann Whitney test. Error bars represent the interquartile range. 
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Figure 8 Paired analysis demonstrating that a greater proportion of intrahepatic mononuclear 

cells are NK cells in comparison to the proportion of circulating peripheral blood mononuclear 

cells that are NK cells. Peripheral blood mononuclear cells (PBMCs) and intrahepatic 

mononuclear cells (IMNCs) from the same donors were stained to identify NK cells 

(Phenotyping panel 1, Table 3).  The proportion of circulating and intrahepatic NK cells were 

compared. Comparisons were made using the Wilcoxon matched-pairs signed rank test. Error 

bars represent the interquartile range. P values are denoted on the figures as follows: * 

p<0.05). (Intrahepatic data is in blue; circulating data in black; graph displays individual values; 

patient demographics described in Table 9). 

 

3.1.1 Surface receptor expression 

PBMCs and IMNCs were stained with fluorescently conjugated antibodies for the 

activating receptors NKG2D, DNAM-1, NKp30, NKp46, CD16, inhibitory receptor 
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CD161 and the liver homing receptor CXCR6 and phenotyped by flow cytometry 

(Phenotyping Panel 1, described in Chapter 2, Table 3).  

3.1.1.1 Activating receptors - NKG2D and DNAM-1 expression 

NKG2D is well recognised to be down-regulated in cancer due to shedding of NKG2D 

ligands by tumours (Masahisa et al., 2005).  To investigate this, I studied NKG2D 

expression on circulating and intrahepatic NK cells in healthy individuals, individuals 

with cirrhosis and individuals with HCC on a background of cirrhosis. 

NKG2D expression was not altered in cirrhosis or HCC of a non-viral aetiology in 

comparison to healthy donors (Figure 10). NKG2D expression was further analysed 

separating CD56dim and CD56bright NK cells, but again did not show altered 

expression in circulating NK cells.  

 

 

 
Figure 9 NKG2D expression on NK cells.  Gating strategy for NKG2D on NK cells using flow 

cytometry. Following gating for lymphocytes, singlet gating and live cells, CD3-CD56+ NK cells 

were selected. The median fluorescence intensity (MFI) of all NK cells was determined (NKG2D 

staining in blue, fluorescence minus one (FMO) control in grey). The MFI for the FMO was 

subtracted from the MFI measured for NKG2D to calculate the true MFI for NKG2D. 
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Figure 10 NKG2D expression on circulating NK cells. A) The median fluorescence intensity (MFI) 

of NKG2D on all circulating NK cells in healthy volunteers, patients with cirrhosis and patients 

with hepatocellular carcinoma (HCC) on a background of cirrhosis. B) The MFI of NKG2D 

expression on NK cells from healthy volunteers in comparison to patients with MASLD without 

cirrhosis (MASLD (non-cirrhotic)), MASLD with cirrhosis (MASLD cirrhosis) and MASLD cirrhosis 

with HCC (MASLD HCC). C) The median fluorescence intensity of NKG2D expression on NK cells 

from healthy volunteers in comparison to patients with ALD cirrhosis and patients with ALD 

cirrhosis and HCC (ALD HCC). (MASLD = metabolic dysfunction-associated steatotic liver 

disease; ALD= Alcohol related fatty liver disease; HCC= Hepatocellular carcinoma). No 

significant differences were seen when comparing NKG2D expression between healthy 

individuals and patients with cirrhosis, and when comparing patients with cirrhosis with 

patients with HCC. Graphs display individual values and the median value. Comparisons 

between groups have been made using the Mann-Whitney test. Error bars represent the 

interquartile range. 

 

The cirrhosis and HCC groups were further separated by aetiology and NKG2D 

expression compared (Figure 10). There were no significant differences in NKG2D 

expression in patients with underlying MASLD or ALD. 

Direct comparisons of the MASLD and ALD cirrhosis groups and HCC groups did not 

reveal any differences in NKG2D expression and the underlying aetiology of the 

disease (Figure 11). 

  



100 
 

ALD Cirr
hosis

MASLD Cirr
hosis

0

100

200

300

400

Comparison of NKG2D expression in
cirrhosis by aetiology

M
ed

ia
n 

flu
or

es
ce

nc
e 

in
te

ns
ity ns

ALD HCC

MASLD HCC
0

100

200

300

Comparison of NKG2D expression in
HCC by aetiology

M
ed

ia
n 

flu
or

es
ce

nc
e 

in
te

ns
ity ns

A

B

NKG2D surface expression on circulating NK cells and underlying
disease aetiology

 

Figure 11 Comparisons of NKG2D expression in cirrhosis and HCC delineated by underlying 

aetiology. A) NKG2D expression (median fluorescence intensity, MFI) on circulating NK cells 

was compared in patients with cirrhosis secondary to alcohol related liver disease (ALD 

cirrhosis) with patients with cirrhosis secondary to metabolic dysfunction-associated steatotic 

liver disease (MASLD cirrhosis). There were no significant differences in NKG2D expression on 

circulating NK cells in patients with ALD cirrhosis compared to MASLD cirrhosis. B) NKG2D 

expression (MFI) was compared between patients with HCC secondary to ALD cirrhosis (ALD 

HCC) and patients with HCC secondary to MASLD cirrhosis (MASLD HCC). There were no 

significant differences in NKG2D expression on circulating NK cells from patients with ALD HCC 
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compared to MASLD HCC. (Graphs display individual values and the median value. 

Comparisons between groups have been made using the Mann-Whitney test. Error bars 

represent the interquartile range). 
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Figure 12 NKG2D expression on circulating NK cells in cirrhosis and underlying MELD-Na score 

and Child-Pugh classification.  NKG2D expression (median fluorescence intensity) on 

circulating NK cells was determined in patients with cirrhosis. A) NKG2D expression did not 

correlate with MELD-Na score in patients with cirrhosis without HCC (spearman rank 

correlation). B) There were no differences in NKG2D expression on circulating NK cells in 

patients with cirrhosis categorised by Child-Pugh status (CPA= Child-Pugh A, CPB = Child-Pugh 

B, CPC = Child-Pugh C). (Graphs display individual values, and the median value is also 

displayed on the bar graph. Comparisons between groups have been made using the Mann-

Whitney test. Error bars represent the interquartile range). Analyses were repeated for 
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patients with MASLD cirrhosis and for ALD cirrhosis but did not demonstrate correlation with 

MELD-Na or significance between Child-Pugh status. 

NKG2D expression did not correlate with cirrhosis staging by Child-Pugh status or by 

MELD-Na score in patients with cirrhosis without HCC (Figure 12). NKG2D expression 

on NK cells did not correlate with any clinical parameters (Appendix 8.3, table 8.1). 

There were no differences in NKG2D expression when comparing patients with HCC 

with different BCLC (Barcelona Clinic Liver Cancer) staging (Figure 13), though sample 

numbers in each subgroup were too small measure differences.  
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Figure 13 NKG2D expression on circulating NK cells in individuals with HCC analysed by 

Barcelona Clinic Liver Cancer (BCLC) classification. Comparisons between groups with different 

stages did not reveal a difference in NKG2D expression (Kruskal-Wallis test with Dunn’s 

multiple comparisons). (Graphs display individual values and the median value. Error bars 

represent the interquartile range). 

NKG2D expression was determined on intrahepatic NK cells and compared to 

circulating NK cells from the same patient donors (Figure 14).  
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Figure 14 NKG2D expression on intrahepatic NK cells. A) Intrahepatic NK cell expression of 

NKG2D (median fluorescence intensity). Comparisons between groups have been made using 
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the Mann-Whitney test. B) Comparison of NKG2D expression in circulating NK cells (data in 

black) compared to intrahepatic NK cells (data in blue) from the same donor. NKG2D 

expression was determined on circulating NK cells from patients and compared to the 

intrahepatic NK cell expression of NKG2D from the same patient. Comparisons were made 

using the non-parametric Wilcoxon matched-pairs signed rank test. Graphs display individual 

values and the median value. Error bars represent the interquartile range. 

Intrahepatic NK cells from patients with cirrhosis and HCC with or without cirrhosis 

did not show altered expression of NKG2D compared to healthy intrahepatic NK cells, 

although sample numbers were too small to draw conclusions (Figure 14A). 

Comparisons between circulating NK cells and intrahepatic NK cells in healthy 

samples, patients with cirrhosis and patients with HCC on a background of cirrhosis 

did not reveal differences in NKG2D expression (Figure 14B).  
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CD155, the ligand for NK cell activating receptor DNAM-1, has been identified as 

upregulated on HCC tissue (Duan et al., 2019) and hence DNAM-1 expression on NK 

cells in healthy individuals, patients with cirrhosis and patients with HCC on a 

background of cirrhosis was determined to see if there is differential expression of 

DNAM-1 in disease. DNAM-1 was determined using the gating strategy below, 

identifying the percentage of NK cells expressing DNAM-1 (Figure 15). 

 

 

Figure 15 Gating strategy for DNAM-1+NK cells using flow cytometry. Following gating for 

lymphocytes, singlet gating and live cells, CD3-CD56+ NK cells were selected. The percentage 

of NK cells expressing DNAM-1 was determined using a fluorescence minus one (FMO) control.  

 

The proportion of DNAM-1+NK cells was reduced in patients with HCC on a 

background of cirrhosis in comparison to patients with cirrhosis only, while there was 

no difference between NK cell expression of DNAM-1 when comparing patients with 

cirrhosis and healthy volunteers (Figure 16 A). However, on separating patients by 

their underlying aetiology of disease, although there was a downward trend in DNAM-

1 expression in HCC with an underlying MASLD or ALD aetiology compared to patients 

with cirrhosis of the same aetiology, the difference lost significance. There was broad 

variation in the expression of DNAM-1 in patients with HCC regardless of aetiology 

(Figure 16 B and 16 C). 
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Figure 16 DNAM-1 expression on circulating NK cells. A) DNAM-1+NK cells as a proportion of 

all circulating NK cells in healthy volunteers, patients with cirrhosis of a non-viral aetiology and 

patients with treatment naïve, non-viral hepatocellular carcinoma (HCC). Patients in HCC 

group had a significantly lower expression of DNAM-1 expression compared to patients with 

cirrhosis without HCC. B) DNAM-1+NK cells as a proportion of all NK cells from healthy 

volunteers in comparison to patients with MASLD without cirrhosis (MASLD (non-cirrhotic)), 

MASLD with cirrhosis (MASLD cirrhosis) and MASLD cirrhosis with HCC (MASLD HCC). C) 

DNAM-1+NK cells as a proportion of all NK cells from healthy volunteers in comparison to 

patients with ALD cirrhosis and patients with ALD cirrhosis and HCC. There were no significant 

differences in DNAM-1 expression in HCC or cirrhosis when analysing groups separated by 

underlying aetiology (MASLD or ALD).  (MASLD = metabolic dysfunction-associated steatotic 

liver disease; ALD= Alcohol related fatty liver disease; HCC= Hepatocellular carcinoma). 

(Graphs display individual values and the median value and comparisons between groups have 

been made using the Mann-Whitney test. Error bars represent the interquartile range. P values 

are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

 The DNAM-1+NK cell proportion was not significantly different in patients with 

cirrhosis with or without HCC secondary to ALD compared to patients with cirrhosis 

and HCC secondary to MASLD (Figure 17). 
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Figure 17 Comparing the proportion of circulating DNAM-1+NK cells in cirrhosis and in HCC 

delineated by underlying aetiology. Graphs display the percentage of circulating NK cells 

expressing DNAM-1. A) The proportion of circulating DNAM-1+NK cells in patients with 

cirrhosis secondary to ALD (ALD cirrhosis) was compared to patients with cirrhosis secondary 

to MASLD (MASLD cirrhosis). Comparisons between patients with ALD cirrhosis and patients 

with MASLD cirrhosis did not reveal a difference in the circulating DNAM-1+NK cell proportion. 

B) The proportion of circulating DNAM-1+NK cells in patients with HCC secondary to ALD 

cirrhosis (ALD HCC) was compared to patients with HCC secondary to MASLD cirrhosis (MASLD 
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HCC). Comparisons between these two groups of patients with HCC did not reveal a significant 

difference in the circulating proportion of DNAM-1+ NK cells. (MASLD = metabolic dysfunction-

associated steatotic liver disease; ALD= Alcohol related fatty liver disease; HCC= Hepatocellular 

carcinoma) (Graphs display individual values and the median value. Comparisons between 

groups are made using the Mann-Whitney test. Error bars represent the interquartile range). 

 

The proportion of DNAM-1+NK cells in the circulation did not vary in patients with 

cirrhosis categorised by Child-Pugh status, nor did it correlate with the MELD-Na score 

(Figure 18). There were also no significant differences in the proportion of DNAM-

1+NK cells in the circulation of patients with HCC despite the underlying BCLC staging 

(Figure 19). DNAM-1 expression in the circulation did not correlate with any clinical 

parameters (Appendix 8.3, table 8.2). 
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Figure 18 DNAM-1 expression on circulating NK cells in cirrhosis and underlying MELD-Na score 

and Child-Pugh classification.  DNAM-1+ circulating NK cells were determined in patients with 

cirrhosis. Graphs display the percentage of circulating NK cells that expressed DNAM-1. A) 

DNAM-1+NK cell proportion did not correlate with MELD-Na score in patients with cirrhosis 

without HCC (spearman rank correlation). B) The circulating DNAM-1+ve NK cell proportion in 

patients with cirrhosis did not differ by underlying Child-Pugh status (CPA= Child-Pugh A, CPB 

= Child-Pugh B, CPC = Child-Pugh C). (Graphs display individual values, and the median value 

is also displayed on the bar graph. Comparisons between groups have been made using the 

Mann-Whitney test. Error bars represent the interquartile range. P values are denoted on the 

figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). Analyses were repeated 
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for patients with MASLD cirrhosis and for ALD cirrhosis but did not demonstrate correlation 

with MELD-Na or significance between Child-Pugh status.  
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Figure 19 The proportion of DNAM-1+NK cells in the circulation in patients with HCC on a 

background of cirrhosis categorised by BCLC staging. Graph displays the percentage of 

circulating NK cells expressing DNAM-1.  Comparisons between groups with different stages 

did not reveal a difference in the circulating proportion of NK cells that express DNAM-1 

(Kruskal-Wallis test with Dunn’s multiple comparisons). (Graphs display individual values and 

the median value. Error bars represent the interquartile range). 

 

Again, no differences were seen in DNAM-1 expression on intrahepatic NK cells, 

however sample sizes were too small to draw significant comparisons (Figure 20A). 

Overall the proportion of DNAM-1+ intrahepatic NK cells was lower than the 

circulating proportion of DNAM-1+NK cells in healthy states, but significance was lost 

when comparing patients with cirrhosis or HCC (Figure 20B). 
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Figure 20 DNAM-1 expression on intrahepatic NK cells. Graph displays the percentage of NK 

cells expressing DNAM-1. A) DNAM-1 expression on intrahepatic NK cells, expressed as a 
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proportion of total intrahepatic NK cells. Comparisons are made using the non-parametric 

Mann Whitney tests. B) Comparison of DNAM-1 expression in circulating NK cells (data in 

black) compared to intrahepatic NK cells (data in blue) from the same donor. DNAM-1 

expression was determined on circulating NK cells from patients and compared to the 

intrahepatic NK cell expression of DNAM-1 from the same patient. Comparisons were made 

using the non-parametric Wilcoxon matched-pairs signed rank test. Graphs display individual 

values and the median value. Error bars represent the interquartile range .P values are denoted 

on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

3.1.2 NCR expression- NKp46 and NKp30 expression 

Variation in the expression of NKp30 and NKp46 has been described in patients with 

HCC, with reduced expression of NKp46 corresponding to poorer outcomes in HCC, 

and NKp30 being associated with an inhibitory role in NK cell function (Cariani et al., 

2016; Hoechst et al., 2009; Mantovani et al., 2019; Zecca et al., 2021). Therefore, the 

expression of natural cytotoxicity receptors (NCR) NKp30 and NKp46 was determined 

using flow cytometry in patients with HCC on a background of cirrhosis and compared 

with patients with cirrhosis only to ascertain if changes in expression were seen in 

cirrhosis also. Comparisons were made with healthy individuals also to determine 

whether disease aetiology made a difference to receptor expression. As all NK cells 

express NKp46 and NKp30 (Barrow et al., 2019), the median fluorescence intensity for 

each receptor was determined on all NK cells (Figure 21; antibodies used as per 

Phenotyping Panel 1, Table 3).  
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Figure 21 NKp30 and NKp46 expression. A) Gating strategy for NK cells (CD3-CD56+ live 

lymphocytes). B) The median fluorescence intensity (MFI) was measured for all NK cells for 

NKp30 and for NKp46 (C). The fluorescence minus one (FMO) method was used to determine 

positive staining (FMO shown in grey on graphs B and C, NKp30 staining shown in red on graph 

B and NKp46 staining shown in blue on graph C). The MFI for the FMO was subtracted from 

the total MFI for stained cells to measure true positive MFI for each receptor. 

 

Differences in NKp30 expression were not statistically significant when comparing 

healthy to cirrhosis states, and cirrhosis to HCC states without separation of the 

underlying aetiology (Figure 22A). On further analysis by underlying aetiology, there 

was a significantly lower expression of NKp30 on circulating NK cells in patients with 

MASLD cirrhosis and with MASLD HCC on a background of cirrhosis group in 

comparison to healthy volunteers (217 vs. 496, MASLD cirrhosis vs. healthy, p=0.0356; 

309 vs. 496, MASLD HCC vs. healthy, p=0.0495; MFI values, Figure 22B). This reduced 

expression of NKp30 was also seen in patients with MASLD without cirrhosis in 

comparison to healthy individuals (Figure 22B).  
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Figure 22 NKp30 expression on circulating NK cells. A) The median fluorescence intensity (MFI) 

of NKp30 on all circulating NK cells in healthy volunteers, patients with cirrhosis and patients 

with hepatocellular carcinoma (HCC) on a background of cirrhosis. No significant differences 

were seen for NKp30 expression between groups. B) The MFI of NKp30 expression on NK cells 

from healthy volunteers in comparison to patients with MASLD without cirrhosis (MASLD (non-

cirrhotic)), MASLD with cirrhosis (MASLD cirrhosis) and MASLD cirrhosis with HCC (MASLD 

HCC). There was an overall reduced expression of NKp30 in patients with MASLD regardless of 

whether there was underlying fibrosis or HCC in comparison to healthy volunteers.  C) The MFI 

of NKp30 expression on NK cells from healthy volunteers in comparison to patients with ALD 

cirrhosis and patients with ALD cirrhosis and HCC (ALD HCC). There were no significant 

differences in NKp30 expression between groups. (MASLD = metabolic dysfunction-associated 

steatotic liver disease; ALD= Alcohol related fatty liver disease; HCC= Hepatocellular 

carcinoma). Graphs display individual values and the median value. Comparisons between 

groups have been made using the Mann-Whitney test. Error bars represent the interquartile 

range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001. 

NKp30 expression on circulating NK cells in patients with ALD cirrhosis was 

significantly higher compared to MASLD cirrhosis, but significance was lost when 

comparing patients with HCC on a background of ALD cirrhosis to patients with HCC 

on a background of MASLD cirrhosis (Figure 23). 
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Figure 23 Comparisons of NKp30 expression in cirrhosis and HCC delineated by underlying 

aetiology. A) The median fluorescence intensity (MFI) of NKp30 on circulating NK cells was 

compared between patients with cirrhosis secondary to ALD (ALD cirrhosis) and patients with 

cirrhosis and MASLD (MASLD cirrhosis). Expression of NKp30 on circulating NK cells was 

reduced in patients with MASLD cirrhosis compared to ALD cirrhosis. B) The MFI of NKp30 on 

circulating NK cells was compared between patients with HCC secondary to ALD cirrhosis (ALD 

HCC) and patients with cirrhosis and HCC secondary to MASLD cirrhosis (MASLD HCC). Again, 

there was a reduced expression of NKp30 on circulating NK cells in the MASLD HCC group 
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compared to the ALD HCC group. (MASLD = metabolic dysfunction-associated steatotic liver 

disease; ALD= Alcohol related fatty liver disease; HCC= Hepatocellular carcinoma). (Graphs 

display individual values and the median value. Comparisons between groups have been made 

using the Mann-Whitney test. Error bars represent the interquartile range. P values are 

denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

NKp30 expression on circulating NK cells did not correlate with the MELD-Na score or 

Child-Pugh status in patients with cirrhosis (Figure 24). NKp30 expression did not 

correlate with BCLC staging in patients with HCC (Figure 25). 
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Figure 24 NKp30 expression on circulating NK cells in cirrhosis and underlying MELD-Na score 

and Child-Pugh classification.  NKp30 expression (median fluorescence intensity) on circulating 

NK cells was determined in patients with cirrhosis. A) NKp30 expression did not correlate with 

MELD-Na score in patients with cirrhosis without HCC (spearman rank correlation). B) There 

were no differences in NKp30 expression on circulating NK cells in patients with cirrhosis 

categorised by Child-Pugh status (CPA= Child-Pugh A, CPB = Child-Pugh B, CPC = Child-Pugh C). 

(Graphs display individual values, and the median value is also displayed on the bar graph. 

Comparisons between groups have been made using the Mann-Whitney test. Error bars 

represent the interquartile range). Analyses were repeated for patients with MASLD cirrhosis 
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and for ALD cirrhosis but did not demonstrate correlation with MELD-Na or significance 

between Child-Pugh status. 
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Figure 25 NKp30 expression on circulating NK cells in individuals with HCC analysed by 

Barcelona Clinic Liver Cancer (BCLC) classification. Comparisons between groups with different 

stages did not reveal a difference in NKp30 expression (Kruskal-Wallis test with Dunn’s multiple 

comparisons). (Graphs display individual values and the median value. Error bars represent 

the interquartile range). 

NKp30 expression has been demonstrated to have a reduced expression in older 

people (Almeida-Oliveira et al., 2011) and this negative correlation with age was seen 

here in the cirrhosis group (R= -0.5243, p=0.0042) (Figure 26), but the correlation was 

lost in the HCC group. Correlation was also lost when the cirrhosis group was split by 

underlying aetiology. The MASLD cirrhosis patient group was significantly older than 

the ALD cirrhosis patient group (55 years (ALD group) vs. 67years (MASLD group), 

p=0.013) and this may, to some extent explain, the reduced NKp30 expression seen in 

patients with cirrhosis secondary to MASLD in comparison to patients with ALD 

cirrhosis (Figure 23). Furthermore, the healthy volunteer group was significantly 

younger in comparison to patients with HCC secondary to MASLD related cirrhosis and 

patients with MASLD cirrhosis without HCC. However, the healthy volunteer group 
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was also significantly younger than the ALD cirrhosis group, but no significant 

differences were seen in NKp30 expression between these two groups, indicating a 

possible association between MASLD and a reduction in the surface expression of 

NKp30 on circulating NK cells. 

NKp30 expression on circulating NK cells did not correlate with any other individual 

clinical parameters (Appendix 8.3, table 8.3). 
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Figure 26 NKp30 expression (median fluorescence intensity) on circulating NK cells in cirrhosis 

correlated negatively with patient age (spearman rank correlation). However, the negative 

correlation of NKp30 expression and age lost significance when the cirrhosis group was 

subdivided by underlying aetiology (MASLD cirrhosis group: R= -0.49, p=0.38; ALD cirrhosis 

group R= -0.36, p=0.10). 

 

NKp30 expression in intrahepatic NK cells is demonstrated in Figure 27. Again sample 

sizes were too small to determine differences between healthy and disease states. 

Comparison with circulating NK cells did not reveal differences in expression.  
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Figure 27 NKp30 expression on intrahepatic NK cells. A) Intrahepatic NK cell expression of 

NKp30 (median fluorescence intensity). Comparisons between groups have been made using 

the Mann-Whitney test. B) Comparison of NKp30 expression in circulating NK cells (data in 

black) compared to intrahepatic NK cells (data in blue) from the same donor. Comparisons 

were made using the non-parametric Wilcoxon matched-pairs signed rank test. Graphs display 

individual values and the median value. Error bars represent the interquartile range. P values 

are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

 

NKp46 expression on circulating and intrahepatic NK cells was determined using the 

gating strategy demonstrated in Figure 21 following staining with Phenotyping Panel 

1 (Table 3). NKp46 demonstrated a significantly reduced expression on circulating NK 

cells in HCC when compared to healthy volunteers (Figure 28A). The reduced 

expression of NKp46 on circulating NK cells in HCC was seen in patients with an 

underlying MASLD aetiology in comparison to healthy patients, but significance was 

lost when comparing NKp46 expression in MASLD cirrhosis to healthy volunteers 

(Figure 28B). There was no significant difference in expression of NKp46 in ALD 

compared to healthy volunteers, however there was wide variation of expression in 

patients with ALD HCC with a downward trend (Figure 28C). 
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Figure 28 NKp46 expression on circulating NK cells. A) The median fluorescence intensity (MFI) 

of NKp46 on all circulating NK cells in healthy volunteers, patients with cirrhosis and patients 

with HCC on a background of cirrhosis. There was reduced expression of NKp46 on circulating 

NK cells in cirrhosis and HCC when compared to NK cells from healthy individuals. B) The MFI 

of NKp46 expression on NK cells from healthy volunteers in comparison to patients with MASLD 

without cirrhosis (MASLD (non-cirrhotic)), MASLD with cirrhosis (MASLD cirrhosis) and MASLD 

cirrhosis with HCC (MASLD HCC). There was a reduced expression of NKp46 on circulating NK 

cells in patients with MASLD HCC compared to healthy volunteers, but no significant 

differences in expression when comparing the MASLD (non-cirrhotic) and MASLD cirrhosis 

group with the MASLD HCC.  C) The MFI of NKp46 expression on NK cells from healthy 

volunteers in comparison to patients with ALD cirrhosis and patients HCC secondary to ALD 

cirrhosis (ALD HCC). There were no significant differences in NKp46 expression when 

comparing healthy individuals with patient groups with ALD. (MASLD = metabolic dysfunction-

associated steatotic liver disease; ALD= Alcohol related fatty liver disease; HCC= Hepatocellular 

carcinoma). Graphs display individual values and the median value. Comparisons between 

groups have been made using the Mann-Whitney test. Error bars represent the interquartile 

range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001. 

On direct comparison of cirrhosis groups separated by aetiology (ALD compared to 

MASLD), there was no significant difference in NKp46 expression (Figure 29A). The 

same was true for direct comparison of expression in patients with ALD HCC compared 

to MASLD HCC (Figure 29B). 
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Figure 29 Comparisons of NKp46 expression in cirrhosis and HCC delineated by underlying 

aetiology. A) The median fluorescence intensity (MFI) of NKp46 on circulating NK cells was 

compared between patients with cirrhosis secondary to ALD (ALD cirrhosis) with patients with 

cirrhosis secondary to MASLD (MASLD cirrhosis). There was no significant difference in the 

circulating NK cell expression of NKp46 between patients with ALD cirrhosis and patients with 

MASLD cirrhosis. B) The MFI of NKp46 on circulating NK cells was compared between patients 

with HCC secondary to ALD cirrhosis (ALD HCC) and patients with HCC secondary to MASLD 

cirrhosis (MASLD HCC). There was no significant difference in NKp46 expression on circulating 

NK cells between both patient groups. (MASLD = metabolic dysfunction-associated steatotic 

liver disease; ALD= Alcohol related fatty liver disease; HCC= Hepatocellular carcinoma). 
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(Graphs display individual values and the median value. Comparisons between groups have 

been made using the Mann-Whitney test. Error bars represent the interquartile range). 

NKp46 expression did not correlate with Child-Pugh or MELD-Na composite scores 

(Figure 30) and there were no differences seen in NKp46 expression in HCC when split 

by BCLC staging (Figure 31). 
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Figure 30 NKp46 expression on circulating NK cells in cirrhosis and underlying MELD-Na score 

and Child-Pugh classification.  NKp46 expression (median fluorescence intensity) on circulating 

NK cells was determined in patients with cirrhosis. A) NKp46 expression did not correlate with 

MELD-Na score in patients with cirrhosis without HCC (spearman rank correlation). B) There 

were no differences in NKp46 expression on circulating NK cells in patients with cirrhosis 

categorised by Child-Pugh status (CPA= Child-Pugh A, CPB = Child-Pugh B, CPC = Child-Pugh C). 

(Graphs display individual values, and the median value is displayed by the bar. Comparisons 

between groups have been made using the Mann-Whitney test. Error bars represent the 

interquartile range). Analyses were repeated for patients with MASLD cirrhosis and for ALD 

cirrhosis but did not demonstrate correlation with MELD-Na or significance between Child-

Pugh status. 



130 
 

 

BCLC-0

BCLC-A
 

BCLC-B
 

BCLC-C

BCLC-D
0

200

400

600

NKp46 expression on circulating NKcells
and BCLC staging in HCC

BCLC Staging

M
ed

ia
n 

Fl
uo

re
sc

en
ce

 In
te

ns
ity ns ns ns ns

 

Figure 31 NKp46 expression (median fluorescence intensity) on circulating NK cells in 

individuals with HCC analysed by Barcelona Clinic Liver Cancer (BCLC) classification. 

Comparisons between groups with different stages did not reveal a difference in NKp46 

expression (Kruskal-Wallis test with Dunn’s multiple comparisons). (Graphs display individual 

values and the median value. Error bars represent the interquartile range). 

 

Finally, no differences were seen between disease groups in NKp46 expression on 

intrahepatic NK cells and no significant differences were detected in expression of 

NKp46 on intrahepatic NK cells in comparison to circulating NK cells from the same 

donors, although patient numbers may not have been large enough to detect 

differences (Figure 32 B). 
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Figure 32 NKp46 expression on intrahepatic NK cells. A) Intrahepatic NK cell expression of 

NKp46 (median fluorescence intensity). Comparisons between groups have been made using 
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the Mann-Whitney test. B) Comparison of NKp46 expression in circulating NK cells (data in 

black) compared to intrahepatic NK cells (data in blue) from the same donor. Comparisons 

were made using the non-parametric Wilcoxon matched-pairs signed rank test. Graphs display 

individual values and the median value. Error bars represent the interquartile range .P values 

are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 



133 
 

3.1.3 Inhibitory receptor - CD161 expression 

CD161 is an inhibitory receptor, expressed by the majority of NK cells. Interaction with 

the ligand for CD161, LLT1, results in impaired NK cell cytotoxicity and interferon 

gamma release. In order to determine if NK cells in disease may have impaired 

function secondary to an increase in inhibitory cell signalling, CD161 expression was 

determined using flow cytometry techniques after staining with Phenotyping Panel 1 

(Table 3). (Figure 33).  

 

 

 

Figure 33 Gating strategy for circulating and intrahepatic CD161+NK cells using flow 

cytometry. Following gating for lymphocytes, singlet gating and live cells, CD3-CD56+ NK cells 

were selected. The percentage of NK cells expressing CD161 was determined using a 

fluorescence minus one (FMO) control.   
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Figure 34 CD161 expression on circulating NK cells. Graphs demonstrate the percentage of all 

circulating NK cells that express CD161. A) CD161+NK cells as a proportion of all circulating NK 

cells in healthy volunteers, patients with cirrhosis and patients with HCC. There is a significantly 

increased proportion of circulating CD161+NK cells in patients with cirrhosis compared to 

healthy individuals, and patients with HCC on a background of cirrhosis  (B) CD161+NK cells as 

a proportion of all NK cells from healthy volunteers in comparison to patients with MASLD 

without cirrhosis (MASLD (non-cirrhotic)), MASLD with cirrhosis (MASLD cirrhosis) and MASLD 

cirrhosis with HCC (MASLD HCC). There were no significant differences in the proportion of 

circulating CD161+NK cells between population groups. C) CD161+NK cells as a proportion of 

all NK cells from healthy volunteers in comparison to patients with ALD cirrhosis and patients 

with ALD cirrhosis and HCC (ALD HCC). Again there was a significantly higher circulating 

proportion of CD161+ NK cells in patients with ALD cirrhosis compared to healthy individuals 

(median values 91.5% vs 86.7%, p=0.01) (MASLD= metabolic dysfunction-associated steatotic 

liver disease; ALD= Alcohol related fatty liver disease; HCC= Hepatocellular carcinoma). 

(Graphs display individual values with the median value displayed by the bar. Comparisons 

between groups have been made using the Mann-Whitney test. Error bars represent the 

interquartile range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** 

p<0.001, **** p<0.0001). 

CD161 expression was increased in cirrhosis, circulating CD161+NK cells in comparison 

to healthy volunteers (Figure 34A), though significance was lost in the MASLD groups  

(Figure 34B). There was an increased proportion of CD161+NK cells in ALD related 

cirrhosis compared with MASLD related cirrhosis (Figure 35). 
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Figure 35 Comparing the proportion of circulating CD161+NK cells in cirrhosis and in HCC 

delineated by underlying aetiology. Graphs demonstrated the percentage of NK cells 

expressing CD161. A) The proportion of circulating CD161+NK cells in patients with cirrhosis 

secondary to ALD (ALD cirrhosis) was compared to patients with cirrhosis secondary to MASLD 

(MASLD cirrhosis). There was a significantly increased proportion of circulating CD161+ NK 

cells in ALD cirrhosis compared to MASLD cirrhosis (median values 91.3% vs 79.7%, p=0.02) B) 

The proportion of circulating CD161+NK cells in patients with HCC secondary to ALD cirrhosis 

(ALD HCC) was compared to patients with HCC secondary to MASLD cirrhosis (MASLD HCC). 
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Comparisons between these two groups of patients with HCC did not reveal a significant 

difference. (MASLD= metabolic dysfunction-associated steatotic liver disease; ALD= Alcohol 

related fatty liver disease; HCC= Hepatocellular carcinoma). (Graphs display individual values 

and the median value. Comparisons between groups are made using the Mann-Whitney test. 

Error bars represent the interquartile range. P values are denoted on the figures as follows: * 

p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

CD161 expression did not correlate with the MELD-Na score in cirrhosis and there 

were no significant differences in expression in cirrhosis between Child-Pugh score 

categories (Figure 36). CD161 expression did not show any significant differences 

between BCLC staging in patients with HCC (Figure 37).  
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Figure 36 CD161 expression on circulating NK cells in cirrhosis and underlying MELD-Na score 

and Child-Pugh classification.  CD161+NK cells were determined in patients with cirrhosis using 

flow cytometry. Graphs display the percentage of circulating NK cells that expressed CD161. 

A) CD161+NK cell proportion did not correlate with MELD-Na score in patients with cirrhosis 

without HCC (spearman rank correlation). B) The circulating CD161+NK cell proportion in 

patients with cirrhosis did not differ by underlying Child-Pugh status (CPA= Child-Pugh A, CPB 

= Child-Pugh B, CPC = Child-Pugh C). (Graphs display individual values, and the median value 

is also displayed on the bar graph. Comparisons between groups have been made using the 
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Mann-Whitney test. Error bars represent the interquartile range. P values are denoted on the 

figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). Analyses were repeated 

for patients with MASLD cirrhosis and for ALD cirrhosis but did not demonstrate correlation 

with MELD-Na or significance between Child-Pugh status.   
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Figure 37 The proportion of CD161+NK cells in the circulation in patients with HCC on a 

background of cirrhosis categorised by BCLC staging. Graph displays the percentage of 

circulating CD161+NK cells.  Comparisons between groups with different stages did not reveal 

a difference in the circulating proportion of CD161+NK cells. (Kruskal-Wallis test with Dunn’s 

multiple comparisons). (Graphs display individual values and the median value. Error bars 

represent the interquartile range). 

 

Overall, there was a greater proportion of CD161+ intrahepatic NK cells compared to 

circulating NK cells, however this did not reach significance (Figure 38B). There were 

no significant differences in intrahepatic CD161 expression on NK cells between 

different disease groups, although sample sizes were small (Figure 38A).  
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Figure 38 CD161 expression on intrahepatic NK cells. Graph displays the percentage of 

CD161+NK cells. A) CD161 expression on intrahepatic NK cells, expressed as a proportion of 
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total intrahepatic NK cells. Comparisons between groups have been made using the Mann-

Whitney test.  B) Comparison of CD161 expression in circulating NK cells (data in black) 

compared to intrahepatic NK cells (data in blue) from the same donor. Comparisons were 

made using the non-parametric Wilcoxon matched-pairs signed rank test. Graphs display 

individual values and the median value. Error bars represent the interquartile range. P values 

are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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3.1.5 NK subpopulations as characterised by CD16 expression  

 

Figure 39 Gating strategy for CD3-CD56+ NK cell subpopulations based on CD16 expression. 

Following gating on lymphocytes, singlet cells and live cells, NK cells were selected by gating 

on CD3-CD56+ cells. NK cell subpopulations were then gated based on CD56 and CD16 

expression. 

Circulating NK cells are classically comprised of two populations based on CD16 

expression. The majority are mature CD56dimCD16++ NK cells, and the remained 5-

10% of circulating NK cells are CD56brightCD16- NK cells (Abel et al., 2018). NK cells 

were placed into four groups based on CD56 and CD16 expression (Figure 39). Figure 

40 demonstrates the gating applied to peripheral blood samples from healthy donors, 

patients with cirrhosis and patients with cirrhosis and HCC an example of intrahepatic 

NK cell gating following staining of NK cells with Phenotyping Panel 1 (Table 3).  
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Figure 40 CD56 and CD16 gating applied to peripheral blood and intrahepatic samples. A) 

Representative flow cytometry plots demonstrating circulating NK cell subsets as determined 

by CD56 and CD16 expression in healthy, cirrhosis and HCC patient groups. B) NK cell subsets 

as determined by CD56 and CD16 expression on circulating NK cells from a healthy individual 

compared to intrahepatic NK cells from healthy liver tissue (representative flow cytometry 

plots from a matched paired sample from the same donor). 

There was a significant increase in the proportion of circulating CD56dim NK cells with 

low or intermediate CD16 expression (CD56dimCD16+/-) in cirrhosis and HCC in 

comparison to healthy volunteers (16.57% vs. 9.66%, cirrhosis vs. healthy, p= 0.004; 

18.65% vs. 9.66%, HCC vs. healthy p=0.003) with a corresponding relative decrease in 

the circulating proportions of CD56dimCD16++ NK cells (65.14% vs. 80.04%, cirrhosis 

vs. healthy, p=0.02; 52.84% vs. 80.04%, HCC vs. healthy, p=0.0004) (Figure 41).  
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Figure 41 CD16 expression on circulating CD56dim NK cells. A) The proportion of circulating NK 

cells that are CD56dim NK cells with intermediate/low expression of CD16 (CD56dimCD16+/- 

NK cells) was increased in cirrhosis and hepatocellular carcinoma (HCC) patient groups in 

comparison to healthy individuals. B) The proportion of circulating NK cells that are CD56dim 
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NK cells with high expression of CD16 (CD56dimCD16++ NK cells) was reduced in patients with 

cirrhosis and patients with HCC in comparison to healthy individuals (all data points shown; 

bar demonstrating median value; error bars demonstrating the interquartile range). Statistical 

analyses performed using the non-parametric Mann-Whitney test. P values are denoted on 

the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

There were no significant differences in the circulating CD56bright NK cell 

subpopulation between patient groups (Figure 42). 
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Figure 42 CD16 expression on circulating CD56bright NK cells. A) There were no significant 

differences in the proportion of circulating NK cells that were CD56brightCD16+ NK cells when 
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comparing healthy individuals, patients with cirrhosis and patients with HCC. B) There were no 

significant differences in the proportion of circulating NK cells that were CD56brightCD16- NK 

cells when comparing healthy individuals, patients with cirrhosis and patients with HCC. (all 

data points shown; bar demonstrating median value; error bars demonstrating the 

interquartile range). Statistical analyses performed using the non-parametric Mann-Whitney 

test. 
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Figure 43 Circulating proportions of CD56dimCD16+/- NK cells. Graphs demonstrate the 

percentage of all circulating NK cells that are CD56dimCD16+/- NK cells. A) CD56dimCD16+/- 

NK cells as a proportion of all NK cells from healthy volunteers in comparison to patients with 

MASLD without cirrhosis (MASLD (non-cirrhotic), MASLD with cirrhosis (MASLD cirrhosis) and 

MASLD cirrhosis with HCC (MASLD HCC). There was a significantly increased proportion of 

CD56dimCD16+/- NK cells in patients with MASLD cirrhosis in comparison to healthy 

individuals. There was an increased proportion of CD56dimCD16+/- NK cells in some donors 
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with MASLD HCC but this did not reach significance when compared to the other patient 

groups. B) CD56dimCD16+/- NK cells as a proportion of all NK cells from healthy volunteers in 

comparison to patients with ALD with cirrhosis (ALD cirrhosis) and ALD cirrhosis with HCC (ALD 

HCC). Again there was a significantly higher circulating proportion of CD56dimCD16+/- NK cells 

in patients with ALD cirrhosis compared to healthy individuals. There was a significantly 

increased proportion of CD56dimCD16+/- NK cells in patients with ALD HCC in comparison to 

healthy donors. (MASLD = metabolic dysfunction-associated steatotic liver disease; ALD= 

Alcohol related fatty liver disease; HCC= Hepatocellular carcinoma). (Graphs display individual 

values with the median value displayed by the bar. Comparisons between groups have been 

made using the Mann-Whitney test. Error bars represent the interquartile range. P values are 

denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

Patients with ALD cirrhosis and MASLD cirrhosis had an increased proportion of 

circulating CD56dimCD16+/- NK cells in comparison to healthy individuals (Figure 43). 

There were no significant differences in the proportion of circulating CD56dimCD16+/- 

NK cells when comparing patients with cirrhosis or HCC of differing aetiologies (ALD 

or MASLD) (Figure 44). 
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Figure 44 A comparison of the proportion of circulating CD56dimCD16+/- NK cells in cirrhosis 

and HCC of differing aetiologies. Graphs display the percentage of all circulating NK cells that 

are CD56dimCD16+/-NK cells. A) The proportion of circulating CD56dimCD16+/-NK cells was 

compared between patients with cirrhosis secondary to ALD (ALD cirrhosis) and patients with 

cirrhosis secondary to MASLD (MASLD cirrhosis). There were no significant differences in the 

proportion of circulating NK cells that were CD56dimCD16+/- NK cells between these two 

patient groups. B) The proportion of circulating NK cells that are CD56dimCD16+/- NK cells was 

compared between patients with HCC secondary to ALD cirrhosis (ALD HCC) and patients with 
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HCC secondary to MASLD cirrhosis (MASLD HCC). There were no significant differences in the 

proportion of circulating CD56dimCD16+/- NK cells when comparing these two patient groups 

(all data points shown, bar demonstrating median value, error bar demonstrating the 

interquartile range. Statistical analyses performed using non-parametric Mann-Whitney 

tests). (MASLD = metabolic dysfunction-associated steatotic liver disease; ALD= Alcohol 

related fatty liver disease; HCC= Hepatocellular carcinoma). 

