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Abstract  

Liver cancer is currently the second most common cause of cancer-related death worldwide, with 

hepatocellular carcinoma (HCC) accounting for the majority of these cases. 90% of HCC cases are 

associated with liver fibrosis or cirrhosis developed from chronic liver injuries. Although each 

underlying condition might involve different carcinogenic pathways, fibrosis/cirrhosis is regarded 

as a crucial factor in the carcinogenesis of liver tissue. Moreover, the immune system of the liver 

contributes to the severity of the necrotic-inflammatory tissue damages, the establishment of the 

fibrosis and cirrhosis and the disease progression towards HCC.  

Small animal models represent the essential tools of cancer research. As fibrosis/cirrhosis modifies 

liver vascularization, extracellular matrix composition and drugs metabolism, it is essential to use 

a cirrhotic animal model to test HCC drugs for their efficiency against tumour initiation and/or 

progression. The current mouse model failed to reproduce all the fibrosis stages, especially 

cirrhosis. One of the rodent models that most faithfully reproduce human cirrhosis are the diethyl 

nitrosamine-injured rats (DEN rats). However, limited information exists about the inflammation 

status or immune system features of this model during progression from liver cirrhosis to 

carcinoma. Therefore, the aim of our project is to deeply characterize DEN-induced HCC rat 

models during cirrhosis progression and HCC development, with a special focus on liver 

inflammatory micro-environment. 

In this study, we demonstrate that the DEN-induced HCC rat model displays tumour initiation, 

development and the several stages of liver fibrosis, including cirrhosis, and also helps understand 

the related modulation of the immune micro-environment. Furthermore, we demonstrate that 

intrahepatic immune cells, especially T lymphocytes and macrophages in this DEN induced 
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cirrhotic rat model, are modified during the development of HCC, mimicking human HCC. For 

instance, we show that during HCC development, Treg, CTLA-4 and macrophages (of which most 

are polarized towards the M2 phenotype in tumor areas), contribute to an immunosuppressive 

environment and probably promote the progression of HCC. Thus, these findings help to 

comprehensively understand the DEN-induced HCC rat model, which mimics the pathological 

process of human HCC quite accurately, including immune system features. In this context, the 

DEN-induced cirrhotic HCC rat model might be a relevant pre-clinical model tool to evaluate the 

new HCC treatment’s efficacy and tolerance in a liver cirrhotic background. Therefore, we also 

tested for the safety and efficacy of a new allosteric inhibitor (ARQ 751) and a combination of an 

AKT inhibitor (ARQ 751) and sorafenib and compared it to the sorafenib and control. Here, our 

MRI results showed a lower tumor progression, reduced tumor numbers and size in groups of rats 

treated with the new therapeutic strategy. Thus, ARQ 751 as single agent, and its combination with 

sorafenib, exerted a strong suppression in tumor progression, improved liver fibrosis and 

demonstrated a good safety profile, making this experimental drug promising in the treatment of 

HCC in cirrhotic patients. Thus, the results provide a strong rationale for testing ARQ 751 in 

clinical settings, and confirm the importance of targeting AKT in HCC development and 

progression. 
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Resume 

Le cancer du foie représente le deuxième cancer le plus meurtrier dans le monde, le carcinome 

hépatocellulaire (CHC) étant responsable de la majorité de ces cas. 90% des CHC sont associés à 

une fibrose hépatique ou à une cirrhose développée à la suite de lésions hépatiques chroniques. 

Bien que chaque affection sous-jacente puisse impliquer différentes voies cancérogènes, la fibrose 

/ cirrhose est considérée comme un facteur crucial de la carcinogenèse du tissu hépatique. De plus, 

le système immunitaire du foie contribue à la sévérité des dommages tissulaires nécrotiques et 

inflammatoires, à l’établissement de la fibrose et de la cirrhose et à la progression de la maladie 

vers le CHC. Les modèles animaux de petite taille représentent des outils essentiels dans la 

recherche sur le cancer. Étant donné que la fibrose / cirrhose modifie la vascularisation du foie, la 

composition de la matrice extracellulaire et le métabolisme des médicaments, il est essentiel 

d’utiliser un modèle animal pertinent présentant un état cirrhotique pour tester les médicaments 

contre le CHC. Les modèles de souris actuels ne parviennent pas à reproduire tous les stades de la 

fibrose, en particulier la cirrhose. L’un des modèles de rongeurs qui reproduit le plus fidèlement la 

cirrhose humaine est celui du rat exposé à la d’éthyle nitrosamine (rats DEN). Cependant, le statut 

inflammatoire et les caractéristiques du système immunitaire dans ce modèle n’ont été que peu 

étudiés au cours de la progression de la cirrhose hépatique vers le carcinome. Le but de notre étude 

est alors de caractériser en profondeur le modèle de rat du CHC induit par DEN au cours de la 

progression de la cirrhose et du développement du CHC, en investiguant plus particulièrement le 

micro-environnement inflammatoire du foie. 

Dans cette étude nous avons démontré que le CHC induit par DEN chez le rat présente les 

différentes étapes du développement tumoral et les différents stades de la fibrose hépatique jusqu’à 

la cirrhose. Ce modèle aide aussi à mieux comprendre les modulations du micro-environnement 
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immunitaire associées au CHC. En effet, nous avons montré que les cellules immunitaires 

intrahépatiques, particulièrement les lymphocytes T et les macrophages, sont modifiées au cours 

du développement du CHC induit par DEN, mimant ainsi le CHC humain. Nous avons montré 

qu’au cours du développement du CHC, les Tregs, CTLA-4+ lymphocytes et les macrophages 

(dont la majorité sont polarisés en M2 au niveau de la tumeur), contribuent à un 

microenvironnement immunosuppressif et favorisent probablement la progression du CHC. 

L’ensemble de ces résultats aide donc à comprendre le modèle de rat de CHC induit par DEN qui 

est un modèle mimant le processus pathophysiologique du CHC humain notamment les 

caractéristiques du système immunitaire intra-tumoral. Dans ce contexte, le modèle de CHC induit 

par DEN chez le rat pourrait être un outil pertinent comme modèle pré-clinique afin d’évaluer 

l’efficacité de nouveaux traitements contre le CHC et la tolérance dans un contexte de foie 

cirrhotique. Nous avons alors testé la sécurité et l’efficacité d’un nouvel inhibiteur allostérique 

d’AKT (ARQ 751) ainsi que sa combinaison avec le sorafenib à comparaison du sorafenib seul et 

du contrôle. Nos analyses par IRM montrent une progression tumorale moindre en raison de la 

diminution du nombre et de la taille des tumeurs dans les groupes d’animaux traités avec la 

nouvelle molécule thérapeutique. L’administration de ARQ 751 seul ou en combinaison avec le 

sorafenib ralentit drastiquement la progression tumorale, améliore la fibrose hépatique et montre 

un bon profil de sécurité. Tout ceci supporte l’utilisation de cette molécule expérimentale 

prometteuse dans le traitement de patients cirrhotiques atteints de CHC. L’ensemble de ces résultats 

fournit une base solide pour tester le ARQ 751 dans un contexte clinique et confirme également 

l’importance de cibler la voie AKT pour contrer le développement et la progression du CHC.  
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1. INTRODUCTION 

Liver cancer is the sixth most common cancer and second most lethal malignancy, afflicting more 

than one million people and causing 829,000 deaths worldwide. Globally, the incidence of liver 

cancer is seen more in males, with 1 in 38 men developing liver cancer, than in females—1 in 111 

women [1] . Hepatocellular carcinoma (HCC) is predominantly constitutive of ~90% primary liver 

cancer [2] . Chronic hepatitis infection by the hepatitis B (HBV) or hepatitis C viruses (HCV), 

aflatoxin, alcoholic liver disease and nonalcoholic fatty liver disease are the major risk factors for 

HCC incidence (Figure 1) [3]. The distribution of these risk factors depend on geographic regions 

and race or ethnic group, and they are highly variable among patients with HCC (Figure 2) [4, 5]. 

The development of HCC is a complex multistep process that involves sustained inflammatory 

damage, including hepatocyte necrosis and regeneration, associated with fibrotic deposition [6]. 

80–90% of HCC is associated with the formation and progression of fibrosis and cirrhosis. 

Moreover, the immune system of the liver also contributes to the severity of the necrotic-

inflammatory tissue damage, the establishment of the fibrosis and cirrhosis and the disease 

progression towards HCC [7]. The details of each etiology developing HCC are presented further. 
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FIGURE 1: PROCESS OF DEVELOPMENT OF HCC BY RISK FACTORS SUCH AS HBV, HCV, AFLATOXIN, 

ALOCOHOLIC LIVER DISEASE AND NON-ALCOHOLIC FATTY LIVER DISEASE. 