The proportion of circulating CD56dimCD16+/- NK cells did not correlate with the 

MELD-Na score or differ in patients with cirrhosis separated by underlying Child-Pugh 

status (Figure 45). The proportion of circulating CD56dimCD16+/- NK cells did not 

differ in patients with HCC when grouped by underlying BCLC staging (Figure 46). 
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Figure 45 Circulating CD56dimCD16+/-NK cells in cirrhosis and underlying MELD-Na score and 

Child-Pugh classification.  The proportion of CD56dimCD16+/- circulating NK cells were 

determined in patients with cirrhosis. Graphs display the percentage of circulating NK cells 

that were CD56dimCD16+/- NK cells. A) The CD56dimCD16+/NK cell proportion did not 

correlate with MELD-Na score in patients with cirrhosis without HCC (spearman rank 

correlation). B) The circulating CD56dimCD16+/-NK cell proportion in patients with cirrhosis 

did not differ by underlying Child-Pugh status (CPA= Child-Pugh A, CPB = Child-Pugh B, CPC = 

Child-Pugh C). (Graphs display individual values, and the median value is displayed with the 
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bar. Comparisons between groups have been made using the Mann-Whitney test. Error bars 

represent the interquartile range. P values are denoted on the figures as follows: * p<0.05, ** 

p<0.01, *** p<0.001, **** p<0.0001). Analyses were repeated for patients with MASLD 

cirrhosis and for ALD cirrhosis but did not demonstrate correlation with MELD-Na or 

significance between Child-Pugh status.  
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Figure 46 The proportion of CD56dimCD16+/-NK cells in the circulation in patients with HCC on 

a background of cirrhosis categorised by BCLC staging. Graph displays the percentage of 

circulating NK cells that are CD56dimCD16+/-NK cells.  Comparisons between groups with 

different stages did not reveal a difference in the circulating proportion of CD56dimCD16+/- 

NK cells (Kruskal-Wallis test with Dunn’s multiple comparisons). (Graphs display individual 

values and the median value is displayed by the bar. Error bars represent the interquartile 

range). 

The proportion of CD56dimCD16+/-NK cells did not correlate with any other clinical 

parameters, tumour number, size or vascular invasion in HCC. 

CD56dimCD16+/-NK cells formed a large portion of intrahepatic NK cells (median 

35.8% in healthy livers). Paired analyses of circulating and intrahepatic NK cells from 

the same donor revealed that there was a significantly larger intrahepatic proportion 
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of CD56dimCD16+/-NK cells but significance was lost in the cirrhosis and HCC patient 

groups (Figure 47). 
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Figure 47 The proportion of intrahepatic CD56dimCD16+/-NK cells and comparison with 

circulating proportions of CD56dimCD16+/-NK cells. A) Graph displays the proportion of 
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intrahepatic NK cells that are CD56dimCD16+/-NK cells. While CD56dimCD16+/-NK cells form 

a moderate proportion of total intrahepatic NK cells (median in healthy volunteers is 35.82%) 

there were no significant differences in the proportion of intrahepatic NK cells that are 

CD56dimCD16+/- when comparing healthy individuals and patient groups. Comparisons 

between groups have been made using the Mann-Whitney test. B) Comparison of 

CD56dimCD16+/-NK cells as a proportion of circulating NK cells (data in black) to intrahepatic 

NK cells (data in blue) from the same donor. Comparisons were made using the non-parametric 

Wilcoxon matched-pairs signed rank test. Graphs display individual values and the median 

value. Error bars represent the interquartile range. P values are denoted on the figures as 

follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

3.1.6 CXCR6 expression 

Healthy intrahepatic NK cells classically express the liver homing CXCR6 and are 

thought not to re-enter the circulation, while circulating NK cells do not express 

CXCR6. In order to determine if this may be altered in liver disease and whether there 

may be an increased proportion of CXCR6+NK cells in the circulation, CXCR6 

expression was determined in the circulation of patients with liver disease, and on 

intrahepatic NK cells in patients with liver disease (Phenotyping Panel 1 used (Table 

3)) (Figure 48). 
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Figure 48 Gating strategy for circulating and intrahepatic CXCR6+NK cells using flow 

cytometry. Following gating for lymphocytes, singlet gating and live cells, CD3-CD56+ NK cells 

were selected as demonstrated on the density plots. The percentage of NK cells expressing 

CXCR6 was determined using a fluorescence minus one (FMO) control. 

 

CXCR6 expression demonstrated a subtle but significant increase on circulating NK 

cells in cirrhosis and approached significance in patients with HCC, despite overall 

expression of CXCR6 remaining below 20% of all circulating NK cells (Figure 49).  
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Figure 49 CXCR6 expression on circulating NK cells. Graphs demonstrate the percentage of all 

circulating NK cells that express CXCR6. A) CXCR6+NK cells as a proportion of all circulating NK 

cells in healthy volunteers, patients with cirrhosis and patients with HCC on a background of 

cirrhosis. (B) CXCR6+NK cells as a proportion of all NK cells from healthy volunteers in 

comparison to patients with MASLD without cirrhosis (MASLD (non-cirrhotic)), MASLD with 

cirrhosis (MASLD cirrhosis) and MASLD cirrhosis with HCC (MASLD HCC). There was a 

significant increase in the proportion of CXCR6+NK cells in MASLD cirrhosis compared to 

healthy individuals, but significance was lost when comparing patients with MASLD cirrhosis 

and MASLD without cirrhosis.  C) CXCR6+NK cells as a proportion of all NK cells from healthy 

volunteers in comparison to patients with ALD cirrhosis and patients with ALD cirrhosis and 

HCC (ALD HCC). Again there was a significantly higher circulating proportion of CXCR6+NK cells 

in patients with ALD cirrhosis compared to healthy individuals. (MASLD = metabolic 

dysfunction-associated steatotic liver disease; ALD= Alcohol related fatty liver disease; HCC= 

Hepatocellular carcinoma). (Graphs display individual values and the median value is displayed 

by the bar. Comparisons between groups have been made using the Mann-Whitney test. Error 

bars represent the interquartile range. P values are denoted on the figures as follows: * p<0.05, 

** p<0.01, *** p<0.001, **** p<0.0001). 

There was no significant difference in the proportion of circulating CXCR6+ NK cells 

when comparing patients with cirrhosis or with HCC and different aetiologies (ALD vs 

MASLD) (Figure 50). 
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Figure 50 Comparing the proportion of circulating CXCR6+NK cells in cirrhosis and in HCC 

delineated by underlying aetiology. Graphs demonstrated the percentage of NK cells 

expressing CXCR6. A) The proportion of circulating CXCR6+NK cells in patients with cirrhosis 

secondary to ALD (ALD cirrhosis) was compared to patients with cirrhosis secondary to MASLD 

(MASLD cirrhosis). Comparisons did not reveal a significant difference in the circulating 

proportion of CXCR6+NK cells. B) The proportion of circulating CXCR6+NK cells in patients with 

HCC secondary to ALD cirrhosis (ALD HCC) was compared to patients with HCC secondary to 
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MASLD cirrhosis (MASLD HCC). Comparison did not reveal a significant difference in the 

circulating proportion of circulating CXCR6+NK cells. (MASLD = metabolic dysfunction-

associated steatotic liver disease; ALD= Alcohol related fatty liver disease; HCC= Hepatocellular 

carcinoma). (Graphs display individual values with the median values displayed by the bars. 

Comparisons between groups are made using the Mann-Whitney test. Error bars represent the 

interquartile range).  

CXCR6 expression on circulating NK cells did not correlate with MELD-Na score 

(spearman rank correlation) but there was a trend towards an increased proportion 

of circulating CXCR6+NK cells in patients with Child Pugh C cirrhosis compared to Child 

Pugh A cirrhosis (Figure 51B).  
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Figure 51 CXCR6 expression on circulating NK cells in cirrhosis and underlying MELD-Na score 

and Child-Pugh classification.  CXCR6+ circulating NK cells were determined in patients with 

cirrhosis. Graphs display the percentage of circulating NK cells that expressed CXCR6. A) 

CXCR6+NK cell proportion did not correlate with MELD-Na score in patients with cirrhosis 

without HCC (spearman rank correlation). B) The circulating CXCR6+ NK cell proportion in 

patients with cirrhosis did not differ significantly by underlying Child-Pugh status (CPA= Child-

Pugh A, CPB = Child-Pugh B, CPC = Child-Pugh C). (Graphs display individual values with the 

median value displayed by the bar. Comparisons between groups have been made using the 
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Mann-Whitney test. Error bars represent the interquartile range. P values are denoted on the 

figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). Analyses were repeated 

for patients with MASLD cirrhosis and for ALD cirrhosis but did not demonstrate correlation 

with MELD-Na or significance between Child-Pugh status.  

 

CXCR6 expression did not vary significantly with underlying BCLC (Barcelona Clinic 

Liver Cancer) staging in patients with HCC (Figure 52). 
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Figure 52 The proportion of CXCR6+NK cells in the circulation in patients with HCC on a 

background of cirrhosis categorised by BCLC staging. Graph displays the percentage of 

circulating NK cells expressing CXCR6.  Comparisons between groups with different stages did 

not reveal a difference in the circulating proportion of NK cells that express CXCR6 (Kruskal-

Wallis test with Dunn’s multiple comparisons). (Graphs display individual values and the 

median value. Error bars represent the interquartile range). 

Finally, CXCR6 expression on intrahepatic NK cells did not show significant differences 

between patient groups, but limitations on sample size do not allow further 
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conclusions to be drawn here (Figure 53A). However, the majority of intrahepatic NK 

cells expressed CXCR6 in keeping with published data (Figure 53B). 
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Figure 53 CXCR6 expression on intrahepatic NK cells. A) CXCR6 expression on intrahepatic NK 

cells, expressed as a proportion of total intrahepatic NK cells. Comparisons between groups 
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have been made using the Mann-Whitney test.  B) Comparison of CXCR6 expression in 

circulating NK cells (data in black) compared to intrahepatic NK cells (data in blue from the 

same donor. Comparisons were made using the non-parametric Wilcoxon matched-pairs 

signed rank test. Graphs display individual values and the median value. Error bars represent 

the interquartile range .P values are denoted on the figures as follows: * p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001).  
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3.1.7 Surface receptor co-expression  
As individual activating and inhibitory receptors demonstrated a wide variation in 

expression in patients with HCC, individual receptor expression was correlated with 

other receptors on circulating NK cells from the same donor with HCC to determine if 

NK cells in some donors demonstrated a lower expression of all receptors or 

combinations of receptors in HCC. Correlations were calculated using Spearman rank 

correlations in patients with HCC and underlying MASLD cirrhosis, and in patients with 

HCC and underlying ALD cirrhosis. Correlations were also calculated for receptor 

expression in patients with MASLD or ALD cirrhosis without HCC, to see if correlations 

seen in HCC were as a consequence of variation in expression in underlying cirrhosis. 

 

Activating receptor co-expression in HCC 

NKG2D expression correlated positively with NKp30 and DNAM-1 expression in both 

ALD related and MASLD related HCC (Figures 54A, 54C, 55A, 55C). NKp30 expression 

correlated positively with DNAM-1 expression in MASLD related HCC but not in ALD 

related HCC (Figures 54B and 55B respectively). Interestingly, this positive correlation 

between the expression of activating receptors NKp30, NKG2D and DNAM-1 in ALD 

HCC was also seen in patients with ALD cirrhosis without HCC. However, the positive 

correlations in activating receptor expression seen in MASLD HCC was not seen in 

patients with MASLD cirrhosis without HCC. 
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Figure 54 Activating receptor co-expression on circulating NK cells in patients with 

hepatocellular carcinoma with cirrhosis secondary to underlying metabolic dysfunction-

associated steatotic liver disease (MASLD HCC). A) NKp30 expression (median fluorescent 

intensity, MFI) correlates positively with NKG2D expression (MFI). B) NKp30 expression (MFI) 

correlates positively with DNAM-1 expression (measured as the percentage of total circulating 

NK cells expressing DNAM-1). C) DNAM-1 expression (measured as the percentage of total 

circulating NK cells expressing DNAM-1) correlates positively with NKG2D expression (MFI). 

Spearman rank correlation R values were calculated to determine the correlation between 

receptor expression on the same circulating NK cells from the same donor. All individual values 

displayed on each graph with Spearman Rank Correlation R values shown along with p values 

for significance (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).  
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Figure 55 Activating receptor co-expression on circulating NK cells in patients with 

hepatocellular carcinoma and underlying cirrhosis secondary to alcohol related liver disease 
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(ALD HCC). A) NKp30 expression (median fluorescent intensity, MFI) correlates positively with 

NKG2D expression (MFI). B) NKp30 expression (MFI) does not correlate with DNAM-1 

expression (measured as the percentage of total circulating NK cells expressing DNAM-1). C) 

DNAM-1 expression (measured as the percentage of total circulating NK cells expressing 

DNAM-1) correlates positively with NKG2D expression (MFI). Spearman rank correlation R 

values were calculated to determine the correlation between receptor expression on the same 

circulating NK cells from the same donor. All individual values displayed on each graph with 

Spearman Rank Correlation R values shown along with p values for significance (* p<0.05, ** 

p<0.01, *** p<0.001, **** p<0.0001). 

While NKp46 is an activating receptor, NKp46 expression did not correlate with the 

other activating receptors in patients with HCC. However, NKp46 did correlate 

negatively with the proportion of circulating CD56dimCD16+/- NK cells in patients with 

HCC regardless of the aetiology (Figure 56). NKp46 however did not correlate with the 

CD56dimCD16+/- NK subpopulation in patients with cirrhosis without HCC of either 

aetiology. The CD56dimCD16+/- NK cell subpopulation did not correlate with any 

other receptors. 
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Figure 56 NKp46 expression on circulating NK cells correlated negatively with the proportion 

of circulating NK cells that were CD56dimCD16+/- in patients with hepatocellular carcinoma 

(HCC). Spearman rank correlation R values were calculated for NKp46 expression (measured 

as median fluorescence intensity (MFI) on circulating NK cells and the percentage of NK cells 

that are CD56dimCD16+/-NK cells in patients with HCC secondary to A) metabolic dysfunction-

associated steatotic liver disease (MASLD) cirrhosis and B) alcohol related liver disease (ALD) 

cirrhosis. All individual values displayed on each graph with Spearman Rank Correlation R 

values shown along with p values for significance (* p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001). The analysis was repeated in patients with MASLD cirrhosis without HCC and ALD 
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cirrhosis without HCC, but there were no significant correlations between NKp46 and the 

proportion of circulating NK cells that are CD56dimCD16+/- NK cells in cirrhosis without HCC. 

 

Inhibitory receptor co-expression in HCC 

Interestingly, although CD161 is an inhibitory receptor, CD161 expression also 

correlated positively with the surface expression of activating receptors NKp30, 

DNAM-1 and NKG2D on circulating NK cells in patients with HCC and underlying 

MASLD cirrhosis (Figure 57). This positive correlation was not seen in patients with 

ALD related HCC, MASLD cirrhosis or ALD cirrhosis without HCC. 

CD161 did not correlate with the proportion of circulating CD56dimCD16+/- NK cells. 
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Figure 57 CD161 expression correlates with activating receptors NKp30, NKG2D and DNAM-1 

on circulating NK cells in patients with hepatocellular carcinoma (HCC) and underlying cirrhosis 

secondary to metabolic dysfunction-associated steatotic liver disease (MASLD). A) NKG2D 

expression (median fluorescent intensity, MFI) correlates positively with CD161 expression 

(measured as the percentage of total circulating NK cells expressing CD161). B) NKp30 

expression (MFI) correlates positively with CD161 expression (measured as the percentage of 

total circulating NK cells expressing CD161). C) DNAM-1 expression (measured as the 

percentage of total circulating NK cells expressing DNAM-1) correlates positively with CD161 

expression (measured as the percentage of total circulating NK cells expressing CD161). 

Spearman rank correlation R values were calculated to determine the correlation between 

receptor expression on the same circulating NK cells from the same donor. All individual values 

displayed on each graph with Spearman Rank Correlation R values shown along with p values 

for significance (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

CXCR6 co-expression in HCC 

Finally, the liver homing receptor CXCR6 correlated negatively with CD161 and DNAM-

1 expression in patients with HCC on a background of MASLD cirrhosis, but did not 

correlate with any other receptors in MASLD cirrhosis, ALD cirrhosis or HCC with 

underlying ALD cirrhosis (Figure 58).  
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Figure 58 CXCR6 expression negatively correlated with DNAM-1 expression and CD161 

expression on circulating NK cells in patients with Hepatocellular carcinoma (HCC) on a 

background of cirrhosis secondary to metabolic dysfunction-associated steatotic liver disease 

(MASLD). Spearman Rank correlation R values were calculated for CXCR6 expression 

(measured as the percentage of circulating NK cells expressing CXCR6) and A) DNAM-1 

expression (measured as the percentage of circulating NK cells expressing DNAM-1) and B) 

CD161 expression (measured as the percentage of circulating NK cells expressing CD161) in 

patients with HCC secondary to MASLD cirrhosis. All individual values displayed on each graph 

with Spearman Rank Correlation R values shown along with p values for significance (* p<0.05, 
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** p<0.01, *** p<0.001, **** p<0.0001). The analysis was repeated in patients with MASLD 

cirrhosis without HCC, ALD (alcohol related liver disease) cirrhosis without HCC and patients 

with HCC on a background of ALD cirrhosis, but there were no significant correlations between 

CXCR6 expression and other receptors in those patient groups. 

 

In summary, there is a positive correlation in the expression NKp30, NKG2D, DNAM-1 

and CD161 on circulating NK cells in HCC, suggesting that NK cells in HCC may have a 

globally low expression of surface receptors in HCC. This correlation in expression of 

these surface receptors was seen in patients with HCC on a background of cirrhosis 

but not seen in patients with cirrhosis without HCC, and may explain the wide 

variation of receptor expression seen in the HCC patient group. Interestingly, NK cells 

with an upregulation of surface CXCR6 had lower expression of CD161 and DNAM-1 in 

patients with MASLD HCC. 

Receptor expression in HCC did not correlate with any clinical parameters (cirrhosis 

composite scores, tumour burden, vascular invasion, metastases).  
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3.2 NK cell function 

NK cell phenotyping demonstrated differences in surface receptor expression, with an 

increase in a CD56dimCD16+/- NK cell subset, inhibitory CD161 and liver-homing 

CXCR6 expression in cirrhosis, with a further reduction in the proportion of circulating 

NK cells expressing activating receptors NKp46 and DNAM-1 in HCC. To determine if 

these changes were accompanied with functional deficits in cirrhosis and HCC, 

functional analyses were undertaken on circulating NK cells.  

 

NK cells have the capacity for both cytotoxicity and as well as cytokine secretion, 

predominantly interferon gamma (IFNγ) and tumour necrosis factor alpha (TNFα). NK 

cell degranulation, in response to activation following encounters with target cells, 

results in the release of perforin and granzyme and direct target cell death (R. Wang 

et al., 2012). Granules containing perforin and granzyme are lined with CD107a, and 

these granule membranes fuse with the NK cell surface membranes upon 

degranulation resulting in a measurable increase in CD107a surface expression. 

Therefore, the measurement of CD107a surface expression following the incubation 

of NK cells with target cells, has been described and established as method of 

measuring NK cell cytotoxic capacity (Alter et al., 2004). 

 

3.2.1 Singular NK cell responses to target cells 
To determine NK cell functional capacity, K562 and HepG2 cell line targets were used. 

K562 cells do not express MHC class I and hence act as potent activators of NK cells. 

HepG2 cells, derived from a hepatocellular carcinoma, were used to elucidate NK cell 

responses to HCC target cells. PBMCs were incubated for a four-hour period with 

target cells (K562 cells or HepG2 cells) at a 5:1 ratio (PBMCs:Target cells). PBMCs were 

then stained for functional outputs, (antibodies as described by Functional Panel 1, 

Chapter 2, Table 4). CD107a surface expression was then measured as a marker for 

degranulation and NK cell cytotoxicity, in addition to measuring intracellular 

interferon gamma (IFNγ) and tumour necrosis factor alpha (TNFα) production (Figure 

59). The proportion of PBMCs that are NK cells did not differ between disease groups 
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(Figure 60 A), and optimal ratios of PBMCs to targets were determined by performing 

degranulation assays at different PBMC:Target ratios (Figure 60B).  Based on these 

data I performed subsequent experiments at a 5:1 ratio. Table 10 below describes the 

demographics of the patient samples used in these functional experiments. 

 

 

Figure 59 Gating strategy for NK cells and functional experiments. A) Peripheral blood 

mononuclear cells (PBMCs) were surface stained as described in the methods with 

fluorescently labelled anti-CD3, anti-CD56 antibodies and a cell viability dye (Functional Panel 

1, Table 4). Lymphocytes were gated on the forward and side scatter plot, followed by singlet 

live cells and then CD53-CD56+ NK cells selected. B) Following incubation with target cells in 

the presence of a fluorescently labelled anti-CD107a antibody (used as a marker for NK cell 

degranulation), PBMCs were surface stained for CD3 and CD56 expression and intracellularly 

stained for interferon gamma (IFNγ) and tumour necrosis factor alpha (TNFα). Baseline 

background spontaneous degranulation and IFNγ/TNFα production was determined by 

incubating pbmcs from each donor without target cells and subtracting the baseline rate from 

the measured total percentage of NK cells degranulating and producing cytokine when 

incubated with target cells. Plots in B) demonstrate the functional outputs of CD107a, IFNγ 

and TNFα production from one donor against target cells, with gating set by the baseline 

background spontaneous functional output measured from that donor in the absence of target 

cells. 
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Table 10 Population characteristics of peripheral blood samples used for functional experiments. All patients had liver disease of a non-viral aetiology. (HCC= 

patient group with treatment naïve, non-viral cirrhosis with hepatocellular carcinoma; ALD= alcohol related liver disease; MASLD= metabolic dysfunction 

associated-steatotic liver disease; BCLC staging= Barcelona clinic Liver Cancer staging; p values calculated using non-parametric Mann Whitney analyses). 

 Healthy Cirrhosis HCC Healthy vs. Cirrhosis 
(p value) 

Healthy vs. 
HCC 

(p value) 

Cirrhosis vs. 
HCC 

(p value) 
Total number 22 22 16    
Age, years  
mean, (range) 

 
41 (23-62) 

 
54 (26-79) 

 
73 (57-84) 

p<0.0001 
**** 

p<0.0001 
**** 

p<0.0001 
**** 

Male  
n, (%) 

 
21, (70.0%) 

 
16, (72.7%) 

 
15 (93.8%) 

   

Child-Pugh (CP) Score: 
 
CPA n, (%) 
 
CPB n, (%) 
 
CPC n, (%) 
 
MELD-Na score 
mean, (range) 
 

 
 
 
 
 
 
 

 
 

8 (36.4%) 
 

9 (40.9%) 
 

5 (22.7%) 
 

13 (8-19) 
 

 
 

14 (87.5%) 
 

1 (6.3%) 
 

1 (6.3%) 
 

10 (6-18) 

   
 
 
 
 
 
 

p=0.38 

Aetiology: 
 
ALD  n, (%) 
MASLD  n, (%) 

 
 

 
 

14 (77.3%) 
8 (22.7%) 

 
 

8 (50.0%) 
8 (50.0%) 

   

 
BCLC staging: 
 
BCLC 0  n, (%) 
BCLC A  n, (%) 
BCLC B  n, (%) 
BCLC C  n, (%) 
BCLC D  n. (%) 

   
 
 

2 (12.5%) 
4 (25.0%) 
4 (25.0%) 
4 (25.0%) 
2 (12.5%) 

   

Lymphocyte count (109/L)  
mean, (range) 

  
1.6 (0.2-3.5) 

 
1.2 (0.2-2.1) 

  p=0.71 
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 Healthy Cirrhosis HCC Healthy vs. Cirrhosis 
(p value) 

Healthy vs. 
HCC 

(p value) 

Cirrhosis vs. 
HCC 

(p value) 
Bilirubin (total) (μmol/L)  
mean, (range) 

  
24.8 (5-97) 

 
19.5 (4-64) 

  p=0.09 

Platelets (109/L)  
mean, (range) 

  
168 (35-313) 

 
156 (33-337) 

  p=0.94 

INR  
mean, (range) 

  
1.24 (1.0-2.2) 

 
1.14 (1.0-1.4) 

  p=0.12 

Albumin (g/L)  
mean, (range) 

  
33.6 (18-42) 

 
36.4 (27-44) 

  p=0.09 

ALT (IU/L)  
mean, (range) 

  
32.6 (6-114) 

 
44.1 (10-202) 

  p=0.14 

Creatinine (μmol/L) 
mean, (range) 

  
76.8 (43-160) 

 
101 (44-171) 

  p=0.28 

AFP (μg/L)  
mean, (range) 

   
2939 (3-3556) 
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Figure 60 Optimisation for functional NK cell experiments. A) NK cells were selected using flow 

cytometry, gating on lymphocytes on the forward and side scatter plots, selecting live singlet 

cells and gating on CD3-CD56+NK cells. There were no significant differences in the proportion 

of circulating live lymphocytes that were NK cells between healthy individuals and patient 

groups. B) Peripheral blood mononuclear cells (PBMCs) were incubated for 4 hours in the 

presence of a fluorescently labelled anti-CD107a antibody with K562 target cells or HepG2 

target cells at different ratios (PBMCs:Target cells at ratios of 2:1, 5:1, 10:1 and 20:1). 

Following the incubation period, PBMCs were washed, stained with fluorescently labelled CD3 
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and CD56 and intracellular staining was undertaken for interferon (IFN) gamma and tumour 

necrosis factor (TNF) alpha as described in the methods. CD107a expression, IFN gamma and 

TNF alpha production was determined using flow cytometry (all data values plotted on graphs; 

graphs show functional outputs from 3 different donors and error bars demonstrate the mean 

and standard deviation). Subsequently, a target ratio of 5:1 (PBMCs:target cells) was selected 

as the optimal ratio for the functional experiments. 
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Figure 61 Degranulation (CD107a expression) in circulating NK cells in response to K562 and 

HepG2 target cells. Peripheral blood mononuclear cells (PBMCs) from healthy individuals 

(n=22), patients with cirrhosis (n=22) and patients with Hepatocellular carcinoma (HCC) with 

underlying cirrhosis (n=16) were incubated in a 5:1 ratio for 4 hours with target cells (K562 or 

HepG2 cells) in the presence of fluorescently labelled anti-CD107a antibody. Following this, 

surface staining for CD3 and CD56 with fluorescently labelled antibodies was undertaken. 

Using flow cytometry, NK cells were selected by gating on live CD3-CD56+ lymphocytes and 

CD107a expression, using PBMC’s incubated without target cells as a control baseline. Graph 
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A demonstrates functional outputs for NK cells when PBMCs were incubated with K562 target 

cells. Graph B demonstrates functional outputs for NK cells when PBMCs were incubated with 

HepG2 target cells. Graphs display individual values with the bar representing the median 

value. Error bars display the interquartile range. P values for significance are displayed on the 

graphs as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.  

 

Deficits in NK cell effector functions were seen against K562 target cells in the cirrhosis 

group and in the HCC group. CD107a and IFNγ expression was reduced in response to 

K562 targets in cirrhosis, and further attenuated in HCC (Figures 61A and 62A). TNFα 

production against K562 target cells was reduced in patients with HCC compared to 

healthy individuals, with a downward trend in patients with cirrhosis that did not 

reach significance (Figure 63A). Interestingly, no significant functional deficits were 

seen in NK cells against HepG2 target cells (Figures 61B, 62B, 63B). The experiment 

was repeated using another HCC cell line (Huh7 cells), but high variability was seen in 

degranulation responses to this cell line with the same donors, and hence results were 

not reliable. 
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Figure 62 Interferon gamma (IFNγ) production in circulating NK cells in response to K562 and 

HepG2 target cells. Peripheral blood mononuclear cells (PBMCs) from healthy individuals 

(n=22), patients with cirrhosis (n=22) and patients with Hepatocellular carcinoma (HCC) with 

underlying cirrhosis (n=16) were incubated in a 5:1 ratio for 4 hours with target cells (K562 or 

HepG2 cells). Following this, surface staining for CD3 and CD56 with fluorescently labelled 

antibodies was undertaken, and intracellular staining was undertaken for interferon gamma 
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(IFNγ). Using flow cytometry, NK cells were selected by gating on live CD3-CD56+ lymphocytes, 

and IFNγ production measured, using PBMC’s incubated without target cells as a control 

baseline. Graph A demonstrates functional outputs for NK cells when PBMCs were incubated 

with K562 target cells. Graph B demonstrates functional outputs for NK cells when PBMCs were 

incubated with HepG2 target cells. Graphs display individual values with the bar representing 

the median value. Error bars display the interquartile range. P values for significance are 

displayed on the graphs as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.  
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Figure 63 Tumour necrosis alpha (TNFα) production in circulating NK cells in response to K562 

and HepG2 target cells. Peripheral blood mononuclear cells (PBMCs) from healthy individuals 

(n=22), patients with cirrhosis (n=22) and patients with Hepatocellular carcinoma (HCC) with 

underlying cirrhosis (n=16) were incubated in a 5:1 ratio for 4 hours with target cells (K562 or 

HepG2 cells). Following this, surface staining for CD3 and CD56 with fluorescently labelled 

antibodies was undertaken, and intracellular staining was undertaken for tumour necrosis 
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factor (TNFα). Using flow cytometry, NK cells were selected by gating on live CD3-CD56+ 

lymphocytes and TNFα production measured, using PBMC’s incubated without target cells 

as a control baseline. Graph A demonstrates functional outputs for NK cells when PBMCs were 

incubated with K562 target cells. Graph B demonstrates functional outputs for NK cells when 

PBMCs were incubated with HepG2 target cells. Graphs display individual values with the bar 

representing the median value. Error bars display the interquartile range. P values for 

significance are displayed on the graphs as follows: * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001.  

 

3.2.2 Polyfunctional NK cell responses to target cells 
The polyfunctionality of NK cells was assessed by looking at the proportion of NK cells 

that were capable of both direct cytotoxicity by degranulation (indirectly measured by 

assessing CD107a expression) and cytokine (IFNγ and TNFα) production in response to 

target cells (Figure 64).  

 

 

Figure 64  Gating strategy to identify polyfunctional NK cells with the capacity to produce a 

cytotoxic and cytokine response to target cells. Peripheral blood mononuclear cells (PBMCs) 

were incubated for 4 hours with target cells (5:1 ratio PBMC:Target) in the presence of 

fluorescently labelled anti-CD107a antibody. Following this, PBMCs were surface stained with 

CD3, CD56 and viability dye, and stained for interferon gamma (IFNγ) and tumour necrosis 
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alpha (TNFα) production via intracellular staining (Functional Panel 1, Table 4). NK cells were 

gated for as demonstrated on the figure above, by selecting live CD3-CD56+ lymphocytes, and 

the proportion of NK cells expressing CD107a (expressed in NK cells that have degranulated in 

keeping with a cytotoxic NK cell response to the target cell) was selected. The proportion of NK 

cells simultaneously producing a cytokine response (IFNγ production +/- TNFα production) in 

addition to the cytotoxic response (CD107a expression) was determined as demonstrated with 

the flow cytometry plots.  

 

There were no significant differences in the proportion of NK cells with the capacity 

to produce all three functional responses to target cells (degranulation (CD107a 

expression), IFNγ and TNFα) (Figure 65). There was a significant reduction however in 

the proportion of circulating NK with dual functionality of degranulation and IFNγ 

production against K562 target cells in patients with HCC compared to healthy (Figure 

66A). There was also a downward trend in the proportion of these NK cells with dual 

functionality in patients with cirrhosis compared with healthy, but it did not reach 

significance (p=0.06, Figure 66A). 
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Figure 65 Polyfunctional circulating NK cell responses to target cells. Following a 4 hour 

incubation with either K562 target cells or HepG2 cells, peripheral blood NK cells were 

fluorescently labelled for CD107a, interferon gamma (IFNγ) and tumour necrosis alpha (TNFα), 

and NK cells producing all three functional responses were identified using flow cytometry. 

Graph A displays functional responses to K562 target cells. Graph B displays functional 

responses to HepG2 target cells. There were no significant differences between the proportion 
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of polyfunctional NK cells in healthy individuals and patients. Healthy=healthy individuals; 

cirrhosis = patients with cirrhosis; HCC = patients with hepatocellular carcinoma (HCC) on a 

background of cirrhosis. Graphs display individual values with the bar representing the median 

value. Error bars display the interquartile range.  
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Figure 66 Combined peripheral blood NK cell cytotoxic and interferon gamma responses to 

target cells. Following a 4 hour incubation with either K562 target cells or HepG2 cells, 

peripheral blood NK cells were fluorescently labelled for CD107a and interferon gamma (IFNγ), 

and NK cells producing both functional responses were identified using flow cytometry. Graph 

A displays functional responses to K562 target cells. Graph B displays functional responses to 
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HepG2 target cells. There was a reduction in the proportion of circulating NK cells with dual 

functionality (producing IFNγ and a cytotoxic response (CD107a expression) to K562 target 

cells) in patients with HCC compared to healthy. Healthy=healthy individuals; cirrhosis = 

patients with cirrhosis; HCC = patients with hepatocellular carcinoma (HCC) on a background 

of cirrhosis. Graphs display individual values with the bar representing the median value. Error 

bars display the interquartile range.  P values for significance are displayed on the graphs as 

follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 67 Combined peripheral blood NK cell cytotoxic and tumour necrosis alpha responses 

to target cells. Following a 4 hour incubation with either K562 target cells or HepG2 cells, 

peripheral blood NK cells were fluorescently labelled for CD107a and tumour necrosis alpha 
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(TNFα), and NK cells producing both functional responses were identified using flow cytometry. 

Graph A displays functional responses to K562 target cells. Graph B displays functional 

responses to HepG2 target cells. There were no significant differences in NK cell responses 

between healthy and patient groups. Healthy=healthy individuals; cirrhosis = patients with 

cirrhosis; HCC = patients with hepatocellular carcinoma (HCC) on a background of cirrhosis. 

Graphs display individual values with the bar representing the median value. Error bars display 

the interquartile range.   

 

 

3.2.3 CD56bright and CD56dim NK cell responses to target cells 
Circulating CD56bright NK cells are classically associated with an increased capacity 

for producing cytokines compared with CD56dim NK cells, and in turn peripheral blood 

CD56dim NK cells have a greater direct cytotoxic capacity (Cooper et al., 2001). To 

determine whether the functional deficit was attributed to the CD56bright or the 

CD56dim NK cell subset, effector functions for each NK cell subset were compared 

between patient groups and healthy volunteers against K562 cells.  

 

 

Figure 68 Gating strategy for CD56bright and CD56dim NK cells. NK cells were identified by 

gating on live lymphocytes that are CD3 negative and CD56positive. CD56bright NK cells and 

CD56dim NK cells were identified using the gating strategy demonstrated. 
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CD56dim NK cells displayed significant dysfunction in the HCC group in all modalities 

(degranulation and cytokine production) and had a significantly reduced proportion 

of circulating cells with a polyfunctional capacity (11.6% vs. 21.2%; HCC vs. Healthy, 

median values, p=0.03) (Figures 69A, 70A, 71A, 72A). CD56dim NK cells in the cirrhosis 

group were also significantly dysfunctional, with reduced CD107a expression and IFNγ 

production, and a reduced proportion of polyfunctional CD56dim NK cells producing 

cytotoxic responses and cytokine secretion (Figures 69A, 70A, 71A, 72A).  

CD56bright NK cells did demonstrate capacity for degranulation following contact 

with K562 target cells. However, there were no significant differences in CD56bright 

NK cell function in the cirrhosis and HCC groups in comparison to healthy NK cells 

(Figures 69B, 70B, 71B, 72B)).  
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Figure 69 Comparing the NK cell cytotoxicity response (by measuring CD107a expression) in 

CD56dim and CD56bright NK cells in healthy volunteers and patient groups against K562 

target cells. Peripheral blood mononuclear cells (PBMCs) were co-cultured with K562 target 

cells in a 5:1 ratio respectively. Degranulation of NK cells were measured by measuring CD107a 
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expression using flow cytometry techniques. A) Graph displays the percentage of CD56dim NK 

cells expressing CD107a against K562 target cells. CD56dim NK cells from patients with 

cirrhosis or HCC had a reduced cytotoxic response to K562 cells in comparison to CD56dim NK 

cells from healthy volunteers. B) Graph displays the percentage of CD56bright NK cells 

expressing CD107a against K562 target cells. There were no significant functional deficits with 

regards to cytotoxicity in patient groups compared to healthy volunteers. This analysis was 

also undertaken for PBMCs against HepG2 target cells but there were no significant differences 

in functional outputs in the CD56dim or CD56bright subset in either healthy or disease states 

(data not shown).  Healthy=healthy individuals; cirrhosis = patients with cirrhosis; HCC = 

patients with hepatocellular carcinoma (HCC) on a background of cirrhosis. Graphs display 

individual values with the bar representing the median value. Error bars display the 

interquartile range. P values for significance are displayed on the graphs as follows: * p<0.05, 

** p<0.01, *** p<0.001, **** p<0.0001.   
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Figure 70 Comparing interferon gamma (IFNγ) response in CD56dim and CD56bright NK cells 

in healthy volunteers and patient groups against K562 target cells. Peripheral blood 

mononuclear cells (PBMCs) were co-cultured with K562 target cells in a 5:1 ratio respectively. 

Intracellular staining followed by flow cytometry was undertaken to determine IFNγ 

production. A) Graph displays the percentage of CD56dim NK cells producing IFNγ against 

K562 target cells. CD56dim NK cells from patients with cirrhosis or HCC had a reduced IFNγ 

response to K562 cells in comparison to CD56dim NK cells from healthy volunteers. B) Graph 

displays the percentage of CD56bright NK cells producing IFNγ against K562 target cells. There 
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were no significant functional deficits with regards to IFNγ production in patient groups 

compared to healthy volunteers. This analysis was also undertaken for PBMCs against HepG2 

target cells but there were no significant differences in functional outputs in the CD56dim or 

CD56bright subset in either healthy or disease states (data not shown).  Healthy=healthy 

individuals; cirrhosis = patients with cirrhosis; HCC = patients with hepatocellular carcinoma 

(HCC) on a background of cirrhosis. Graphs display individual values with the bar representing 

the median value. Error bars display the interquartile range. P values for significance are 

displayed on the graphs as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.   
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Figure 71 Comparing tumour necrosis factor alpha (TNFα) response in CD56dim and 

CD56bright NK cells in healthy volunteers and patient groups against K562 target cells. 

Peripheral blood mononuclear cells (PBMCs) were co-cultured with K562 target cells in a 5:1 

ratio respectively. Intracellular staining followed by flow cytometry was undertaken to 

determine TNFα production. A) Graph displays the percentage of CD56dim NK cells producing 

TNFα against K562 target cells. CD56dim NK cells from patients with HCC had a reduced TNFα 
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response to K562 cells in comparison to CD56dim NK cells from healthy volunteers. CD56dim 

NK cells from patient with cirrhosis also had a reduced TNFα response in comparison to healthy 

NK cells, but the difference did not reach significance (p=006). B) Graph displays the 

percentage of CD56bright NK cells producing TNFα against K562 target cells. There were no 

significant functional deficits with regards to TNFα production in patient groups compared to 

healthy volunteers. This analysis was also undertaken for PBMCs against HepG2 target cells 

but there were no significant differences in functional outputs in the CD56dim or CD56bright 

subset in either healthy or disease states (data not shown).  Healthy=healthy individuals; 

cirrhosis = patients with cirrhosis; HCC = patients with hepatocellular carcinoma (HCC) on a 

background of cirrhosis. Graphs display individual values with the bar representing the median 

value. Error bars display the interquartile range. P values for significance are displayed on the 

graphs as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.   
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Figure 72 Comparing the capacity for a polyfunctional response in CD56dim and CD56bright 

NK cells in healthy volunteers and patient groups against K562 target cells. Peripheral blood 

mononuclear cells (PBMCs) were co-cultured with K562 target cells in a 5:1 ratio respectively. 

Intracellular staining followed by flow cytometry was undertaken to determine cytotoxicity 

(CD107a expression), interferon gamma (IFNγ) production and tumour necrosis factor alpha 
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(TNFα) production. A) Graph displays the percentage of CD56dim NK cells producing a 

polyfunctional response to K562 cells i.e. expressing CD107a and producing IFNγ, and TNFα in 

response to K562 target cells. CD56dim NK cells from patients with cirrhosis and HCC had a 

significantly reduced proportion of CD56dim NK cells producing a polyfunctional response to 

K562 cells.  B) Graph displays the percentage of CD56bright NK cells producing a polyfunctional 

response to K562 target cells. There were no significant differences in the proportion of 

CD56bright NK cells that produce a polyfunctional response in patient groups compared to 

healthy volunteers. This analysis was also undertaken for PBMCs against HepG2 target cells 

but there were no significant differences in functional outputs in the CD56dim or CD56bright 

subset in either healthy or disease states (data not shown).  Healthy=healthy individuals; 

cirrhosis = patients with cirrhosis; HCC = patients with hepatocellular carcinoma (HCC) on a 

background of cirrhosis. Graphs display individual values with the bar representing the median 

value. Error bars display the interquartile range. P values for significance are displayed on the 

graphs as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

3.2.4 Correlation of NK cell functional responses with cirrhosis status and cirrhosis 
aetiology 
Functional responses (CD107a expression, IFNγ and TNFα production) for circulating 

NK cells from patients with cirrhosis against K562 targets did not correlate with the 

cirrhosis status as measured by MELD-Na score and Child-Pugh status (Figures 73-75). 