 

FIGURE 2: THE INCIDENCE OF HCC WITH DIFFERNET ETIOLOGIES DEPENDING ON GEOGRAPHIC AREAS. 

(IMAGE SOURCE: LLOVET, J. M et al., 2016, NATURE REVIEW [4]) 
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1.1 ETIOLOGY OF HCC 

1.1.1 HBV 

HBV is considered one of the main etiological factors of HCC, as the virus infection generates 

various pathological alterations inside the liver structure, facilitating the development of HCC. 

Globally, approximately 43.3% of the total cases of liver cancer (436,500) were ascribed to 

hepatitis B [8]. The age standardized incidence rate (ASR) of liver cancer due to hepatitis B, was 

significantly heterogeneous across the world, with the highest ASR observed in East Asia. 

Moreover, in highly endemic regions, HBV is primarily transmitted from mother to child during 

birth, and through parental contact with infected blood in developed countries or sexual contact 

[9]. Multiple variables, such as the virus or host-related factors and the patient’s lifestyle, have to 

be considered in order to correctly assess the risk of carcinogenesis triggered by chronic HBV 

infection [10]. Besides, 9% of the HIV-infected patients are co-infected with HBV, resulting in an 

increased risk of developing HCC, as compared to having a chronic HBV infection alone [11].   

HBV is a partially double-stranded DNA virus (genome length: 3200 bp), a member of the 

Hepadnaviridae family [12]. Hepatitis B surface, e and the core antigens are the markers of an 

active infection (but the HBe negative antigen can be associated with an active infection as well). 

The hepatitis B e antigen-positivity and elevated HBV DNA levels are risk factors for the 

development of liver cirrhosis in patients with chronic hepatitis B [13, 14]. The development of 

HCC through chronic HBV infection is a multistep process that involves the rearrangement of 

intracellular DNA, leading to an inflammation of the hepatocytes and escorted by an increased rate 

of proliferation [15]. Once the viral DNA is integrated into the host’s genome, the telomerase 

reverse transcriptase is altered, and the genes involved in the malignant process undergo various 

insertional mutation [16]. Further continuation in the inflammation process results in liver injury 
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through necrosis of the affected area, which is followed by compensatory regeneration and hepatic 

fibrosis. Hence, altogether the hepatic architecture is altered and it leads to a cirrhosis background 

[17]. Besides, the effect of HBV proteins on pathways, such as p38MAPK and PI3K/AKT, also 

increase the invasive potential of an HBV infection [18, 19]. Moreover, the association of an HBV 

infection with HCV, or with increased alcohol intake or aflatoxin consumption, increases the 

carcinogenic risk of HBV [20]. 

1.1.2 HCV 

HCV infection is another major risk factor for developing HCC. In 2016, among the total number 

of liver cancer cases, hepatitis C triggered almost 18.7% (188,700). Even though antiviral therapies 

are effective in reducing the incidence of HCC, the risk has not been eradicated, since diabetes and 

obesity in individuals with HCV contribute to an increased risk of HCC [8] 

HCV is associated with the Hepacivirus genus of Flaviviridae origin [21], and its carcinogenesis 

is mediated by viral-induced factors and host-induced immunologic responses. Investigation of 

HCV revealed that its core protein might impair oxidative stress metabolism and drive lipogenesis 

[22]. In the process of promoting HCC, HCV viral proteins act directly on cell signaling pathways 

through the activation of signaling pathways that up-regulate growth and division, or by inhibiting 

tumor suppressor genes and cell cycle points [23]. Moreover, the inhibition of specific tumor 

suppressor genes, such as the retinoblastoma protein and the p53 tumor suppressor of the HCV 

core proteins, also increases the rate of carcinogenesis [24, 25]. Additionally, nonstructural protein 

genes of HCV stimulate fibrosis and the progression of HCC, by inducing the transforming growth 

factor-beta and activating hepatic stellate cells [26]. Furthermore, the HCV virus and the host-

mediated immune response induces oxidative stress on hepatocytes, which leads to regeneration 

and cell death, accompanied by hepatic mutations and the development of HCC  
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1.1.3 AFLATOXIN  

Aflatoxins are naturally prevailing subsidiary metabolites of the fungi Aspergillus flavus and 