The analysis was repeated for functional responses to HepG2 cells, but this also did 

not yield significant correlations with underlying MELD-Na or Child-Pugh score (data 

not shown). The analysis was repeated separating the cirrhosis group further by 

underlying aetiology (ALD compared to MASLD) but this did not yield any significant 

correlations with MELD-Na or any significant differences with underlying Child-Pugh 

score (data not shown). 
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Figure 73 CD107a expression in NK cells from patients with cirrhosis does not correlate with 

underlying cirrhosis status. Peripheral blood mononuclear cells (PBMCs) from patients with 

cirrhosis were incubated for 4 hours with K562 target cells in the presence of fluorescently 

labelled CD107a antibody. PBMCs then underwent surface staining with fluorescently labelled 
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antibodies to CD3 and CD56, and CD107a expression in NK cells within the PBMCs was assessed 

using  flow cytometry. Spearman Rank correlation coefficients were calculated for CD107a 

expression  and the underlying MELD-Na score for each patient (graph A). Patients were also 

grouped by their underlying Child-Pugh score, and comparisons in CD107a expression between 

groups made using the Mann-Whitney test (graph B). Graphs display individual values with 

the bar representing the median value on the bar graphs. Error bars display the interquartile 

range. A) Graph showing the lack of correlation in CD107a expression in NK cells from patients 

with cirrhosis and their underlying MELD-NA score. B) There were no significant differences in 

CD107a expression and Child-Pugh status (CPA= Child-Pugh A, CP-B = Child-Pugh B, CPC = 

Child-Pugh C). The analysis was repeated for functional responses to HepG2 cells, but this also 

did not yield significant correlations with underlying MELD-Na or Child-Pugh score (data not 

shown). The analysis was repeated separating the cirrhosis group further by underlying 

aetiology (alcohol related liver disease or metabolic dysfunction-associated steatotic liver 

disease) but this did not yield any significant correlations with MELD-Na or any significant 

differences with underlying Child-Pugh score (data not shown). 
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Figure 74 Interferon gamma (IFNγ) production in NK cells from patients with cirrhosis does not 

correlate with underlying cirrhosis status. Peripheral blood mononuclear cells (PBMCs) from 

patients with cirrhosis were incubated for 4 hours with K562 target cells. PBMCs then 

underwent surface staining with fluorescently labelled antibodies to CD3 and CD56, and IFNγ 
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production in NK cells within the PBMCs was assessed using intracellular staining followed by 

flow cytometry. Spearman Rank correlation coefficients were calculated for IFNγ production 

and the underlying MELD-Na score for each patient (graph A). Patients were also grouped by 

their underlying Child-Pugh score, and comparisons in IFNγ production between groups made 

using the Mann-Whitney test (graph B). Graphs display individual values with the bar 

representing the median value on the bar graphs. Error bars display the interquartile range. 

A) Graph showing the lack of correlation in IFNγ production in NK cells from patients with 

cirrhosis and their underlying MELD-NA score. B) There were no significant differences in IFNγ 

production and Child-Pugh status (CPA= Child-Pugh A, CP-B = Child-Pugh B, CPC = Child-Pugh 

C). The analysis was repeated for functional responses to HepG2 cells, but this also did not 

yield significant correlations with underlying MELD-Na or Child-Pugh score (data not shown). 

The analysis was repeated separating the cirrhosis group further by underlying aetiology 

(alcohol related liver disease or metabolic dysfunction-associated steatotic liver disease) but 

this did not yield any significant correlations with MELD-Na or any significant differences with 

underlying Child-Pugh score (data not shown). 
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Figure 75 Tumour necrosis factor alpha (TNFα) production in NK cells from patients with 

cirrhosis does not correlate with underlying cirrhosis status. Peripheral blood mononuclear 

cells (PBMCs) from patients with cirrhosis were incubated for 4 hours with K562 target cells. 

PBMCs then underwent surface staining with fluorescently labelled antibodies to CD3 and 
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CD56, and TNFα production in NK cells within the PBMCs was assessed using intracellular 

staining followed by flow cytometry. Spearman Rank correlation coefficients were calculated 

for TNFα production and the underlying MELD-Na score for each patient (graph A). Patients 

were also grouped by their underlying Child-Pugh score, and comparisons in TNFα production 

between groups made using the Mann-Whitney test (graph B). Graphs display individual 

values with the bar representing the median value on the bar graphs. Error bars display the 

interquartile range. A) Graph showing the lack of correlation in TNFα production in NK cells 

from patients with cirrhosis and their underlying MELD-NA score. B) There were no significant 

differences in TNFα production and Child-Pugh status (CPA= Child-Pugh A, CP-B = Child-Pugh 

B, CPC = Child-Pugh C). The analysis was repeated for functional responses to HepG2 cells, but 

this also did not yield significant correlations with underlying MELD-Na or Child-Pugh score 

(data not shown). The analysis was repeated separating the cirrhosis group further by 

underlying aetiology (alcohol related liver disease or metabolic dysfunction-associated 

steatotic liver disease) but this did not yield any significant correlations with MELD-Na or any 

significant differences with underlying Child-Pugh score (data not shown). 

 

No statistically significant differences were seen in NK cell functional responses to 

K562 cells when comparing patients with cirrhosis secondary to ALD with patients with 

cirrhosis secondary to MASLD (Figures 76-78). Similarly, there were no differences in 

NK cell responses in patients with HCC with underlying ALD cirrhosis compared to 

patients with underlying MASLD cirrhosis (Figures 76-78). There were not enough 

samples to determine functional variation and underlying BCLC staging. 
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Figure 76 Comparison of CD107a expression in NK cells in patients with alcohol related liver 

disease (ALD) and metabolic dysfunction-associated steatotic liver disease (MASLD). 

Peripheral blood mononuclear cells (PBMCs) from patients were incubated with K562 target 

cells for four hours at a 5:1 PBMC:K562 ratio in the presence of CD107a antibody. Subsequent 
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surface staining and flow cytometry allowed measurement of the NK cell proportion 

expressing CD107a. Graph A demonstrates CD107a expression in NK cells from patients with 

cirrhosis. Graph B demonstrates CD107a expression in patients with hepatocellular carcinoma 

(HCC) on a background of cirrhosis. Graphs display individual values with the bar representing 

the median value on the bar graphs. Error bars display the interquartile range. Comparisons 

were made using Mann-Whitney tests. There were no significant differences between patients 

with cirrhosis or HCC with underlying ALD or MASLD. The analysis was repeated for functional 

responses to HepG2 cells, but this also did not yield significant differences (data not shown). 
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Figure 77 Comparison of interferon gamma(IFNγ) production in NK cells in patients with 

alcohol related liver disease (ALD) and metabolic dysfunction-associated steatotic liver disease 

(MASLD). Peripheral blood mononuclear cells (PBMCs) from patients were incubated with 

K562 target cells for four hours at a 5:1 PBMC:K562 ratio. Subsequent intracellular staining 

and flow cytometry allowed measurement of the NK cell proportion expressing IFNγ. Graph A 

demonstrates IFNγ production in NK cells from patients with cirrhosis. Graph B demonstrates 
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IFNγ production in patients with hepatocellular carcinoma (HCC) on a background of cirrhosis. 

Graphs display individual values with the bar representing the median value on the bar graphs. 

Error bars display the interquartile range. Comparisons were made using Mann-Whitney tests. 

There were no significant differences between patients with cirrhosis or HCC with underlying 

ALD or MASLD. The analysis was repeated for functional responses to HepG2 cells, but this also 

did not yield significant differences (data not shown). 
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Figure 78 Comparison of tumour necrosis factor alpha(TNFα) production in NK cells in patients 

with alcohol related liver disease (ALD) and metabolic dysfunction-associated steatotic liver 

disease (MASLD). Peripheral blood mononuclear cells (PBMCs) from patients were incubated 

with K562 target cells for four hours at a 5:1 PBMC:K562 ratio. Subsequent intracellular 
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staining and flow cytometry allowed measurement of the NK cell proportion expressing TNFα. 

Graph A demonstrates TNFα production in NK cells from patients with cirrhosis. Graph B 

demonstrates TNFα production in patients with hepatocellular carcinoma (HCC) on a 

background of cirrhosis. Graphs display individual values with the bar representing the median 

value on the bar graphs. Error bars display the interquartile range. Comparisons were made 

using Mann-Whitney tests. There were no significant differences between patients with 

cirrhosis or HCC with underlying ALD or MASLD. The analysis was repeated for functional 

responses to HepG2 cells, but this also did not yield significant differences (data not shown). 

 

3.2.5 NK cell surface receptor correlation with functional responses 
NK cell functional responses (CD107a expression, IFNγ and TNFα production) against 

K562 and HepG2 target cells were correlated with NK cell receptor expression from 

the same patients with cirrhosis or HCC with underlying MASLD or ALD cirrhosis.  

The only receptor that demonstrated any correlation with functional NK cell responses 

against K562 cells was NKp30. Correlations were not seen however with functional 

responses against HepG2 cells and NKp30. 

The expression of NKp30 correlated negatively with CD107a expression, IFNγ and 

TNFα production in patients with MASLD HCC (Figure 79). A negative correlation 

between all functional responses and NKp30 was also seen in MASLD cirrhosis without 

HCC but did not reach significance. NKp30 expression on NK cells in ALD cirrhosis 

however correlated positively with CD107a expression and IFNγ expression (Figure 

80). There was also positive correlation of NKp30 expression with all functional 

responses in patients with ALD HCC but did not reach significance. 
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Figure 79 NKp30 expression inversely correlated with NK cell functional responses in patients 

with hepatocellular carcinoma (HCC) on a background of cirrhosis secondary to metabolic 

dysfunction-associated steatotic liver disease (MASLD). Peripheral blood mononuclear cells 

(PBMCs) from patients with HCC on a background of MASLD cirrhosis (MASLD HCC) were 

incubated for four hours with K562 target cells in a 5:1 ratio (PBMC:K562) in the presence of 

CD107a antibody. Following this, functional responses (degranulation (CD107a expression) 

(graph A), interferon gamma (IFNγ) (graph B) and tumour necrosis factor alpha (TNFα) 

production) (graph C) in the NK cells were measured in response to the K562 cells using flow 

cytometry following surface and intracellular staining. PBMCs from the same donors were also 

surface stained for NKp30 expression. The Spearman Rank correlation coefficient (R) was 

calculated for NKp30 expression and each functional response on circulating NK cells in the 

same donors. There was a significant negative correlation with each functional response and 

NKp30 expression. Graphs show individual values plotted as dots; P values for significance are 

displayed on the graphs as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 80 NKp30 expression correlated with NK cell degranulation and interferon gamma 

(IFNγ) production in circulating NK cells from patients with cirrhosis secondary to alcohol 

related liver disease (ALD). Peripheral blood mononuclear cells (PBMCs) from patients with 

ALD cirrhosis were incubated for four hours with K562 target cells in a 5:1 ratio (PBMC:K562) 

in the presence of CD107a antibody. Following this, functional responses (degranulation 

(CD107a expression) (graph A), IFNγ (graph B) and tumour necrosis factor alpha (TNFα) 

production) (graph C) in the NK cells were measured in response to the K562 cells using flow 

cytometry following surface and intracellular staining. PBMCs from the same donors were also 

surface stained for NKp30 expression. The Spearman Rank correlation coefficient (R) was 

calculated for NKp30 expression and each functional response on circulating NK cells in the 

same donors. There was a significant positive correlation with CD107a expression and IFNγ 

production and NKp30 expression. Graphs show individual values plotted as dots; P values for 

significance are displayed on the graphs as follows: * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001. 
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3.3 Gene expression 
 

In order to understand the processes involved resulting in these phenotypic and 

functional differences seen in cirrhosis and HCC, gene expression was evaluated using 

NanoString technology, and comparisons made between the classical circulating NK 

cell populations (CD56dimCD16++ and CD56brightCD16- NK cells) in health and 

disease. Peripheral blood mononuclear cells were extracted from healthy volunteers 

(n=3), patients with Child-Pugh B cirrhosis with underlying ALD (n=3) or MASLD ( n=4) 

and patients with hepatocellular carcinoma (HCC) complicating Child-Pugh B cirrhosis 

secondary to MASLD (n=3). NK cells were sorted into CD56dimcD16++ and 

CD56brightCD16- NK subpopulations, lysed as described in methods and gene 

expression evaluated using a customised NanoString panel. Full differential expression 

analyses can be found in Appendix D.  

Mononuclear cells extracted from explanted livers with MASLD cirrhosis were sorted 

using the same strategy as for peripheral blood mononuclear cells as described above.  

Gene expression on these intrahepatic NK cells from patients with MASLD cirrhosis 

(n=3) was compared to circulating NK cells from patients with MASLD cirrhosis (n=4; 

non-paired samples). Genes with significant differential expression are demonstrated 

on the heat maps below. Full differential expression analyses can be found in 

Appendix D. 

The significance of the differential gene expression profile seen in disease was 

analysed using web-based platforms Reactome and Ingenuity Pathway Analysis 

software (IPA, Ingenuity Systems, Qiagen). 
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Table 11 Characteristics of patients from whom samples were utilised for gene expression 

profiling using Nansostring technology. MASLD= metabolic dysfunction-associated steatotic 

liver disease; ALD= Alcohol related liver disease; HCC= Hepatocellular carcinoma. Samples 

were wither peripheral blood samples (circulating) or extracted from within the liver 

(intrahepatic). All patients had Child-Pugh B cirrhosis. 

 MASLD 
Cirrhosis 

(circulating) 

ALD 
Cirrhosis 

(circulating) 

MASLD 
HCC 

(circulating) 

MASLD 
Cirrhosis 

(intrahepatic) 
Total number 
of patients 

4 3 3 3 

Age, years  
mean, (range) 

64 
(55-74) 

57 
(53-62) 

72 
(60-84) 

61 
(56-64) 

Male, n 2 2 3 3 
Child-Pugh 
Score B, n 
 
MELD-Na 
score 
mean, (range) 

 
4 
 

14 
(12– 14) 

 
3 
 

14 
(12 – 15) 

 
3 
 

14 
(11 – 18) 

 
3 
 

19 
(18-20) 

 

3.3.1 Comparison of gene expression in CD56dimCD16++ NK cells in the circulation in 

health and in disease 

Comparison of the gene expression profile of the circulating CD56dimCD16++ NK cell 

subpopulation between healthy states and disease, demonstrated a downregulation 

of the transcription factor EGR1 in cirrhosis of either aetiology (ALD or MASLD related 

cirrhosis) and in MASLD HCC (Figures 81-82). EGR1 has been demonstrated to be 

upregulated in activated NK cells and responsible for limiting TRAIL expression 

(Balzarolo et al., 2013; Fu et al., 2003). However, despite a downregulation in EGR1, 

there was no significant differential expression in TRAIL at the gene expression level 

in this experiment.  

Furthermore, CD56dimCD16++ NK cells in both cirrhosis and HCC groups 

demonstrated a reduced expression of interferon gamma (IFNG) compared to healthy 

CD56dimCD16++ NK cells. CD56dimCD16++ NK cells in ALD related cirrhosis and 

MASLD HCC also demonstrated reduced expression of Tumour necrosis factor (TNF) 

compared to healthy CD56dimCD16++NK cells. Transcription factors STAT1 and IRF4 

were upregulated in CD56dimCD16++NK cells in MASLD HCC compared to healthy NK 
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cells, but not significantly upregulated in cirrhosis. STAT1 and IRF4 have been 

described as upregulated in NK cells that are activated (Costanzo et al., 2018). 

Kir activating subgroup 2 was downregulated on CD56dimCD16++ NK cells in patients 

with alcohol related cirrhosis compared to healthy controls. KIR activating subgroup 2 

was also downregulated significantly in patients with MASLD cirrhosis, though at less 

than a 2 fold difference (1.86 fold). 

There were no significant differences in gene expression in circulating NK cell 

subpopulations in MASLD related cirrhosis compared to NK cell subpopulations in ALD 

related cirrhosis. There were no significant differences in circulating CD56dimCD++NK 

cells when comparing CD56dimCD16++NK cells in patients with MASLD HCC to 

CD56dimCD16++NK cells from patients with MASLD cirrhosis. 
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Differential gene expression in MASLD cirrhosis CD56dimCD16++ NK
cells compared to CD56dimCD16++ NK cells from healthy volunteers

  

Figure 81 Differential gene expression in circulating CD56dimCD16++NK cells in MASLD 

cirrhosis when compared to CD56dimCD16++NK cells from healthy donors. Red corresponds to 

lower gene expression and green corresponds to higher gene expression. There was a 

significantly reduced expression of IFNG, EGR1 and TRAF3 in MASLD cirrhosis compared to 

healthy. The z score was calculated as follows: (gene expression value in the sample of interest) 

– (mean expression value across healthy samples)/standard deviation. (Genes displayed are 

expressed at >20 copies, demonstrate more than a 2 fold difference in expression with p<0.05 

and FDR value of <0.05; MASLD = metabolic dysfunction-associated steatotic liver disease) . 
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Differential gene expression in ALD cirrhosis CD56dimCD16++ NK
cells compared to CD56dimCD16++ NK cells from healthy volunteers

 

Figure 82 Differential gene expression in circulating CD56dimCD16++ NK cells in ALD cirrhosis 

when compared to CD56dimCD16++NK cells from healthy donors. Red corresponds to lower 

gene expression and green corresponds to higher gene expression. The z score was calculated 

as follows: (gene expression value in the sample of interest) – (mean expression value across 

healthy samples)/standard deviation. (Genes displayed are expressed at >20 copies, 

demonstrate more than a 2 fold difference in expression with p<0.05 and FDR value of <0.05; 

ALD = alcohol related liver disease liver disease ). 
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Differential gene expression in MASLD HCC CD56dimCD16++ NK cells
compared to CD56dimCD16++ NK cells from healthy volunteers

 

Figure 83 Differential gene expression in circulating CD56dimCD16++NK cells in MASLD HCC 

when compared to CD56dimCD16++NK cells from healthy donors. Red corresponds to lower 

gene expression and green corresponds to higher gene expression. There was a significantly 

reduced expression of IFNG, EGR1 and TNF in MASLD HCC compared to healthy state, but also 

an increased expression of IRF4, STAT1 and PDGFRB. The z score was calculated as follows: 

(gene expression value in the sample of interest) – (mean expression value across healthy 

samples)/standard deviation. (Genes displayed are expressed at >20 copies, demonstrate 

more than a 2 fold difference in expression with p<0.05 and FDR value of <0.05; MASLD HCC= 

hepatocellular carcinoma and underlying cirrhosis related to metabolic dysfunction-associated 

steatotic liver disease). There were no significant differences when comparing gene 

expression in CD56dimCD16++NK cells in MASLD HCC to MASLD cirrhosis. 

 

3.3.2 Comparison of gene expression in CD56brightCD16- NK cells in the circulation in 
health and in disease 
Circulating CD56brightCD16-NK cells demonstrated an increased expression of CCL5 

in MASLD cirrhosis in comparison to healthy CD56brightCD16-NK cells (Figure 84). 
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When comparing circulating CD56brightCD16-NK cell subpopulations in MASLD 

cirrhosis with or without HCC, there was a significant reduction in expression of the 

following genes in patients with MASLD HCC: cell signalling genes S100A8, S100A9 and 

LYN, the inhibitory receptor CD74, and HLA-DRA (associated with NK cell activation) 

(Figure 86). 
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Differential gene expression in MASLD cirrhosis CD56brightCD16- NK
cells compared to CD56brightCD16- NK cells from healthy volunteers

 

Figure 84 Differential gene expression in circulating CD56brightCD16-NK cells in MASLD 

cirrhosis when compared to CD56brightCD16-NK cells from healthy donors. Red corresponds 

to lower gene expression and green corresponds to higher gene expression. The z score was 

calculated as follows: (gene expression value in the sample of interest) – (mean expression 

value across healthy samples)/standard deviation. (Genes displayed are expressed at >20 

copies, demonstrate more than a 2 fold difference in expression with p<0.05 and FDR value of 

<0.05; MASLD= metabolic dysfunction-associated steatotic liver disease). 
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Differential gene expression in ALD cirrhosis CD56brightCD16- NK
cells compared to CD56brightCD16- NK cells from healthy volunteers

 

Figure 85 Differential gene expression in circulating CD56brightCD16-NK cells in ALD cirrhosis 

when compared to CD56brightCD16-NK cells from healthy donors. Red corresponds to lower 

gene expression and green corresponds to higher gene expression. The z score was calculated 

as follows: (gene expression value in the sample of interest) – (mean expression value across 

healthy samples)/standard deviation. (Genes displayed are expressed at >20 copies, 

demonstrate more than a 2 fold difference in expression with p<0.05 and FDR value of <0.05; 

ALD= alcohol related liver disease liver disease). 
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Differential gene expression in MASLD HCC CD56brightCD16- NK cells
compared to CD56brightCD16- NK cells from MASLD cirrhosis

 

Figure 86 Differential gene expression in circulating CD56brightCD16-NK cells in MASLD HCC 

when compared to CD56brightCD16-NK cells from patients with MASLD cirrhosis. Gene 

expression profiles from circulating CD56brightCD16-NK cells from patients with 

hepatocellular carcinoma and underlying cirrhosis related to metabolic dysfunction-associated 

steatotic liver disease (MASLD HCC) were compared with circulating CD56brightCD16-NK cells 

from patients with MASLD related cirrhosis without HCC (MASLD cirrhosis). Red corresponds 

to lower gene expression and green corresponds to higher gene expression. There was a 

reduced expression of LYN, S100A9, S100A8, CD74 and HLA-DRA in patients with MASLD HCC. 

The z score was calculated as follows: (gene expression value in the sample of interest) – (mean 

expression value across healthy samples)/standard deviation. (Genes displayed are expressed 

at >20 copies, demonstrate more than a 2 fold difference in expression with p<0.05 and FDR 

value of <0.05). 
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3.3.3 Gene-set enrichment analysis 
As CD56dimCD16++NK cells form the majority of circulating NK cells, and functional 

deficits in disease states were seen in the CD56dim NK cell fraction, gene-set 

enrichment analysis was undertaken to determine if there were particular pathways 

affected in cirrhosis and HCC in comparison to healthy states in CD56dimCD16++ NK 

cells. Gene-enrichment analysis was undertaken using two different platforms: 

ReactomeGSA and Ingenuity Pathway Analysis (Qiagen). CD56dimCD16++ NK cells 

from patients with MASLD cirrhosis (n=4) and ALD cirrhosis (n=3) was initially 

compared to CD56dimCD16++ NK cells from healthy volunteers (see Figures 87 and 

88 respectively).  

The top 10 most enriched pathways with the largest number of differentially 

expressed genes were determined in patients compared to healthy volunteers. The 

displayed pathways were all significantly altered in patients compared to healthy 

states (p<0.05) but the calculated False Discovery Rate (FDR), calculated using the 

Benjamini-Hochberg approach, was >0.05. This may be due to the paucity of samples 

in each group. 

DAP12 signalling and TNF signalling were enriched pathways in both ALD cirrhosis and 

MASLD cirrhosis compared to healthy, and both with reduced activity, suggesting a 

reduced capacity for activation, cytotoxic responses and TNFα production in cirrhosis. 

Furthermore, ‘PIP3 activates AKT signalling’ was also a pathway with reduced activity 

in both ALD and MASLD cirrhosis compared to healthy, and also a pathway involved 

in downstream signalling from activating receptors. 
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Figure 87 Gene enrichment pathway analysis, comparing circulating CD56dimCD16++NK cells 

in patients with MASLD cirrhosis (n=4) with CD56dimCD16++NK cells from healthy volunteers 

(n=3). Normalised gene expression data was uploaded to the web-based platform 

ReactomeGSA for CD56dimCD16++NK cells from patients with MASLD cirrhosis and healthy 

volunteers. The ReactomeGSA platform calculated pathway enrichment based on differential 

gene expression when comparing MASLD cirrhosis with the healthy state. The top 10 most 

enriched pathways are displayed, involving the largest number of differentially expressed 

genes in patients with MASLD cirrhosis compared to healthy volunteers. The displayed 

pathways were all significantly altered in MASLD cirrhosis compared to healthy states (p<0.05) 

but the calculated FDR was not significant (FDR>0.05). Orange bars demonstrate overall 

downregulated pathways in MASLD cirrhosis and blue bars represent upregulated pathways 

in MASLD cirrhosis compared to healthy. 
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Figure 88 Gene enrichment pathway analysis, comparing circulating CD56dimCD16++NK cells 

in patients with ALD cirrhosis (n=3) with CD56dimCD16++NK cells from healthy volunteers 

(n=3). Normalised gene expression data was uploaded to the web-based platform 

ReactomeGSA for CD56dimCD16++NK cells from patients with ALD cirrhosis and healthy 

volunteers. The ReactomeGSA platform calculated pathway enrichment based on differential 

gene expression when comparing ALD cirrhosis with the healthy state. The top 10 most 

enriched pathways are displayed, involving the largest number of differentially expressed 

genes in patients with ALD cirrhosis compared to healthy volunteers. The displayed pathways 

were all significantly altered in ALD cirrhosis compared to healthy states (p<0.05) but the 

calculated FDR was not significant (FDR>0.05). Orange bars demonstrate overall 

downregulated pathways in ALD cirrhosis and blue bars represent upregulated pathways in 

ALD cirrhosis compared to healthy. 
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CD56dimCD16++ NK cells from patients with MASLD cirrhosis and HCC (n=3) was then 

compared to patients with MASLD cirrhosis without HCC (n=4) (Figure 89). The top 10 

most enriched pathways with the largest number of differentially expressed genes 

were determined in patients compared to healthy volunteers. The displayed pathways 

were all significantly altered in patients with HCC compared to patients with cirrhosis 

(p<0.05) but the calculated False Discovery Rate (FDR), calculated using the Benjamini-

Hochberg approach, was >0.05. This may be due to the paucity of samples in each 

group. 

In MASLD HCC, there was enrichment of the DAP 12 signalling pathways and IL2 

signalling with upregulated activity in comparison to MASLD cirrhosis. Furthermore 

there was a downregulation in IL10 signalling in CD56dimCD16++ NK cells in MASLD 

HCC. The ‘immunoregulatory interactions (lymphoid with non-lymphoid) pathway 

demonstrated increased activity however. Genes involved in this pathway include NK 

surface receptors (NKG2D, NKG2A, CD160, KLRG1, CD94, CD96) as well as cell-

adhesion molecules (LFA-1). 
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Figure 89 Gene enrichment pathway analysis, comparing circulating CD56dimCD16++NK cells 

in patients with MASLD HCC (n=3) with CD56dimCD16++NK cells from patients with MASLD 

cirrhosis (n=4). Normalised gene expression data was uploaded to the web-based platform 

ReactomeGSA for CD56dimCD16++NK cells from patients with HCC on a background of 

cirrhosis secondary to MASLD (MASLD HCC) and patients with MASLD related cirrhosis without 

HCC (MASLD cirrhosis). The ReactomeGSA platform calculated pathway enrichment based on 

differential gene expression when comparing MASLD HCC with the MASLD cirrhosis. The top 

10 most enriched pathways are displayed, involving the largest number of differentially 

expressed genes in patients with MASLD HCC compared to MASLD cirrhosis. The displayed 

pathways were all significantly altered in MASLD HCC compared to MASLD cirrhosis (p<0.05) 

but the calculated FDR was not significant (FDR>0.05). Orange bars demonstrate overall 

downregulated pathways in MASLD HCC and blue bars represent upregulated pathways in 

MASLD HCC compared to MASLD cirrhosis. 
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To analyse the predicted downstream effects of differential gene expression, 

Ingenuity pathway analysis software (Qiagen) was used to map differential gene 

expression in CD56dimCD16++NK cells from patients with MASLD cirrhosis compared 

to healthy volunteers on to NK cell signalling pathways (Figure 90). This predicted 

overall attenuated NK cell functions, with predicted inhibition of TNFSF10 (encoding 

Tumour necrosis factor related apoptosis-inducing ligand (TRAIL)) and Fas ligand 

mediated apoptosis, cytotoxic granule release and NK cell mediated antibody 

dependent cell mediated cytotoxicity (Figure 90).  
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Figure 90  Predicted effects of differential gene expression on NK cell signalling in circulating 

CD56dimCD16++ NK cells in MASLD cirrhosis when compared to healthy NK cells. Differential 

gene expression in circulating CD56dimCD16++NK cells in MASLD cirrhosis in comparison to 

healthy volunteers was overlaid on to NK cell intracellular signalling pathways using Ingenuity 

Pathway Analysis (IPA, Qiagen). Genes in green have a reduced measurement in MASLD 

cirrhosis in comparison to healthy controls. Genes in blue are predicted to be inhibited in 

MASLD cirrhosis while genes in orange are predicted to be activated based on the reduced 

expression seen of the genes in green. There is predicted inhibition of NK cell cytotoxicity and 

degranulation in addition to the measured reduced interferon gamma (IFNG) expression in 

CD56dimcD16++NK cells in MASLD cirrhosis compared to healthy cells. 

 

 

The Ingenuity pathway analysis software was also utilised to identify potential genes 

that may be modulated upstream of the affected genes, resulting in the differential 

expression seen in these affected genes in disease. These genes are termed ‘upstream 

regulators’. The NFκB complex and IRF8 were identified as potentially suppressed 

upstream regulators in MASLD cirrhosis, resulting in the differential gene expression 

seen in CD56dimCD16++ NK cells in MASLD cirrhosis in comparison to healthy NK cells 

(Figure 91). NFκB complex has been shown to be important in NK cell activation 

(Pandey et al., 2007) while IRF8 is important for NK cell maturation, proliferation and 

anti-viral responses (N. M. Adams et al., 2018; Mace et al., 2016). 

The IRF8 transcription factor was also predicted to be suppressed in patients with 

cirrhosis secondary to ALD and in patients with HCC and cirrhosis secondary to MASLD 

(MASLD HCC). 
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Figure 91  Upstream regulators in circulating CD56dimCD16++ NK cells in cirrhosis secondary 

to metabolic dysfunction-associated steatotic liver disease  (MASLD cirrhosis). Gene expression 

in CD56dimCD16++ NK cells in patients with MASLD cirrhosis (n=4) was compared to 

CD56dimCD16++ NK cells from healthy individuals (n=3). Ingenuity Pathway Analysis (IPA, 

Qiagen) was utilised to predict regulatory genes that were activated or suppressed, thus 

resulting in the differential gene expression seen (upstream regulators). IPA predicted an 

inhibition of the IRF8 transcription factor (A) and the NFκB complex (B) thus resulting in the 

differential expression seen in CD56dimCD16++NK cells in MASLD cirrhosis compared to 

healthy NK cells. The figure demonstrates the predicted inhibition of IRF8 and NFκB complex 

(in blue) and the resulting measured reduced expression (in green) of EGR1, IFNG and TNF in 

MASLD cirrhosis. 
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3.3.2 Comparison of gene expression of intrahepatic NK cell subpopulations and 

circulating NK cell subpopulations 

 

3.3.2.1 Liver residency markers 
Intrahepatic CD56dimCD16++ NK cells demonstrated multiple genes that were 

upregulated in comparison to circulating CD56dimCD16++ NK cells in cirrhosis. These 

included EOMES, CXCR6, CXCR31 and CD69 which have been characterised as markers 

of liver resident NK cells (Cuff et al., 2016; Hudspeth et al., 2016a; Stegmann et al., 

2016) (Figure 92). 

Intrahepatic CD56brightCD16- NK cells also revealed a gene expression profile 

consistent with published literature for liver resident NK cells, with an upregulation of 

EOMES, ZBTB16, CXCR6 and CCR5 in comparison to circulating CD56brightCD16- NK 

cells (Figure 94). 

3.3.2.2 Inhibitory and Activating NK cell receptors 
KLRB1 (encoding CD161) was upregulated at gene expression level on intrahepatic 

CD56dimCD16++ NK cells and CD56brightCD16- NK cells, supporting flow cytometry 

data presented earlier in this chapter demonstrating an increased surface expression 

of CD161 on intrahepatic NK cells (Figures 92 and 94). LAIR1, encoding another 

inhibitory receptor, was also upregulated on intrahepatic CD56dimCD16++ NK cells 

(Figure 92). 

 

3.3.2.3 Gene expression associated with effector function 
Interestingly, there was also an upregulation in genes in intrahepatic CD56dimCD16++ 

NK cells associated with cytotoxic and proinflammatory responses such as TNF, GZMB, 

GZMA, KLRK1 (Figure 92). There was also an upregulation in FASLG and TNSF10 

(encoding TRAIL) (Figure 92). However, EGR1 was also upregulated in intrahepatic 

CD56dimCD16++ and CD56brightCD16- NK cells (Figures 92 and 94). As 

overexpression of EGR1 is associated with a reduced protein expression of TRAIL (Fu 

et al., 2003), the increased EGR1 expression seen here may limit the protein 

expression of TRAIL. 
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There was also an upregulation in TNF and IFNG in intrahepatic CD56brightCD16- NK 

cells compared to circulating CD56brightCD16- NK cells in cirrhosis (Figure 94).  

 

3.3.2.4 Maturity status 
Interestingly, there was a downregulation of the transcription factor TCF7 in 

intrahepatic CD56brightCD16- NK cells compared to circulating CD56brightCD16- NK 

cells, indicating that intrahepatic CD56brightCD16- NK cells may in a different stage of 

maturity to circulating CD56brightCD16- NK cells (Figure 93).    
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Differential gene expression in CD56dimCD16++ NK cells

 

Figure 92 Gene expression in intrahepatic CD56dimCD16++ NK cells from patients MASLD 

cirrhosis compared to circulating CD56dimCD16++ NK cells from patients with MASLD 
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cirrhosis. Gene expression profiles from intrahepatic CD56dimCD16++ NK cells from patients 

with MASLD cirrhosis (n=3) was compared with circulating CD56dimCD16++ NK cells from 

patients with MASLD cirrhosis (n=4; non=paired samples, genes demonstrating significant 

differential expression only demonstrated). Red corresponds to lower gene expression and 

green corresponds to higher gene expression. The z score was calculated as follows: (gene 

expression value in intrahepatic samples) – (mean expression value across circulating 

samples)/standard deviation. (Genes displayed are expressed at >20 copies, demonstrate 

more than a 2 fold difference in expression and p<0.05 and FDR value of <0.05). 
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Downregulated genes in intrahepatic CD56brightCD16-
NK cells compared to circulating CD56brightCD16- NK
cells
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Figure 93 Downregulated genes in intrahepatic CD56brightCD16- NK cells when compared to 

circulating CD56brightCD16- NK cells. Gene expression in intrahepatic CD56brightCD16- NK 

cells from patients with MASLD cirrhosis compared to circulating CD56brightCD16- NK cells 

from patients with MASLD cirrhosis. Gene expression profiles from intrahepatic 

CD56brightCD16- NK cells from patients with MASLD cirrhosis (n=3) was compared with 

circulating CD56brightCD16- NK cells from patients MASLD cirrhosis (n=4; non=paired 

samples, genes demonstrating significant differential expression only demonstrated). Red 

corresponds to lower gene expression and green corresponds to higher gene expression. The z 

score was calculated as follows: (gene expression value in intrahepatic NK cells) – (mean 

expression value across circulating NK cells)/standard deviation. (Genes displayed are 

expressed at >20 copies, demonstrate more than a 2 fold difference in expression and p<0.05 

and FDR value of <0.05). 
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Upregulated genes in intrahepatic CD56brightCD16-
NK cells compared to circulating CD56brightCD16-
NK cells
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Figure 94 Upregulated genes in intrahepatic CD56brightCD16- NK cells when compared to 

circulating CD56brightCD16- NK cells. Gene expression in intrahepatic CD56brightCD16- NK 

cells from patients with MASLD cirrhosis compared to circulating CD56brightCD16- NK cells 

from patients with MASLD cirrhosis. Gene expression profiles from intrahepatic 

CD56brightCD16- NK cells from patients with MASLD cirrhosis (n=3) was compared with 

circulating CD56brightCD16- NK cells from patients MASLD cirrhosis (n=4; non=paired 

samples, genes demonstrating significant differential expression only demonstrated). Red 

corresponds to lower gene expression and green corresponds to higher gene expression. The z 

score was calculated as follows: (gene expression value in intrahepatic NK cells) – (mean 

expression value across circulating NK cells)/standard deviation. (Genes displayed are 

expressed at >20 copies, demonstrate more than a 2 fold difference in expression and p<0.05 

and FDR value of <0.05). 

To further understand the differential gene expression seen here, gene-set 

enrichment analysis using ReactomeGSA was undertaken to determine if there were 

particular pathways affected when comparing intrahepatic NK cells with circulating 

NK cells. Intrahepatic CD56dimCD16++ NK cells from patients with MASLD cirrhosis 

(n=3) was compared with circulating CD56dimCD16++ NK cells from patients with 

MASLD cirrhosis (n=4; non-matched donors) (Figure 95). The same was undertaken 

when comparing intrahepatic CD56brightCD16- NK cells with circulating 

CD56brightCD16- NK cells in MASLD cirrhosis (Figure 96). 

The top 10 most enriched pathways with the largest number of differentially 

expressed genes were determined. The displayed pathways were all significantly 

altered in patients compared to healthy states (p<0.05) but the calculated False 

Discovery Rate (FDR), calculated using the Benjamini-Hochberg approach, was >0.05. 

This again may be due to the paucity of samples in each group. 

Overall, most of the enriched pathways demonstrated reduced activity in intrahepatic 

NK cells (Figures 95 and 96). There was a reduction in interferon signalling, cellular 

responses to chemical stress and viral response pathways in intrahepatic 

CD56dimCD16++ NK cells. There was a reduction in the PD-1 signalling pathway and 

in increased activity in the regulation of interferon gamma signalling pathways in 

intrahepatic CD56brightCD16-NK cells. 
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Figure 95 Gene enrichment pathway analysis, comparing intrahepatic CD56dimCD16++NK 

cells in patients with MASLD cirrhosis (n=3) with circulating CD56dimCD16++NK cells from 

patients with MASLD cirrhosis (n=3; non-paired samples). Normalised gene expression data 

was uploaded to the web-based platform ReactomeGSA for intrahepatic and circulating 

CD56dimCD16++NK cells from patients with MASLD cirrhosis. The ReactomeGSA platform 

calculated pathway enrichment based on differential gene expression when comparing 

intrahepatic NK cells with circulating NK cells in MASLD cirrhosis. The top 10 most enriched 

pathways are displayed, involving the largest number of differentially expressed genes in 

patients with MASLD cirrhosis compared to healthy volunteers. The displayed pathways were 

all significantly altered in intrahepatic NK cells compared to circulating NK cells (p<0.05) but 

the calculated FDR was >0.05. Orange bars demonstrate overall downregulated pathways in 

intrahepatic CD56dimCD16++NK cells in MASLD cirrhosis and blue bars represent upregulated 

pathways in intrahepatic CD56dimCD16++ NK cells MASLD cirrhosis compared to circulating 

CD56dimCD16++ NK cells in MASLD cirrhosis. 
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Figure 96 Gene enrichment pathway analysis, comparing intrahepatic CD56brightCD16-NK 

cells in patients with MASLD cirrhosis (n=3) with circulating CD56brightCD16-NK cells from 

patients with MASLD cirrhosis (n=3; non-paired samples). Normalised gene expression data 

was uploaded to the web-based platform ReactomeGSA for intrahepatic and circulating 

CD56brightCD16-NK cells from patients MASLD cirrhosis. The ReactomeGSA platform 

calculated pathway enrichment based on differential gene expression when comparing 

intrahepatic NK cells with circulating NK cells in MASLD cirrhosis. The top 10 most enriched 

pathways are displayed, involving the largest number of differentially expressed genes in 

patients with MASLD cirrhosis compared to healthy volunteers. The displayed pathways were 

all significantly altered in intrahepatic NK cells compared to circulating NK cells (p<0.05) but 

the calculated FDR was >0.05. Orange bars demonstrate overall downregulated pathways in 

intrahepatic CD56brightCD16- NK cells in MASLD cirrhosis and blue bars represent upregulated 

pathways in intrahepatic CD56brightCD16- NK cells MASLD cirrhosis compared to circulating 

CD56brightCD16- NK cells in MASLD cirrhosis. 
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3.4 Discussion 
Circulating peripheral NK cells are dysfunctional in cirrhosis and HCC of a non-viral aetiology. 

NK cells from patients with cirrhosis demonstrated a reduced capacity for degranulation and 

direct cytotoxicity with reduced interferon gamma production against K562 target cells. NK 

cells from patients with HCC and underlying cirrhosis also display attenuated cytotoxicity 

against K562 target cells, with impaired interferon gamma production (IFNγ) and impaired 

tumour necrosis factor alpha (TNFα) production in the CD56dimNK cell subset that accounts 

for approximately 90% of circulating NK cells. Moreover, there is a reduction in circulating 

CD56dim polyfunctional NK cells with the capacity to produce a cytotoxic response and a 

cytokine response (IFNγ and TNFα) in patients with cirrhosis and in patients with HCC. 

 

Although clear and significant functional deficits were elicited against MHC class I deficient 

K562 cells, no functional differences were seen between healthy volunteers and patient 

groups against HepG2 cells, an HCC cell line. HepG2 cells express MHC class I molecules and 

hence need to overcome this inhibition to elicit effector responses. In addition, HepG2 express 

other inhibitory molecules, such as CD155, on the cell surface which may engage with the 

inhibitory CD96 on NK cells (H. Sun, Huang, et al., 2019), and lacks the expression for ligands 

for the activating NKG2D (Zhuang et al., 2019).  Exposure to secreted factors was minimised 

by exchanging the cell culture media for fresh media when setting up the co-culture for NK 

cells with HepG2 cells, but nevertheless, there may be soluble factors released from HepG2 

cells that further suppressed NK cell activity. Lastly, as peripheral blood mononuclear cells 

were incubated together in the functional assay in order to mimic physiological conditions, 

cross-talk between other immune cells and NK cells may have contributed to suppressing NK 

cell function. Monocytes have been found to interact with NK cells through the co-receptor 

2B4 and thus inhibit NK cell activity (Y. Wu et al., 2013). 

 

This chapter focussed on key, non-MHC class I restricted NK cell receptors, in a bid to 

characterise any variations which may result in additional NK cell dysfunction when 

interacting with transformed cells that may downregulate MHC class I. Circulating NK cells 

from patients with HCC and underlying cirrhosis expressed significantly reduced levels of the 

activating receptors DNAM-1 and NKp46 in comparison to healthy volunteers. Furthermore, 
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NKp46 also correlated positively with degranulation against MHC class I deficient K562 target 

cells in this patient group, and hence the reduced surface expression of NKp46 on circulating 

NK cells may account in part for the reduced activity of NK cells in individuals with HCC. 

However, although dysfunction was also clearly demonstrated in patients with cirrhosis only, 

NKp46 expression did not correlate with CD107a expression in this patient group, indicating 

other mechanisms may play a more important role here.  

 

NKp46 (NCR1), an activating natural cytotoxicity receptor, is expressed on all NK cells (Sivori 

et al., 1997). Multiple ligands have been identified as interacting with this receptor, including 

heparin sulphate proteoglycans expressed on tumour tissue, resulting in IFNγ secretion and 

NK cell cytotoxicity towards tumour cells (Barrow et al., 2019).  NKp30 however, another 

natural cytotoxicity receptor, has been described as a key receptor in activating NK cell 

cytotoxicity against the K562 cell line. NKp30 expression was specifically altered in MASLD. 

NKp30 was down-regulated in MASLD related cirrhosis and MASLD related HCC, as well as 

non-cirrhotic MASLD and correlated negatively with patient age. However, NKp30 expression 

negatively correlated with degranulation in the MASLD HCC group against K562 targets. The 

NKp30 receptor has the capacity to induce an inhibitory environment, promoting IL10 

secretion from NK cells and inhibiting NK cell cytotoxicity depending on which isomer of 

NKp30 is expressed on NK cells (Delahaye et al., 2011; Mantovani et al., 2019). An inhibitory 

NKp30 isomer has been described in gastrointestinal stromal tumours and in HCC (Delahaye 

et al., 2011; Mantovani et al., 2019). Galectin-3 has been well described as being expressed in 

the cirrhotic liver and in HCC regardless of aetiology (Hsu et al., 1999; Song et al., 2020), and 

has been demonstrated to inhibit NK cell cytotoxicity via interaction with NKp30 (Barrow et 

al., 2019; Delahaye et al., 2011). Despite the overall reduced expression of NKp30 on the 

MASLD HCC subgroup compared to healthy volunteers, cytotoxicity was impaired in the 

MASLD HCC group and this may be attributed to the reduced expression of NKp46. 

 

Whilst differences in NKG2D expression have been described in HCC in the literature, I did not 

find differences in NKG2D expression in the cirrhosis or the HCC patient groups. This may be 

in part related to the underlying aetiology, as NKG2D has been demonstrated to be down-

regulated on NK cells in hepatitis B infection (Koumbi et al., 2016). However, DNAX Accessory 

Molecule-1 (DNAM-1) did display reduced expression on peripheral circulating NK cells in 

patients with HCC. Engagement of DNAM-1 has been described to promote NK cell 
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cytotoxicity by directing granule release towards target cells (Z. Zhang et al., 2015), and plays 

an important role in tumour surveillance and the elimination of transformed cells (Iguchi-

Manaka et al., 2008). CD155 (poliovirus receptor, PVR) was identified as a ligand for DNAM-1 

(Bottino et al., 2003). However prolonged exposure of DNAM-1+NK cells to CD155 expressing 

ovarian tumour epithelia resulting in downregulation of DNAM-1, and NK cells in these 

patients were hypofunctional against K562 target cells (Carlsten et al., 2009). Reduced tumour 

expression of CD155 has been associated with a poor prognosis in HCC (Qu et al., 2015). 

Moreover, CD155 can engage CD96 and TIGIT, with both receptors capable of inhibiting NK 

cell function, further complicating the role of CD155 in HCC (H. Sun, Huang, et al., 2019; Q. 

Zheng et al., 2020). Sun et al have recently described an increase in CD96+ intratumoural NK 

cells that are exhausted in HCC, and demonstrate a restoration of NK cell function on blocking 

the CD155-CD96 interaction (H. Sun, Huang, et al., 2019).  

Sun et al associated elevated plasma levels of transforming growth factor beta-one (TGF-β1) 

with elevated CD96 expression and demonstrated that blocking TGF-β1 also restored NK cell 

function (H. Sun, Huang, et al., 2019). Elevated plasma levels of TGF-β1 has also been 

associated with the altered expression of NKp46, NKp30, DNAM-1 and NKG2D in gastric 

cancer (Han et al., 2018). TGF-β1 is a key player in the progression of liver disease and cirrhosis 

(Dooley & Ten Dijke, 2012), and though serum levels of TGF-β1 are elevated in cirrhosis, they 

are elevated to a greater extent in HCC (Flisiak et al., 2000; Kohla et al., 2017). This 

combination of possible secreted soluble factors from HCC, increased tumour expression of 

stress-induced ligands and elevated levels of TGF-β1 may explain why alterations in NKp46 

and DNAM-1 are seen in patients with HCC but not in patients with cirrhosis only. 

Circulating NK cells from patients with cirrhosis demonstrate an inhibitory phenotypic profile, 

with an increase in the inhibitory CD161 surface receptor expression and with reduced CD16 

expression indicating a reduced capacity for indirect cytotoxicity. The reduction in CD16 

expression on circulating CD56dimNK cells persists in HCC, but CD161 levels are not 

significantly different in the HCC patient group in comparison to healthy volunteers. CD161 is 

a C-type lectin expressed on the surface of the majority of NK cells (Lanier et al., 1994). 

Engagement with LLT1, another C-type lectin expressed on activated lymphocytes and 

granulocytes, has been demonstrated to inhibit NK cytotoxicity and interferon gamma 

production (Aldemir et al., 2005; Germain et al., 2011; D. B. Rosen et al., 2005). LLT1 

expression has been demonstrated also in cancer (prostate, breast, glioblastoma) and in viral 

infection (respiratory syncytial viral infections of the lung, hepatitis B infection) (Koumbi et al., 
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2016; Marrufo et al., 2018; S. O. Mathew et al., 2016; Roth et al., 2007; Satkunanathan et al., 

2014). 

 

CD16 (FcγRIIIa is a potent activator of NK cells, allowing antibody dependent cell mediated 

cytotoxicity (O Mandelboim et al., 1999). CD16 exerts it effector functions by engaging with 

the Fc portion of antibodies coating infected or transformed cells and triggering NK cell 

cytotoxicity. CD16 is expressed on mature circulating CD56dimNK cells that make up the 

majority of circulating NK cells (Abel et al., 2018). However, patients with cirrhosis had a 

reduced expression of surface CD16, with a significantly increased portion of 

CD56dimCD16+/- NK cells and a correspondingly reduced circulating proportion of 

CD56dimCD16++ NK cells. 

 

CD16 and CD161 expression did not directly correlate with the effector functions measured 

here, but there was significant NK cell dysfunction, indicating that the effector functions 

measured (CD107a expression, IFNγ production) may be impaired due to other mechanisms.  

 

CXCR6, a liver homing receptor, is highly expressed on intrahepatic NK cells in comparison to 

circulating NK cells, and engages with CXCL16, resulting in the retention of NK cells within liver 

sinusoids of the healthy liver (Hudspeth et al., 2016a; Stegmann et al., 2016). It is important 

to consider that NK cell subpopulations within the liver differ significantly from NK cells within 

the circulation, with a greater proportion of liver resident CD56brightCD16- NK cells 

expressing CXCR6, CCR5 and CD69, and a smaller subpopulation expressing CD49a (Marquardt 

et al., 2015; Mikulak et al., 2019). Incubation of peripheral blood NK cells with cytokines can 

induce NK cells to express CXCR6 (T. Hydes et al., 2017; T. J. Hydes et al., 2019), and there is 

evidence that peripheral NK cells can be induced to express transcription factor Eomes typical 

of liver resident NK cells (Cuff et al., 2016). 

 

There was wide variation in receptor expression in HCC, with some individuals with very low 

expression of receptors and some individuals with increased receptor expression. While 

individual receptors did not correlate with clinical parameters to explain the variation seen 

here, receptor co-expression was seen for activating receptors NKp30, DNAM-1, NKG2D and 
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the inhibitory CD161 in patients with HCC, implying that individuals with low expression of 

one receptor also demonstrated a low expression of these other receptors. Furthermore, 

CXCR6 negatively correlated with CD161 and DNAM-1, suggesting the NK cells with reduced 

surface expression of these receptors may be liver homing or have traversed through the liver. 

 

Deeper phenotyping using Nanostring technology allowed differences at gene expression to 

be detected between patient groups. Gene expression profiles of the classical circulating 

cytotoxic subset, CD56dimCD16++ NK cells, demonstrated a reduced expression of IFNG and 

TNF, as well as the transcription factor EGR1 in cirrhosis and HCC on a background of cirrhosis 

in comparison to healthy CD56dimCD16++ NK cells. EGR1 regulates multiple genes and has 

interestingly been implicated in the reduced expression of TRAIL (Balzarolo et al., 2013; Fu et 

al., 2003). TRAIL however was not upregulated at the gene expression level in cirrhosis or HCC 

despite the downregulation of EGR1, although protein expression would need to be 

characterised. Although K562 cells are resistant to TRAIL mediated apoptosis (M. J. Kim et al., 

2009), TRAIL mediated apoptosis remains an important mechanism for killing transformed 

cells.  

 

Both the downregulation of EGR1, and the upregulation of STAT1 should result in an increased 

TRAIL mediated cytotoxic responses to transformed cells, and increased interferon gamma 

responses respectively in CD56dimCD16++ NK cells. However, no significant differences were 

demonstrated with regards to cytotoxic responses of peripheral CD56dim NK cells against 

HepG2 cells in health and disease. In fact, the overall cytotoxic response to HepG2 cells is low 

across all CD56dim NK cells in comparison to K562 cells. This implies that other factors may 

play a more important role in inhibiting NK cells responses to HepG2 cells, such as the 

expression of receptors on HepG2 cells to inhibitory ligands expressed on NK cells. There was 

however, a clear functional deficit in cytotoxic and cytokine responses to K562 cells in 

CD56dim NK cells from patients with cirrhosis or HCC compared to healthy volunteers. 

Whether EGR1 mediates other inhibitory measures on effector NK cell functions remains yet 

to be determined. 

Pathway enrichment analysis was very interesting and again demonstrated key pathways that 

were downregulated regardless of the underlying aetiology of cirrhosis. DAP12 

signalling/interactions and TNF signalling was reduced in both ALD and MASLD cirrhosis 

compared to healthy. DAP 12 is involved in signal transduction from multiple activating 
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receptors on NK cells and triggers cytotoxic responses (Campbell & Colonna, 1999). PI3K 

signalling was also downregulated in both ALD and MASLD cirrhosis. This is again an important 

pathway in downstream signalling from activating receptors (Mace, 2018). 

Intrahepatic NK cell gene expression in cirrhosis was similar to that described in the literature 

for healthy intrahepatic NK cells, with increased CXCR6 and EOMES denoting liver resident NK 

cells. On comparison with circulating NK cells from patients with cirrhosis, intrahepatic NK 

cells surprisingly demonstrated an increase at gene expression level of genes associated with 

effector functions (IFNG, TNF, PRF, FASLG, TNFSF10). However, PRDM1, encoding Blimp1 

which is expressed in mature NK cells and negatively regulates the expression of interferon 

and TNF α (Luevano et al., 2012), is increased at gene expression levels in intrahepatic 

CD56brightCD16- NK cells in comparison to circulating CD56brightCD16-NK cells. 

Furthermore, inhibitory receptors such as KLRB1 encoding CD161, are upregulated in 

intrahepatic NK cells extracted from cirrhotic livers, supporting the flow cytometry data and 

may be contributing to modulating effector functions.  

 

This chapter has identified functional deficits in both the cirrhosis and HCC patient groups in 

circulating CD56dim NK cells, a downregulation of several activating receptors in NK cells in 

patients with HCC, and an up-regulation of an inhibitory phenotype in cirrhosis with the 

increased expression of CD161 and a novel circulating population of CD56dimCD16+/- NK 

cells. NKp30 was the only surface receptor to demonstrate a differential expression and 

correlation with function when comparing MASLD with ALD cirrhosis. Otherwise, no 

significant differences in receptor expression, function and pathway analyses were seen when 

comparing cirrhosis of differing aetiologies. Cirrhosis composite scores did not demonstrate a 

correlation with receptor expression or function also. There were not enough individuals in 

each BCLC category to understand if BCLC staging may impact on the receptor expression and 

NK cell function seen here. 

 

The identification of this novel circulating CD56dimCD16+/- NK cell subpopulation, with 

increased CXCR6 expression and CD161 expression in hypofunctional CD56dimNK cells, needs 

further characterisation. A significant proportion of the intrahepatic NK cells were also 

identified here as CD56dimCD16+/- NK cells, and hence it is imperative to see if the circulating 

CD56dimCD16+/- subpopulation shares any further traits with intrahepatic cells. 

Furthermore, the up-regulation of CD161 in cirrhosis on peripheral NK cells is intriguing given 
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that CD161 expression is also increased on intrahepatic NK cells. Evidence for the expression 

of and the interaction with LLT1, the ligand for CD161, either within the liver or in soluble form 

in the circulation, and the significance of this interaction needs to be determined to 

understand the mechanisms of immune dysfunction in cirrhosis. The following two chapters 

explore these findings further. 
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4. Results: Characterising the circulating CD56dimCD16+/- NK 
cell subpopulation in cirrhosis 
 

4.1 Introduction 
CD16 (FcγRIIIa) is a potent activating NK cell receptor. Engagement of CD16 by the Fc 

portion of antibodies opsonising an infected or transformed cell triggers the release 

of cytokines such as interferon gamma and tumour necrosis factor (TNF) alpha, as well 

as triggering antibody dependent cell mediated cytotoxicity (ADCC) via degranulation, 

releasing cytotoxic granules containing perforin and granzyme towards the target cell 

(Capuano et al., 2021; De Maria et al., 2011; Ofer Mandelboim et al., 1999). CD16 is 

acquired during NK cell maturation, with the mature circulating NK cells 

demonstrating a CD56dimCD16++ phenotype (Abel et al., 2018). This subpopulation 

composes the majority of the circulating NK cells, with CD56brightCD16- NK cells 

forming approximately 5-10% of circulating NK cells, with a reduced capacity for 

cytotoxicity but preserved cytokine secretion (Abel et al., 2018). CD16 is also 

expressed by a subset of monocytes with the capacity for ADCC (Yeap et al., 2016).  

 

In the previous chapter, I demonstrated an increase in the circulating proportion of 

CD56dimCD16+/- NK cells in patients with cirrhosis, with a functional deficit in 

CD56dim NK cells against the MHC class I deficient K562 cell line. In patients with HCC 

and underlying cirrhosis, the increased proportion of circulating CD56dimCD16+/- NK 

cells persisted in some patients and correlated negatively with the expression of 

activating the receptor NKp46 in patients with HCC. 

 

With emerging anti-cancer immunotherapies based on tumour specific antibodies and 

relying on CD16 engagement with subsequent NK cell mediated ADCC (Capuano et al., 

2021), and with the established risk of HCC in patients with cirrhosis, it is imperative 

to understand the role of this NK cell subpopulation with intermediate levels of CD16 

in cirrhosis. 
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In this chapter therefore, I aim to characterise the phenotype and function of these 

CD56dimCD16+/- NK cells in cirrhosis: 

1. Determine the phenotype and function of CD56dimCD16+/- NK cells, and 

compare them to CD56dimCD16++ NK cells and CD56brightCD16- NK cells in 

cirrhosis, specifically to decipher: 

a. The activating and inhibitory receptor expression profile 

b. Whether CD56dimCD16+/- NK cells are in a different phase of maturity 

c. Whether CD56dimCD16+/- NK cells are akin to intrahepatic NK cells 

2. To see if these cells can be induced in vitro and understand the mechanism by 

which they arise in the circulation. 
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4.2 CD56dimCD16+/- NK cell phenotype and function 

In order to understand how the CD56dimCD16+/- NK cell subpopulation may differ in 

phenotype and function to the classical CD56dimCD16++ NK cells and 

CD56brightCD16- NK cells, surface expression of activating and inhibitory NK 

receptors was determined using flow cytometry. Functional differences between this 

subpopulation and the classical subpopulations were assessed with regards to 

degranulation against K562 cells, cytokine production differential gene expression and 

pathway analysis. Lastly, the expression of maturity markers and liver homing markers 

was determined in CD56dimCD16+/- NK cells in order to understand if this population 

represents a subset of NK cells in a different stage of maturity or possess liver homing 

capacity. 

 

4.2.1 Surface expression of activating receptors on NK cell subpopulations 
 

Surface expression of activating NK cell receptors (DNAM-1, NKp46, NKp30, NKG2D) 

was determined using flow cytometry, comparing expression between the 

CD56dimCD16+/- subset and the classical subpopulation (CD56dimCD16++ and 

CD56brightCD16- NK cells) within the same donors in the circulation and in 

intrahepatic NK cells in cirrhosis. Population characteristics of patient samples used 

can be found in results chapter 3, (peripheral blood samples: cirrhosis n=35, (Table 8); 

intrahepatic samples: cirrhosis n=4; (Table 9).  

NK cells were selected into 3 subpopulations based on CD56 and CD16 expression: 

CD56dimCD16++ NK cells, CD56brightCD16- NK cells and CD56dimCD16+/- NK cells 

(see Chapter 2 Methods, Figure 3 for the gating strategy; Phenotyping Panel 1 used 

(Table 3)). Gating strategies used for each receptor are demonstrated in the 

phenotyping section of Chapter 3 (Figure 9 for NKG2D gating strategy, Figure 15 for 

DNAM-1 gating strategy, Figure 21 for NKp30 and NKp46 gating strategies). Receptor 

expression was compared between CD56dimCD16+/- NK cells and the classical 

subsets in the circulation and in the liver in cirrhosis. Further comparisons for receptor 

expression in NK cell subsets were also undertaken in healthy patients (peripheral 
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blood n=32; intrahepatic n=7) and patients with HCC on a background of cirrhosis 

(peripheral blood n=29; intrahepatic n=6) (results shown in Appendix 8.5).  
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Figure 97 DNAM-1 expression in NK cell subsets defined by CD56 and CD16 expression in the 

circulation and in the liver in cirrhosis. The top graph demonstrates DNAM-1 expression in 

circulating NK cells in cirrhosis. The bottom graph demonstrates DNAM-1 expression on 
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intrahepatic NK cells from patients with cirrhosis. (Graphs display individual values with the 

median value displayed by the bar. Comparisons between groups have been made using the 

paired Wilcoxon test between the same donors. Error bars represent the interquartile range. 

P values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001). A reduced proportion of circulating CD56dimCD16+/- NK cells and 

CD56brightCD16- NK cells expressed DNAM-1 in comparison to the CD56dimCD16++ NK cell 

subset (top graph). There were no significant differences in DNAM-1 expression between 

intrahepatic NK cell subpopulations (bottom graph). 

 

 

A reduced proportion of circulating CD56dimCD16+/- NK cells and CD56brightCD16- 

NK cells expressed DNAM-1 in comparison to the CD56dimCD16++ NK cell subset. This 

expression pattern was maintained in CD56dimCD16+/- NK cells when the cirrhosis 

subpopulations were separated by underlying aetiology (ALD or MASLD) (data not 

shown). A similar trend was seen in intrahepatic NK cells, with lower DNAM-1 

expression in CD56brightCD16- and CD56dimCD16+/- NK cells compared to 

CD56dimCD16++ NK cells, but this did not reach significance (Figure 97). There was no 

significant difference in the proportion of DNAM-1+ CD56dimCD16+/-NK cells in ALD 

cirrhosis compared to MASLD cirrhosis (Figure 98). 
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Figure 98 A comparison of DNAM-1 expression on CD56dimCD16+/- NK cells in patients with 

cirrhosis secondary to alcohol related liver disease (ALD) and metabolic dysfunction-associated 

steatotic liver disease (MASLD). (Graphs display individual values with the median value 

displayed by the bar. Comparisons between groups have been made using the Mann-Whitney 

test. Error bars represent the interquartile range). 
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Figure 99 NKG2D expression in NK cell subsets defined by CD56 and CD16 expression in the 

circulation and in the liver in cirrhosis. The top graph demonstrates NKG2D expression in 
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circulating NK cells in cirrhosis. The bottom graph demonstrates NKG2D expression on 

intrahepatic NK cells.  (Graphs display individual values with the median value displayed by the 

bar. Comparisons between groups have been made using the paired Wilcoxon test between 

the same donors. Error bars represent the interquartile range. P values are denoted on the 

figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). There was in increased 

proportion of NKG2D expressing CD56dimCD16+/- NK cells in comparison to CD56dimCD16++ 

NK cells (top graph). There were no significant differences in NKG2D expression between 

intrahepatic NK cell subpopulations (bottom graph). 

 

NKG2D demonstrated an increased expression on circulating CD56brightCD16- NK 

cells, in comparison to circulating CD56dim NK cell subsets. This expression pattern 

was maintained in CD56dimCD16+/- NK cells when the cirrhosis subpopulations were 

separated by underlying aetiology (ALD or MASLD) (data not shown). This expression 

pattern was also seen in intrahepatic NK cell subsets, with intrahepatic 

CD56brightCD16- NK cells expressing more NKG2D than CD56dim NK cell subsets 

(Figure 99). There were no significant differences in NKG2D expression on circulating 

CD56dimCD16+/- NK cells in patients with ALD cirrhosis compared to patients with 

MASLD  cirrhosis (Figure 100).  
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Figure 100 A comparison of NKG2D expression on CD56dimCD16+/- NK cells in patients with 

cirrhosis secondary to alcohol related liver disease (ALD) and metabolic dysfunction-associated 

steatotic liver disease (MASLD). (Graphs display individual values with the median value 

displayed by the bar. Comparisons between groups have been made using the Mann-Whitney 

test. Error bars represent the interquartile range). 
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Figure 101 NKp46 expression in NK cell subsets defined by CD56 and CD16 expression in the 

circulation and in the liver in cirrhosis. The top graph demonstrates NKp46 expression in 
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circulating NK cells in cirrhosis. The bottom graph demonstrates NKp46 expression on 

intrahepatic NK cells. (Graphs display individual values with the median value displayed by the 

bar. Comparisons between groups have been made using the paired Wilcoxon test between 

the same donors. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** 

p<0.001, **** p<0.0001). There was a reduced expression of NKp46 in circulating NK cell 

CD56dimCD16+/- NK cells in patients in comparison to both CD56dimCD16++ NK cells and 

CD56brightCD16- NK cells (top graph). There were no significant differences in NKp46 

expression between intrahepatic NK cell subpopulations (bottom graph). 

NKp46 expression was significantly lower on CD56dimCD16+/- NK cells compared to 

CD56dimCD16++ NK cells in cirrhosis in the circulation (Figure 101). This expression 

pattern was maintained in CD56dimCD16+/- NK cells when the cirrhosis 

subpopulations were separated by underlying aetiology (ALD or MASLD) (data not 

shown). Again, comparison of NKp46 expression on CD56dimCD16+/- NK cells 

between patients with ALD cirrhosis and MASLD cirrhosis, with or without HCC, did 

not show significant differences (Figure 102). 
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Figure 102 A comparison of NKp46 expression on CD56dimCD16+/- NK cells in patients with 

cirrhosis secondary to alcohol related liver disease (ALD) and metabolic dysfunction-associated 
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steatotic liver disease (MASLD). (Graphs display individual values with the median value 

displayed by the bar. Comparisons between groups have been made using the Mann-Whitney 

test. Error bars represent the interquartile range). 
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Figure 103 NKp30 expression in NK cell subsets defined by CD56 and CD16 expression in the 

circulation and in the liver in cirrhosis. The top graph demonstrates NKp30 expression in 
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circulating NK cells in cirrhosis. The bottom graph demonstrates NKp30 expression on 

intrahepatic NK cells in cirrhosis. (Graphs display individual values with the median value 

displayed by the bar. Comparisons between groups have been made using the paired Wilcoxon 

test between the same donors. Error bars represent the interquartile range. P values are 

denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). There 

were no significant differences in NKp30 expression when comparing NK cells subpopulations 

in the circulation or in the liver. 

 

NKp30 expression did not show any differences between the NK cells subsets in the 

circulation or on intrahepatic NK cells in health or disease (Figure 103). There were 

still no differences in NKp30 expression when the cirrhosis subpopulations were 

separated by underlying aetiology (ALD or MASLD) (data not shown). Again 

comparison of NKp30 expression on CD56dimCD16+/- NK cells between patients with 

ALD cirrhosis and MASLD cirrhosis did not yield any differences (Figure 104). 
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Figure 104 A comparison of NKp30 expression on CD56dimCD16+/- NK cells in patients with 

cirrhosis secondary to alcohol related liver disease (ALD) and metabolic dysfunction-associated 

steatotic liver disease (MASLD). (Graphs display individual values with the median value 
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displayed by the bar. Comparisons between groups have been made using the Mann-Whitney 

test. Error bars represent the interquartile range). 

 

 

4.2.2 Surface expression of the inhibitory receptor CD161 on NK cell subpopulations 
 

Protein expression determined using flow cytometry demonstrated an upregulation 

in CD161 expression on circulating NK cells in cirrhosis (see chapter 3). Again, NK cells 

for each individual donor were separated into 3 subpopulations: CD56dimCD16++, 

CD56brightCD16- and CD56dimCD16+/- NK cells (see Chapter 2, Figure 3 for gating 

strategy) and comparisons made within the same donor. CD161 surface expression 

was determined using flow cytometry in NK cell subpopulations (see Chapter 3, Figure 

33 for the CD161 gating strategy; Phenotyping Panel 1, Table 3). CD161 expression in 

each subpopulation in cirrhosis was determined for circulating NK cells and 

intrahepatic NK cells (peripheral blood samples: cirrhosis n=35 (Table 8); intrahepatic: 

cirrhosis n=4; (Table 9). Further comparisons for receptor expression in NK cell subsets 

were also undertaken in healthy patients (peripheral blood n=32; intrahepatic n=7) 

and patients with HCC on a background of cirrhosis (peripheral blood n=29; 

intrahepatic n=6) (results shown in Appendix 8.5). 

The proportion of circulating CD56dimCD16+/- NK cells expressing CD161 was 

significantly lower than CD56dimCD16++ NK cells in cirrhosis. Circulating 

CD56brightCD16- NK cells had the lowest proportion of CD161+ NK cells both in health 

and disease (Figure 105). This trend of a reduced CD161+ proportion in 

CD56dimCD16+/- NK cells was maintained when the cirrhosis subpopulations were 

separated by underlying aetiology (ALD or MASLD) (data not shown). The proportion 

of CD161+CD56dimCD16+/- NK cells in patients with ALD cirrhosis was not significantly 

different to the proportion in patients with MASLD cirrhosis (Figure 105). 

 



275 
 

CD56
dim

CD16
++

CD56
dim

CD16
+/-

CD56
brig

htC
D16

-
0

20

40

60

80

100

Pe
rc

en
ta

ge
 o

f N
K 

ce
lls

CD161 expression on circulating NK cell subsets

✱✱✱✱ ✱✱✱

✱✱✱✱

CD56
dim

CD16
++

CD56
dim

CD16
+/-

CD56
brig

htC
D16

-
0

20

40

60

80

100

Pe
rc

en
ta

ge
 o

f N
K 

ce
lls

CD161 expression on intraheptic NK cell subsets

ns ns

ns

CD161 expression on NK cell subsets in cirrhosis

 

Figure 105 CD161 expression in NK cell subsets defined by CD56 and CD16 expression in the 

circulation and in the liver in cirrhosis. The top graph demonstrates CD161 expression in 

circulating NK cells in cirrhosis. The bottom graph demonstrates CD161 expression on 

intrahepatic NK cells in cirrhosis. (Graphs display individual values with the median value 



276 
 

displayed by the bar. Comparisons between groups have been made using the paired Wilcoxon 

test between the same donors. Error bars represent the interquartile range. P values are 

denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). The 

proportion of circulating CD56+CD16+/- NK cells expressing CD161 was lower compared to 

CD56dimCD16++ NK cell. CD56brightCD16- NK cells had the lowest proportion of CD161+cells 

of the three NK subpopulations in the circulation (top graph). There were no significant 

differences between intrahepatic NK cell subpopulations (bottom graph). 
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Figure 106 A comparison of CD161 expression on CD56dimCD16+/- NK cells in patients with 

cirrhosis secondary to alcohol related liver disease (ALD) and metabolic dysfunction-associated 

steatotic liver disease (MASLD). (Graphs display individual values with the median value 

displayed by the bar. Comparisons between groups have been made using the Mann-Whitney 

test. Error bars represent the interquartile range). 

 

 

4.2.3 Surface expression of liver homing receptor CXCR6 and intrahepatic markers 
 

Intrahepatic NK cells express the liver homing marker CXCR6 (Stegmann et al., 2016), 

and with increased expression of CCR5 (Hudspeth et al., 2016) and a subset expressing 
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CD49a (Marquardt et al., 2015). Intrahepatic NK cells express transcription factors 

Tbet and EOMES in inverse proportions to circulating NK cells, with intrahepatic NK 

cells being TbetloEOMESHi cells (Cuff et al., 2016; Stegmann et al., 2016). 

 

Intrahepatic NK cells are thought to remain within liver sinusoidal spaces, due to 

engagement with CXCR6 and CCR5 (Hudspeth et al., 2016). However, the timeline for 

the acquisition of these liver homing markers is not clearly understood. 

 

To determine if CD56dimCD16+/- NK cells are a transition population with features of 

intrahepatic NK cells, surface expression levels of CXCR6 were determined in patients 

with cirrhosis without HCC. NK cells were separated into 3 subpopulations: 

CD56dimCD16++, CD56brightCD16- and CD56dimCD16+/- NK cells (see Chapter 2, 

Figure 3 for gating strategy). CXCR6 surface expression was then determined using 

flow cytometry in NK cell subpopulations (see Chapter 3, Figure 48 for the CXCR6 

gating strategy; Phenotyping Panel 1 used (Table 3)). CXCR6 expression was 

determined in each NK subpopulation in circulating and intrahepatic NK cells in 

cirrhosis (peripheral blood samples: cirrhosis n=35 (Table 8); intrahepatic samples: 

cirrhosis n=4 (Table 9). Further comparisons for receptor expression in NK cell subsets 

were also undertaken in healthy patients (peripheral blood n=32; intrahepatic n=7) 

and patients with HCC on a background of cirrhosis (peripheral blood n=29; 

intrahepatic n=6) (results shown in Appendix 8.5). 
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Figure 107 CXCR6 expression in NK cell subsets defined by CD56 and CD16 expression in the 

circulation and in the liver in cirrhosis. The top graph demonstrates CXCR6 expression in 
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circulating NK cells in cirrhosis. The bottom graph demonstrates CXCR6 expression on 

intrahepatic NK cells. (Graphs display individual values with the median value displayed by the 

bar. Comparisons between groups have been made using the paired Wilcoxon test between 

the same donors. Error bars represent the interquartile range. P values are denoted on the 

figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). There was a significantly 

increased proportion of CXCR6+ NK cells in the CD56dimCD16+/- subpopulation and 

CD56brightCD16- NK cell subpopulation compared to CD56dimCD16++ NK cells in the 

circulation (top graph). This trend was maintained in intrahepatic NK subpopulations (bottom 

graph). 

Overall CXCR6 expression on intrahepatic NK cells was greater than on circulating NK 

cells, in keeping with published literature. Circulating CD56dimCD16+/- NK cells 

demonstrated an intermediate level of expression of CXCR6 in cirrhosis, with the 

CD56dimCD16++ NK cell subset having the lowest proportion of CXCR6+ NK cells, and 

CD56brightCD16- NK cells having the greatest proportion of CXCR6+NK cells (Figure 

107).  This expression pattern was maintained in CD56dimCD16+/- NK cells when the 

cirrhosis subpopulations were separated by underlying aetiology (ALD or MASLD) 

(data not shown). Direct comparison of the proportion of CXCR6+ CD56dimCD16+/- 

NK cells between patients with ALD cirrhosis and MASLD cirrhosis did not yield a 

significant difference (Figure 108). 
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Figure 108 A comparison of CXCR6 expression on CD56dimCD16+/- NK cells in patients with 

cirrhosis secondary to alcohol related liver disease (ALD) with metabolic dysfunction-

associated steatotic liver disease (MASLD). (Graphs display individual values with the median 

value displayed by the bar. Comparisons between groups have been made using the Mann-

Whitney test. Error bars represent the interquartile range). 

To determine if the CD56dimCD16+/-NK cell subset has potential liver-homing 

capacity, CCR5, CD49a and TbetloEOMESHi expression was also determined on 

circulating NK cells in patients with cirrhosis. To minimise variation in aetiology, all 

patients in this experiment had Child-Pugh score A cirrhosis and all patients had an 

underlying ALD (see Table 12 below). The expression of CCR5 and CD49a and the 

proportion of TbetloEOMESHi NK cells was also determined in intrahepatic NK cells 

(healthy n=7, cirrhosis n=4, HCC n=6; patient characteristics displayed in chapter 3, 

Table 9). NK cells were stained with the Liver phenotyping panel as described in 

methods (Table 3), separated by CD56 and CD16 expression as demonstrated in 

Chapter 2, Figure 3, and subsequently the proportions expressing CCR5, CD49a and 

TbetloEOMESHi determined using fluorescence minus one controls (FMOs, gating 

strategy demonstrated in Figure 109). Phenotyping was also undertaken for further 

comparisons in patients with healthy livers and HCC on a background of cirrhosis, both 

in the circulation and intrahepatic (from healthy individuals (n=7), patients with HCC 

and Child-Pugh score A ALD cirrhosis (n=5); see Table 12 for patient characteristics; 

data for healthy and HCC groups shown in Appendix 8.5). 

Table 12 Characteristics of patients from whom peripheral blood samples were used to 

determine CCR5, CD49a, Tbet and EOMES expression on NK cell subsets. All patients had 

underlying cirrhosis from alcohol related liver disease (ALD). 

 Healthy Cirrhosis HCC 
Total number 7 12 5 
Age, years  
mean, (range) 

 
 45 

(34-54) 

 
52  

(33-72) 

 
71  

(57-76) 
Male, n 5 9 4 
Child-Pugh Score A, n 
 
MELD-Na score 
mean, (range) 

 
 
 

 

12 
 

9 
(7-15) 

5 
 

10 
(7 – 12) 

 
BCLC staging: 
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BCLC 0, n 
BCLC A, n 
BCLC B, n 
BCLC C, n 
BCLC D, n 

 
1 
0 
3 
1 
0 
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Figure 109 Gating strategies for surface receptors CXCR6, CCR5 and CD49a. Peripheral and 

intrahepatic mononuclear cells were surface stained with a viability dye, CD3, CD56, CD16, 

CCR5 and CD49a followed by intracellular staining for T-bet and EOMES (see methods Table 3, 

phenotyping panels – Liver Panel). NK cells were first identified by gating on live lymphocytes 

as determined by forward and side scatter area (SSC-A) and subsequently selecting CD3-CD56+ 

NK cells as described in chapter 3. NK cells were then separated into CD56dimCD16++ cells, 

CD56brightCD16- cells and CD56dimCD16+/- NK cells as described in Chapter 3. T-bet and 

EOMES (graph A) was determined using the gating strategy as demonstrated. CCR5 (graph B) 

and CD49a (graph C) expression was determined using a fluorescence minus one (FMO) 

method which was subtracted from the percentage of cells staining positively for each surface 

receptor.  
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Similar to CXCR6 expression, CD56dimCD16+/- NK cells and CD56brightCD16- NK cells 

demonstrated an increased proportion of CCR5+NK cells in comparison to 

CD56dimCD16++ NK cells, both in the circulation and within the liver (Figure 110).  
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Figure 110 CCR5 expression in NK cell subsets defined by CD56 and CD16 expression in the 

circulation and in the liver in cirrhosis. The top graph demonstrates CCR5 expression in 
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circulating NK cells in ALD cirrhosis. The bottom graph demonstrates CCR5 expression on 

intrahepatic NK cells in cirrhosis. (Graphs display individual values with the median value 

displayed by the bar. Comparisons between groups have been made using the paired Wilcoxon 

test between the same donors. Error bars represent the interquartile range. P values are 

denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). There 

was a significantly increased proportion of CCR5+ NK cells in the CD56dimCD16+/- 

subpopulation and CD56brightCD16- NK cell subpopulation compared to CD56dimCD16++ NK 

cells in the circulation (top graph). This trend was maintained in intrahepatic NK 

subpopulations (bottom graph). 

 

Differences in expression of CD49a was not detected on these samples on 

CD56dimCD16+/- NK cells compared to CD56dimCD16++ NK cells, but there was an 

overall increase in the proportion of CD56brightCD16-CD49a+ NK cells in the 

circulation in cirrhosis (Figure 111). 
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Figure 111 CD49a expression in NK cell subsets defined by CD56 and CD16 expression in the 

circulation and in the liver in cirrhosis. The top graph demonstrates CD49a expression in 

circulating NK cells in ALD cirrhosis. The bottom graph demonstrates CD49a expression on 
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intrahepatic NK cells in cirrhosis. (Graphs display individual values with the median value 

displayed by the bar. Comparisons between groups have been made using the paired Wilcoxon 

test between the same donors. Error bars represent the interquartile range. P values are 

denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). There 

were no significant differences in CD49a expression in CD56dimCD16+/- NK cells in comparison 

to CD56dimCD16++ NK cells in the circulation (top graph).  

 

Over 80% of intrahepatic CD56brightCD16- NK cells were TbetloEOMESHi in keeping 

with published literature, with intrahepatic CD56dimCD16+/- NK cells demonstrating 

an intermediate proportion, and intrahepatic CD56dimCD16++ NK cells 

demonstrating a similar Tbet and EOMES profile to circulatingCD56dimCD16++ NK 

cells (Figure 112). Interestingly, a greater proportion of circulating CD56dimCD16+/- 

NK cells were TbetloEOMESHi in comparison to circulating CD56dimCD16++ NK cells, 

though these cells formed less than 10% of the circulating CD56dimCD16+/- NK cells. 

Circulating CD56brightCD16- NK cells had the greatest proportion of TbetloEOMESHi 

NK cells (ranging up to 40% in cirrhosis, Figure 112). 
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Figure 112 Tbet and EOMES expression in circulating and intrahepatic NK cells in cirrhosis. The 

top graph demonstrates the proportion of TbetloEOMESHi circulating NK cells in ALD cirrhosis. 
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The bottom graph demonstrates the proportion of TbetloEOMESHi intrahepatic NK cells in 

cirrhosis. (Graphs display individual values with the median value displayed by the bar. 

Comparisons between groups have been made using the paired Wilcoxon test between the 

same donors. Error bars represent the interquartile range. P values are denoted on the figures 

as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). Circulatory CD56brightCD16- 

NK cells had the highest proportion of TbetloEOMESHi NK cells, with CD56dimCD16++ NK cells 

having the lowest proportion and CD56dimCD16+/- having an intermediate proportion (top 

graph). A similar trend was seen in intrahepatic NK cells (bottom graph). 

In summary, this phenotyping data demonstrates that CD56dimCD16+/- NK cells in 

the circulation in the circulation have a greater proportion of cells expressing CXCR6, 

CCR5 and a greater proportion of TbetloEOMESHi NK cells in comparison to 

CD56dimCD16++ NK cells. 

 

4.2.4 Gene expression analyses of circulating CD56dimCD16+/- cells in cirrhosis 
 

NK cells were sorted based on CD56 and CD16 expression (sorting strategy 

demonstrated in methods Chapter 2, Figure 3). NK cell lysates were diluted to the 

same concentration (20000 cells per 1µl of buffer RLT) and Nanostring assays 

performed at the Nanostring facility at University College London as described in the 

methods. Gene expression in CD56dimCD16+/- NK cells were compared with 

CD56dimCD16++ NK cells and CD56brightCD16- NK cells from the same donors. Only 

patients with Child-Pugh B cirrhosis were selected in the cirrhosis groups (ALD (n=3) 

and MASLD (n=4)) and HCC group (MASLD related cirrhosis with treatment naïve HCC 

(n=3) (see Chapter 3, Table 11 for full patient characteristics for peripheral blood 

samples utilised in these gene expression analyses). 

 

 

4.2.4.1. Gene expression in circulating CD56dimCD16+/- NK cells 
The figures below demonstrate comparisons of gene expression between circulating 

CD56dimCD16+/- NK cells, CD56dimCD16++ NK cells and CD56brightCD16- NK cell 

subpopulations between the same donors. Only genes displaying a statistically 
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significant differential expression are demonstrated on the figures (background 

subtraction undertaken, threshold count of >20 copies, p and FDR value <0.05, fold 

change >2 or <-2). Comparisons are demonstrated below within disease aetiology and 

summarised with normalised values on heat maps. Fold change graphs demonstrating 

full differential expression can be located in Appendix 8.4. 

Figure 113 displays significant differential gene expression across the 3 

subpopulations in patients with MASLD cirrhosis. Figure 114 displays significant 

differential gene expression across the 3 subpopulations in patients with ALD cirrhosis. 

Finally figure 115 displays significant differential gene expression in patients with HCC 

on a background of MASLD cirrhosis. 

There were no significant differences in gene expression when comparing the 

circulating CD56dimCD16+/- NK cell subpopulation between patients with MASLD 

cirrhosis to patients with ALD cirrhosis, and when comparing patients with MASLD 

cirrhosis to patients with HCC on a background of MASLD cirrhosis (data not shown).  
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Differential gene expression in circulating NK cell
subpopulations in MASLD cirrhosis
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Figure 113 Differential gene expression in circulating NK cell subpopulations in patients with 

Metabolic dysfunction-associated liver dysfunction (MASLD) cirrhosis (normalised gene 

expression against housekeeping genes; green = higher expression, red = reduced expression, 

black = no difference in expression compared to baseline, n=4 patients). Only genes displaying 

a statistically significant differential expression are demonstrated (background subtraction 

undertaken, threshold count of >20, p and FDR value <0.05, fold change >2 or <-2). 
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Differential gene expression in circulating NK cell
subpopulations in ALD cirrhosis

 

Figure 114 Differential gene expression in circulating NK cell subpopulations in patients with 

Alcohol related liver disease (ALD) cirrhosis (normalised gene expression against housekeeping 

genes; green = higher expression, red = reduced expression, black = no difference in expression 

compared to baseline, n=3 patients). Only genes displaying a statistically significant 

differential expression are demonstrated (background subtraction undertaken, threshold 

count of >20, p and FDR value <0.05, fold change >2 or <-2). 
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Differential gene expression in circulating NK cell
subpopulations in HCC related to MASLD cirrhosis
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Figure 115 Differential gene expression in circulating NK cell subpopulations in patients with 

HCC on a background of MASLD cirrhosis (normalised gene expression against housekeeping 

genes; green = higher expression, red = reduced expression, black = no difference in expression 

compared to baseline, n=3 patients). Only genes displaying a statistically significant 

differential expression are demonstrated (background subtraction undertaken, threshold 

count of >20, p and FDR value <0.05, fold change >2 or <-2). 

 

 

IL7R and the transcription factor TCF7, both associated with an immature phenotype, 

were upregulated on CD56brightCD16- cells as expected in comparison to the mature 

CD56dimCD16++ NK cells, but CD56dimCD16+/- demonstrated an intermediate 

expression of these across all aetiologies, suggesting that these cells may be in a phase 

of intermediate maturity.  

Furthermore, circulating CD56dimCD16+/- cells demonstrated an intermediate 

expression of GZMK in ALD cirrhosis and MASLD HCC, with CD56bright NK cells 

expressing more GZMK and CD56dimCD16++ NK cells expressing the least GZMK. 

GZMB expression also showed intermediate expression in circulating 

CD56dimCD16+/- NK cells in ALD and MASLD cirrhosis. There was also an intermediate 

expression of KIR activating receptors on CD56dimCD16+/- cells (KIR Activating 

subgroup 1 including KIR2DS1, KIR2DS2, KIR2DS4, KIR3DS1; KIR Activating subgroup 2 

including KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5) in patients with MASLD 

cirrhosis. In patients with MASLD HCC, PRDM1 (encoding Blimp1 that negatively 

regulates secretion of IFNγ and TNFα [Smith et al., 2010]) demonstrated intermediate 

expression in CD56dimCD16+/- NK cells. There is also intermediate expression of 

CD160, an activating receptor (Tu et al., 2015), on CD56dimCD16+/- in cirrhosis 

regardless of aetiology. 