Aspergillus parasiticus. It is a mycotoxin that can be found in food items, which include peanuts, 

meat, milk, oilseeds, corns and dried fruits, primarily in regions of tropical and subtropical 

climates, wetlands and high temperatures, which can lead to food contamination and a well-known 

human hepatocarcinogen, which is the prime agent in the pathologic process of HCC [27]. It is 

estimated that 4.5 billion people worldwide are exposed to Aflatoxin B1 (AFB1) and may develop 

HCC, and about 5–28% of global HCC cases can be attributed to aflatoxin exposure [28]. Once 

consumed, AFB1 is metabolized to a functional transitional compound—AFB1-exo-8,9-epoxide—

that can attach to the DNA, causing further mutations and leading to HCC [29, 30]. Evidently, the 

AFB1 interact with different factors, such as HBV, with which it has a synergistic interaction 

favoring hepatocarcinogenesis. Moreover, studies have shown that patients who had HCC and 

HBV with a “high” AFB1 consumption, 10-times higher mortality rates than those with “low” 

consumption. For instance, the odds ratio for developing HCC with exposure to aflatoxin alone 

was 6.37, with HBV infection alone it was 11.3, and with both risk factors was 73.0  [31, 32]. 

1.1.4 ALCOHOL  

In 2016, 14.7% (147,700) of total liver cancer cases were attributed to alcohol consumption. The 

proportion of liver cancer due to alcohol consumption has increased up to 40% in Western 

European countries, such as France, Belgium, Germany, Denmark etc. [8]. Extreme alcohol 

consumption modifies/compromises functional capacity and the architecture liver, through liver 

injuries from steatosis, steatohepatitis and fibrosis, eventually leading to cirrhosis and HCC [33]. 

Moreover, extreme alcohol consumption drives HCC through a number of pathophysiological 
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factors such as the formation of acetaldehyde, which leads to proteins and DNA adducts, the 

impairment of antioxidant defense and DNA repair mechanisms by increasing the production of 

cytochrome P450 2E1-, and/or iron-induced reactive oxygen species, inducing chronic 

inflammation by altering the immune system and interference with methyl group transfer and 

alterations to gene expression [34-37]. A higher incidence of HCC has been found in patients with 

an HBV-infection and alcoholic cirrhosis, compared to viral infections and alcoholism alone [38, 

39]. 

1.1.5 NONALCOHOLIC FATTY LIVER DISEASE (NAFLD) 

Risk factors such as obesity (51%), type 2 diabetes mellitus (23%) and metabolic syndrome (43%) 

lead to the development of NAFLD, followed by non-alcoholic steatohepatitis (NASH) and its 

progression to HCC [40-42]. Compared to the other etiological development, HCC in NAFLD is 

associated in the absence of established cirrhosis, suggesting its specific mechanism of 

carcinogenesis that is less dependent on hepatic fibrosis. Moreover, in NAFLD, hepatic lipid 

accumulation leads to metabolic reprogramming, characterized by a combination of cellular 

metabolic alterations and an accumulation of potentially toxic metabolites that favor the 

development of liver tumorigenesis [43]. Furthermore, NASH underlies an extremely versatile and 

dynamic inflammatory microenvironment. This mixture of an inflammatory microenvironment, 

aberrant metabolism and ongoing liver regeneration contributes to DNA instability and cancer 

(HCC) [44].  
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1.2 TREATMENT OF HCC 

Despite the high incidence of HCC with various etiologies, as seen previously, only 40–50% of 

HCC patients are led to early diagnosis through surveillance programs in developed countries [45]. 

Therapeutic options are available for HCC, including surgical resection, local ablative therapy or 

transarterial chemoembolization, radio embolization, radiation treatment and systemic treatment. 

In the very early and early stages, curative treatments such as liver resection, transplantation or 

radiofrequency ablation have survival benefits. Local treatment such as trans-arterial 

chemoembolization is the main treatment option for the intermediate stage [46] (Figure 3). 

However, for patients with advanced HCC, some systemic therapies have been approved for 

treatment, as few agents could demonstrate significant benefits over the placebo, which are 

discussed further. 

1.2.1 SYSTEMIC THERAPIES OF HCC 

Systemic therapies are recommended for patients who are in an advanced disease stage (Barcelona 

Clinic Liver Cancer [BCLC] stage C), or are at the intermediate stage (BCLC stage B), as well as 

progression with transarterial therapies (Figure 3). Following are the details of systemic therapies 

approved by the Food and Drug Administration (FDA). 