However, there was a collection of genes that were upregulated on circulating 

CD56dimCD16+/- cells only in comparison to the two other subpopulations across all 

disease states: LILRA5, TNFRSF13C, CD79A, MS4A1, ICOSLG, CR1, IL13RA1, HLA-DMB, 

HLA-DRA, HLA-DRB3, HLA-DMA, IL4R, APP, CLEC4A, PAK1. HLA-DR expression has 
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been demonstrated on activated NK cells with enhanced degranulation (Evans et al., 

2011).  

 

4.2.4.2 Gene enrichment analysis in circulating CD56dimCD16+/- NK cells 
 
ReactomeGSA was used to reveal if there were any particularly enriched pathways in 

the CD56dimCD16+/- circulating NK cell subpopulation. As there were no significant 

differences in gene expression in CD56dimCD16+/- NK cells between ALD and MASLD 

cirrhosis and between MASLD cirrhosis and MASLD HCC, gene enrichment analysis 

focussed on MASLD cirrhosis group only (n=4 patients). 
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Figure 116 Gene enrichment pathway analysis, comparing circulating CD56dimCD16+/-NK 

cells with CD56dimCD16++ NK cells in patients with MASLD cirrhosis (n=4). Normalised gene 

expression data was uploaded to the web-based platform ReactomeGSA for CD56dimCD16+/-

NK cells and CD56dimCD16++NK cells from patients with MASLD cirrhosis. The top 10 most 

enriched pathways are displayed, involving the largest number of differentially expressed 

genes. The displayed pathways were all significantly altered in CD56dimCD16+/-NK cells 

compared to CD56dimCD16++NK cells (p<0.05) but the calculated FDR was not significant 

(FDR>0.05). Orange bars demonstrate overall downregulated pathways in CD56dimCD16+/-

NK cells and blue bars represent upregulated pathways in CD56dimCD16+/- NK cells compared 

to CD56dimCD16++NK cells. 

In comparison to CD56dimCD16++ NK cells, the pathway enrichment analysis suggests 

that CD56dimCD16+/- NK cells have enriched pathways in DAP12 signalling and DAP12 

interactions, with a reduced activity seen in CD56dimCD16+/- NK cells suggesting a 

reduced capacity for activation (Figure 116). NOTCH signalling was also enriched, 
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again with reduced activity in CD56dimCD16+/- NK cells (Figure 116). As NOTCH 

signalling is usually associated with NK cell maturity and the acquisition of CD16, 

reduced activity in CD56dimCD16+/- NK cells may suggest a more immature 

phenotype in these cells in comparison to CD56dimCD16++NK cells. 

Interestingly, the pathway for MHC class II antigen presentation was positively 

enriched in CD56dimCD16+/-NK cells in comparison to both CD56dimCD16++NK cells 

and CD56brightCD16-NK cells (Figures 116 and 117 respectively). HLA-DR has been 

described in literature as induced in expression on activated NK cells, and the 

differential gene expression did demonstrate a significant upregulation of HLA-DR in 

CD56dimCD16+/-NK cells in all disease states. 

As expected, comparison of CD56dimCD16++NK cells with CD56brightCD16-NK cells 

demonstrated increased NOTCH signalling in the mature CD56dimCD16++NK cells, 

increased activity in DAP12 interactions, TNF and interferon signalling (Figure 118).  
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Figure 117 Gene enrichment pathway analysis, comparing circulating CD56dimCD16+/-NK 

cells with CD56brightCD16-NK cells in patients with MASLD cirrhosis (n=4). Normalised gene 

expression data was uploaded to the web-based platform ReactomeGSA for CD56dimCD16+/-

NK cells and CD56brightCD16-NK cells from patients with MASLD cirrhosis. The top 10 most 

enriched pathways are displayed, involving the largest number of differentially expressed 

genes. The displayed pathways were all significantly altered in CD56dimCD16+/-NK cells 

compared to CD56dimCD16++NK cells (p<0.05) and the calculated FDR was significant for the 

top 7 pathways shown (FDR<0.05). Orange bars demonstrate overall downregulated 

pathways in CD56dimCD16+/-NK cells and blue bars represent upregulated pathways in 

CD56dimCD16+/- NK cells compared to CD56brightCD16-NK cells. 
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Figure 118 Gene enrichment pathway analysis, comparing circulating CD56dimCD16++NK cells 

with CD56brightCD16-NK cells in patients with MASLD cirrhosis (n=4). Normalised gene 

expression data was uploaded to the web-based platform ReactomeGSA for 

CD56dimCD16++NK cells and CD56brightCD16-NK cells from patients with MASLD cirrhosis. 

The top 10 most enriched pathways are displayed, involving the largest number of 

differentially expressed genes. The displayed pathways were all significantly altered in 

CD56dimCD16+/-NK cells compared to CD56dimCD16++NK cells (p<0.05) but the calculated 

FDR was not significant (FDR>0.05). Orange bars demonstrate overall downregulated 

pathways in CD56dimCD16++NK cells and blue bars represent upregulated pathways in 

CD56dimCD16++NK cells compared to CD56brightCD16-NK cells. 

Ingenuity Pathway Analysis Software (IPA, Qiagen) was used to determine potentially 

activated upstream genes resulting in the gene expression profile and gene 

enrichment seen in CD56dimCD16+/-NK cells i.e. ‘upstream regulators’ of the 

CD56dimCD16+/- NK subpopulation (see Figure 119). 
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Figure 119 Predicted activation or inhibition of upstream transcriptional regulators and 

molecules that may result in the differential gene expression profile seen in CD56dimCD16+/-

NK cells i.e. predicted ‘upstream regulators’ for the CD56dimCD16+/- NK cell subpopulation 

(using Ingenuity Pathway Analysis software, Qiagen). The circulating CD56dimCD16+/- NK cell 

subpopulation was compared to the circulating CD56dimCD16++ NK cell subpopulation in 

patients with MASLD cirrhosis (n=4 patients, subpopulations from the same donors compared 

(matched samples)). Differential gene expression and predicted upstream regulator analysis 

was performed using Ingenuity Pathway Analysis software (Qiagen). A) Table demonstrating 
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predicted potential upstream regulators based on differential gene expression measured in 

CD56dimCD16+/-NK cells compared to CD56dimCD16++NK cells. B) Network diagram 

demonstrating the effects of predicted activation of Tumour growth factor beta 1 (TGF B1) on 

gene expression in CD56dimCD16+/-NK cells.  

The proteins encoded by identified upstream regulators may be derived from any 

source, including adjacent cells or within the circulation. In this case, gene expression 

in the circulating CD56dimCD16+/- NK cell subpopulation was compared with gene 

expression in the circulating CD56dimCD16++ NK cell subpopulations in the same 

patients with MASLD cirrhosis. Interestingly, TGFB1, amongst other regulators, was 

identified as a potential upstream regulator for the CD56dimCD16+/- NK cell 

subpopulation, potentially accounting for the differential gene expression seen in this 

subpopulation when compared with gene expression in CD56dimCD16++ NK cells. 

Given that TGFβ plays a major role in fibrosis and is found in abundance in cirrhosis 

(Dooley & Ten Dijke, 2012), exposure of NK cells to TGFβ may be one mechanism by 

which the CD56dimCD16+/- NK cell subpopulation may arise in liver disease. 
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4.2.5 CD56dimCD16+/- NK cell maturity 
 

Differential gene expression analysis demonstrated the expression of several genes 

associated with a less mature phenotype in CD56dimCD16+/- NK cells in comparison 

to CD56dimCD16++ NK cells regardless of underlying disease aetiology. To ratify if this 

translates to differential protein expression, surface expression of CD57, NKG2C and 

KLRG1 (associated with mature NK cells) and IL7R and NKG2A (associated with an 

immature phenotype), as well as intracellular expression of TCF1 (encoded by TCF7 

associated with immature NK cells) was determined using flow cytometry in order to 

deduce the maturity status of CD56dimCD16+/- NK cells in comparison to 

CD56brightCD16- NK cells and CD56dimCD16++ NK cells. Due to sample availability, 

peripheral blood mononuclear cells from a subgroup of patients with cirrhosis only 

were compared (see Table 13 for patient characteristics for these experiments). 

Statistical comparisons were made using the non-parametric Wilcoxon paired tests as 

comparisons were made between NK cell subsets from the same donors. 

Table 13 Characteristics of patients with cirrhosis from whom peripheral blood samples were 

used to determine if there was surface expression of CD57, NKG2C, NKG2A, IL7R, KLRG1 and 

TCF1. 

 CD57 NKG2C NKG2A TCF1 IL7R KLRG1 
Total number of patients 15 10 10 10 5 5 
Age, years  
mean, (range) 

56 
(33-74) 

56 
(33-74) 

56 
(33-74) 

56 
(33-74) 

61 
(49-65) 

61 
(49-65) 

Male, n 13 8 8 8 5 5 
Child-Pugh (CP) Score: 
 
CPA, n 
 
CPB, n 
 
CPC, n 
 
MELD-Na score 
mean, (range) 

 
 
6 
 
5 
 
4 
 

11 
(7–18) 

 
 

4 
 

3 
 

3 
 

11 
(7–18) 

 
 

4 
 

3 
 

3 
 

11 
(7–18) 

 
 

4 
 

3 
 

3 
 

11 
(7–18) 

 
 

1 
 

4 
 

0 
 

10 
(9-13) 

 
 

1 
 

4 
 

0 
 

10 
(9-13) 

Aetiology: 
 
ALD,  n 
MASLD,  n 

 
 

12 
3 

 
 

7 
3 

 
 

7 
3 

 
 
7 
3 

 
 
3 
2 

 
 
3 
2 
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Figure 120 Gating strategy for CD57, NKG2C and KLRG1. NK cells were stained with 

phenotyping Maturity Panel 1 as described in methods (Table 3). Following gating for NK cells 

(lymphocyte gating, live singlet cells, CD3 negative cells, CD56positive cells), NK cell subsets 

(CD56dimCD16++, CD56dimCD16+/- and CD56brightCD16- cells) were identified as described 

in methods. Subsequent gating was applied as above, using fluorescence minus one (FMO) 

controls to subtract any background staining. 
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Figure 121 Gating strategy for IL7R and NKG2A. NK cells were stained with phenotyping 

Maturity Panel 1 as described in methods (Table 3). Following gating for NK cells (lymphocyte 

gating, live singlet cells, CD3 negative cells, CD56positive cells), NK cell subsets 

(CD56dimCD16++, CD56dimCD16+/- and CD56brightCD16- cells) were identified as described 

in methods. Subsequent gating was applied as above, using fluorescence minus one (FMO) 

controls to subtract any background staining. 

 

 

Figure 122 Gating strategy for TCF1. NK cells were stained with phenotyping Maturity Panel 2 

as described in methods (Table 3). Following gating for NK cells (lymphocyte gating, live singlet 
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cells, CD3 negative cells, CD56positive cells), NK cell subsets (CD56dimCD16++, 

CD56dimCD16+/- and CD56brightCD16- cells) were identified as described in methods. 

Subsequent gating was applied as above, using fluorescence minus one (FMO) controls to 

subtract any background staining 
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Figure 123 CD57 expression in NK cell subsets defined by CD56 and CD16 expression in the 

circulation in cirrhosis. (Graphs display individual values with the median value displayed by 

the bar. Comparisons between groups have been made using the paired Wilcoxon test 

between the same donors. Error bars represent the interquartile range. P values are denoted 

on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). There was a 

significant reduction in the proportion of CD56dimCD16+/- NK cells expressing CD57 in 

comparison to CD56dimCD16++ NK cells. CD57brightCD16- had the lowest proportion of 

CD57+ NK cells.  
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Figure 124 NKG2A and NKG2C expression in NK cell subsets defined by CD56 and CD16 

expression in the circulation in cirrhosis. NKG2A (graph A) and NKG2C (graph B) expression in 

circulating NK cells in cirrhosis is demonstrated on NK cell subsets. (Graphs display individual 

values with the median value displayed by the bar. Comparisons between groups have been 

made using the paired Wilcoxon test between the same donors. Error bars represent the 
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interquartile range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** 

p<0.001, **** p<0.0001).  
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Figure 125 KLRG1 and IL7R expression in NK cell subsets defined by CD56 and CD16 expression 

in the circulation in cirrhosis. KLRG1 (graph A) and IL7R (graph B) expression in circulating NK 

cells in cirrhosis is demonstrated on NK cell subsets. (Graphs display individual values with the 

median value displayed by the bar. Comparisons between groups have been made using the 

paired Wilcoxon test between the same donors. Error bars represent the interquartile range. 



310 
 

P values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001). 

 

The proportion of CD56dimCD56+/- expressing CD57 was lower than CD56dimCD16++ 

NK cells, but not as low as CD56brightCD16- NK cells (Figure 122). However, the 

intermediate expression of IL7R seen at gene expression level, was not seen at protein 

expression level in cirrhosis (Figure 125). There may be a reduced proportion of 

CD56dimCD16+/- expressing KLRG1 (associated with terminal maturity), but this did 

not reach significance. 

As expected, there was a significantly increased proportion of CD56brightCD16- NK 

cells expressing markers associated with less mature cells (IL7R, NKG2A, TCF1) and a 

reduced proportion expressing markers associated with terminal differentiation 

(CD57, KLRG1) (Figures 123-126). 

The gene expression data suggested an intermediate expression of the TCF7 gene 

(encoding the TCF1 transcription factor) in CD56dimCD16+/- NK cells in cirrhosis and 

HCC, with the highest expression in CD56brightCD16- NK cells and the lowest in 

CD56dimCD16++ NK cells. However, intracellular staining for TCF1 revealed that the 

CD56dimCD16+/- NK cells actually had lower levels of expression than 

CD56dimCD16++ NK cells (Figure 126). 
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Figure 126 TCF1 expression in NK cell subsets defined by CD56 and CD16 expression in the 

circulation in cirrhosis.  (Graphs display individual values with the median value displayed by 

the bar. Comparisons between groups have been made using the paired Wilcoxon test 

between the same donors. Error bars represent the interquartile range. P values are denoted 

on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).  

 

In summary, CD56dimCD16+/- NK cells did not have an intermediate immature 

phenotype as suggested by the gene expression data with regards to IL7R and TCF1 

expression, but there was an intermediate expression of markers associated with 

terminal differentiation i.e. KLRG1 and CD57.  
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4.2.6 Effector function in circulating CD56dimCD16+/- NK cells in cirrhosis 
 

4.2.6.1 Perforin and Granzyme B production 

Ex-vivo intracellular staining for perforin and granzyme B was undertaken in patients 

with cirrhosis (n=10) using the Perforin and Granzyme B functional panel as described 

in methods (Chapter 2, Table 4 for panel details; Figure 127 for gating strategy; Table 

14 for patient characteristics for samples used in this experiment). This demonstrated 

reduced perforin within and granzyme B in CD56dimCD16+/- NK cells compared to 

CD56dimCD16++ NK cells (Figure 128), supporting the gene expression data.  

 

 

Figure 127 Gating strategy for Perforin and Granzyme B. NK cells were stained with functional 

Perforin and Granzyme B Panel as described in methods (Table 4). Following gating for NK cells 

(lymphocyte gating, live singlet cells, CD3 negative cells, CD56positive cells), NK cell subsets 

(CD56dimCD16++, CD56dimCD16+/- and CD56brightCD16- cells) were identified as described 
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in methods. Subsequent gating was applied as above, using fluorescence minus one (FMO) 

controls to subtract any background staining. Plot A demonstrates Perforin staining with a 

corresponding sample demonstrating the FMO control. Plot B demonstrates Granzyme B 

staining with the FMO control. The median fluorescence intensity was measured after 

subtracting the FMO control. 

 

Table 14 Characteristics of patients with cirrhosis from whom peripheral blood samples were 

used to determine the ex-vivo perforin and granzyme B content. 

 Perforin Granzyme 
B 

Total number of patients 10 10 
Age, years  
mean, (range) 

56 
(33-74) 

56 
(33-74) 

Male  
n 

 
8 

 
8 

Child-Pugh (CP) Score: 
 
CPA, n 
 
CPB, n 
 
CPC, n 
 
MELD-Na score 
mean, (range) 

 
 

4 
 

3 
 

3 
 

11 
(7 – 18) 

 
 

4 
 

3 
 

3 
 

11 
(7 – 18) 

Aetiology: 
 
ALD,  n 
MASLD,  n 

 
 
7 
3 

 
 

7 
3 
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Figure 128 Perforin and Granzyme B within in NK cell subsets defined by CD56 and CD16 

expression in the circulation in cirrhosis. Perforin (graph A) and Granzyme B (graph B) 

expression in circulating NK cells in cirrhosis. (Graphs display individual values with the median 

value displayed by the bar. Comparisons between groups have been made using the paired 
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Wilcoxon test between the same donors. Error bars represent the interquartile range. P values 

are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

4.2.6.2 Cytokine secretion 
 

Peripheral blood mononuclear cells from patients with cirrhosis (n=3) were sorted into 

NK cell subpopulations based on CD56 and CD16 expression as demonstrated in 

Chapter 2, Figure 3. All patients had ALD cirrhosis with Child-Pugh A status. The 

isolated NK cell subpopulations were then stimulated with PMA and ionomycin in 

duplicates for four hours as described in the methods. The supernatants were then 

collected and cytokine secretion assessed using a multiplex cytokine detection system 

(V-plex Proinflammatory Panel 1 kit, MSD). Stimulation with PMA/ionomycin revealed 

a reduced capacity for CD56dimCD16+/- NK cells to produce interferon gamma and 

tumour necrosis factor alpha in comparison to CD56dimCD16++ NK cells and 

CD56brightCD16- NK cells (Figure 129 for interferon gamma and tumour necrosis 

factor alpha production; see Appendix 8.6 for full cytokine panel results).
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Figure 129 Cytokine expression in isolated sorted NK cells. Circulating NK cells from each donor 

with cirrhosis secondary to Alcohol related liver disease (ALD cirrhosis, Child-Pugh score A, n=3) 

were sorted into NK cell subsets by CD56 and CD16 expression following phenotyping (using 

Phenotyping Panel 1 described in Table 3) and using the gating strategy demonstrated in 
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Figure 3.  These isolated NK cell subsets were stimulated with PMA (50ng/ml) and ionomycin 

(500ng/ml) in duplicates for four hours. Cytokine expression was read using a V-plex pro-

inflammatory panel 1 MSD plate (n=3 samples run in duplicates, data points represent an 

average reading of the duplicates; IFN = interferon; TNF= tumour necrosis factor). Comparisons 

were made using the paired Wilcoxon test. Graphs display individual values with the median 

value displayed by the bar. Error bars represent the interquartile range
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4.2.6.3 Degranulation against K562 target cells 
 

Peripheral blood mononuclear cells from patients with ALD cirrhosis (n=3) (all with 

Child-Pugh A cirrhosis) were sorted into NK cell subpopulations based on CD56 and 

CD16 expression as demonstrated in Chapter 2, Figure 3. Isolated NK cell 

subpopulations were incubated for 12 hours with IL15 (1ng/ml) and then co-cultured 

for 4 hours in fresh complete media with K562 target cells in a 1:1 ratio. CD107a 

expression following this was determined using flow cytometry. Comparisons were 

made between CD56dimCD16+/- NK cells and CD56dimCD16++ NK cells as the 

functional deficits described in Chapter 3 in cirrhosis lay within the CD56dim 

subpopulation of NK cells. Interestingly, CD56dimCD16+/- NK cells demonstrated a 

preserved CD107a expression in response to K562 cells when compared to 

CD56dimCD16++ NK cells (Figure 130). 
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Figure 130 CD107a expression on pre-sorted NK cell subsets from patients with cirrhosis 

following incubation with K562 target cells. Circulating NK cells from each donor with ALD 

cirrhosis (Child-Pugh score A, n=3) were sorted into NK cell subsets by CD56 and CD16 

expression following phenotyping (using Phenotyping Panel 1 described in Table 3) and using 
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the gating strategy demonstrated in Figure 3. These isolated NK cells were incubated for 12 

hours with IL-15 (1ng/ml) and then co-cultured for 4 hours in fresh R10 media supplemented 

with 1μl APC-H7-CD107a antibody (eBioscience™, Thermofisher Scientific) per million cells with 

K562 target cells in a 1:1 ratio. CD107a expression was then measured using flow cytometry. 

Comparisons between subsets between the same donors was performed using the paired non-

parametric Wilcoxon test. Graphs display individual values with the median value displayed by 

the bar. Error bars represent the interquartile range. 

 

In summary, these functional experiments reveal a preserved cytotoxic capacity of 

CD56dimCD16+/- in terms of degranulation, but a reduced perforin content and 

hypofunctionality in terms of pro-inflammatory cytokine production. 

 

4.3 Induction of the CD56dimCD16+/- NK cell subpopulation 
 

To summarise, surface receptor expression in CD56dimCD16+/- NK cells 

demonstrated reduced DNAM-1 and NKp46 expression but increased CXCR6 and CCR5 

expression compared to CD56dimCD16++ NK cells. Although CD161 was increased on 

circulating NK cells in cirrhosis compared to healthy volunteers, there was a reduced 

proportion of CD56dimCD16+/- CD161+ NK cells compared to CD56dimCD16++ NK 

cells. Gene enrichment analysis demonstrated an increase in the expression of HLA-

DR, which can be seen in activated NK cells. 

The following experiments were undertaken to determine the conditions that may 

cause an induction of this circulating CD56dimCD16+/- NK cell subset in patients with 

cirrhosis. 

 

4.3.1 Culture of healthy PBMCs in media supplemented with sera 

To determine if circulating CD56dimCD16+/- NK cells arise secondary to factors in the 

sera, PBMCs from a healthy donor was co-cultured for 24 and 48 hours with diluted 

sera (25% sera, 75% media supplemented with 1% penicillin/streptomycin) from 

patients with cirrhosis (n=6, Child-Pugh A cirrhosis with ALD) and other healthy 
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volunteers (n=4). Incubation in sera from patients with cirrhosis did not result in an 

increase in the CD56dimCD16+/- NK cell proportion (Figure 131). 
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Figure 131 CD56dimCD16+/- NK cells as a proportion of all circulating NK cells following 

incubation with sera from healthy donors and patients. Peripheral blood mononuclear cells 

from a healthy donor were incubated in media supplemented with 25% healthy sera (n=4 

healthy donors) or 25% sera from patients with cirrhosis secondary to alcohol related liver 

disease (n=6 patients). Comparisons between healthy and cirrhosis groups at 24hours of 

incubation and 48hours of incubation were made using Mann-Whitney tests. There were no 

significant differences. Further paired analyses using the Wilcoxon test were made for samples 

incubated in the same patient sera for 24hours and 48hours but again was not significant. 

Error bars represent the interquartile range. Graphs display individual values with the median 

value displayed by the bar.  
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4.3.2 Post-activation profile following incubation with K562 target cells 
 

NK cell activation results in a reduced expression of surface CD16 on activated NK cells 

via a process known as ectodomain shedding (Romee et al., 2013). The following 

experiments were therefore undertaken to deduce if the expression profile of the 

resulting post-activation CD56dimCD16+/- population was similar to that seen in 

circulating NK cells in patients with cirrhosis. 

 

Incubation of PBMCs with K562 target cells, for 4 hours resulted in an increase in 

CD56dimCD16+/- NK cells and a concomitant decrease in CD56dimCD16++ NK cells 

(Figures 132 and 133). However, the proportion of CD56dimCD16+/- NK cells following 

exposure to K562 target cells was lower in cirrhosis and HCC compared to healthy 

donors (Figure 134).  

 

Figure 132 CD56 and CD16 expression on NK cells ex-vivo prior to incubation with K562 target 

cells (Pre-Activation profile, graph on left) and following incubation with K562 target cells 

(Post-Activation profile. Graph on right). Peripheral blood mononuclear cells from healthy 

donors were phenotyped using panel 1 (see Chapter 2 Methods, Table 3) prior to and following 

a 4 hour incubation with K562 target cells. Phenotyping revealed an increase in the 

CD56dimCD16+/- NK cell subset in the post-activation profile following the 4 hour incubation 

(graph on right). 
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Figure 133 CD56dimCD16+/- NK cells are increased in proportion following activation. 

Peripheral blood mononuclear cells from healthy donors (n=20) were phenotyped using panel 

1 (see Chapter 2 Methods, Table 3) prior to and following a 4 hour incubation with K562 target 
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cells. Graph A demonstrated the NK cell subsets based on CD56 and CD16 expression (as 

described in Figure 3). Phenotyping following a 4 hour incubation revealed an increase in the 

CD56dimCD16+/- NK cell subset in the post-activation profile (Graph B). Comparisons between 

the same donors was undertaken using the Wilcoxon test. Graphs display individual values 

with the median value displayed by the bar. Error bars represent the interquartile range. P 

values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001). 

 

Hea
lth

y

Cirr
hosis HCC

0

20

40

60

80

100

CD56dimCD16+/- NK cell proportions post-activation
with K562 target cells

Pe
rc

en
ta

ge
 o

f t
ot

al
 N

K 
ce

lls

✱ ✱✱

ns

 

Figure 134 CD56dimCD16+/- NK cell proportions post-activation with K562 target cells. 

Peripheral blood mononuclear cells (PBMCs) from healthy donors (n=22), patients with 

cirrhosis (n=22) and patients with hepatocellular carcinoma (HCC, n=16) were co-cultured for 

4 hours with K562 target cells as described in methods (all patient characteristics are described 

in Chapter 3, Table 10). Following this, the PBMCs were phenotyped using Phenotype Panel 1 

(as described in Methods, Chapter 2, Table 3) to determine the post-activation NK cell CD56 

and CD16 expression and the proportions of each CD56/CD16 NK cell subset as defined by the 

gating strategy described in Figure 3. The post-activation proportion of CD56dimCD16+/- NK 

cells in cirrhosis and HCC was lower than in healthy volunteers.  Comparisons between groups 

was undertaken using the Mann-Whitney test. Graphs display individual values with the 
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median value displayed by the bar. Error bars represent the interquartile range. P values are 

denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 (see Table 

9 for patient demographics). 

Expression levels of DNAM-1, CXCR6 and CD161 were determined using flow 

cytometry on healthy NK cells following incubation with K562 cells for 4 hours. 

Comparisons were made between the ex vivo phenotyping profile and the post 

activation phenotyping profile following co-culture with K562 target cells (Figure 135). 

Co-culture with K562 target cells for 4 hours resulted in a reduction in CXCR6 

expression in CD56brightCD16- NK cells, but no significant difference or increase in 

CXCR6 in the resulting CD56dimCD16+/- NK cells compared to CD56dimCD16++ NK 

cells (Figure 135A). 

The post activation phenotype of DNAM-1 on NK cell subsets did not demonstrate a 

significant difference (Figure 135C). 

The post activation CD161 expression profile revealed a reduction of CD161 

expression on the CD56dimCD16+/- NK cells in comparison to CD56dimCD16++ NK 

cells  (Figure 135B). 

 

In summary, though the 4 hour post activation phenotype does induce the 

CD56dimCD16+/- NK cell subpopulation, with similar expression profiles for CD161 as 

seen in cirrhosis, DNAM-1 expression was not significantly altered. However, it also 

resulted in a reduction of CXCR6 expression which was not in keeping with previous 

findings of CXCR6 expression on circulating CD56dimCD16+/- NK cells in cirrhosis. 

 

To determine if the phenotypic changes seen in circulatory NK cells in cirrhosis are 

secondary to prolonged activation, NK cells were incubated for 48hours with K562 

target cells and then phenotyped for the expression profiles of CXCR6, CD161 and 

DNAM-1 on NK cell subsets (Figure 136).
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Figure 135 Receptor expression on the induced CD56dimCD16+/- NK cell subset following a 4 hour co-

culture with K562 target cells. Peripheral blood mononuclear cells (PBMCs) from healthy volunteers 

(n=6) were thawed from frozen. Baseline phenotyping using Phenotyping panel 1 (as described in 

methods, table 3) was undertaken on each sample to determine the ex-vivo phenotype. Remaining 

unstained PBMCs from each donor were cultured in complete R10 media supplemented with IL15 

(1ng/ml) for 12 hours. Following this, PBMCs were washed, resuspended in fresh complete R10 media 

and co-cultured with K562 target cells for 4 hours as outlined in the methods. Surface expression of 

CXCR6 (Graph A), CD161 (Graph B), DNAM-1 (Graph C) was determined using flow cytometry following 

staining with Phenotyping Panel 1 (as described in methods, table 3).(Wilcoxon matched-pairs signed 

rank test used to make comparisons). Data in blue demonstrates the proportion of positive 

CD56dimCD16++ NK cells. Data in red demonstrates the proportion of positive CD56dimCD16+/- NK 

cells. Data in black demonstrates the proportion of positive CD56brightCD16- NK cells. (Graphs display 

individual values with the median value displayed by the bar. Comparisons between groups have been 

made using the paired Wilcoxon test between the same donors. Error bars represent the interquartile 

range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001). 

 

Following a 48hour incubation with K562 cells, CXCR6 expression was increased on the 

resulting CD56dimCD16+/- in comparison to CD56dimCD16++ NK cells, but this did not reach 

significance (Figure 136A). CD161 expression was also reduced in the CD56dimCD16+/- 

fraction (Figure 136B) but differences in DNAM-1 expression did not reach significance (Figure 

136C). 
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Figure 136 Receptor expression on the induced CD56dimCD16+/- NK cell subset following a 48 hour co-

culture with K562 target cells. Peripheral blood mononuclear cells (PBMCs) from healthy volunteers 

(n=6) were thawed from frozen. Baseline phenotyping using Phenotyping panel 1 (as described in 

methods, table 3) was undertaken on each sample to determine the ex-vivo phenotype. Remaining 

unstained PBMCs from each donor were cultured in complete R10 media supplemented with IL15 

(1ng/ml) for 12 hours. Following this, PBMCs were washed, resuspended in fresh complete R10 media 

and co-cultured with K562 target cells for 48 hours as outlined in the methods. Surface expression of 

CXCR6 (Graph A), CD161 (Graph B), DNAM-1 (Graph C) was determined using flow cytometry following 

staining with Phenotyping Panel 1 (as described in methods, table 3).(Wilcoxon matched-pairs signed 

rank test used to make comparisons). Data in blue demonstrates the proportion of positive 

CD56dimCD16++ NK cells. Data in red demonstrates the proportion of positive CD56dimCD16+/- NK 

cells. Data in black demonstrates the proportion of positive CD56brightCD16- NK cells. (Graphs display 

individual values with the median value displayed by the bar. Comparisons between groups have been 

made using the paired Wilcoxon test between the same donors. Error bars represent the interquartile 

range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001). 

 

4.3.3 Post-activation phenotype following co-culture with Huh7 cells 
To determine if the CD56dimCD16+/- NK cells profile seen in patients with cirrhosis could be 

induced following exposure to diseased hepatocytes, the following experiments were 

conducted using Huh7 cells as target cells.  

Peripheral circulating mononuclear cells (PBMCs) from healthy donors (n=13) were incubated 

with Huh 7 cells under the following conditions for 48 hours, as described in the methods: 

direct incubation with Huh7 cells (PBMCs incubated within the same well as Huh7 cells); 

indirect incubation with Huh7 cells (PBMCs plated on top of a porous membrane placed above 

the Huh7 cells, allowing free flow of media within the well but prohibiting cell to cell contact); 

direct incubation with heat damaged Huh7 cells (Huh7 cells suspended in media and heated 

for 1 minute in a waterbath at 70°C and then plated in wells with the same media). All Huh7 

cells were plated and left to rest overnight at 37°C, before adding PBMCs, in a 1:5 ratio 

(Huh7:PBMCs) as described in the methods. 
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Figure 137 Huh7 cells with or without heat damage. Huh 7 cells were suspended in media and placed 

in a waterbath at 70°C for 1 minute. They were then stained with a live/dead surface amine binding 

fluorescent dye and compared to Huh7 cells that had not undergone heat treatment. The above plots 

demonstrate a lower proportion of live Huh7 cells following heat damage. Heat damage Huh7 cells 

were resuspended in the same media within which they were exposed to the heat damage and plated 

into 24 well plates. 

There was a significant increase in the CD56dimCD16+/- NK cell subpopulation following co-

culture with heat damaged Huh7 cells (Figure 138). Incubation with Huh7 cells under all 

conditions resulted in a significant upregulation in CXCR6 (Figure 139) and a downregulation 

in CD161 as seen on circulating CD56dimCD16+/- NK cells in cirrhosis (Figure 140). However, 

only the co-culture with heat damaged Huh7 cells also resulted in a CD56dimCD16+/- NK cell 

subpopulation with a significant reduction in DNAM-1 expression in comparison to 

CD56dimCD16++ NK cells (Figure 141). 
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Figure 138 Post activation phenotype in healthy peripheral blood NK cells incubated with Huh7 cells 

for 48 hours. Peripheral blood mononuclear cells (PBMCs) from healthy volunteers (n=13) were thawed 

from frozen. Baseline phenotyping using Phenotyping panel 1 (see methods, Table 3) was undertaken 

on each sample to determine the ex-vivo phenotype. Remaining unstained PBMCs from each donor 

were cultured in complete R10 media supplemented with IL15 (1ng/ml) for 12 hours. Following this, 

PBMCs were washed, resuspended in fresh complete R10 media and co-cultured with pre-plated Huh7 

target cells for 48 hours as outlined in the methods, with one sample from each donor being cultured 

in complete R10 media without Huh7 target cells. Following 48hours of culture, PBMCs were stained 

with Phenotyping Panel 1 (Table 3) and the proportion of CD56dimCD16+/- NK cells was determined 

using flow cytometry. The CD56dimCD16+/- NK cell proportion within the PBMCs cultured without 

Huh7 cells was compared to the proportion of CD56dimCD16+/- NK cells after a 48 hour co-culture in 

direct contact with live or heat-damaged Huh7 cells, or co-cultured in the same well as Huh7 cells but 

separated by a barrier (indirect co-culture). Comparisons were made using the paired Wilcoxon test 

between the same donors. Graphs display individual values with the median value displayed by the 

bar. Error bars represent the interquartile range. P values are denoted on the figures as follows: * 

p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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Figure 139 CXCR6 expression on NK cell subsets following 48hour co-culture with Huh7 cells. Peripheral 

blood mononuclear cells (PBMCs) from healthy volunteers (n=13) were thawed from frozen. Baseline 

phenotyping using Phenotyping panel 1 (as described in methods, table 3) was undertaken on each 

sample to determine the ex-vivo phenotype. Remaining unstained PBMCs from each donor were 

cultured in complete R10 media supplemented with IL15 (1ng/ml) for 12 hours. Following this, PBMCs 

were washed, resuspended in fresh complete R10 media and co-cultured with pre-plated Huh7 target 

cells in a 5:1 ratio for 48 hours as follows: Direct culture with Huh7 (PBMCs incubated within the same 

well as Huh7 cells); Indirect culture with Huh7 (PBMCs plated on top of a porous membrane placed 

above Huh7 cells, allowing free flow of media within the well but prohibiting cell to cell contact); Direct 

culture with damaged Huh7 (Huh7 cells suspended in media, heated for 1 minute in a waterbath at 

70°C and then plated in wells with the same media). Following 48hours, PBMCs were stained with 

Phenotyping panel 1 (as described in methods, table 3) and CXCR6 expression determined using flow 
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cytometry. CXCR6 expression on each NK cell subset for each condition was compared using the paired 

Wilcoxon test between the same donors. Graphs display individual values with the median value 

displayed by the bar. Error bars represent the interquartile range. P values are denoted on the figures 

as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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Figure 140 CD161 expression on NK cell subsets following 48hour co-culture with Huh7 cells. Peripheral 

blood mononuclear cells (PBMCs) from healthy volunteers (n=13) were thawed from frozen. Baseline 

phenotyping using Phenotyping panel 1 (as described in methods, table 3) was undertaken on each 

sample to determine the ex-vivo phenotype. Remaining unstained PBMCs from each donor were 

cultured in complete R10 media supplemented with IL15 (1ng/ml) for 12 hours. Following this, PBMCs 

were washed, resuspended in fresh complete R10 media and co-cultured with pre-plated Huh7 target 

cells in a 5:1 ratio for 48 hours as follows: Direct culture with Huh7 (PBMCs incubated within the same 

well as Huh7 cells); Indirect culture with Huh7 (PBMCs plated on top of a porous membrane placed 

above Huh7 cells, allowing free flow of media within the well but prohibiting cell to cell contact); Direct 

culture with damaged Huh7 (Huh7 cells suspended in media, heated for 1 minute in a waterbath at 

70°C and then plated in wells with the same media). Following 48hours, PBMCs were stained with 

Phenotyping panel 1 (as described in methods, table 3) and CD161 expression determined using flow 
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cytometry. CXCR6 expression on each NK cell subset for each condition was compared using the paired 

Wilcoxon test between the same donors. Graphs display individual values with the median value 

displayed by the bar. Error bars represent the interquartile range. P values are denoted on the figures 

as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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Figure 141 DNAM-1 expression on NK cell subsets following 48hour co-culture with Huh7 cells. 

Peripheral blood mononuclear cells (PBMCs) from healthy volunteers (n=13) were thawed from frozen. 

Baseline phenotyping using Phenotyping panel 1 (as described in methods, table 3) was undertaken on 

each sample to determine the ex-vivo phenotype. Remaining unstained PBMCs from each donor were 

cultured in complete R10 media supplemented with IL15 (1ng/ml) for 12 hours. Following this, PBMCs 

were washed, resuspended in fresh complete R10 media and co-cultured with pre-plated Huh7 target 

cells in a 5:1 ratio for 48 hours as follows: Direct culture with Huh7 (PBMCs incubated within the same 

well as Huh7 cells); Indirect culture with Huh7 (PBMCs plated on top of a porous membrane placed 

above Huh7 cells, allowing free flow of media within the well but prohibiting cell to cell contact); Direct 

culture with damaged Huh7 (Huh7 cells suspended in media, heated for 1 minute in a waterbath at 

70°C and then plated in wells with the same media). Following 48hours, PBMCs were stained with 

Phenotyping panel 1 (as described in methods, table 3) and CD161 expression determined using flow 
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cytometry. DNAM-1 expression on each NK cell subset for each condition was compared using the 

paired Wilcoxon test between the same donors. Graphs display individual values with the median value 

displayed by the bar. Error bars represent the interquartile range. P values are denoted on the figures 

as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

In summary, prolonged co-culture with damaged Huh7 cells reproduced the phenotype of the 

CD56dimCD16+/- NK cell subpopulation as seen in patients with cirrhosis: an increased 

CD56dimcD16+/- NK cell subset with reduced DNAM1 expression, reduced CD161 expression 

and increased CXCR6 expression. 

 

 

 

 

4.4 Discussion 

Using a number of different techniques, I have identified and characterised a 

CD56dimCD16+/- NK cell subpopulation that is expanded in patients with cirrhosis and 

persists in some patients with HCC.  

 

Surface and gene expression profiles revealed a reduction in expression of some activating 

receptors, including DNAM-1, but an increase in CD160 (results summarised in Table 15 

below). Furthermore, there was an altered inhibitory receptor profile, with reduced CD161 

expression on CD56dimCD16+/- NK cells although there is an overall increased expression of 

CD161 on all subsets in cirrhosis in comparison to healthy controls. There was also an 

intermediate expression with regards to genes related to immaturity (IL7R, TCF7) but this was 

not supported by analysis of protein expression using flow cytometry. However, there was a 

lower protein expression of CD57 (associated with terminal maturation) in comparison to the 

mature CD56dimCD16++ NK cell subset. 
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KLRG1 has been described as a marker of terminal differentiation in T cells. KLRG1 has also 

been associated with murine NK cell exhaustion in association with a downregulation of 

NKG2D (Alvarez et al., 2019). Furthermore, Elpek et al describe mature NK cells with increased 

KLRG1 expression following prolonged activation with IL-15, that demonstrate a reduced 

functional capacity and reduced DNAM-1 expression (Elpek et al., 2010). Whilst KLRG1 is 

expressed on the CD56dimCD16+/- NK cell subset, with a downregulation in DNAM-1 

expression, the CD56dimCD16++ NK cell subset also expresses KLRG1 expression in cirrhosis 

and does not demonstrate a downregulation in NKG2D. KLRG1 has also been described as an 

inhibitory receptor on NK cells upon interacting with the ligand E-cadherin that is expressed 

on K562 cells, and a potential checkpoint target for blockade in cancer therapy (Gründemann 

et al., 2010; Tata et al., 2021). Thus, expression of KLRG1 on CD56dim NK cells in cirrhosis may 

also explain some of the functional deficit seen against K562 cells in these experiments. 

Table 15 Summary of phenotypic and functional characteristics of the CD56dimCD16+/- NK cell 

subpopulation in cirrhosis comparison to classical NK cell subpopulations (CD56dimCD16++ and 

CD56brightCD16- NK cells). 

 CD56dimCD16++ CD56dimCD16+/- CD56brightCD16- 
Activating 
Receptors 

↑ DNAM-1 
↑ NKp46 
↑↑ CD16 

↓ DNAM-1 
↓ NKp46 
± CD16 

↓ DNAM-1 
↑NKp46 
- CD16 

Inhibitory 
receptors 

↑ CD161 
↑↑ KLRG1 

↔ CD161 
↑ KLRG1 
↑ CD74 
↑ LAIR1 

↓ CD161 
↓ KLRG1 

Intrahepatic NK 
cell markers 

↓ CXCR6 
↓ CCR5 

↑ CXCR6 
↑ CCR5 

↑ CXCR6 
↑ CCR5 

Maturity markers ↓ IL7R 
↑↑ CD57  

↓ IL7R 
↑ CD57 

↑↑IL7R 
- CD57 

Functional status ↑ Granzyme B 
↑Perforin 

↓ Granzyme B 
↓ Perforin 

↓ Granzyme B 
↓ Perforin 

Markers of 
Activation 

 ↑↑ HLA-DR  

 

The CD56dimCD16+/- NK cell subpopulation demonstrates an altered functional capacity 

compared to other NK cell subsets, with reduced IFNγ and TNFα production but preserved 

degranulation as demonstrated by CD107a expression in comparison to CD56dimCD16++ NK 

cells in response to K562 target cells. However, perforin and granzyme B expression within 



338 
 

CD56dimCD16+/- NK cells is lower than CD56dimCD16++ NK cells, and a reduced expression 

of surface CD16 implies a reduced capacity for antibody dependent cell mediated cytotoxicity 

(ADCC). 

 

NK cell polarisation towards cytotoxicity with reduced capacity for interferon production has 

been described in the context of chronic hepatitis C infection (Ahlenstiel et al., 2010). 