1.2.1.1 First line therapies  

Sorafenib (Nexavar) emerged as the first effective systemic treatment of unresectable HCC, after 

30 years of research, and was approved by the FDA in December 2007, that extended the median 

overall survival (OS) over the placebo by nearly three months (10.7 vs. 7.9 months)  [47, 48]. It 

acts by inhibiting multiple intracellular (c-RAF, BRAF, and mutant BRAF) and cell surface 

kinases, Fms-related tyrosine kinase, vascular endothelial growth factor receptor (VEGFR)-1, 
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VEGFR-2, VEGFR-3 and platelet-derived growth factor receptors (PDGFR)-β). These “kinases 

are involved in tumor cell signaling, angiogenesis, and apoptosis [49]. Certainly, sorafenib is now 

the standard therapeutic agent for advanced HCC. However, in spite of sorafenib’s proven efficacy 

to significantly increase overall survival in patients with advanced HCC, it was unable to stop the 

disease progression because of development of resistance to anti proliferative therapies, and its 

systemic toxicity is relatively high [50]. Therefore, novel molecular targeted agents with more 

potency or similar effects, but less toxicity, have been the unmet need. 

Lenvatinib another first line HCC treatment approved by the FDA in July 2018, is a multiple-

receptor tyrosine kinase inhibitor that inhibits the kinase activities of VEGF receptors VEGFR1, 

VEGFR2, VEGFR3; it also inhibits other receptor tyrosine kinases including fibroblast growth 

factors (FGF) and receptors FGFR 1, 2, 3 and 4. Research conducted by Kudo et al, compared 

lenvatinib with sorafenib in the first-line setting for treatment of patients with unresectable HCC 

[51, 52]. Their data showed that the median overall OS, progression-free survival (PFS) and median 

time to progression (TTP) were 13.6 months (vs. 12.3 months), 7.4 months (vs. 3.7 months) and 

8.9 months (vs. 3.7 months) in the lenvatinib group (vs. sorafenib), respectively. Therefore, the OS 

for lenvatinib was non-inferior to sorafenib, while the PFS and TTP were in favor of lenvatinib 

[53] . 

Further several phase III clinical trials with other tyrosine kinase inhibitors in first-line settings, 

including brivanib [54], sunitinib (Sutent) [55], erlotinib (Tarceva) [56], and linifanib [57] alone 

or in combination with sorafenib were conducted. Unfortunately, none of the trails showed greater 

survival benefits than sorafenib. 
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1.2.1.2 Second line therapies 

Regorafenib (Stivarga), an oral multi-kinase inhibitor, showed a survival benefit in HCC patients 

progressing on sorafenib treatment, and obtained approval by the FDA as a second-line treatment 

for HCC, following sorafenib in April 2017. HCC patients treated with regorafenib following with 

the sorafenib treatment showed an improvement in the median OS of 10.6 months, as compared to 

7.8 months with placebo. It acts by binding and inhibiting VEGFRs 2 and 3, PDGFR and Raf 

kinases, which result in the inhibition of tumor angiogenesis and its cell proliferation [58-60]. The 

regorafenib molecular structure is similar to sorafenib, as it is synthesized by binding fluorine to 

sorafenib, but has stronger toxicity profile. Therefore, unlike other drugs, a placebo-controlled 

phase III study (RESORCE trial) was performed that included only patients who had progressed 

under the sorafenib treatment and those intolerant to sorafenib were excluded [59, 60]. At present, 

regorafenib is the standard second-line chemotherapy for patients who are refractory to sorafenib. 

However, only a few patients were eligible for regorafenib treatment due to their intolerance to 

sorafenib and deterioration of liver function. 

Cabozantinib is an oral multi-kinase inhibitor that inhibits the activity of VEGF, c-MET etc., and 

was accepted by the FDA in May 2018 for the treatment of patients previously treated with 

advanced HCC. The application was based on findings from the phase III CELESTIAL trial, in 

which the survival-prolonging effects of cabozantinib as a second-line agent for patients with HCC 

refractory/intolerant to the sorafenib treatment, as compared with the placebo control, were 10.2 

months vs. 8.0 months [61, 62]. Thus these finding concluded that cabozantinib improves OS and 

PFS in patients with advanced HCC who had received sorafenib as the prior systemic therapy 

regardless of the duration of prior sorafenib treatment [63]. However, the adverse effects of 

cabozantinib were fatigue (12.4%), diarrhea (17%) and palmarplantar erythrodysesthesia (8.7%). 
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Ramucirumab is a recombinant human immunoglobulin G1 monoclonal antibody, directed 

against VEGFR-2 that plays an important role in VEGF induced tumor angiogenesis. It is currently 

pointed to for unresectable advanced/recurrent gastric cancer, colorectal cancer and non-small-cell 

lung cancer and is used in routine clinical practice. A randomized phase III trial (REACH-2) 

investigated ramucirumab as a second-line treatment, following sorafenib therapy for advanced 

HCC patients with an alpha-fetoprotein level ≥ 400 ng/mL, and the results demonstrated the 

superiority of ramucirumab over the placebo with a median OS of 8.5 vs. 7.3 months, respectively 

[64-66]. 