Ahlenstiel et al describe this NK cell subpopulation as expressing increased levels NKG2C, 

which is not seen in the CD56dimCD16+/- NK cell population described here. However, whilst 

the NK cell subpopulations may be different phenotypically, the functionally preserved 

cytotoxicity with reduce cytokine capacity is similar. Gene enrichment analysis further 

demonstrated reduced activity in DAP12 signalling in CD56dimCD16+/- NK cells in comparison 

to CD56dimCD16++ NK cells, indicating a reduced capacity for activation. This may explain the 

functional deficit seen in the CD56dim NK cells in cirrhosis. Furthermore, gene enrichment 

analysis demonstrated enrichment in the MHC class II presentation pathway, with HLA-DR 

genes upregulated on CD56dimCD16+/- NK cells. HLA-DR expression has been characterised 

following activation of NK cells, and hence further experiments were undertaken to see if the 

CD56dimCD16+/- NK cell subset may be a circulating activated NK cell subset. 

 

Prolonged co-culture of peripheral blood mononuclear cells, from healthy donors, with Huh7 

cells that had been damaged, releasing damage-associated molecular patterns (DAMPs), 

resulted in an increased proportion of CD56dimCD16+/- NK cells with a similar phenotypic 

profile to those found in the circulation of patients with cirrhosis. A higher proportion of 

circulating CD56dimCD16+/- NK cells also expressed CXCR6 and CCR5 in comparison to 

CD56dimCD16++ NK cells in cirrhosis, both surface receptors associated with liver homing and 

liver resident NK cells(Hudspeth et al., 2016; Stegmann et al., 2016). Furthermore, a small but 

significant proportion of circulating CD56dimCD16+/- NK cells were TbetloEOMEShi, 

characteristic of liver resident NK cells (Stegmann et al., 2016).  
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It is difficult to infer from this data whether the CD56dimCD16+/- subpopulation arises in the 

circulation after exposure to DAMPs released into the circulation following damage to the 

liver, or whether the subpopulation arises as a result of passage through the inflamed liver 

and activation following cell to cell contact. Along with apoptotic cell death, hepatocyte 

necrosis and the release of DAMPs has been described in ALD and MASLD (Albillos et al., 2014; 

Mihm, 2018). DAMPs released locally and may activate circulating NK cells via the hepatic 

lymph nodes but DAMPs have also been detected in the circulation, for example, keratin 18, 

expressed by hepatocytes, can be found in the circulation following hepatic necrosis in alcohol 

related liver disease (Albillos et al., 2014; Mihm, 2018). Therefore, exposure to DAMPs in the 

circulation could explain the CD56dimCD16+/- NK cell profile seen in patients with cirrhosis. 

Furthermore, NK cells have been postulated to be retained within sinusoids following 

engagement of CXCR6 and CCR5, and therefore do not re-enter the circulation (Hudspeth et 

al., 2016). However, this was determined using healthy liver tissue, and it is not clear if liver 

damage and disease progression would result in a release of NK sinusoidal cells into the 

circulation. Indeed, a combination of these processes may explain the heterogeneity of this 

NK cell subpopulation. It would be interesting to study NK cell subpopulations in patients with 

cirrhosis undergoing liver surgery to see if the release of DAMPs in that scenario does indeed 

increase the circulating CD56dimCD16+/- NK subpopulation. Furthermore, gene expression 

and pathway analysis predicted that exposure of NK cells to TGF beta, a cytokine found in 

abundance in cirrhosis and the pathogenesis of fibrosis, may account for the differential gene 

expression seen in CD56dimCD16+/- NK cells in comparison to CD56dimCD16++ NK cells. 

 

The effect of pathogen associated molecular patterns (PAMPs) on NK cells was not evaluated 

here. PAMPs have been well documented in cirrhosis, due to an increased gut permeability 

(‘leaky gut’) resulting in increased pathogen exposure in the liver as well as in the circulation 

(Albillos et al., 2014). The ability of NK cells to alter immune responses after direct recognition 

of bacterial and viral PAMPs has been demonstrated (Oth et al., 2018), and it would be worth 

investigating if recurrent or persistent exposure of NK cells to PAMPs could also contribute to 

the NK cell phenotype documented here. 
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NK cell activation has been associated with a reduction in the surface expression of CD16. A 

disintegrin and metalloprotease-17 (ADAM17) expressed in NK cells results in shedding of 

CD16 following NK cell activation (Romee et al., 2013). However, inhibition of ADAM17 did 

not result in a reduction in the capacity of NK cells to produce cytokines but actually enhanced 

interferon gamma production when CD16 was crosslinked (Romee et al., 2013). Interestingly, 

IL-1beta stimulation results in an increase in EGR1 expression via ADAM17 (Sanchez-Guerrero 

et al., 2012). Furthermore, increased levels of ADAM17 and EGR1 expression were associated 

with an increased expression of proinflammatory cytokines (Junbing He et al., 2022). 

CD56dimCD16++ NK cells demonstrate a lower EGR1 expression in cirrhosis at the gene level, 

as demonstrated in chapter 3.  This reduction in EGR1 expression may therefore account for 

the reduced IFNG and TNF gene expression in cirrhosis compared to healthy NK cells as 

demonstrated in Chapter 3. Furthermore, whilst loss of CD16 and hence an increase in the 

CD56dimCD16+/- NK cell proportion after exposure to K562 targets was found, there was a 

lower proportion of CD56dimCD16+/- NK cells following exposure to K562 target cells in 

cirrhosis and HCC in comparison to healthy volunteers, along with an attenuated 

degranulation and interferon gamma response. It would be interesting to evaluate ADAM17 

protein expression in NK cells in cirrhosis, specifically in the CD56dimCD16++ and 

CD56dimCD16+/- NK cell subpopulations in cirrhosis and healthy volunteers to determine if 

ADAM17 is depleted in CD56dimCD16++ NK cells and if inhibition of ADAM17 could restore 

CD16 expression in the CD56dimCD16+/- NK cell subpopulation in cirrhosis. 

Whether the CD56dimCD16+/- NK cell subpopulation is harmful or beneficial in cirrhosis and 

HCC remains to be determined. It is important to note that the CD56dimCD16+/- NK cell 

subpopulation was increased in the majority of patients with cirrhosis. However, there was a 

significant proportion of patients with HCC on a background of cirrhosis who had reduced 

levels of circulating CD56dimCD16+/- NK cells (Chapter 3, Figure 41A). The proportion of 

CD56dimCD16+/- NK cells in HCC did not appear to correlate with aetiology or composite 

scores or BCLC staging (though BCLC staging was underpowered to detect significant 

differences). Further longitudinal studies following patients with cirrhosis who go on to 

develop HCC would be useful to delineate the true function of the CD56dimCD16+/- NK cell 

subpopulation. 
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5. Chapter 5: LLT1 expression in the liver and interaction with CD161+ 

NK cells 

5.1 Introduction 

CD161+ NK cells are increased in proportion in the circulation in cirrhosis as demonstrated in 

chapter 3. CD161 is a C-type lectin receptor expressed on the majority of NK cells(Aldemir et 

al., 2005; Kamishikiryo et al., 2011; Lanier et al., 1994; D. B. Rosen et al., 2005). CD161+NK 

cells have been demonstrated to have an increased capacity to secrete IFNγ in response to IL-

12 and IL-18 stimulation, an increased proliferative capacity and may play a pro-inflammatory 

role(Kurioka et al., 2018). However, engagement of CD161 results in inhibition of NK cell 

cytotoxicity and IFNγ production(D. B. Rosen et al., 2008). The CLEC2D gene produces several 

isoforms, but it is only the membrane bound C-type lectin receptor, Lectin-like Transcript 1 

(LLT1), that is the ligand for CD161(Aldemir et al., 2005; Germain et al., 2010; Kamishikiryo et 

al., 2011; D. B. Rosen et al., 2005). Reduced CD161 expression on NK cells has been associated 

with an increased rate of clearance of acute hepatitis C infection(Alter et al., 2011). 

Engagement of CD161 on NK cells by LLT1 has been demonstrated to reduce cytotoxicity and 

IFNγ production by NK cells(Germain et al., 2011). 

 

CD161 surface expression is not isolated to NK cells, but can also be found on CD4+ T cells and 

a subset of CD8+ T cells that home to the liver in disease(Billerbeck et al., 2010; Northfield et 

al., 2008). The greater proportion (90%) of the CD161++CD8+ T cells are Mucosal Associated 

Invariant T (MAIT) cells, which possess an invariant T cell receptor (TCR) that recognizes 

microbial vitamin B metabolites via MHC-like Receptor 1 (MR1)(Dusseaux et al., 2010; Walker 

et al., 2012). The CD161++CD8+ T cell population also contain the Tc17 cell population, which 

are enriched in the liver in chronic viral infection and expanded in HCC(Billerbeck et al., 2010; 

Kuang et al., 2010; Northfield et al., 2008). Though they do not have the Vα7.2 invariant TCR 

that MAIT cells have, they are phenotypically similar(Fergusson et al., 2014).  The functional 

effects of CD161 engagement on these CD8+ T cells appears to be costimulatory, boosting 

IFNγ and tumour necrosis factor alpha (TNFα) production on activation via the TCR(Aldemir 
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et al., 2005; Fergusson et al., 2014; D. B. Rosen et al., 2008). CD4+ T cells have also been 

identified to express CD161+ and encompass a group termed TH17 cells. These cells are able 

to secrete IL-17, produce IFNγ in response to activation by IL-23 and have a role in 

autoimmune conditions(Kleinschek et al., 2009).  

 

The LLT1 receptor is not usually found on circulating lymphocytes, but is expressed upon 

activation(Germain et al., 2011). Several mechanisms for the induction of LLT1 expression 

have been identified. Stimulation of dendritic cells with lipopolysaccharide, a toll- like 

receptor 4 agonist, induced LLT1 expression(Germain et al., 2011). LLT1, when expressed on 

activated NK cells, can induce IFNγ production, which subsequently further up-regulates LLT1 

expression via the ERK signaling pathway(Bambard et al., 2010; P. a Mathew et al., 2004). We 

have described infection with respiratory syncytial virus induces LLT1 expression on lung 

epithelium, confirming viral pathogen infection as another mechanism resulting in LLT1 

induction(Satkunanathan et al., 2014). Malignancy is another area that LLT1 up-regulation has 

been demonstrated. LLT1 has been demonstrated as being expressed on prostate and breast 

tumour tissue(Marrufo et al., 2018; S. O. Mathew et al., 2016). LLT1 expression has also been 

demonstrated on malignant glioblastoma tissue, and it is suggested that TGF beta may be 

another mechanism inducing LLT1 expression(Roth et al., 2007). An increase in CLEC2D gene 

expression has been demonstrated in a mouse liver cancer model(Coulouarn et al., 2011).  

 

Given the increase in CD161 surface receptor expression on circulating NK cells in cirrhosis, 

as demonstrated in chapter 3, in this chapter I aim to explore the following: 

1. Is LLT1, the ligand for CD161, expressed in the liver or in the circulation, and is 

expression different in healthy and disease states? If LLT1 expression is upregulated 

in the cirrhotic liver, is it present in non-viral aetiologies or limited to the virally 

infected liver? What are the underlying mechanisms causing an up regulation in LLT1 

expression? 

2. Is there an up regulation of T cell subsets expressing CD161 in cirrhosis? 

3. What are the functional consequences of the LLT1-CD161 interaction on NK cells?  
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5.2 LLT1 expression is up-regulated on liver epithelium in cirrhosis and Hepatocellular 

carcinoma 

LLT1 expression on liver tissue was determined by immunohistochemistry on formalin-fixed 

paraffin embedded liver tissue and findings corroborated utilising quantitative real-time PCR 

on snap frozen liver tissue. 

As LLT1 has been demonstrated to be upregulated on respiratory epithelium in viral infection, 

liver tissue from patients with or without cirrhosis from underlying previously treated 

Hepatitis C infection was included as a comparison. 

 

5.2.1 LLT1 expression on liver tissue determined by immunohistochemistry 

Structurally normal liver margins from patients undergoing liver resection for indications 

other than primary liver cancer (i.e. colorectal cancer metastases) were taken as 

representative of normal liver (n=18). LLT1 expression in normal liver was compared with 

biopsies demonstrating cirrhosis (n=24), liver resection tumour tissue demonstrating 

hepatocellular carcinoma (HCC, n=20) and background non-tumour liver tissue taken from 

the margins of the same resection specimens undertaken for patients with treatment naïve 

hepatocellular carcinoma (HCC) (n=15 demonstrating background cirrhosis, n=5 not 

demonstrating background cirrhosis) (Table 16). 
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Table 16 Demographics and clinical data for patients from whom liver LLT1 expression was determined 

using immunohistochemistry.  ALD = Alcohol related liver disease; MASLD – Metabolic dysfunction-

associated steatotic liver disease; HCC = Hepatocellular carcinoma; HCV – Hepatitis C viral infection. 

 Normal  

Liver 

Cirrhotic Liver HCC 

Total 18 24 20 

Age, years (range) 64.5    (53-78) 48.2    (29-64) 60.2    (37-72) 

Sex (n male/total) 10/18 15/24 16/20 

Cirrhosis (n/total) 

Aetiology: 

Viral (n/total cirrhotic) 

   HCV (n/total cirrhotic) 

   ALD (n/total cirrhotic) 

MASLD (n/total cirrhotic) 

ALD + Haemochromatosis (n/total cirrhotic) 

 

Vascular invasion (n/total cirrhotic): 

Tumour differentiation: 

   Well differentiated (n/total cirrhotic) 

   Moderately differentiated (n/total cirrhotic) 

   Poorly differentiated (n/total cirrhotic) 

 

 

24/24  

 

16/24 

16/24 

5/24 

3/24 

0/24 

15/20  

 

 

6/15 

3/15 

4/15 

2/15 

 

10/15 

 

0/15 

11/15 

4/15 

Non-cirrhotic (n/total) 

Aetiology: 

Viral (n/total non-cirrhotic) 

   HCV (n/total non-cirrhotic) 

 0/24 

 

 

5/20 

 

5/5 

5/5 

 

Normal liver hepatocytes demonstrated a weak homogenous expression of LLT1, with 

strongly positive staining non-hepatocyte sinusoidal and perisinusoidal cells (Figure 142). 

Immunohistochemistry for LLT1 expression demonstrated a uniform homogenous up-

regulation in hepatocyte expression in cirrhosis in comparison to normal liver tissue, with 

both cytosolic and membranous staining present (Figure 143B). Immunohistochemistry for 

LLT1 expression in HCC specimens however, demonstrated variable expression, with some 

tumour tissue demonstrating up-regulation in comparison to background hepatocytes from 
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the same patient, and vice versa in other cases (Figure 143C). HCC tumour tissue 

demonstrated further variability: some tumours demonstrated random patchy expression 

across the same resection specimen and tissue slide; some demonstrated up-regulation of 

LLT1 in tumour cells along the invading edge of the tumour and/or within the surrounding 

background liver tissue; some tumours demonstrating random single positive cells within the 

tumour. LLT1 expression was also evaluated in cholangiocarcinoma resection specimens in 

order to determine whether LLT1 expression was up-regulated in other primary liver cancers, 

but cholangiocarcinoma was negative for LLT1 (Appendix 8.7).  

 

 

Figure 142 Immunohistochemistry demonstrating LLT1 expression in normal liver. Normal margins 

from liver resections conducted for non-HCC indications (i.e. liver resections for colorectal metastases) 

were stained for LLT1 (1:4000 dilution, anti-human CLEC2D mouse monoclonal antibody (Abnova, 

clone 4C7)). Hepatocytes demonstrate weak positive homogenous staining for LLT1 while sinusoidal 

and perisinusoidal cells demonstrate strongly positive staining (image displayed at x20 magnification).  
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Figure 143 Immunohistochemistry demonstrating LLT1 expression on formalin fixed paraffin 

embedded (FFPE) liver tissue. Tissue slides at 3µm thickness were prepared from FFPE blocks of liver 

tissue demonstrating normal liver margins from liver resections undertaken for indications other than 

primary liver cancer (e.g. colorectal metastases), cirrhotic liver tissue from patients with cirrhosis and 

without HCC (any aetiology), HCC tumour tissue and HCC non-tumour background liver tissue from the 

same patients (any aetiology). Tissue slides were stained with LLT1 (1:4000 dilution, anti-human 

CLEC2D mouse monoclonal antibody (Abnova, clone 4C7)) and haematoxylin. 3 representative images 
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from different donors are demonstrated here for each tissue type. Images are displayed at x20 

magnification. A) Microscopically normal liver tissue from liver resection margins from patients 

without HCC. B) Cirrhotic liver biopsy tissue from patients without HCC. C) Liver tissue from liver 

resections for treatment naïve patients with HCC demonstrating tumour tissue, and D) background 

(non-tumour) cirrhotic liver tissue from liver resections for patients with HCC. E) Positive control 

(salivary gland tissue). F) Negative control (unstained liver tissue). 

To take into account the variability in expression across tumour samples, a weighted scoring 

system was devised to quantitate LLT1 expression as described in the methods, Chapter 2 

(Figure 4 and Table 5). The staining intensity (negative, weak, moderate, strong) was 

determined against positive and negative control slides for each staining batch, and 

corresponding contrast levels set using ImageJ 1.48v software. Entire stained slides for each 

tissue type were scanned and images taken of the entire slide at the same magnification 

(0.45x) using NDPview v2.4.26. The total area of liver tissue (healthy, cirrhotic, background 

non-tumour tissue) was outlined and measured using ImageJ. For patients with HCC, the total 

area of HCC tumour tissue on the slide was outlined and measured using ImageJ. Contrast 

thresholds for each staining intensity were then applied to the image. The area of tissue 

corresponding to each staining intensity was measured and calculated as a percentage of the 

total tissue area on the slide (for healthy, cirrhotic, background non-tumour liver) or as a 

percentage of the total tumour area on the slide (hepatocytes only; fibrous, vascular and 

connective tissue areas were excluded; Figure 4). Each staining intensity was given a weighted 

score to reflect numerically the strength of the staining (0 for negative, 1 for weak, 2 for 

moderate, 3 for strong), and each percentage area of the slide corresponding to each staining 

intensity was multiplied by this weighted score (minimum score of 0 for an entirely negatively 

staining slide; maximum score of 300 for a slide with all of the hepatocytes staining strongly, 

Table 5). The total LLT1 Expression Score was the sum of each weighted score at each staining 

intensity for each tissue slide (Table 5). Statistical analyses were performed using Prism 9 

software, using the Mann-Whitney test to compare different groups, and the Wilcoxon 

matched pairs test to compare matched HCC and background liver tissue expression scores.  

Normal liver tissue was initially compared to all cirrhotic biopsy samples and HCC samples on 

a background of cirrhosis (tumour and non-tumour background tissue) LLT1 

immunohistochemistry expression scores were significantly higher in all tissue types 
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compared normal liver. Normal liver samples were also compared to HCC samples arising 

within non-cirrhotic livers (tumour and non-tumour tissue) (Figure 144 B). LLT1 expression 

scores were higher in both HCC tumour tissue and non-cirrhotic background liver tissue 

compared to normal liver.  Significance was maintained when separating out patients with 

cirrhosis and HCC secondary to a viral cause (hepatitis C infection) and patients with cirrhosis 

and HCC secondary to a non-viral cause (ALD and MASLD) (Figure 146). 

It is important to note that all non-cirrhotic samples with HCC in this group were patients with 

previously treated Hepatitis C virus. Comparison of LLT1 expression scores in the liver in 

patients with cirrhosis of a non-viral aetiology also demonstrated raised LLT1 expression 

scores in comparison to healthy livers (Figure 145). 

HCC tumour tissue and background cirrhotic liver margins from HCC resections demonstrated 

a lower LLT1 expression score in comparison to cirrhotic biopsy liver tissue, however 

significance this did not reach significance. There was wide variability in LLT1 expression in 

HCC tumour tissue and background non-tumour tissue from patients with HCC.  
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Figure 144 LLT1 is upregulated in the liver in disease. Immunohistochemistry on healthy liver tissue 

(normal liver margins from resections undertaken for indications other than primary liver cancer), 
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cirrhotic liver tissue, tumour tissue and paired non-tumour background liver tissue from patients with 

HCC was undertaken for LLT1 expression (1:4000 dilution, clone 4C7, Abnova). The LLT1 expression 

score for each sample was calculated as described in the methods (Chapter 2 and in Figure 4 and Table 

5). The higher the expression score, the greater the intensity of LLT1 staining was seen in the liver. 

Graph A) displays LLT1 expression scores in patients with cirrhosis or HCC on a background of cirrhosis. 

All groups had significantly higher LLT1 expression scores than in healthy livers as displayed (in addition 

healthy vs HCC cirrhotic background liver p<0.001**; healthy vs HCC tumour tissue p<0.05*). Graph B) 

displays LLT1 expression scores in patients with HCC with a non-cirrhotic background liver. Again all 

patients had an increase in LLT1 expression scores compared to the healthy group. It is important to 

note that all patients in this non-cirrhotic group had underlying treated Hepatitis C infection. 

Comparisons between groups were made using the non-parametric Mann-Whitney test, apart from 

when comparing the paired samples of HCC tumour tissue and HCC background liver tissue, where the 

Wilcoxon-paired test was used. Paired analyses between samples of HCC tumour tissue and samples 

of HCC background liver tissue did not show a significant relationship with or without underlying 

cirrhosis. Graphs display LLT1 expression scores for individual patient samples with the median value 

displayed by the bar. Error bars represent the interquartile range. P values are denoted on the figures 

as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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Figure 145 LLT1 expression is increased on hepatocytes in cirrhosis of all aetiologies. 

Immunohistochemistry on healthy liver tissue (normal liver margins from resections undertaken for 

indications other than primary liver cancer) and cirrhotic liver tissue without HCC  was undertaken for 

LLT1 expression (1:4000 dilution, clone 4C7, Abnova). The LLT1 expression score for each sample was 

calculated as described in the methods (Chapter 2 and in Figure 4 and Table 5). The higher the 

expression score, the greater the intensity of LLT1 staining was seen in the liver. Groups compared 

were patients with cirrhosis secondary to previous chronic Hepatitis C (HCV), Alcohol related liver 

disease (ALD) and Metabolic dysfunction-associated steatotic liver disease (MASLD). Comparisons 

between groups were made using the non-parametric Mann-Whitney test. Graphs display LLT1 

expression scores for individual patient samples with the median value displayed by the bar. Error bars 

represent the interquartile range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001). 
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Figure 146 LLT1 expression in cirrhosis and Hepatocellular carcinoma (HCC) separated by underlying 

aetiology (viral or non-viral aetiology). Immunohistochemistry on healthy liver tissue (normal liver 
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margins from resections undertaken for indications other than primary liver cancer), cirrhotic liver 

tissue, tumour tissue and paired non-tumour background liver tissue from patients with HCC was 

undertaken for LLT1 expression (1:4000 dilution, clone 4C7, Abnova). The LLT1 expression score for 

each sample was calculated as described in the methods (Chapter 2 and in Figure 4 and Table 5). The 

higher the expression score, the greater the intensity of LLT1 staining was seen in the liver. Graph A) 

displays LLT1 expression scores in patients with cirrhosis or HCC on a background of cirrhosis secondary 

to treated Hepatitis C infection (HCV). All groups had significantly higher LLT1 expression scores than 

in healthy livers as displayed (in addition healthy vs HCC cirrhotic background liver p<0.05*; healthy vs 

HCC tumour tissue p<0.001**). Graph B) displays LLT1 expression scores in patients with cirrhosis or 

HCC on a background of cirrhosis secondary to Alcohol related liver disease (ALD) or Metabolic 

dysfunction-associated steatosis of the liver (MASLD). Again all patients had an increase in LLT1 

expression scores compared to the healthy group. Comparisons between groups were made using the 

non-parametric Mann-Whitney test, apart from when comparing the paired samples of HCC tumour 

tissue and HCC background liver tissue, where the Wilcoxon-paired test was used. Paired analyses 

between samples of HCC tumour tissue and samples of HCC background liver tissue did not show a 

significant relationship. Graphs display LLT1 expression scores for individual patient samples with the 

median value displayed by the bar. Error bars represent the interquartile range. P values are denoted 

on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). Comparisons were further 

made between patients with ALD cirrhosis and MASLD cirrhosis, and comparing HCC and underlying 

ALD cirrhosis with patients with HCC and underlying MASLD cirrhosis but no significant differences 

were seen. 

Given the wide variation of LLT1 expression seen in HCC tissue, paired sample analysis was 

undertaken to see if there was a pattern in the geographical distribution of LLT1. LLT1 

expression scores were determined for HCC tumour tissue, paired background liver tissue 

adjacent to the tumour and background liver tissue distal from the tumour from the same 

patient (if available)) (Figure 147). Comparisons were undertaken using the paired Wilcoxon 

test. There were no significant detectable patterns in LLT1 expression across tumour and 

background resection tissue with underlying cirrhosis, regardless of the underlying viral or 

non-viral aetiology.   
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Figure 147 LLT1 expression in HCC tumour tissue and adjacent background liver tissue and distal 

background liver tissue in patients with underlying cirrhosis. Paired analyses looking at the LLT1 
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expression distribution across tumour tissue, adjacent background liver tissue and liver tissue distal to 

the tumour in A) all samples, B) virally infected samples with previous hepatitis C infection (HCV) and 

C) non-infected samples (ALD and MASLD). Immunohistochemistry for LLT1 expression (1:4000 

dilution, clone 4C7, Abnova) was undertaken on liver resection specimens undertaken for HCC. The 

LLT1 expression score for each sample was calculated as described in the methods (Chapter 2 and in 

Figure 4 and Table 5). The higher the expression score, the greater the intensity of LLT1 staining was 

seen in the liver. Comparisons between groups were made with the Wilcoxon matched pairs test. 

Graphs display LLT1 expression scores for individual patient samples with the median value displayed 

by the bar. Error bars represent the interquartile range. P values are denoted on the figures as follows: 

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). There were no significant consistent patterns in the 

geographical expression of LLT1 across the tumour and adjacent background non-tumour liver. 

Furthermore, HCC tumour LLT1 expression reach significance when separated by the 

presence of underlying vascular invasion or with degree of tumour differentiation (Figure 

148). 
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Figure 148 Immunohistochemistry LLT1 expression scores in HCC tumour tissue in patients with 

underlying cirrhosis depending on the presence of vascular invasion and tumour differentiation. 

Immunohistochemistry for LLT1 expression (1:4000 dilution, clone 4C7, Abnova) was undertaken on 

liver resection specimens undertaken for HCC. The LLT1 expression score for each sample was 

calculated as described in the methods (Chapter 2 and in Figure 4 and Table 5). The higher the 

expression score, the greater the intensity of LLT1 staining was seen in the liver. Graph A demonstrates 
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LLT1 expression scores within HCC tumour tissue in patients with cirrhosis of any underlying aetiology 

and the presence or absence of vascular invasion histologically. Graph B demonstrates the LLT1 

expression scores within HCC tumour tissue in patients with cirrhosis of any underlying aetiology and 

the underlying tumour differentiation. Comparisons between groups were made using the non-

parametric Mann-Whitney test. Graphs display LLT1 expression scores for individual patient samples 

with the median value displayed by the bar. Error bars represent the interquartile range. 

In order to determine the nature of the sinusoidal and perisinusoidal cells that were strongly 

positive for LLT1 in normal liver tissue, immunohistochemistry double staining for LLT1 with 

either CD68(Tomita et al., 1994) (monocyte/macrophage/Kupffer cells), vimentin(Shang et 

al., 2018) (hepatic stellate cells), CD20(Huang et al., 2016) (B cells) or CD3(Dimitropoulou et 

al., 2011) (T cells) was undertaken in three different normal liver samples. Co-localisation was 

subsequently analysed using Nuance technology (Figure 149). LLT1 positive cells were found 

to co-localise to different extents with the other markers (Figure 150). Cells expressing 

vimentin, CD68, CD20 and CD3, all expressed LLT1 to varying degrees, with a minimal number 

of vimentin positive cells co-expressing LLT1 (range 0.13%-17.27%), and with larger 

proportions of CD20 expressing cells co-expressing LLT1 (range 29.1%-50.2%), CD68 positive 

cells co-expressing LLT1 (1.00%-25.0%) and CD3 positive cells co-expressing LLT1 (12.1%-

44.1%). The differences in LLT1 positive cells co-expressing different cell surface markers did 

not reach significance. LLT1 is known to be up-regulated and expressed on activated 

haematopoietic cells(Germain et al., 2011) but surface expression has not been described on 

vimentin-positive stellate cells. In fact, Hou et al state that activated stellate cells did not up-

regulate CLEC2D(Hou et al., 2012).  
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Figure 149 Characterisation of LLT1 expressing cells in normal liver. Formalin fixed paraffin embedded 

normal liver tissue taken from the margins of liver resections undertaken for indications other than 

primary liver cancer (n=3) was double stained for LLT1 (Fast red chromagen) and either Vimentin (A), 

CD68 (B). CD20 (C) or CD3 (D) (vector blue chromagen) (left panel of A-D, at x40 magnification). Nuance 

technology was utilised to capture five images from each normal liver sample and demonstrate 

colocalisation of LLT1 with the other markers (corresponding images on right panel: red areas signify 

LLT1 positive cells, blue areas signify positive staining for either Vimentin (A), CD68 (B), CD20 (C), or 
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CD3 (D), yellow areas mark colocalisation).  5 measurements from each normal liver sample were 

taken, measuring the percentage of cells that are positive for the marker of interest that are also 

expressing LLT1 and vice versa. 
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Figure 150 The co-localisation of LLT1 on sinusoidal and perisinusoidal cells with other markers. 

Following double staining for LLT1 (Fast red chromagen) and markers Vimentin, CD68, CD20 or CD3 

(Vector blue chromagen) as described in methods and in Figure 149, Nuance technology was utilised 
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to identify and quantitate co-expression of LLT1 and these markers. 5 images at x40 magnification 

were taken across each normal liver tissue sample (n=3). Nuance technology identified the number of 

LLT1 positive cells in each image, the number of cells expressing a marker of interest 

(Vimentin/CD68/CD20/CD3) within the same image, and the number of cells expressing both LLT1 and 

the marker of interest (co-localisation). Measurements were taken from each of the five images of 

each normal liver tissue sample (n=3), measuring the proportion of LLT1 expressing cells in each sample 

that are also positive for each of the markers of interest (Graph A) and total proportion of cells 

expressing the marker of interest (Vimentin, CD68, CD20 or CD) and LLT1 (Graph B). 

5.2.2 LLT1 expression on liver tissue as determined by quantitative real-time PCR 

In order to ratify the increased expression of LLT1 seen in cirrhosis, LLT1 expression was 

relatively quantified using real-time PCR. RNA was extracted from snap frozen liver tissue 

(normal liver margins from liver resections for indications other than primary liver cancer 

(n=6), cirrhotic liver samples from explant tissue (n=5), HCC tumour tissue and paired 

background tissue from explant/resection tissue with cirrhosis (n=6) or without cirrhosis 

(n=6)) and converted to cDNA as described in the methods in chapter 2 (see Table 17 below 

for patient characteristics). Each cDNA sample was run in duplicates, with duplexing for LLT1 

with GAPDH as the endogenous control.  Reactions were run for 40 cycles, Ct values averaged 

across replicates, ΔΔCt values calculated and 2ΔΔCt plotted to determine the relative expression 

of LLT1 in each tissue sample. 
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Table 17 Demographics and clinical data for patients from whom liver tissue samples were used for 

quantitative PCR for LLT1 expression. Fresh liver tissue samples taken within 12hours of resection or 

from a liver explant were snap frozen in liquid nitrogen and stored in liquid nitrogen at –190°C. For 

patients with Hepatocellular carcinoma (HCC), HCC tumour tissue, adjacent liver non-tumour tissue 

and background liver tissue distal to the tumour was stored where available. ALD = Alcohol related 

liver disease. MASLD = Metabolic dysfunction-associated steatotic liver disease. 

 Normal  

Liver 

Cirrhotic Liver HCC 

Total 6 5 12 

Age, years (range) 66    (53-78) 58   (50-64) 68    (52-72) 

Sex (n male/total) 6/6 2/5 9/12 

Cirrhosis (n/total) 

Aetiology: 

   ALD (n/total cirrhotic) 

MASLD (n/total cirrhotic) 

 

 

5/5  

 

5/5 

0/5 

6/12 

 

5/6 

1/6 

Non-cirrhotic (n/total) 

Aetiology: 

   ALD (n/total non-cirrhotic) 

   MASLD (n/total non-cirrhotic) 

 0/5 

 

 

6/12 

 

5/6 

1/6 

 

LLT1 expression was significantly raised in cirrhotic liver and HCC on a background of cirrhosis 

compared to normal liver (Figure 151). All cirrhotic liver tissue samples demonstrated an 

increased expression of LLT1 compared to normal tissue (Figure 151). Although HCC tumour 

tissue demonstrated an overall increased expression of LLT1 compared to normal liver 

regardless of whether there was underlying cirrhosis, the expression of LLT1 was hugely 

variable within the tumour tissue (range 2ΔΔCt values 0.53 – 76432), with some tumour tissue 

demonstrating high expression of LLT1 and some tumour samples demonstrating very little 

LLT1. Analysis of HCC tumour tissue and paired background liver tissue (with the Wilcoxon 

matched-pairs signed rank test) did not demonstrate a significant pattern in samples with 

underlying cirrhosis or non-cirrhotic samples respectively. 
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Figure 151 LLT1 expression is increased in patients with cirrhosis and variable in patients with HCC on 

a background of cirrhosis. Liver tissue taken within 12 hours of liver resection or explant was snap 

frozen and stored in liquid nitrogen. RNA was extracted from tissue samples and cDNA formed (Qiagen, 

Germany). Real time reverse transcription (RT)-PCR for LLT1 expression (CLEC2D gene) was performed 

using a TaqMan gene expression assay, multiplexing FAM dye-labelled LLT1 probe with VIC dye-

labelled GAPDH probe (GAPDH used as an endogenous control). Each sample was run in duplicate with 

the difference in threshold cycles for LLT1 and GAPDH calculated for each sample (ΔCT) and the 

difference in ΔCT between normal liver, cirrhotic liver and HCC tumour tissue samples (ΔΔCT). Reactions 
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were run for 40 cycles, CT values averaged across replicates. The fold change in LLT1 expression was 

expressed as 2ΔΔCT. Statistical comparisons were made using Mann-Whitney tests (with Wilcoxon 

matched-pairs signed rank test when comparing HCC tumour samples with the HCC background liver 

from the same donor). Graphs display the average LLT1 relative quantification for individual patient 

samples with the median value displayed by the bar. Error bars represent the interquartile range. P 

values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). LLT1 

expression was increased in cirrhotic liver tissue in comparison to normal liver tissue. There was wide 

variability in LLT1 expression in HCC and background non-tumour cirrhotic liver tissue from patients 

with HCC. 

 

Quantitative PCR was also undertaken for liver tissue samples from patients with HCC but 

without underlying cirrhosis (Figure 152). While LLT1 expression was increased in HCC 

background non-tumour liver tissue in comparison to normal liver tissue, there was again 

wide variability seen in LLT1 expression in HCC and background non-tumour liver tissue.  
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Figure 152 LLT1 expression in patients with HCC without underlying cirrhosis. Liver tissue taken within 

12 hours of liver resection or explant was snap frozen and stored in liquid nitrogen. RNA was extracted 

from tissue samples and cDNA formed (Qiagen, Germany). Real time reverse transcription (RT)-PCR for 

LLT1 expression (CLEC2D gene) was performed using a TaqMan gene expression assay, multiplexing 

FAM dye-labelled LLT1 probe with VIC dye-labelled GAPDH probe (GAPDH used as an endogenous 

control). Each sample was run in duplicate with the difference in threshold cycles for LLT1 and GAPDH 

calculated for each sample (ΔCT) and the difference in ΔCT between normal liver, cirrhotic liver and HCC 

tumour tissue samples (ΔΔCT). Reactions were run for 40 cycles, CT values averaged across replicates. 

The fold change in LLT1 expression was expressed as 2ΔΔCT. Statistical comparisons were made using 

Mann-Whitney tests, (with Wilcoxon matched-pairs signed rank test when comparing HCC tumour 

samples with the HCC background liver from the same donor). Graphs display the average LLT1 relative 

quantification for individual patient samples with the median value displayed by the bar. Error bars 

represent the interquartile range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, 
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*** p<0.001, **** p<0.0001). While LLT1 expression was increased in HCC background non-tumour 

liver tissue in comparison to normal liver tissue, there was wide variability in LLT1 expression in HCC 

and background non-tumour liver tissue. 

In summary, increased expression of LLT1 in cirrhotic liver tissue seen using 

immunohistochemistry is supported by the qPCR data. The qPCR data also supports the 

variability seen in the LLT1 expression data within HCC tumour tissue and background non-

tumour liver tissue, both with or without cirrhosis. 

 

5.2.3 Soluble LLT1 expression 

Serum samples from healthy volunteers (n=10), patients with cirrhosis with an underlying 

non-viral aetiology (n=17) or HCC on a background of cirrhosis (treatment naïve, n=13) were 

run in duplicate on an ELISA to determine if there was any significant soluble circulating LLT1 

(see Table 18 below for patient characteristics). There was no significant difference in soluble 

LLT1 levels between healthy volunteers, patients with cirrhosis and patients with HCC (Figure 

153). 

Table 18 Demographics and clinical data of patients and healthy donors from whom serum samples 

were taken to detect circulating soluble LLT1. ALD = Alcohol related liver disease; MASLD – Metabolic 

dysfunction-associated steatotic liver disease; HCC = Hepatocellular carcinoma. 

 Healthy Cirrhosis HCC 

Total 10 17 13 

Age, years (range) 43    (31-54) 53   (33-72) 74    (64-84) 

Sex (n male/total)  12/17 13/13 

Cirrhosis (n/total) 

Aetiology: 

   ALD (n/total cirrhotic) 

MASLD (n/total cirrhotic) 

 

 

17/17 

 

9/17 

8/17 

17/17 

 

6/13 

7/13 
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Figure 153 ELISA to detect soluble LLT1 expression in serum from healthy donors (n=10), patients with 

cirrhosis (n=17), and patients with hepatocellular carcinoma (HCC) with underlying cirrhosis (n=13). All 

patients had either alcohol related liver disease (ALD) or metabolic dysfunction-associated steatotic 

liver disease as their underlying cause of cirrhosis. Serum samples from healthy donors and patients 

was diluted 1:2 and plated in duplicate on to the assay plate as per manufacturer’s instructions (C type 

lectin domain family 2 member D (CLEC2D) ELISA kit (Mybiosource, San Diego, US, MBS7213167)). The 

average serum concentration was measured for each sample. Statistical comparisons were made using 

Mann-Whitney tests. Graphs display the average serum concentration for soluble LLT1 for individual 

patient samples with the median value displayed by the bar. Error bars represent the interquartile 

range. 
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5.3 CD161 expression on immune cells 

 

5.3.1 CD161 expression on circulating and liver infiltrating NK cells 

CD161 expression has been demonstrated in full in chapter 3. Circulating NK cells had a 

significantly greater proportion of CD161+ NK cells in cirrhosis compared to NK cells from 

healthy donors (91.3% vs 87.1%, p=0.04) (Figure 34). In fact, circulating NK cells from patients 

with cirrhosis had a significantly greater proportion of CD161+ NK cells compared to all other 

patient groups (see Chapter 3, Figure 34). Analysis by underlying aetiology demonstrated an 

increased CD161+NK cell proportion in patients with ALD related cirrhosis compared to 

MASLD cirrhosis (Figure 35). 

CD161+NK cells were then further phenotyped to determine the expression of other 

checkpoint molecules including PD-1, CTLA-4, B- and T- lymphocyte attenuator (BTLA) and 

CD25 (Phenotyping panel 2, detailed in Chapter 2, Table 3; gating strategy as per Figure 154). 

Expression of these checkpoint inhibitors on circulating NK cells was analysed within the ALD 

patient group in order to remove underlying aetiology as a possible confounding factor and 

as the circulating CD161+NK cell proportion was significantly increased in cirrhosis in the ALD 

group. Due to sample limitations, a subset of patient samples and healthy volunteer samples 

were used in these experiments (patient demographics in Table 19 below of samples used in 

these experiments). 

Intrahepatic samples were also phenotyped (Phenotyping Panel 2, Chapter 2, Table 3): 

Healthy livers (n=7) (normal liver margins from patients undergoing liver resection for 

indications other than primary cancer); patients with cirrhosis (n=4) or HCC with a background 

of cirrhosis (n=6) (full demographics in Chapter 3, Table 9), with paired samples from the 

circulation for each donor. 
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Table 19 Demographics of patients and healthy volunteers from whom peripheral blood samples were 

used for NK cell and T cell phenotyping. All patients had alcohol related liver disease (ALD) with 

underlying cirrhosis, with or without hepatocellular carcinoma (HCC). 

 Healthy Cirrhosis HCC 
Total number 21 18 11 
Age, years  
mean, (range) 

 
43 (26-60) 

 
52 (26-62) 

 
70 (57-75) 

Male  
n 

 
11 

 
15 

 
11 

Child-Pugh (CP) Score: 
CPA n 
 
CPB n 
 
CPC n 
 
MELD-Na score 
mean, (range) 

 
 
 
 
 
 
 

 
9 
 

4 
 

5 
 

10 
(6-20) 

 

 
8 
 

1 
 

2 
 

9 
(6-16) 

Aetiology: 
 
ALD  n 

 
 

 
 

18 

 
 

11 
 
BCLC staging: 
 
BCLC 0  n, (%) 
BCLC A  n, (%) 
BCLC B  n, (%) 
BCLC C  n, (%) 
BCLC D  n. (%) 

   
 
 

1 
1 
4 
2 
3 
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 Figure 154 Gating strategy for checkpoint inhibitors on CD161+ NK cells. Peripheral blood 

mononuclear cells (PBMCs) and intrahepatic mononuclear cells (IMNCs) were phenotyped following 

surface staining using antibodies as described in Phenotyping panel 2 in the methods (Chapter 2, Table 

3) and data acquired using flow cytometry as per the gating strategy demonstrated in this figure. A) 

CD161+ NK cells were gated as per the gating strategy shown following on gating for NK cells by 

selecting liver CD3-CD56+ liver lymphocytes. B) Gates for PD-1, CTLA-4, BTLA and CD25 were set using 

cells surface stained with all antibodies apart from the antibody of interest (fluorescence minus one, 
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FMO). Percentage positive NK cells were determined for circulating and intrahepatic NK cells using this 

gating strategy. 