Further, immunotherapy with nivolumab, a fully human immunoglobulin G4 programmed cell 

death protein-1 (PD-1) immune checkpoint inhibitor antibody. It acts through the disrupting of the 

interaction between PD-1 and its ligands [programmed cell death protein ligands (PD-Ls), PD-

L1/PD-L2], leading to promising response rates and survival durations in a phase I–II study 

involving patients previously treated with sorafenib [67]. Based on the results of the phase I/II 

study described, the United States marked nivolumab for priority review as a second-line agent, 

following its response failure to first-line treatment with sorafenib; it was approved by the FDA in 

September 2017. The approval was granted for patients, regardless of their PD-L1 status. The 

median survival of patients treated with nivolumab as a first-line therapy was 28.6 months, whereas 

that of patients treated with nivolumab as second-line was 15 months. The confirmed overall 

response rate by the blinded independent central review for treatment with nivolumab was 14.3% 

[67]. Besides, recent results of CheckMate -459 Phase III clinical trial of nivolumab versus 

sorafenib in patients with unresectable HCC, failed to meet the primary endpoint of the OS 

(https://www.drugdevelopment-technology.com/news/bms-checkmate-459-trial/). 
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FIGURE 3: TREATEMENT OPTIONS DEPENDING ON STAGE OF HCC DEVELOPMENT (IMAGE SOURCE: 

AUGUSTO VILLANUEVA, 2019, THE NEW ENGLAND JOURNAL OF MEDICINE [4]) 

Therefore, according to the treatment history and their survival benefits, it’s clear that there is an 

urgent need to develop new and more effective therapeutic strategies and agents to treat HCC.  
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1.3 IMMUNE SYSTEM OF LIVER AND HCC 

Treatment of HCC illustrated the growing importance of immunotherapy. Hence better 

understanding the immune system of HCC is remarkably for the development of efficient therapy 

against HCC. Besides the contribution of immunity to hallmarks of cancer by Hannahan & 

Weinberg illustrated the importance of the immune system in the development of cancer (HCC) 

[68]. 

 

FIGURE 4: CONTRIBUTION OF IMMUNITY TO HALL MARKS OF CANCER (IMAGE SOURCE: HANAHAN & 

WEINBERG, 2011, CELL [68]) 
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1.3.1LIVER AND IMMUNE SYSTEM  

Anatomically liver is an organ that allows two blood supplies i.e. arterial and venous blood. It 

functions as an important defense between gut contents and systemic circulation. 80% of the blood 

entering the liver is supplied by portal vein (blood flow derives from many of the gastrointestinal 

organs) which is rich with harmless dietary and environmental antigens as well as molecules from 

the microflora of the gut. Besides, arterial oxygen-rich blood enters the liver through hepatic, which 

is the minor source of the blood supplier [69-71]. Upon entering the liver venous blood from the 

gut mixes with oxygen-rich blood from the hepatic artery and drains through the hepatic sinusoids 

to the central veins through plates of hepatocytes. The sinusoids are lined by specialized liver 

sinusoidal endothelial cells (LSEC) which allowing blood to pass through the LSEC layer to the 

underlying hepatocytes (Figure 5) [72]. LSECs comprise around ~20% of liver cells and are located 

at the interface between hepatic microcirculation and hepatocytes. On the luminal side, LSECs 

continuously survey blood from the gastrointestinal tract, exerting a close relationship with resident 

liver macrophages (Kupffer cells) and all leukocytes that are in the circulation or those that 

constantly patrol liver vessels (including monocytes, natural killer, and natural killer T cells). On 

the other side (facing the Disse Space), LSECs interact with hepatic stellate cells and hepatocytes. 