The proportion of circulating NK cells expressing PD-1 was significantly increased in patients 

with ALD cirrhosis with HCC on a background of ALD cirrhosis, compared to patients with 

cirrhosis without HCC, though CD161+PD-1+NK cells made up less than 10% of circulating NK 

cells in patients with HCC (Figure 155A). A greater proportion of CD161+ NK cells within 

healthy livers expressed PD-1 (Figure 155B). Conversely the proportion of intrahepatic NK 

cells expressing PD-1 varied widely and was reduced in patients with HCC on a background of 

cirrhosis in comparison to intrahepatic NK cells found in healthy and cirrhotic livers (Figure 

155B). 
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Figure 155 PD-1 expression on CD161+ NK cells.  Graph A demonstrates the percentage of CD161+ NK 

cells in the circulation that express PD-1 in healthy volunteers (n=21), patients with cirrhosis from 

alcohol related liver disease (ALD Cirrhosis); n=18) and patients with HCC on a background of ALD 
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cirrhosis (ALD HCC; n=11; patient demographics in Table 19). Comparisons were made using Mann-

Whitney tests. Graph B demonstrates the percentage of CD161+ NK cells that express PD-1 in the liver 

(data in blue) compared to in the circulation from the same donor (data in black). Healthy livers were 

normal liver margins from patients undergoing liver resection for indications other than primary cancer 

(n=7). Patients with cirrhosis or HCC had an underlying non-viral aetiology, and all patients with HCC 

had underlying cirrhosis (Cirrhosis n=4, HCC n=6). Comparisons between paired samples were made 

using the Wilcoxon Match-pairs test. Graphs display individual values with the median value displayed 

by the bar. Error bars represent the interquartile range. P values are denoted on the figures as follows: 

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

BTLA expression followed a similar pattern as PD-1, with a significantly increased proportion 

of circulating CD161+BTLA+ NK cells in patients with HCC on a background of ALD cirrhosis 

compared to patients with ALD cirrhosis (18.0% vs 7.56%; p=0.02, median values respectively; 

Figure 156A). Similar to PD-1 expression, there was an increase also in the proportions of 

circulating CD161+BTLA+ NK cells in patients with cirrhosis. Intrahepatic NK cells 

demonstrated an increased CD161+BTLA+NK cell proportion in healthy livers and this pattern 

was maintained in cirrhosis (Figure 156B). Again, intrahepatic NK cells extracted from livers 

with HCC on a background of cirrhosis demonstrated wide variation in expression and a 

reduced proportion of CD161+BTLA+NK cells compared to healthy and cirrhotic intrahepatic 

NK cells. However, interpretation of the intrahepatic data is limited by small numbers in each 

patient group. 
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Figure 156 BTLA expression on CD161+ NK cells. Peripheral blood mononuclear cells (PBMCs) and 

intrahepatic mononuclear cells (IMNCs) were phenotyped following surface staining using antibodies 

as described in Phenotyping panel 2 in the methods (Chapter 2, Table 3). Graph A demonstrates the 
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percentage of CD161+ NK cells in the circulation that express BTLA in healthy volunteers (n=21), 

patients with cirrhosis from alcohol related liver disease (ALD Cirrhosis; n=18) and patients with 

Hepatocellular carcinoma (HCC) on a background of ALD cirrhosis (ALD HCC; n=11; patient 

demographics in Table 19). Comparisons were made using Mann-Whitney tests. Graph B demonstrates 

the percentage of CD161+ NK cells that express BTLA in the liver (data in blue) compared to in the 

circulation from the same donor (data in black). Healthy livers were normal liver margins from patients 

undergoing liver resection for indications other than primary cancer (n=7). Patients with cirrhosis or 

HCC had an underlying non-viral aetiology, and all patients with HCC had underlying cirrhosis (Cirrhosis 

n=4, HCC n=6). Comparisons between paired samples were made using the Wilcoxon Match-pairs test. 

Graphs display individual values with the median value displayed by the bar. Error bars represent the 

interquartile range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, 

**** p<0.0001). 

 

 

Less than 2% of CD161+ NK cells expressed CD25 in the circulation (Figure 157A). CD25 

expression in the liver was also very variable, with an increased proportion overall on paired 

analysis in the healthy liver compared to healthy circulating cells in the same donor (Figure 

157B).  
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Figure 157 CD25 expression on CD161+ NK cells.  Peripheral blood mononuclear cells (PBMCs) and 

intrahepatic mononuclear cells (IMNCs) were phenotyped following surface staining using antibodies 

as described in Phenotyping panel 2 in the methods (Chapter 2, Table 3). Graph A demonstrates the 
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percentage of CD161+ NK cells in the circulation that express CD25 in healthy volunteers (n=21), 

patients with cirrhosis from alcohol related liver disease (ALD Cirrhosis; n=18) and patients with HCC 

on a background of ALD cirrhosis (ALD HCC; n=11; patient demographics in Table 19). Comparisons 

were made using Mann-Whitney tests. Graph B demonstrates the percentage of CD161+ NK cells that 

express CD25 in the liver (data in blue) compared to in the circulation from the same donor (data in 

black). Healthy livers were normal liver margins from patients undergoing liver resection for indications 

other than primary cancer (n=7). Patients with cirrhosis or HCC had an underlying non-viral aetiology, 

and all patients with HCC had underlying cirrhosis (Cirrhosis n=4, HCC n=6). Comparisons between 

paired samples were made using the Wilcoxon Match-pairs test. Graphs display individual values with 

the median value displayed by the bar. Error bars represent the interquartile range. P values are 

denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

 

There were no significant differences seen in CTLA-4 expression on NK cells, with less than 5% 

in circulating and intrahepatic CD161+ NK cells expressing CTLA-4 (Figure 158). 
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Figure 158 CTLA-4 expression on CD161+ NK cells.  Peripheral blood mononuclear cells (PBMCs) and 

intrahepatic mononuclear cells (IMNCs) were phenotyped following surface staining using antibodies 

as described in Phenotyping panel 2 in the methods (Chapter 2, Table 3). Graph A demonstrates the 
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percentage of CD161+ NK cells in the circulation that express CTLA-4 in healthy volunteers (n=21), 

patients with cirrhosis from alcohol related liver disease (ALD Cirrhosis; n=18) and patients with HCC 

on a background of ALD cirrhosis (ALD HCC; n=11; patient demographics in Table 19). Comparisons 

were made using Mann-Whitney tests. Graph B demonstrates the percentage of CD161+ NK cells that 

express CTLA-4 in the liver (data in blue) compared to in the circulation from the same donor (data in 

black). Healthy livers were normal liver margins from patients undergoing liver resection for indications 

other than primary cancer (n=7). Patients with cirrhosis or HCC had an underlying non-viral aetiology, 

and all patients with HCC had underlying cirrhosis (Cirrhosis n=4, HCC n=6). Comparisons between 

paired samples were made using the Wilcoxon Match-pairs test. Graphs display individual values with 

the median value displayed by the bar. Error bars represent the interquartile range. P values are 

denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

5.3.2 CD161 expression on circulating and liver infiltrating T cells 

Phenotyping of circulating and intrahepatic T cells was undertaken to see if there is an 

increase in CD161 expressing T cells in cirrhosis and/or HCC. 

Peripheral blood mononuclear cells and intrahepatic mononuclear cells were surface stained 

as described in methods using Phenotyping Panel 2 (Chapter 2, Table 3) and CD161+ cells 

were selected as demonstrated in the gating strategies below (see Table 19 for patient 

demographics and Figures 159 and 160).  
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Figure 159 Gating strategy for identifying CD3+CD8+CD161hiVα7.2+ MAIT cells and the subsequent 

proportions of these cells that have PD-1, CTLA-4, BTLA and CD25 surface expression. Gating strategy 

demonstrated on peripheral blood mononuclear cells (PBMCs) extracted from a blood sample from a 

healthy volunteer. A) PBMCs and intrahepatic mononuclear cells (IMNCs) extracted from patients and 

healthy donors were phenotyped with Phenotyping Panel 2 as described in methods (Chapter 2, Table 

3). T cells were identified using flow cytometry following the gating strategy displayed: gating on 

lymphocytes on a forward and side scatter plot, identifying singlet live cells, selecting CD3 positive cells 

that are CD56 negative. B) MAIT cells were identified by selecting CD8+ T cells and then selecting 

Vα7.2+CD161hi T cells (MAIT cells). C) PD-1, CTLA-4, BTLA and CD25 positivity on MAIT cells was 
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identified. Gates for PD-1, CTLA-4, BTLA and CD25 were set using cells surface stained with all 

antibodies apart from the antibody of interest (fluorescence minus one, FMO) as demonstrated. 

 

 

Figure 160 Gating strategy for identifying CD3+CD4+CD161+ T cells and the subsequent proportions of 

these cells that have PD-1, CTLA-4, BTLA and CD25 surface expression. Gating strategy demonstrated 

on peripheral blood mononuclear cells (PBMCs) extracted from a blood sample from a healthy 

volunteer. A) PBMCs and intrahepatic mononuclear cells (IMNCs) extracted from patients and healthy 

donors were phenotyped with Phenotyping Panel 2 as described in methods (Chapter 2, Table 3). T 

cells were identified using flow cytometry following the gating strategy displayed: gating on 

lymphocytes on a forward and side scatter plot, identifying singlet live cells, selecting CD3 positive cells 
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that are CD56 negative. B) CD4+ T cells were selected and then CD161+T cells were selected. C) PD-1, 

CTLA-4, BTLA and CD25 positivity on CD4+CD161+ was identified. Gates for PD-1, CTLA-4, BTLA and 

CD25 were set using cells surface stained with all antibodies apart from the antibody of interest 

(fluorescence minus one, FMO) as demonstrated. 

 

There were no differences in the proportion of total circulating T cells or the proportion of 

intrahepatic T cells in these patient samples used (Figure 161). 

 

The proportions of CD161 positive T cells, identified as mucosal associated invariant T (MAIT) 

cells (CD3+CD8+CD161hiVα7.2+ T cells) and CD4+CD161+ T cells, were determined (Figures 

162 and 163). MAIT cells made up less than 10% of circulating T cells and less than 20% of 

intrahepatic T cells in health and in disease. However, there was a significant reduction in the 

circulating proportion of MAIT cells in both the cirrhosis group and the HCC group of patients 

in comparison to healthy volunteers (0.22% in cirrhosis (median percentage, n=21) vs 1.58% 

in healthy volunteers (median percentage, n=18),p=0.0002; 1.58% in healthy volunteers 

(median percentage, n=11) vs 0.09% in HCC (median percentage, n=15), p<0.0001). There 

were no significant differences in the proportion of intrahepatic MAIT cells but intrahepatic T 

cell data was limited due to limited numbers of samples.  
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Figure 161 Percentage of mononuclear cells that are CD3+CD56-T cells in the circulation and in the 

liver. Peripheral blood samples were taken from healthy volunteers (n=21), patient with cirrhosis 

secondary to alcohol related liver disease (ALD cirrhosis, n=18) and patients with hepatocellular 
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carcinoma (HCC) secondary to ALD cirrhosis (ALD HCC; n=11; see Table 19 for patient demographics). 

Intrahepatic mononuclear cells were extracted from the livers from patients undergoing resection for 

reasons other than primary liver cancer (n=7), liver explants with cirrhosis (n=4) and livers undergoing 

resection for HCC (n=6; demographics outlined in Table 9). Peripheral blood and intrahepatic 

mononuclear cells were isolate, stained using Phenotyping Panel 2 (as described in methods, Chapter 

2, Table 3), and acquired using flow cytometry. CD3+CD56- lymphocytes (T cells) were identified and 

measured as a proportion of the total mononuclear cells. Graph A displays the percentage of peripheral 

blood mononuclear cells that are T cells. Graph B displays the percentage of intrahepatic mononuclear 

cells that are T cells. Comparisons were made using Mann-Whitney tests. Graphs display individual 

values with the median value displayed by the bar. Error bars represent the interquartile range. P 

values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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Figure 162 The percentage of CD3+CD56-T cells that are MAIT cells in the circulation and in the liver. 

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy volunteers (n=21), patient with 

cirrhosis secondary to alcohol related liver disease (ALD cirrhosis, n=18) and patients with 
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hepatocellular carcinoma (HCC) secondary to ALD cirrhosis (ALD HCC; n=11; see Table 19 for patient 

demographics). Intrahepatic mononuclear cells (IMNCs) were extracted from the livers from patients 

undergoing resection for reasons other than primary liver cancer (n=7), liver explants with cirrhosis 

(n=4) and livers undergoing resection for HCC (n=6; demographics outlined in Table 9). PBMCs and 

IMNCs were stained using Phenotyping Panel 2 (as described in methods, Chapter 2, Table 3), and 

acquired using flow cytometry. MAIT cells were identified and measured as a proportion of the total 

CD3+CD56-T cells in the circulation or in the liver. Graph A displays the percentage of CD3+CD56-T cells 

that are MAIT cells in the circulation. Comparisons were made using Mann-Whitney tests. Graph B 

displays a paired analysis of the percentage of intrahepatic CD3+CD56-T cells that are MAIT cells (data 

in blue) compared to the percentage of circulating CD3+CD56-T cells that are MAIT cells in the same 

patient. Comparisons were made using the matched-pairs Wilcoxon test. Graphs display individual 

values with the median value displayed by the bar. Error bars represent the interquartile range. P 

values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

CD4+CD161+T cells interestingly were increased in proportion in the circulation in patients 

with cirrhosis compared to healthy volunteers (27.5% vs 15.5%, p=0.008, median percentages 

respectively). There was also an increase in proportion in intrahepatic CD4+CD161+ T cells in 

cirrhotic livers in comparison to healthy livers. 

 

In order to understand the state of these cells in health and disease, checkpoint inhibitor 

expression (PD-1, CTLA-4), BTLA expression and CD25 expression (as a marker of regulatory T 

cells) were assessed (Figures 164-167). 
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Figure 163 The percentage of CD3+CD56-T cells that are CD4+CD161+T cells in the circulation and in 

the liver. Peripheral blood mononuclear cells (PBMCs) were isolated from healthy volunteers (n=21), 

patient with cirrhosis secondary to alcohol related liver disease (ALD cirrhosis, n=18) and patients with 
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hepatocellular carcinoma (HCC) secondary to ALD cirrhosis (ALD HCC; n=11; see Table 19 for patient 

demographics). Intrahepatic mononuclear cells (IMNCs) were extracted from the livers from patients 

undergoing resection for reasons other than primary liver cancer (n=7), liver explants with cirrhosis 

(n=4) and livers undergoing resection for HCC (n=6; demographics outlined in Table 9). PBMCs and 

IMNCs were stained using Phenotyping Panel 2 (as described in methods, Chapter 2, Table 3), and 

acquired using flow cytometry. CD4+CD161+T cells were identified and measured as a proportion of 

the total CD3+CD56-T cells in the circulation or in the liver. Graph A displays the percentage of 

CD3+CD56-T cells that are CD4+CD161+T cells in the circulation. Comparisons were made using Mann-

Whitney tests. Graph B displays a paired analysis of the percentage of intrahepatic CD3+CD56-T cells 

that are CD4+CD161+T cells (data in blue) compared to the percentage of circulating CD3+CD56-T cells 

that are CD4+CD161+T cells in the same patient. Comparisons were made using the matched-pairs 

Wilcoxon test. Graphs display individual values with the median value displayed by the bar. Error bars 

represent the interquartile range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001). 
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Figure 164 PD-1 expression on MAIT cells. Peripheral blood mononuclear cells (PBMCs) and 

intrahepatic mononuclear cells (IMNCs) were phenotyped following surface staining using antibodies 
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as described in Phenotyping panel 2 in the methods (Chapter 2, Table 3). Graph A demonstrates the 

percentage of MAIT cells in the circulation that express PD-1 in healthy volunteers (n=21), patients with 

cirrhosis from alcohol related liver disease (ALD Cirrhosis; n=18) and patients with Hepatocellular 

carcinoma (HCC) on a background of ALD cirrhosis (ALD HCC; n=11; patient demographics in Table 19). 

Comparisons were made using Mann-Whitney tests. Graph B demonstrates the percentage of MAIT 

cells that express PD-1 in the liver (data in blue) compared to in the circulation from the same donor 

(data in black). Healthy livers were normal liver margins from patients undergoing liver resection for 

indications other than primary cancer (n-7). Patients with cirrhosis or HCC had an underlying non-viral 

aetiology, and all patients with HCC had underlying cirrhosis (full demographics in Chapter 3, Table 9; 

Cirrhosis n=4, HCC n=6). Comparisons between paired samples were made using the Wilcoxon Match-

pairs test. Graphs display individual values with the median value displayed by the bar. Error bars 

represent the interquartile range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001). 

There was an increased expression of PD-1 on circulating MAIT cells in cirrhosis and HCC 

compared to the healthy group (Figure 164A). Overall there was an increased proportion of 

intrahepatic PD-1+MAIT cells compared to circulating MAIT cells in healthy states, but 

significance was lost in cirrhosis and HCC on a background of cirrhosis (Figure 164B). 
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Figure 165 PD-1 expression on CD4+CD161+T cells. Peripheral blood mononuclear cells (PBMCs) and 

intrahepatic mononuclear cells (IMNCs) were phenotyped following surface staining using antibodies 

as described in Phenotyping panel 2 in the methods (Chapter 2, Table 3). Graph A demonstrates the 
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percentage of CD4+CD161+T cells in the circulation that express PD-1 in healthy volunteers (n=21), 

patients with cirrhosis from alcohol related liver disease (ALD Cirrhosis; n=18) and patients with 

Hepatocellular carcinoma (HCC) on a background of ALD cirrhosis (ALD HCC; n=11; patient 

demographics in Table 19). Comparisons were made using Mann-Whitney tests. Graph B demonstrates 

the percentage of CD4+CD161+T cells that express PD-1 in the liver (data in blue) compared to in the 

circulation from the same donor (data in black). Healthy livers were normal liver margins from patients 

undergoing liver resection for indications other than primary cancer (n-7). Patients with cirrhosis or 

HCC had an underlying non-viral aetiology, and all patients with HCC had underlying cirrhosis (full 

demographics in Chapter 3, Table 9; Cirrhosis n=4, HCC n=6). Comparisons between paired samples 

were made using the Wilcoxon Match-pairs test. Graphs display individual values with the median 

value displayed by the bar. Error bars represent the interquartile range. P values are denoted on the 

figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

There was an increasing proportion of PD-1+ CD4+CD161+T cells in the circulation in cirrhosis 

and HCC but it did not reach significance (Figure 165A). Paired analysis of circulating and 

intrahepatic CD4+CD161+T cells did not reveal a significant difference between the 

proportion of cells that are PD-1 positive (Figure 165B). 

There were no significant differences in BTLA expression in health and disease states on MAIT 

or CD4+CD161+T cells in the circulation or on intrahepatic MAIT cells (Figures 166 and 167). 

  

  



392 
 

Hea
lth

y

ALD ci
rrh

osis

ALD HCC
0

20

40

60

BTLA expression on circulating MAIT cells

Pe
rc

en
ta

ge
 p

os
iti

ve
 M

AI
T 

ce
lls

ns ns

Hea
lth

y

Hea
lth

y

Cirr
hotic

Cirr
hotic HCC

HCC
0

20

40

60

80

100

Paired analysis of BTLA expression on MAIT cells in the
circulation with intrahepatic MAIT cells

Pe
rc

en
ta

ge
 p

os
iti

ve
 M

AI
T 

ce
lls

ns ns ns

Percentage of MAIT cells that express BTLA
in the circulation and in the liver

A

B

 

Figure 166 BTLA expression on MAIT cells. Peripheral blood mononuclear cells (PBMCs) and 

intrahepatic mononuclear cells (IMNCs) were phenotyped following surface staining using antibodies 

as described in Phenotyping panel 2 in the methods (Chapter 2, Table 3). Graph A demonstrates the 
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percentage of MAIT cells in the circulation that express BTLA in healthy volunteers (n=21), patients 

with cirrhosis from alcohol related liver disease (ALD Cirrhosis; n=18) and patients with Hepatocellular 

carcinoma (HCC) on a background of ALD cirrhosis (ALD HCC; n=11; patient demographics in Table 19). 

Comparisons were made using Mann-Whitney tests. Graph B demonstrates the percentage of MAIT 

cells that express BTLA in the liver (data in blue) compared to in the circulation from the same donor 

(data in black). Healthy livers were normal liver margins from patients undergoing liver resection for 

indications other than primary cancer (n-7). Patients with cirrhosis or HCC had an underlying non-viral 

aetiology, and all patients with HCC had underlying cirrhosis (full demographics in Chapter 3, Table 9; 

Cirrhosis n=4, HCC n=6). Comparisons between paired samples were made using the Wilcoxon Match-

pairs test. Graphs display individual values with the median value displayed by the bar. Error bars 

represent the interquartile range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001). 
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Figure 167 BTLA expression on CD4+CD161+T cells. Peripheral blood mononuclear cells (PBMCs) and 

intrahepatic mononuclear cells (IMNCs) were phenotyped following surface staining using antibodies 

as described in Phenotyping panel 2 in the methods (Chapter 2, Table 3). Graph A demonstrates the 
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percentage of CD4+CD161+T cells in the circulation that express BTLA in healthy volunteers (n=21), 

patients with cirrhosis from alcohol related liver disease (ALD Cirrhosis; n=18) and patients with 

Hepatocellular carcinoma (HCC) on a background of ALD cirrhosis (ALD HCC; n=11; patient 

demographics in Table 19). Comparisons were made using Mann-Whitney tests. Graph B demonstrates 

the percentage of CD4+CD161+T cells that express BTLA in the liver (data in blue) compared to in the 

circulation from the same donor (data in black). Healthy livers were normal liver margins from patients 

undergoing liver resection for indications other than primary cancer (n-7). Patients with cirrhosis or 

HCC had an underlying non-viral aetiology, and all patients with HCC had underlying cirrhosis (full 

demographics in Chapter 3, Table 9; Cirrhosis n=4, HCC n=6). Comparisons between paired samples 

were made using the Wilcoxon Match-pairs test. Graphs display individual values with the median 

value displayed by the bar. Error bars represent the interquartile range. P values are denoted on the 

figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

CTLA-4 expression was low on circulating MAIT cells and was expressed on less than 10% of 

the circulating CD4+CD161+T cells (Figures 168A and 169A). Paired analysis of circulating and 

intrahepatic T cells in the same donor however demonstrated a higher proportion of CTLA-4 

expressing T cells in the liver (Figures 168B and 169B).  
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Figure 168 CTLA-4 expression on MAIT cells. Peripheral blood mononuclear cells (PBMCs) and 

intrahepatic mononuclear cells (IMNCs) were phenotyped following surface staining using antibodies 

as described in Phenotyping panel 2 in the methods (Chapter 2, Table 3). Graph A demonstrates the 
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percentage of MAIT cells in the circulation that express CTLA-4 in healthy volunteers (n=21), patients 

with cirrhosis from alcohol related liver disease (ALD Cirrhosis; n=18) and patients with Hepatocellular 

carcinoma (HCC) on a background of ALD cirrhosis (ALD HCC; n=11; patient demographics in Table 19). 

Comparisons were made using Mann-Whitney tests. Graph B demonstrates the percentage of MAIT 

cells that express CTLA-4 in the liver (data in blue) compared to in the circulation from the same donor 

(data in black). Healthy livers were normal liver margins from patients undergoing liver resection for 

indications other than primary cancer (n-7). Patients with cirrhosis or HCC had an underlying non-viral 

aetiology, and all patients with HCC had underlying cirrhosis (full demographics in Chapter 3, Table 9; 

Cirrhosis n=4, HCC n=6). Comparisons between paired samples were made using the Wilcoxon Match-

pairs test. Graphs display individual values with the median value displayed by the bar. Error bars 

represent the interquartile range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001). 
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Figure 169 CTLA-4 expression on CD4+CD161+T cells. Peripheral blood mononuclear cells (PBMCs) and 

intrahepatic mononuclear cells (IMNCs) were phenotyped following surface staining using antibodies 

as described in Phenotyping panel 2 in the methods (Chapter 2, Table 3). Graph A demonstrates the 



399 
 

percentage of CD4+CD161+T cells in the circulation that express CTLA-4 in healthy volunteers (n=21), 

patients with cirrhosis from alcohol related liver disease (ALD Cirrhosis; n=18) and patients with 

Hepatocellular carcinoma (HCC) on a background of ALD cirrhosis (ALD HCC; n=11; patient 

demographics in Table 19). Comparisons were made using Mann-Whitney tests. Graph B demonstrates 

the percentage of CD4+CD161+T cells that express CTLA-4 in the liver (data in blue) compared to in the 

circulation from the same donor (data in black). Healthy livers were normal liver margins from patients 

undergoing liver resection for indications other than primary cancer (n-7). Patients with cirrhosis or 

HCC had an underlying non-viral aetiology, and all patients with HCC had underlying cirrhosis (full 

demographics in Chapter 3, Table 9; Cirrhosis n=4, HCC n=6). Comparisons between paired samples 

were made using the Wilcoxon Match-pairs test. Graphs display individual values with the median 

value displayed by the bar. Error bars represent the interquartile range. P values are denoted on the 

figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

CD25+MAIT cells formed less than 20% of circulating T cells and CD25+CD4+CD161+ T cells 

formed less than 10% of circulating T cells (Figures 170A and 171A). Again there were no 

significant differences between healthy and disease states in the proportions of CD25+ T cells.  
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Figure 170 CD25 expression on MAIT cells. Peripheral blood mononuclear cells (PBMCs) and 

intrahepatic mononuclear cells (IMNCs) were phenotyped following surface staining using antibodies 

as described in Phenotyping panel 2 in the methods (Chapter 2, Table 3). Graph A demonstrates the 
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percentage of MAIT cells in the circulation that express CD25 in healthy volunteers (n=21), patients 

with cirrhosis from alcohol related liver disease (ALD Cirrhosis; n=18) and patients with Hepatocellular 

carcinoma (HCC) on a background of ALD cirrhosis (ALD HCC; n=11; patient demographics in Table 19). 

Comparisons were made using Mann-Whitney tests. Graph B demonstrates the percentage of MAIT 

cells that express CD25 in the liver (data in blue) compared to in the circulation from the same donor 

(data in black). Healthy livers were normal liver margins from patients undergoing liver resection for 

indications other than primary cancer (n-7). Patients with cirrhosis or HCC had an underlying non-viral 

aetiology, and all patients with HCC had underlying cirrhosis (full demographics in Chapter 3, Table 9; 

Cirrhosis n=4, HCC n=6). Comparisons between paired samples were made using the Wilcoxon Match-

pairs test. Graphs display individual values with the median value displayed by the bar. Error bars 

represent the interquartile range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001). 
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Figure 171 CD25 expression on CD4+CD161+T cells. Peripheral blood mononuclear cells (PBMCs) and 

intrahepatic mononuclear cells (IMNCs) were phenotyped following surface staining using antibodies 

as described in Phenotyping panel 2 in the methods (Chapter 2, Table 3). Graph A demonstrates the 
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percentage of CD4+CD161+T cells in the circulation that express CD25 in healthy volunteers (n=21), 

patients with cirrhosis from alcohol related liver disease (ALD Cirrhosis; n=18) and patients with 

Hepatocellular carcinoma (HCC) on a background of ALD cirrhosis (ALD HCC; n=11; patient 

demographics in Table 19). Comparisons were made using Mann-Whitney tests. Graph B demonstrates 

the percentage of CD4+CD161+T cells that express CD25 in the liver (data in blue) compared to in the 

circulation from the same donor (data in black). Healthy livers were normal liver margins from patients 

undergoing liver resection for indications other than primary cancer (n-7). Patients with cirrhosis or 

HCC had an underlying non-viral aetiology, and all patients with HCC had underlying cirrhosis (full 

demographics in Chapter 3, Table 9; Cirrhosis n=4, HCC n=6). Comparisons between paired samples 

were made using the Wilcoxon matched-pairs test. Graphs display individual values with the median 

value displayed by the bar. Error bars represent the interquartile range. P values are denoted on the 

figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 

 

Overall, a significantly greater proportion of intrahepatic MAIT cells expressed PD-1 and CTLA-

4 in comparison to circulating T cells. Circulating MAIT cells had a greater proportion 

expressing PD-1 in ALD cirrhosis and ALD HCC. Circulating CD4+CD161+T cells also did show 

an increased proportion expressing PD-1 in ALD cirrhosis and ALD HCC compared to healthy 

states, but this did not reach significance due to the wide variability seen in PD-1 expression 

in the patient groups. BTLA and CD25 expression was not significantly different in the 

circulation and there was wide variation in expression within the liver. 

 

  

  



404 
 

5.4 Functional consequences of the LLT1-CD161 interaction 

5.4.1 LLT1 causes a reduction in the cytotoxic capacity of NK cells 

In order to determine the effect of CD161 receptor engagement by LLT1 on NK cell function, 

Huh7 cells were stably transfected to overexpress LLT1 in an attempt to model the increased 

expression of LLT1 seen on hepatocytes in cirrhosis, and co-cultured with circulating NK cells 

as described below.  

Surface staining for LLT1 revealed that naïve Huh7 cells constitutively express LLT1 at a low 

level (Figure 172). LLT1 was cloned by real-time PCR from Raji cells, tagged with a fluorescent 

protein (YFP) and Huh7 cells subsequently stably transfected using the Phoenix retroviral 

transfection system to overexpress LLT1 on the cell surface as described in methods, chapter 

2 (Huh7-LLT1 YFP, Appendix 8.2 for LLT1 sequence). Flow cytometry demonstrated a 

transfection efficiency of 90% (Figure 172B). 

PBMCs isolated from healthy donors (n=3) were incubated in triplicate for 4 hours in the 

presence of anti-CD107a antibody in a 5:1 ratio (PBMCs:target cell) (as described in Materials 

and Methods) with three target cell lines with different levels of LLT1 surface expression 

(naïve Huh7 cells with a low level of surface LLT1 expression, Huh7-LLT1 YFP transfectants 

with a high level of surface LLT1 expression and Jurkat cells with no demonstrable surface 

expression of LLT1 (Figure 172B)). Following the 4 hour incubation, the PBMCs were surface 

stained (antibodies described in Functional Panel 1, Table 4) and CD107a expression assessed 

as a marker of NK cell degranulation and cytotoxicity in CD161+ and CD161-NK cells (gating 

strategy demonstrated in Figure 173). 

CD161+NK cells had lower expression levels of CD107a compared to CD161-NK cells when 

incubated with LLT1 expressing Huh7 cells. The difference in CD107a expression between 

CD161+ and CD161-NK cells was further exaggerated when the level of LLT1 expression was 

increased on the target cells (Figure 174). Increasing the expression of LLT1 on Huh7 cells 

resulted in an inhibition of NK cell cytotoxicity.  
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Figure 172 LLT1 expression in cell lines and transfection efficiency of Huh7 cells resulting in Huh7-LLT1 

YFP transfectants. ). Raji Cells, Jurkat cells, Huh7 cells and transfected Huh7-LLT1 cells were surface 

stained for LLT1 with anti-human LLT1 antibody (Clone 4C7, Abnova), and acquired with flow 

cytometry. Flow cytometry plots in A) and B) demonstrate positive LLT1 expression in red (black = 

unstained cells, blue = isotype control). A) Raji cells express LLT1. LLT1 was cloned using real-time PCR 

from cDNA produced from Raji cells (LLT1 sequence shown in Appendix B). B) Jurkat cells do not express 

LLT1. Huh7 cells constitutively express LLT1. Transfection of Huh7 cells with fluorescently tagged LLT1 

resulted in increased surface expression of LLT1 (Huh7-LLT1 YFP).  C) Confocal microscopy 

demonstrating the surface expression of LLT1 on Huh7-LLT1 YFP transfectants. Localisation of 

fluorescent YFP demonstrates the surface expression of LLT1-YFP on the transfected Huh7 cells. 
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Figure 173 Gating strategy to assess CD107a expression in CD161+ and CD161- NK cells. PBMCs were 

co-cultured for 4hours in the presence of CD107a with cell line targets expressing LLT1 on the cell 

surface at varying levels (Jurkat cell with no expression of LLT1, Huh7 cells with low level LLT1 

expression, Huh7-LLT1 YFP transfectants overexpressing LLT1; 5:1 PBMCs:Target ratio). Subsequent 

surface staining with CD3, CD56, CD161 (as described in the Functional Panel 1, Table 4) was 

conducted. A) Gating strategy utilised to identify CD161+ and CD161-NK cells. B) Gating strategy 

identifying CD107a expression on CD161+NK and CD161-NK cells as a measure of degranulation in 

response to target cells. 
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Figure 174 LLT1 inhibits degranulation in CD161+NK cells. Peripheral blood mononuclear cells (PBMCs, 

n=3) from healthy donors were incubated in triplicate with target cells in a 5:1 ratio (PBMC: Target) in 

the presence of CD107a. Following 4 hours, PBMCs were surface stained with CD3, CD56 and CD161 

and the percentage of CD161+NK cells and CD161-NK cells expressing CD107a measured. The 

difference in CD107a expression (percentage CD161+NK cells expressing CD107a – percentage CD161- 

cells expressing CD107a) was calculated for each target cell type. The difference in CD107a expression 

between CD161+ and CD161-NK cells increases with increased LLT1 levels on the target cell (as 

achieved by transfection). In contrast, the activity of CD161+ and CD161-NK cells is not significantly 

different when the target cell does not express LLT1 (Jurkat cells). Comparisons were made using the 

Wilcoxon matched-pairs test for the same donors. Graphs display individual values with the median 

value displayed by the bar. Error bars represent the interquartile range. P values are denoted on the 

figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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5.5 Mechanism for LLT1 up-regulation on hepatocytes 

Stimulation with toll-like receptor (TLR) ligands have been shown to up-regulate LLT1 on 

antigen presenting cells and activated haematopoietic cells(Germain et al., 2011; D. B. Rosen 

et al., 2008). The induction of LLT1 expression has also been demonstrated in viral 

infections(Koumbi et al., 2016; Satkunanathan et al., 2014). In cancer, TGF-β has been 

delineated as one possible mechanism of inducing LLT1 expression on glioblastoma 

tumours(Roth et al., 2007). Furthermore, TGF-β plays a significant role in multiple pathways 

for liver fibrosis and cirrhosis(Dooley & Ten Dijke, 2012). 

To determine the mechanism of up-regulation of LLT1 in cirrhosis on hepatocytes, Huh7 cells 

were incubated in complete media supplemented with different cytokines or TLR ligands for 

48 hours. Huh7 cells were then surface stained for LLT1 expression and compared control 

Huh7 cells incubated in complete media without any stimulation (Figures 175 and 176). 

TGF-β significantly up-regulated LLT1 as demonstrated on Huh7 cells assessed after 48hours 

of stimulation (Figures 177 and 178). This increase in LLT1 expression following stimulation 

for 48hours with TGF-β stimulation was demonstrated on two different hepatocyte cell lines 

(Huh7 and Hep G2) and confirmed with two different surface staining secondary antibodies 

(mouse monoclonal anti-human CLEC2D (M01) clone 4C7, Abnova; goat polyclonal anti-

human CLEC2D, R&D) (Figure 177). 
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Figure 175 LLT1 surface expression on Huh7 cells post stimulation with Interleukins. LLT1 surface 

expression is demonstrated on Huh7 cells incubated for 24 hours with complete media (RPMI + 10% 

foetal calf serum + 1% penicillin-streptomycin) and supplemented with an interleukin as described in 

the methods (pink curve on flow cytometry plots show LLT1 expression, red curve demonstrated LLT1 

expression in Huh7 cells in complete media alone for 24hours, blue curve demonstrates the negative 

control (Huh7 cells with the secondary antibody only), interleukin supplementing the media denoted in 

the top right hand corner of each plot). 
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Figure 176 LLT1 surface expression on Huh7 cells post stimulation with TLR agonists. LLT1 surface 

expression was determined on Huh7 cells incubated for 24 hours with complete media (RPMI + 10% 

foetal calf serum + 1% penicillin-streptomycin) supplemented with at TLR ligand as described in the 

methods. LLT1 surface expression post incubation with TLR agonist supplemented complete media 

shown in green, with red for LLT1 surface expression on Huh7 cells in complete media alone for 

24hours, and blue for control (Huh7 cells with the secondary antibody only; Invivogen Human TLR 1-9 

agonist kit, TLR ligand supplementing the media is shown in the top right corner of each plot). 
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Figure 177 Tumour growth factor beta (TGF-β) upregulates LLT1 expression on liver cell lines. LLT1 

expression was determined by surface staining for LLT1 with two different anti-LLT1 antibodies on 

Huh7 and HepG2 cell lines after incubation for 48 hours in complete media (RPMI + 10% foetal calf 

serum + 1% penicillin-streptomycin) supplemented with 10ng/ml TGF-β. Two different primary 

antibodies were tested: anti-human LLT1 goat polyclonal primary antibody (R and D) and anti-human 

LLT1 mouse monoclonal primary antibody (Abnova). Overlays demonstrate LLT1 expression post 

48hours incubation in complete media supplemented with TGF-β (green), LLT1 expression post 48hours 

in complete media alone (red) and without the anti-LLT1 primary antibody (blue i.e. secondary 

antibody alone). 
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Figure 178 Tumour growth factor beta (TGF-β) upregulates LLT1 expression on Huh7 cells. Huh7 cells 

were incubated for 48 hours in complete media (RPMI + 10% foetal calf serum + 1% penicillin-

streptomycin) with or without supplementation with 10ng/ml TGF-β. Following this, the Huh7 cells 

were surface stained for LLT1 and the median fluorescence intensity of LLT1 was measured (n=7). 

Comparisons were made with the non-parametric Wilcoxon matched pairs signed-rank test. Graphs 

display individual values with the median value displayed by the bar. Error bars represent the 

interquartile range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, 

**** p<0.0001). 
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5.6 Discussion 

LLT1 expression is increased in the liver in cirrhosis, as demonstrated using 

immunohistochemistry and confirmed with relative quantification using real time PCR. 

Immunohistochemistry demonstrated a homogenous expression on hepatocytes in cirrhosis. 

However, expression in HCC tissue was variable, ranging from entirely negative expression in 

tumour tissue, patchy expression within the tumour or along the border of the tumour tissue 

or up-regulated on tumour tissue in relation to the background liver. Within the normal liver, 

hepatocytes did not express LLT1 but liver resident immune cells and sinusoidal cells were 

positive for LLT1, and accounted for a small proportion of CD68+ monocyte/Kupffer cells, 

vimentin positive hepatic stellate cells, CD20+ B cells and CD3+ T cells. LLT1 is not expressed 

on haematopoietic cells at rest but is induced following activation(Germain et al., 2011). 

Hence, the positively staining cells seen in these normal liver sections may represent activated  

cells, that have been activated on migrating through tumour tissue or in the liver resection 

process. 

 

CD161+ NK cells comprise 70-90% of the healthy circulating NK cells and more than 90% of 

the intrahepatic NK cell population. The proportion of CD161+NK cells in the circulation was 

increased in cirrhosis, and significance persisted in patients with underlying ALD. In 

conjunction with the up-regulation of LLT1 on hepatocytes within the liver in cirrhosis, the 

CD161-LLT1 inhibitory interaction may be more meaningful in cirrhosis. Using the hepatocyte 

cell line Huh7, and stably transfecting these cells to overexpress LLT1 to model cirrhosis and 

a sub-group of HCC tumours, the CD161-LLT1 interaction is demonstrated to attenuate the 

cytotoxic response of CD161+NK cells to Huh7 cell targets. TGF-β significantly up-regulated 

LLT1 surface expression on Huh7 cells, and may explain the mechanism of induction of LLT1 

expression on hepatocytes in cirrhosis. It would have been ideal to further ratify the data by 

adding a control group for the transfected Huh7 cells (i.e. Huh7 cells transfected with an 

empty vector) to ensure the effects of transfection seen are due to the LLT1-CD161 

interaction rather than the transfection vector. However, the inhibition of NK cell cytotoxicity 

seen here is in keeping with published data (D. B. Rosen et al., 2005). 
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Inhibition of NK cell cytotoxicity via the LLT1-CD161 interaction may result in compromised 

tumour surveillance with impaired ability for NK cells to lyse and eliminate transformed cells, 

contributing to the pre-malignant state that characterises cirrhosis.  Furthermore, Germain 

et al demonstrate that engagement of CD161 by LLT1 results in a reduction of IFNγ 

production(Germain et al., 2011). This in turn may impair monocyte/macrophage activation, 

potentially increasing susceptibility to infection.  

Heterogeneity in HCC represents one of the key areas of difficulty in devising anti-cancer 

chemotherapy. Exciting progress in the field of immunotherapy provides more hope for 

tailoring therapies in heterogeneic cancers. The up-regulation of LLT1 in the liver in cirrhosis, 

coupled with the higher surface expression of CD161 on NK cells within the liver suggests 

direct inhibition of NK cell function within cirrhotic livers and may contribute to cirrhosis as a 

pre-malignant state and dysfunction of tumour surveillance due to attenuated NK cell 

responses. Wu et al demonstrated reduced NK cell numbers, exhausted and with impaired 

function secondary to inhibitory crosstalk with monocytes(Y. Wu et al., 2013). Whilst LLT1 

expression in HCC tumour tissue is variable, in cases where LLT1 is expressed in tumour tissue 

and background cirrhotic liver epithelium, the CD161-LLT1 interaction may prove a useful 

therapy to block the inhibitory signal in NK cells as they traverse through the liver to the 

tumour tissue. Blockade of the LLT1-CD161 interaction has been shown to enhance tumour 

lysis in other cancers(Marrufo et al., 2018). 

 

The use of checkpoint inhibitors has been an exciting advance in the field of immunotherapy 

for cancer. Indeed there are now approved therapies for PD-1 blockade in the treatment of 

HCC and evidence for CTLA-4 blockade. Whilst tumour tissue expression of these receptors 

was not assessed here, checkpoint inhibitor expression was determined on CD161+ NK and T 

cells in order to determine if checkpoint blockade may help further enhance the function of 

these cells.  

 

PD-1 expression on circulating CD161+NK cells was minimal (<5%) but there was a significant 

increase, though small, in circulating CD161+PD-1+NK cells in HCC. Intrahepatic NK cells 

however had a significant PD-1+NK cells subset, with CD161+PD-1+NK cells comprising 25-
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43% of intrahepatic NK cells within healthy livers. Similarly, an increased proportion of 

intrahepatic CD8+ and CD4+ CD161+ T cells expressed PD-1 compared to circulating T cells. 

The paucity of intrahepatic samples limited the ability to determine reliably variations in NK 

cell sub-populations in different disease groups.  

 

PD-1 expression on tumour infiltrating T cells has been well described as an ‘exhausted’ 

phenotype, resulting in reduced CD8+ T cell cytotoxicity(Chang et al., 2017; Chemnitz et al., 

2004; Pinato et al., 2020). There is emerging evidence for PD-1 being an important inhibitory 

receptor for NK cells in addition to the correlation of PD-1 expression on NK cells with worse 

outcomes in many cancers(Y. Liu et al., 2017; Siu et al., 2018). Niu et al have confirmed a 

similar level of expression of PD-1 expression on circulating NK cells and find a similar increase 

in circulating NK cells expressing PD-1 in lung cancer(Niu et al., 2020). They further 

demonstrate PD-1+NK cells have a reduced capacity for cytotoxicity and reduced intracellular 

perforin(Niu et al., 2020). Liu et al also confirm the presence of PD-1+NK cells within the 

tumour infiltrating lymphocytes extracted from tumours of the digestive tract and in HCC(Y. 

Liu et al., 2017). Furthermore, there is growing evidence for the restoration of NK cells 

function with the use of checkpoint inhibitor blockade(El-Khoueiry et al., 2017; Ohs et al., 

2017; Pesce et al., 2019). Given the presence of a significant PD-1+NK cell subpopulation seen 

here in healthy livers, PD-1 expression is likely to add to the normal immune-tolerant 

phenotype of NK cells within the liver. However, with the up-regulation of other inhibitory 

receptor interactions within the pre-malignant cirrhotic liver, such as LLT1-CD161, 

combination immunotherapy blocking checkpoint inhibitors as well as these inhibitory 

receptor interactions within the cirrhotic liver is an exciting prospect that needs investigating. 

 

Intrahepatic NK cells in the healthy and cirrhotic liver also demonstrated a significantly 

greater proportion of cells expressing CTLA-4, BTLA and CD25 in comparison to circulating NK 

cells. However, CTLA-4+NK cells contributed to a minimal proportion of NK cells (<5% of 

intrahepatic and circulating NK cells in health and in disease).  
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BTLA demonstrated a similar expression pattern on NK cells, with BTLA+NK cells were 

significantly expanded in HCC, and a trend towards an increased proportion of circulating 

BTLA+NK cells in cirrhosis. BTLA on T cells was initially described as purely inhibitory, induced 

on T cell activation, and inhibiting IL-2 production(Watanabe et al., 2003). There is some 

evidence now that BTLA on CD8+T cells can provide an inhibitory or a co-stimulatory signal, 

with the presence of CD8+BTLA+ tumour infiltrating lymphocytes correlating with positive 

outcomes in melanoma(Radvanyi et al., 2012; Ritthipichai et al., 2017). There is little literature 

on the role of BTLA on NK cells, but BTLA has been shown to be expressed on NK cells 

following activation via NKG2D(Šedý et al., 2013). Furthermore, Šedý et al demonstrate that 

the engagement of BTLA on NK cells by the ligand Herpesvirus entry mediator (HVEM) 

resulted in a reduced NK cell cytolytic ability(Šedý et al., 2013). BTLA has also been 

demonstrated as being expressed on tumour infiltrating lymphocytes(X. Li et al., 2020). 

Coupled with this data, BTLA blockade to enhance NK cell cytotoxicity as part of a combination 

immunotherapy is certainly an interesting area that needs to be explored. 

 

CD25 (IL2RA) forms part of the IL-2 receptor complex. NK cells constitutively express the 

heterodimeric IL-2 receptor (IL-2Rβγ), but the induction of CD25 allows the formation of the 

heterotrimeric receptor IL-2Rαβγ which can stimulate NK cells in much lower concentrations 

of IL-2(Leong et al., 2014). Hence CD25 is deemed a marker of activation. IL-2 stimulation on 

NK cells promotes NK cells proliferation and modulation of surface NK receptors such as 

NKG2D(de Rham et al., 2007). Expression of CD25 is seen on activated NK cells and can be 

induced by IL-12, IL-15 and IL-18 and stimulation(Leong et al., 2014). Again, although there 

was a significant rise in the CD25+ NK cell proportion in the circulation, this still comprised 

less than 5% of circulating NK cells. Intrahepatic NK cells in health and disease expressed a 

significantly larger proportion of CD25+ NK cells, and this may be explained by the fact that 

the majority of intrahepatic NK cells are CD56brightCD16- NK cells, that constitutively express 

CD25(Hudspeth et al., 2016c; Leong et al., 2014). CD25 expression on T cells indicates a more 

regulatory T cell phenotype and function(Rodríguez-Perea et al., 2016). However, FoxP3 

staining was not undertaken here to differentiate these CD25+CD161+CD4+ T cells from true 

regulatory CD4+T cells or activated CD4+ T cells. The role for Il-2 infusions has been explored 

in many cancers but efficacy has been limited due to a narrow therapeutic window and 
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patient intolerance(Dutcher et al., 2014; C. Sun et al., 2015). However, there remains a 

potential role for pre-activation and expansion of NK cells with IL-2 prior to adoptive 

transfer(N. Kumar & Khakoo, 2018a).  CD25 blockade is also being explored as an adjunct 

immunotherapy(Flynn & Hartley, 2017). However, in the case of HCC with a large proportion 

of intrahepatic CD25+NK cells, further work would be necessary to ensure the desired 

beneficial effect is achieved. 

  

Interpretation of data presented here is limited for the following reasons. Normal liver 

samples used, both fresh and FFPE, were margins from liver resections undertaken for any 

other cause other than HCC. This included colorectal metastases. It is difficult to determine if 

the immune cells within these sections of liver are actually representative of normal healthy 

livers. Furthermore, LLT1 immunohistochemistry, and mononuclear cell extraction was all 

undertaken on liver tissue removed at resection or from liver explants. This does add a 

selection bias to the intrahepatic data, as these patients did not have advanced HCC. Lastly, 

there was a paucity of fresh liver samples. 

 

However, this work highlights the importance in understanding the underlying inhibitory 

phenotype in cirrhosis in order to boost NK cell function. Future work would initially 

characterise further the potential consequences of LLT1-CD161 blockade on other immune 

cells. Determining whether LLT1 blockade works in synergy with PD-1 blockade to restore NK 

cell cytotoxicity in HCC, and if NK cells can be manipulated with these antibodies and 

expanded ex vivo, allowing individual tailoring of immunotherapy, would be an exciting 

avenue to explore.  
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6. Final Discussion and Conclusion 
6.1 Novel Findings 
NK cells play key roles in tumour surveillance and anti-pathogen responses. As an innate 

lymphocyte, NK cells do not need pre-sensitisation to elicit potent immune responses, 

allowing immediate potent immune responses. Licencing of NK cells allows NK cells to 

discriminate between self and non-self and promotes potent responses towards targets 

missing-self molecules. 

The intrahepatic immune environment differs from the peripheral immune composition and 

is adapted to provide an immune tolerant environment with continuous exposure to 

pathogen and damage associated molecular patterns through the portal circulation. Immune 

responses are contained through a complex interplay between sinusoidal immune cells, liver 

sinusoidal endothelial cells and dendritic cells. Hepatocytes themselves are able to recognise 

and orchestrate immune responses though their expression of pattern recognition receptors. 

However in cirrhosis, there are changes both within the liver and outside of the liver. An 

apparent cirrhosis associated immune dysfunction has been demonstrated in several immune 

cell types, including circulating monocytes and T cells, with an increase in activated and 

exhausted circulating immune cells with attenuated effector functions. Repeated liver injury 

from chemicals and pathogens result in repeated cycles of damage and repair with ultimate 

fibrosis. With the significant morbidity and mortality from alcohol and metabolic dysfunction-

associated steatotic liver disease, cirrhosis and HCC, I determined the phenotype and function 

of circulating and intrahepatic NK cells in cirrhosis and HCC with these underlying aetiologies, 

and identified the following key novel differences: 

1. Circulating NK cells in cirrhosis and HCC demonstrated reduced degranulation against 

K562 target cells, with a reduced capacity to produce IFNγ in cirrhosis, and a reduced 

capacity to produce both IFNγ and TNFα in HCC. 

2. There was a reduction in the number of circulating NK cells with a polyfunctional 

capacity in cirrhosis and HCC (ie NK cells with the ability to produce a cytotoxic 

response and to produce both IFNγ and TNFα). 

3. The expression of activating receptors DNAM-1 and NKp46 is reduced on circulating 

NK cells in patients with HCC. 
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4. NKp30 expression was reduced on circulating NK cells in patients with MASLD with or 

without cirrhosis and/or HCC. NKp30 expression correlated negatively with 

degranulation against K562 targets in patients with HCC on a background of MASLD 

cirrhosis. 

5. There is an increased expression of the inhibitory receptor CD161 on circulating NK 

cells in cirrhosis. 

6. Circulating CD161+NK cells had a subtle but significant increase in the surface 

expression of PD-1 and BTLA in cirrhosis and HCC. 

7. There is a reduction in the cytotoxic circulating CD56dimCD16++ NK cell subpopulation 

in cirrhosis and HCC compared to healthy volunteers. 

8. There is an expansion of a circulating CD56dimCD16+/- NK cell subpopulation in 

cirrhosis and HCC: using flow cytometry techniques and gene expression analysis of 

the CD56dimCD16+/- NK cell population revealed these cells to be a liver homing NK 

cell subpopulation with reduced expression of the activating receptor DNAM-1, 

preserved degranulation but with hypofunctional type 1 interferon responses. 

Furthermore, using tissue culture techniques, the circulating CD56dimCD16+/- NK cell 

phenotype seen in patients with cirrhosis was reproduced in healthy NK cells co-

cultured with damaged Huh7 cells, suggesting exposure to damage associated 

molecular patterns (DAMPs) in the circulation of patients with cirrhosis and/or 

transient passage through damaged livers may explain the expansion of this 

CD56dimCD16+/- NK cell subpopulation in cirrhosis and HCC. Gene enrichment 

analysis suggested a key regulator resulting in the differential gene expression seen in 

CD56dimCD16+/- NK cells could be TGF-β. 

9. There is an upregulation in LLT1 expression in the liver in cirrhosis: phenotyping 

circulating NK cells in patients with cirrhosis also demonstrated an increase in the 

proportion of NK cells expressing CD161 and an increase in the surface expression of 

CD161 on these NK cells. The ligand for CD161, LLT1, was expressed homogenously on 

hepatocytes in cirrhosis and an increased expression of LLT1 in cirrhosis was 

demonstrated using both immunohistochemistry techniques and real time PCR. Using 

the molecular biology techniques of cloning, I produced a stably transfected Huh-7 cell 

line overexpressing LLT1 and demonstrated that an increase in LLT1 expression 

reduced degranulation of CD161+NK cells, confirming the inhibitory effects of LLT1 on 
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NK cells. Furthermore, my data suggests that transforming growth factor beta (TGFβ), 

a cytokine found in abundance within the cirrhotic liver microenvironment, may result 

in the induction of expression of LLT1 on hepatocytes.  

 

Cirrhosis associated immune dysfunction is well described in monocytes and T cells (Albillos 

et al., 2014, 2022) and the attenuated NK cell cytotoxic and cytokine responses seen here 

against target cells confirm that NK cells have dysfunctional responses in cirrhosis and HCC. 

Differential expression in surface receptors may account in part for functional discrepancies 

and attenuated NK cell responses. The reduction in the surface expression of the activating 

receptor NKp46 and the co-stimulatory molecule DNAM-1 in HCC may contribute to a reduced 

capacity for NK cell activation, and receptor expression was independent of the underlying 

aetiology of liver disease. However, reduced expression of the NKp30 receptor was seen 

specifically in MASLD, both in patients with and without cirrhosis and in patients with HCC 

and a background of MASLD related cirrhosis. NKp30 is classically deemed an activating 

receptor, however the expression of NKp30 in MASLD cirrhosis correlated negatively with NK 

cell cytotoxicity. Whilst another study has demonstrated a reduction in the expression of 

NKp30 in MASLD (Sakamoto et al., 2021), this negative association with NK cell cytotoxicity at 

the cirrhosis stage has not been described before. NKp30 has been shown to have different 

isoforms, including an inhibitory isoform which has been described on tumour infiltrating NK 

cells in HCC (Mantovani et al., 2019).  By identifying this negative correlation with NK cell 

function at the cirrhosis stage, I demonstrate that inhibitory NKp30 expression on NK cells 

may precede HCC and, by attenuating NK cell cytotoxicity in cirrhosis, may contribute to the 

evolution of HCC. Interestingly, the ligand for NKp30, B7H6, belongs to the B7 family, other 

members of which are important ligands for the checkpoint inhibitor CTLA-4. It would be 

important to ascertain if blockade of the NKp30-B7H6 interaction would enhance NK cell 

function in MASLD. 

Furthermore, I identified subtle but significant increases in the expression of regulatory 

checkpoint molecules PD-1 and BTLA on circulating NK cells in patients with cirrhosis and HCC, 

molecules associated with activation and exhaustion of NK cells (Quatrini et al., 2020). There 

is some in vitro evidence that PD-1 blockade may also improve NK cell function (Davis et al., 
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2021), and hence immunotherapies for HCC containing PD-1 blockade may also improve NK 

cells function as well as relieving T cells inhibition.  

In addition to the downregulation of activating receptors and the increased expression of 

checkpoint inhibitors, I demonstrated the upregulation of inhibitory receptor CD161 in 

circulating NK cells in cirrhosis. The engagement of CD161 by it’s ligand, LLT1 results in 

reduced NK cell cytotoxicity and IFNγ production (Aldemir et al., 2005; Bambard et al., 2010; 

P. a Mathew et al., 2004).  

I also demonstrated that LLT1 expression in the liver was only seen in disease, with a 

homogenous upregulation in expression on hepatocytes in cirrhosis. Thus the LLT1-CD161 

mediated inhibition of intrahepatic NK cell function is a significant pathway in cirrhosis. 

Whether NK cell inhibition via LLT1 receptor engagement is harmful or in fact beneficial in the 

context of cirrhosis and the evolution of HCC is yet to be determined. Indeed, a meta-analysis 

of thirty studies deemed that a reduced expression of E-cadherin, a ligand for the inhibitory 

KLRG1, in HCC is a poor prognostic indicator: reduced E-cadherin expression in the liver was 

associated with metastases, vascular invasion, advanced staging and poor survival (Chen et 

al., 2014). While LLT1 expression was demonstrated in cirrhosis, the expression in HCC 

appeared to be heterogenous, with upregulation in some samples, but a downregulation in 

other samples, and this did not correlate with clinical parameters. HCC has recently been re-

classified as immunologically inflammatory and non-inflammatory (J. M. Llovet et al., 2022; 

Montironi et al., 2022). This may in part explain the differential expression of LLT1. Future 

work to establish the role of these inhibitory receptors on NK cells in cirrhosis and the 

evolution of HCC is essential to inform future NK cell mediated/targeted immunotherapies 

for HCC. 

The role these inhibitory receptors play in the progression of liver disease and subsequent 

cirrhosis also needs further investigation. NK cells are essential for inhibition of fibrosis, with 

NK cells destroying activated stellate cells following an insult to the liver (Waggoner et al., 

2016). The abundance of TGF-β however in chronic liver disease may induce the expression 

of LLT1 on hepatocytes, as demonstrated here in Huh7 cells stimulated with TGF-β, promoting 

the inhibition of NK cells in cirrhosis. Future work could determine at what point in the 

evolution of chronic liver disease LLT1 expression becomes significant within the liver in order 
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to see if it arises prior to cirrhosis, with the subsequent theoretical loss of deletion of activated 

stellate cells and resulting fibrosis.  

The detection of an expanded liver homing CD56dimCD16+/- NK cells in cirrhosis and HCC is 

also an exciting aspect of this work. Whilst these cells appear to have preserved cytotoxicity, 

cytokine production appears to be dysfunctional. Patients with MASLD but without cirrhosis 

or significant fibrosis demonstrated similar proportions of NK cell subpopulations in 

comparison to healthy donor PBMCs.  Co-culture experiments using damaged Huh7 cells 

induced this NK cell phenotype in healthy PBMCs, implying exposure to damaged hepatocytes 

and released DAMPs may result in the alteration of CD56dim NK cells to produce the 

CD56dimCD16+/- NK cells seen in the circulation in disease. The reduced expression of NKp46 

on the CD56dimCD16+/- NK cell subpopulation may in part explain the impaired cytotoxicity 

against K562 cells demonstrated here in patients with cirrhosis and HCC as NKp46 mediated 

activation is integral to the NK cell response to K562 cells. However, there was no obvious 

impairment in comparison to healthy NK cells against Huh7 cells where the NKp46 mediated 

activation is less significant, and the expression of other receptors on Huh7 cells, such as LLT1, 

may impair NK cell function overall. The loss of CD16 expression on these CD56dim cells 

implies a reduced capacity for antibody dependent cell mediated cytotoxicity, and this 

coupled with the reduced production of IFNγ may have significant implications in anti-

pathogen responses and contribute to the increased susceptibility of infection in patients with 

underlying cirrhosis. 

6.2 Future directions 

This study provides insight into the role of NK cells in cirrhosis, shedding light on inhibitory 

pathways modulating NK cell function coupled with an increased expression of markers of 

exhaustion and attenuated effector function. As the prospect for harnessing NK cells to 

deliver targeted immunotherapies grows, successful manipulation of NK cells to deliver 

immunotherapy relies on understanding the tumour microenvironment and systemic effects 

of underlying cirrhosis.  

Whether the pre-existing CD56dimCD16+/- NK cells in patients could be harnessed to deliver 

therapy would be key to evaluate. The CXCR6 expression on these NK cells implies a capacity 

for these cells to be liver homing.  NK cells can be pre-primed with IL12, IL15 and IL18 to 
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produce memory like cells with more potent responses when challenged again (Leong et al., 

2014; Pahl et al., 2018; Romee et al., 2016). It would be worth assessing if IL12, IL15 and/or 

IL18 could restore the cytokine secretion capacity. Furthermore, coupling this with CD161 

blockade could be explored to restore NK cell function against HCC cells where LLT1 

expression is upregulated. However, NK cells from patients with obesity are dysfunctional, 

low in number and metabolic defects in NK cells from obese patients reduced the ability for 

NK cell training (Kedia-Mehta et al., 2021). Furthermore, as this work demonstrates, there are 

multiple different changes to NK cells at the gene expression and protein expression and 

hence it is likely that a combination of interventions may be required to restore NK cell 

function. In addition, given the heterogeneity of HCC, as demonstrated by other studies and 

seen here with regards to LLT1 expression, biopsies of tumour tissue and background liver 

tissue will be of increasing importance to tailoring combination immunotherapies. 

 

This body of work provides multiple exciting novel avenues to explore with regards to 

targeting NK cells in patients and developing NK cell based immunotherapies for HCC in the 

context of cirrhosis. 
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8. Appendices 
8.1 List of genes added to the Nanostring Immunology Panel 

CD69 
FASLG 
CD226 
PTK2B 
VAV1 
RAC1 
NCR2 
NKp30/NCR3 
PTPN11 
RAMP1 
PIK3R2 
MER 
AXL 
CCL25 
ITGA1 
PRKCE 
AKT3 
CD38 
MAP2K1 
CLEC2D 
MAPK3 
LYN 
PXN 
PAK1 
MAP3K1 
PRKCQ 
PLD1 
PPP3CA 
INPP5D 
DGKK 
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8.2 Sequence confirming correct cloning of LLT1 and CD161 
LLT1 sequence 

ATGCATGACAGTAACAATGTGGAGAAAGACATTACACCATCTGAATTGCCTGCAAACCCAGGTTGTCTGCATTC

AAAAGAGCATTCTATTAAAGCTACCTTAATTTGGCGCTTATTTTTCTTAATCATGTTTCTGACAATCATAGTGTGT

GGAATGGTTGCTGCTTTAAGCGCAATAAGAGCTAACTGCCATCAAGAGCCATCAGTATGTCTTCAAGCTGCATG

CCCAGAAAGCTGGATTGGTTTTCAAAGAAAGTGTTTCTATTTTTCTGATGACACCAAGAACTGGACATCAAGTC

AGAGGTTTTGTGACTCACAAGATGCTGATCTTGCTCAGGTTGAAAGCTTCCAGGAACTGAATTTCCTGTTGAGA

TATAAAGGCCCATCTGATCACTGGATTGGGCTGAGCAGAGAACAAGGCCAACCATGGAAATGGATAAATGGTA

CTGAATGGACAAGACAGTTTCCTATCCTGGGAGCAGGAGAGTGTGCCTATTTGAATGACAAAGGTGCCAGTAG

TGCCAGGCACTACACAGAGAGGAAGTGGATTTGTTCCAAATCAGATATACATGTCTAG 

 

CD161 sequence 

ATGGACCAACAAGCAATATATGCTGAGTTAAACTTACCCACAGACTCAGGCCCAGAAAGTTCTTCACCTTCATCT

CTTCCTCGGGATGTCTGTCAGGGTTCACCTTGGCATCAATTTGCCCTGAAACTTAGCTGTGCTGGGATTATTCTC

CTTGTCTTGGTTGTTACTGGGTTGAGTGTTTCAGTGACATCCTTAATACAGAAATCATCAATAGAAAAATGCAGT

GTGGACATTCAACAGAGCAGGAATAAAACAACAGAGAGACCGGGTCTCTTAAACTGCCCAATATATTGGCAGC

AACTCCGAGAGAAATGCTTGTTATTTTCTCACACTGTCAACCCTTGGAATAACAGTCTAGCTGATTGTTCCACCA

AAGAATCCAGCCTGCTGCTTATTCGAGATAAGGATGAATTGATACACACACAGAACCTGATACGTGACAAAGCA

ATTCTGTTTTGGATTGGATTAAATTTTTCATTATCAGAAAAGAACTGGAAGTGGATAAACGGCTCTTTTTTAAAT

TCTAATGACTTAGAAATTAGAGGTGATGCTAAAGAAAACAGCTGTATTTCCATCTCACAGACATCTGTGTATTCT

GAGTACTGTAGTACAGAAATCAGATGGATCTGCCAAAAAGAACTAACACCTGTGAGAAATAAAGTGTATCCTG

ACTCTTGA 
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8.3 Appendix C – Clinical parameter correlated with NK receptor expression in 
circulating NK cells in patients with cirrhosis and patients with cirrhosis and HCC. 
 

Table 20 NKG2D expression (median fluorescence intensity) on circulating NK cells in patients with cirrhosis and patients 
with cirrhosis and HCC (spearman rank correlation shown).  

 NKG2D in Cirrhosis NKG2D in HCC 
 R value P value R value P value 
MELD 0.0353 0.8585 0.0357 0.8684 
MELD-Na 0.0090 0.9677 0.2904 0.2425 
INR -0.0387 0.6217 0.0022 0.9919 
Platelets 0.0716 0.7339 -0.0836 0.7416 
Bilirubin 0.0340 0.8748 0.1839 0.4126 
ALT -0.0982 0.6193 -0.0343 0.8964 
Albumin -0.0137 0.9447 -0.1094 0.6107 
Age -0.1617 0.4111 0.0262 0.9034 
Creatinine 0.1058 0.5920 0.1614 0.4513 
AFP   -0.0079 0.9721 

 

Table 21 DNAM-1 expression on circulating NK cells (percentage positive) and correlation with clinical parameters 
(Spearman rank correlation shown). 

 DNAM-1 in Cirrhosis DNAM-1 in HCC 
 R value P value R value P value 
MELD -0.03556 0.8574 0.2023 0.3666 
MELD-Na -0.1914 0.3816 0.3453 0.1892 
INR 0.04709 0.8119 0.2007 0.3705 
Platelets 0.04462 0.8323 -0.09706 0.7213 
Bilirubin -0.01233 0.9503 0.1075 0.6339 
ALT -0.252 0.1959 0.1769 0.5281 
Albumin 0.1051 0.5945 -0.3697 0.0904 
Age -0.3442 0.0729 0.161 0.4743 
Creatinine -0.1731 0.3782 0.1356 0.5475 
AFP   0.1813 0.4444 

 

Table 22 NKp30 expression on circulating NK cells (median fluorescence intensity) and correlation with clinical parameters 
(Spearman rank correlation shown). 

 NKp30 in Cirrhosis NKp30 in HCC 
 R value P value R value P value 
MELD -0.04659 0.8139 -0.1256 0.5978 
MELD-Na -0.1283 0.5597 -0.05123 0.8626 
INR -0.185 0.3460 -0.3513 0.1288 
Platelets 0.06886 0.7436 0.222 0.4448 
Bilirubin 0.1458 0.4591 -0.2997 0.1992 
ALT -0.06196 0.7541 -0.1154 0.7097 
Albumin 0.06916 0.7266 0.125 0.5994 
Age -0.5243 0.0042 

** 
0.02642 0.9120 

Creatinine -0.1995 0.3087 0.2828 0.2270 
AFP   0.06832 0.7876 
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Table 23 NKp46 expression on circulating NK cells (median fluorescence intensity) and correlation with clinical parameters 
(spearman rank correlation shown). 

 NKp46 in Cirrhosis NKp46 in HCC 
 R value P value R value P value 
MELD 0.166 0.4277 0.4097 0.0728 
MELD-Na 0.126 0.5966 0.6816 

 
0.0092 

** 
INR -0.1186 0.5724 0.1247 0.6005 
Platelets 0.3846 0.0771 -0.2967 0.3025 
Bilirubin -0.001542 0.9942 0.3991 0.0813 
ALT 0.2116 0.3098 0.05495 0.8631 
Albumin 0.1212 0.5637 -0.3631 0.1156 
Age -0.1468 0.4838 -0.04679 0.8447 
Creatinine -0.1371 0.5135 0.3678 0.1106 
AFP   0.1677 0.5059 

 

 

Table 24 CD161 expression on circulating NK cells (percentage of NK cells that are CD161+NK cells) and correlation with 
clinical parameters (Spearman rank correlation shown). 

 CD161 in Cirrhosis CD161 in HCC 
 R value P value R value P value 
MELD -0.1296 0.5111 -0.1055 0.6405 
MELD-Na -0.1979 0.3655 0.1354 0.6143 
INR -0.3688 

 
0.0490 

* 
-0.1071 0.6351 

Platelets 0.2724 0.1878 0.4853 0.0589 
Bilirubin -0.03316 0.8669 -0.08602 0.7035 
ALT 0.01782 0.9283 0.1805 0.5197 
Albumin 0.06038 0.7602 -0.03397 0.8807 
Age -0.4484 

 
0.0147 

* 
0.04817 0.8314 

Creatinine 0.09894 0.6164 0.05592 0.8048 
AFP   0.185 0.4348 

 

Table 25 Circulating CD56dimCD16+/-NK cell proportion (percentage of NK cells that are CD56dimCD16+/-NK cells) and 
correlation with clinical parameters (Spearman rank correlation shown).  

 CD56dimCD16+/- NK cells in 
Cirrhosis 

CD56dimCD16+/-NK cells in 
HCC 

 R value P value R value P value 
MELD -0.0816 0.6739 -0.1539 0.4727 
MELD-Na -0.3397 0.1044 -0.192 0.4729 
INR -0.155 0.4220 -0.1984 0.3761 
Platelets -0.2626 0.1949 0.05588 0.8393 
Bilirubin -0.1983 0.3025 -0.01471 0.9482 
ALT -0.06044 0.7555 -0.2484 0.3719 
Albumin 0.03433 0.8597 0.04755 0.8336 
Age -0.162 0.4011 -0.2256 0.3128 
Creatinine 0.4092 0.0275 

* 
-0.1807 0.4209 

AFP   0.1556 0.5125 
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Table 26 CXCR6 expression on circulating NK cells (percentage of NK cells that are CXCR6+NK cells) and correlation with 
clinical parameters (Spearman rank correlation shown). 

 CXCR6+NK cells in 
Cirrhosis 

CXCR6+NK cells in HCC 

 R value P value R value P value 
MELD 0.339 0.0720 -0.1436 0.5237 
MELD-Na 0.2898 0.1695 -0.1318 0.6266 
INR 0.06317 0.7448 -0.2246 0.3150 
Platelets -0.131 0.5237 -0.4283 0.0979 
Bilirubin 0.369 0.0489 

* 
0.1475 0.5125 

ALT 0.02294 0.9060 -0.1386 0.6222 
Albumin -0.5883 0.0008 

*** 
0.02378 0.9163 

Age 0.07102 0.7143 0.1293 0.5665 
Creatinine 0.4132 0.0259 

* 
-0.04294 0.8495 

AFP   -0.1526 0.5206 
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8.4 Appendix D - Differential gene expression analyses 
 

 

Figure 179 Gene expression in healthy circulating CD56dimCD16++ NK cells compared to CD56brightCD16- NK cells(n=3). 
FDR calculated for all genes and only genes with p<0.05 shown, with >30 copies in one group and at least 2 fold difference 
in expression 
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Figure 180 Gene expression in circulating CD56dimCD16++ NK cells in disease compared to circulating CD56dimCD16++ NK 
cells in health. Gene expression profiles from circulating CD56dimCD16++ NK cells from patients with A) cirrhosis related to 
non-alcoholic fatty liver disease (NAFLD), B) cirrhosis related to alcohol related liver disease (ALD) and C) NAFLD related 
cirrhosis with hepatocellular carcinoma (HCC) were compared with circulating CD56dimCD16++ NK cells from healthy 
volunteers. (Genes displayed are expressed at >20 copies, demonstrate more than a 2 fold difference in expression and 
p<0.05 and FDR value of <0.05). 
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Figure 181 Gene expression in circulating CD56brightCD16- NK cells in disease compared to circulating CD56brightCD16- NK 
cells in health. Gene expression profiles from circulating CD56brightCD16- NK cells from patients with A) cirrhosis related to 
non-alcoholic fatty liver disease (NAFLD), B) cirrhosis related to alcohol related liver disease (ALD) and C) NAFLD related 
cirrhosis with hepatocellular carcinoma (HCC) were compared with circulating CD56brightCD16- NK cells from healthy 
volunteers. (Genes displayed are expressed at >20 copies, demonstrate more than a 2 fold difference in expression and 
p<0.05 and FDR value of <0.05). 
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Figure 182 Gene expression in circulating CD56brightCD16- NK cells from patients with hepatocellular carcinoma (HCC) on a 
background of NAFLD related cirrhosis compared to circulating CD56brightCD16- NK cells from patients with NAFLD related 
cirrhosis without HCC (Genes displayed expressed at >20 copies, demonstrate >2 fold difference in expression, p<0.05 and 
FDR<0.05). 



468 
 

 

Figure 183  Gene expression in intrahepatic CD56dimCD16++ NK cells compared to CD56brightCD16- NK cells(n=3, 
mononuclear cells isolated from explanted livers with cirrhosis, paired samples). FDR calculated for all genes and only genes 
with p<0.05 shown, with >30 copies in one group and at least 2 fold difference in expression. 
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Figure 184 Comparison of gene expression in intrahepatic NAFLD cirrhosis CD56brightCD16- NK cells (n=3) and circulating 
CD56brightCD16- NK cells in NAFLD cirrhosis (n=4). 
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Figure 185 Comparison of gene expression in intrahepatic NAFLD cirrhosis CD56dimCD16++ NK cells (n=3) and circulating 
CD56dimCD16++ NK cells in NAFLD cirrhosis (n=4) (non-paired samples). 
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Figure 186 Gene expression in circulating CD56dimCD16+/- NK cells in comparison to circulating CD56dimCD16++ NK cells in 
NAFLD related cirrhosis. 
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Figure 187 Gene expression in circulating CD56dimCD16+/- NK cells compared to circulating CD56brightCD16- NK cells in 
NAFLD related cirrhosis 
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Figure 188 Gene expression in circulating CD56dimCD16+/- NK cells compared to CD56dimCD16++ NK cells in cirrhosis 
secondary to Alcohol related liver disease (ALD). 
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Figure 189 Gene expression in circulating CD56dimCD16+/- NK cells compared to CD56brightCD16- NK cells in ALD related 
cirrhosis. 
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Figure 190 Gene expression in circulating CD56dimCD16+/-NK cells compared to CD56dimCD16++NK cells in HCC. 
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Figure 191 Gene expression in circulating CD56dimCD16+/-NK cells compared to CD56brightCD16-NK cells in HCC. 
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Figure 192 Gene expression in intrahepatic CD56dimCD16+/- NK cells (extracted from cirrhotic liver tissue) compared to A) 
intrahepatic CD56dimCD16++ NK cells and B) intrahepatic CD56brightCD16- NK cells. 
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8.5 Comparison of surface expression of receptors in circulatory and intrahepatic NK 
cells subpopulations. 
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Figure 193 DNAM-1 expression in NK cell subsets defined by CD56 and CD16 expression in the circulation and in the liver. 
The top graph demonstrates DNAM-1 expression in circulating NK cells on healthy, cirrhosis and HCC states regardless of 
underlying aetiology. The bottom graph demonstrates DNAM-1 expression on intrahepatic NK cells. Data in blue 
demonstrates the proportion of CD56dimCD16++NK cells expressing DNAM-1. Data in red demonstrates the proportion of 
CD56dimCD16+/- NK cells expressing DNAM-1. Data in black demonstrated the proportion of CD56brightCD16- NK cells 
expressing DNAM-1. (Graphs display individual values with the median value displayed by the bar. Comparisons between 
groups have been made using the Mann-Whitney test. Error bars represent the interquartile range. P values are denoted on 
the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). There were no differences in DNAM-1 expression 
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in circulating NK cell subpopulations in healthy volunteers. DNAM-1 expression was reduced on circulating CD56dimCD16+/- 
NK cells proportion in cirrhosis and HCC (top graph). There were no significant differences in DNAM-1 expression between 
intrahepatic NK cell subpopulations (bottom graph). 
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Figure 194 NKG2D expression in NK cell subsets defined by CD56 and CD16 expression in the circulation and in the liver. 
Circulating and intrahepatic NK cells were stained with antibodies from Phenotyping Panel 1 as described in methods. The 
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top graph demonstrates NKG2D expression in circulating NK cells in healthy, cirrhosis and HCC groups regardless of 
underlying aetiology. The bottom graph demonstrates NKG2D expression on intrahepatic healthy, cirrhosis and HCC NK 
cells. Data in blue demonstrates the proportion of CD56dimCD16++NK cells expressing NKG2D. Data in red demonstrates 
the proportion of CD56dimCD16+/- NK cells expressing NKG2D. Data in black demonstrated the proportion of 
CD56brightCD16- NK cells expressing NKG2D. (Graphs display individual values with the median value displayed by the bar. 
Comparisons between groups have been made using the paired Wilcoxon test between the same donors. Error bars 
represent the interquartile range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001). There was in increased proportion of NKG2D expressing CD56dimCD16+/- NK cells in comparison to 
CD56dimCD16++ NK cells (top graph). There were no significant differences in NKG2D expression between intrahepatic NK 
cell subpopulations (bottom graph). 
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Figure 195 NKp30 expression in NK cell subsets defined by CD56 and CD16 expression in the circulation and in the liver. The 
top graph demonstrates NKp30 expression in circulating NK cells on healthy, cirrhosis and HCC states regardless of 
underlying aetiology. The bottom graph demonstrates NKp30 expression on intrahepatic NK cells. Data in blue 
demonstrates the proportion of CD56dimCD16++NK cells expressing NKp30. Data in red demonstrates the proportion of 
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CD56dimCD16+/- NK cells expressing NKp30. Data in black demonstrated the proportion of CD56brightCD16- NK cells 
expressing NKp30. (Graphs display individual values with the median value displayed by the bar. Comparisons between 
groups have been made using the Mann-Whitney test. Error bars represent the interquartile range. P values are denoted on 
the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). There were no significant differences in NKp30 
expression when comparing NK cells subpopulations in the circulation or in the liver. 
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Figure 196 CD161 expression in NK cell subsets defined by CD56 and CD16 expression in the circulation and in the liver. The 
top graph demonstrates CD161 expression in circulating NK cells on healthy, cirrhosis and HCC states regardless of 
underlying aetiology. The bottom graph demonstrates CD161 expression on intrahepatic NK cells. Data in blue 
demonstrates the proportion of CD56dimCD16++NK cells expressing CD161. Data in red demonstrates the proportion of 
CD56dimCD16+/- NK cells expressing CD161. Data in black demonstrated the proportion of CD56brightCD16- NK cells 
expressing CD161. (Graphs display individual values with the median value displayed by the bar. Comparisons between 
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groups have been made using the Mann-Whitney test. Error bars represent the interquartile range. P values are denoted on 
the figures as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). The proportion of circulating CD56+CD16+/- NK 
cells expressing CD161 was lower compared to CD56dimCD16++ NK cell. CD56brightCD16- NK cells had the lowest 
proportion of CD161+cells of the three NK subpopulations in the circulation (top graph). There were no significant 
differences between intrahepatic NK cell subpopulations (bottom graph). 
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Figure 197 CXCR6 expression in NK cell subsets defined by CD56 and CD16 expression in the circulation and in the liver. The 

top graph demonstrates CXCR6 expression in circulating NK cells on healthy, cirrhosis and HCC states regardless of underlying 

aetiology. The bottom graph demonstrates CXCR6 expression on intrahepatic NK cells. Data in blue demonstrates the 

proportion of CD56dimCD16++NK cells expressing CXCR6. Data in red demonstrates the proportion of CD56dimCD16+/- NK 
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cells expressing CXCR6. Data in black demonstrated the proportion of CD56brightCD16- NK cells expressing CXCR6. (Graphs 

display individual values with the median value displayed by the bar. Comparisons between groups have been made using 

the Mann-Whitney test. Error bars represent the interquartile range. P values are denoted on the figures as follows: * p<0.05, 

** p<0.01, *** p<0.001, **** p<0.0001). There was a significantly increased proportion of CXCR6+ NK cells in the 

CD56dimCD16+/- subpopulation and CD56brightCD16- NK cell subpopulation compared to CD56dimCD16++ NK cells in the 

circulation (top graph). This trend was maintained in intrahepatic NK subpopulations (bottom graph). 
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Figure 198 CCR5 expression in NK cell subsets defined by CD56 and CD16 expression in the circulation and in the liver. NK 
cells were stained with antibodies from the Liver phenotyping panel as described in methods. The top graph demonstrates 
CCR5 expression in circulating NK cells on healthy, cirrhosis and HCC states. All patients had Child-Pugh A cirrhosis, with or 
without HCC and all patients had an underlying alcohol related liver disease (ALD) (n=6 healthy, n=12 with cirrhosis only, 
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n=5 with HCC on a background of cirrhosis). The bottom graph demonstrates CCR5 expression on intrahepatic NK cells (n=7 
healthy, n=4 cirrhosis, n=6 HCC on a background of cirrhosis). Data in blue demonstrates the proportion of 
CD56dimCD16++NK cells expressing CCR5. Data in red demonstrates the proportion of CD56dimCD16+/- NK cells expressing 
CCR5. Data in black demonstrated the proportion of CD56brightCD16- NK cells expressing CCR5. (Graphs display individual 
values with the median value displayed by the bar. Comparisons between groups have been made using the Mann-Whitney 
test. Error bars represent the interquartile range. P values are denoted on the figures as follows: * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001). There was a significantly increased proportion of CCR5+ NK cells in the CD56dimCD16+/- 
subpopulation and CD56brightCD16- NK cell subpopulation compared to CD56dimCD16++ NK cells in the circulation (top 
graph). This trend was maintained in intrahepatic NK subpopulations (bottom graph). 
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Figure 199 CD49a expression in NK cell subsets defined by CD56 and CD16 expression in the circulation and in the liver. The 
top graph demonstrates CD49a expression in circulating NK cells on healthy, cirrhosis and HCC states. All patients had Child-
Pugh A cirrhosis, with or without HCC and all patients had an underlying alcohol related liver disease (ALD) (n=6 healthy, 
n=12 with cirrhosis only, n=5 with HCC on a background of cirrhosis). The bottom graph demonstrates CD49a expression on 
intrahepatic NK cells (n=7 healthy, n=4 cirrhosis, n=6 HCC on a background of cirrhosis). Data in blue demonstrates the 
proportion of CD56dimCD16++NK cells expressing CD49a. Data in red demonstrates the proportion of CD56dimCD16+/- NK 
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cells expressing CD49a. Data in black demonstrated the proportion of CD56brightCD16- NK cells expressing CD49a. (Graphs 
display individual values with the median value displayed by the bar. Comparisons between groups have been made using 
the Mann-Whitney test. Error bars represent the interquartile range. P values are denoted on the figures as follows: * 
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). There were no significant differences in CD49a expression in 
CD56dimCD16+/- NK cells in comparison to CD56dimCD16++ NK cells in the circulation (top graph). There was a significant 
increase in CD49a expression in CD56brightCD16- NK cells in livers with HCC, but no significant differences in CD49a 
expression between the two CD56dim subpopulations (bottom graph). 
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Figure 200 Tbet and EOMES expression in NK cell subsets defined by CD56 and CD16 expression in the circulation and in the 

liver. NK cells were stained using the Liver phenotyping panel as described in methods. The top graph demonstrates Tbet and 
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EOMES expression in circulating NK cells on healthy, cirrhosis and HCC states. All patients had Child-Pugh A cirrhosis, with or 

without HCC and all patients had an underlying alcohol related liver disease (ALD) (n=6 healthy, n=12 with cirrhosis only, n=5 

with HCC on a background of cirrhosis). The bottom graph demonstrates Tbet and EOMES expression on intrahepatic NK cells 

(n=7 healthy, n=4 cirrhosis, n=6 HCC on a background of cirrhosis). Data in blue demonstrates the proportion of 

CD56dimCD16++NK cells that are TbetloEOMESHi. Data in red demonstrates the proportion of CD56dimCD16+/- NK cells that 

are TbetloEOMESHi. Data in black demonstrated the proportion of CD56brightCD16- NK cells that are TbetloEOMESHi. 

(Graphs display individual values with the median value displayed by the bar. Comparisons between groups have been made 

using the Mann-Whitney test. Error bars represent the interquartile range. P values are denoted on the figures as follows: * 

p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). CD56dimCD16+/- NK cells had an intermediate proportion of 

TbetloEOMESHi NK cells, with CD56brightCD16- NK cells having the highest proportion and CD56dimCD16++ NK cells having 

the lowest proportion, in the circulation as well as within the liver. 
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Appendix 8.6 Cytokine production in NK cell subsets following PMA/Ionomycin 
stimulation 
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Figure 201 Cytokine production in NK cell subsets following stimulation with PMA and ionomycin. 

Peripheral blood mononuclear cells (PBMCs) from patients with cirrhosis secondary to Alcohol related 

liver disease (ALD cirrhosis, n=3) were stained with Phenotyping Panel 1 (see Table 3) and sorted in NK 

cells subsets based on CD56/CD16 expression as described in Figure 3. These isolated NK cell subsets 

were stimulated with PMA (50ng/ml) and ionomycin (500ng/ml) in duplicates for four hours. Cytokine 

expression was read using a V-plex pro-inflammatory panel 1 MSD plate (n=3 samples run in 

duplicates, data points represent an average reading of the duplicates). Comparisons were made  using 

the paired Wilcoxon test. Graphs display individual values with the median value displayed by the bar. 

Error bars represent the interquartile range. 
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8.7 Immunohistochemistry for LLT1 in Cholangiocarcinoma 
 

 

Figure 202 Immunohistochemistry for LLT1 expression on FFPE liver tissue from a resection specimen 

for a moderately differentiated cholangiocarcinoma. Liver resection specimens (n=17) for 

cholangiocarcinoma were stained for LLT1 (1:4000 dilution, Abnova) as described in methods. 

Immunohistochemistry for LLT1 does not demonstrate LLT1 expression on tumour tissue, and there is 

weak staining for LLT1 in the liver background tissue but the inflammatory infiltrate is positive for LLT1. 
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