This is crucial for liver metabolism since LSECs are a permeable barrier that mediates the 

exchange, active uptake, and degradation of circulating molecules [73-76].  
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FIGURE 5: ANATOMICAL ORGANIZATION OF THE LIVER AS AN IMMUNE ORGAN (SOURCE IMGAE: KUBES 

ETAL., 2018, ANNUAL REVIEW OF IMMUNOLOGY [76]) 

Moreover, blood arriving from portal vein also contains a high quantity of microbial associated 

molecular patterns (MAMP) [77] and damage-associated molecular patterns (DAMP) [78] which 

binds to pattern recognition receptors (PRR) expressed by hepatocytes and liver-resident 

macrophages (Kupffer cells (KC)). Once binding to PRR, these MAMPs and DAMPs are 

phagocytosed and subsequently degraded by hepatocytes and KCs, without the production of 

inflammatory mediators that usually accompany PRR signaling. Hence clearing of blood from the 
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gut safeguards the rest of the body from, excessive immune activation and influences the unique 

immunological environment within the liver. Thus, the hepatic environment harbors one of the 

largest populations of immune cells in the body. In homeostatic conditions, leukocyte subsets and 

resident phagocytes can be found, which are well located within the different hepatic compartment 

such as intravascular and subcapsular (Figure 5). Conversely, the liver immune cell population can 

be rapidly and dramatically changed during inflammation, and this can be associated with the 

pathogenesis of several diseases such as HCC [76, 79]. 

Among various immune populations, our interest is to study the role of lymphocytes especially 

CD8, CD4 and T-regulatory cells (Adaptive immunity) and macrophages (innate immunity) during 

development and progression of HCC (Figure 6). 

 

FIGURE 6: IMMUNE SYSTEM OF HCC (SOURCE IMAGE: SACHDEVA ET AL 2015 WORLD JOURNAL OF 

HEPATOLOGY [80]) 
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1.3.1.1 Adaptive immunity (CD4, CD8 & T-regulatory cells) 

In the liver, lymphocytes are among the commonest non-parenchymal cells, are present along the 

portal tracts as well as throughout the parenchyma. Normal liver contains resident large granular 

lymphocytes in the sinusoids. These cells enter the liver from the circulation via the sinusoidal 

endothelium and are retained in the sinusoids where they provide protection against viral infections 

and tumor cells. The Lymphocytes seen in the liver include conventional and unconventional 

lymphocyte subpopulation of innate (natural killer and natural killer T cells) and adaptive immune 

systems (T and B cells). 

Conventional T lymphocytes involved in adaptive immunity include CD4 T cells, CD8 T cells, and 

γδ-T cells. CD4 T cells have at least five functional subsets, including helper T (Th)1, Th2, Th17, 

and follicular helper T cells, which tend to promote innate and adaptive immune responses, and the 

T-regulatory (Treg- CD4+CD25+Foxp3+ T cells) cells, which usually suppress the inflammation 

resulting from innate and adaptive immunity [81]. CD8 T cells which are composed of cytotoxic T 

cells are the main cell killer in adaptive immunity. γδ-T cells participate in both innate and adaptive 

immunity. Their function involves not only in immune effector pathways but also phagocytosis 

and tumor killing. Therefore, these T-cell subsets in adaptive immunity of the liver are highly 

orchestrated in terms of their roles and specific functions at each stage of various disorders [82]. 

In HCC CD4+ helper T cells and CD8+ cytotoxic T cells attribute a significant role in either 

inducing or inhibiting tumor cell progression.  
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1.3.1.1.1 CD4+Tcells & HCC 

CD4+ T cells have opposing roles in chronic liver disease and HCC that range from effector cell 

function to regulate cell function. In terms of effector cell function, CD4 Th cells are essential for 

the CD8 T-cell response nevertheless, Th cells are reduced in HCC. Besides, tumor-associated 

antigen-specific CD4 Th cells are still detected in the circulation and hepatic tumors at lower 

frequencies in early stages of HCC although they are drained in advanced HCC [83, 84]. Among 

the CD4 T-cell subsets in HCC, Treg cells have the most important immunoregulatory role. It is 

well known that Tregs cells play a crucial role in the inhibition of the immune response [85] and 

their function is depending on the expression of transcription factor Forkhead box P3. Marked 

infiltration of Treg cells has been observed in the livers from patients with HCC, and the number 

of intra-tumors Treg cells is increased compared with the peritumor regions and periphery. They 

are also associated with tumor vascular invasion. However, the number of CD8 T cells in the liver 

decreases as the number of infiltrating Treg cells increases. Indeed, CD8 T cells proliferation and 

perforin production are also suppressed by the autologous Treg cells isolated from patients with 

HCC [86-88]. Furthermore, the secretion of inhibitory cytokines (Interleukin-10 (IL-10), 

Transforming growth factor-β (TGF-β) and so on) is one of the major immunosuppressive 

mechanisms of Treg cells [89]. Additionally, a study in an HCC mouse model showed that TGF-β 

promotes Treg differentiation in an HCC mouse model, which contributes to the progression of 

HCC [90]. This implies that Treg activation produces a positive, immunosuppressive feedback loop 

in HCC.  

1.3.1.1.2 CD8+ Tcells & HCC 

CD8+ T cells are the fundamental adaptive immunocytes that serve opposing roles in promoting a 

chronic pro-inflammatory microenvironment and in anti-tumor surveillance. CD8+ cytotoxic T 
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lymphocytes kill their target cells by direct contact and by lysing them via perforin, granzyme A 

and granzyme B in concert with signaling via the cell-surface receptor Fas and its ligand, FasL [91, 

92], as well as via secretion of interferon-gamma (INF-γ) and tumor necrosis factor (TNF) [93]. 

Likewise, several HCC tumor-associated antigen-specific CD8 T cells such as alpha-fetoprotein 

[94], telomerase reverse transcriptase [95], the targeting protein for Xklp-2 [96], glypican-3, NY-

ESO-1 [97], melanoma antigen gene-A and SSX-2 [98] have been identified. Among them the 

most common tumor-associated antigen is alpha-fetoprotein and its epitopes are recognized by 

specific CD8 T cells and are broadly distributed on the alpha-fetoprotein polypeptide, suggesting 

strong and broad immunogenicity [94]. However, tumor-associated antigen-specific CD8 T cells 

loses their ability to effectively suppress or kill malignant hepatic cells in individuals with HCC.  

Besides, in established HCC impaired secretion of INF-γ, TNF, granzyme A and granzyme B by 

cytotoxic T lymphocytes has been reported; this correlates with an exhausted effector-cell 

phenotype, including upregulation of inhibitory receptors, such as PD-1, Cytotoxic T-lymphocyte 

antigen 4 (CTLA-4), etc. and leads to a poor prognosis [99].  

1.3.1.1.3 CTLA-4 & HCC 

CTLA-4, a transmembrane glycoprotein, is induced largely on activated T cells, including memory 

and regulatory T cells. It is constitutively expressed by regulatory T cells (Tregs) but is also 

expressed transiently by other types of T cells during the early phase of activation [100]. Moreover, 

CTLA-4 and CD28 are homologous receptors expressed by both CD4 and CD8 T cells, which 

mediate opposing functions in T-cell activation. Both receptors share a pair of ligands (B7 

(CD80/CD86)) expressed on the surface of antigen-presenting cells. CD28 interacts with the CD80 

dimer with relatively high affinity and the CD86 monomer with lower affinity, mediating T-cell 

costimulation in conjunction with T-cell receptor [41] signals. In contrast, interactions of the 
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ligands with CTLA-4 serve to inhibit T-cell responses, as the affinity of CTLA-4 to T cells 

activated via the B7/CD28 pathway (stimulatory signal 2) is greater that of CD28 (Figure 7). Thus, 

CTLA-4 binds to B7-1/B7-2 by competing with CD28 and transmits an inhibitory signal to the T 

cell [101]. Under normal physiological conditions, CTLA-4 terminates T cell activity, which is no 

longer needed to regulate excessive immune response mediated by T cells [102]. However, in 

cancer, CTLA-4 suppresses the proliferation (activation and production) of T cells that have 

undergone tumor-associated antigen recognition and differentiation which further functions as an 

immune checkpoint and down regulates an immune response. 

 

FIGURE 7: INHIBITION OF TCELL ACTIVITY BY CTLA-4 
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1.3.1.2 Hepatic macrophages (innate immunity) 

Liver macrophages consist of ontogenically distinct populations, namely, the resident Kupffer cells 

(KCs) and monocyte-derived macrophages. KCs were first observed in 1876 by Karl Wilhelm von 

Kupffer, who described them as an integral part of the sinusoid endothelium and were initially 

called “Sternzellen” (star cells). Later, in 1898, after several years of research, Tadeusz Browicz 

correctly identified them as macrophages, and they received the name of Kupffer-Browicz cells, 

also known as Kupffer cells [103]. Further liver comprises the largest population of resident 

macrophages in the body representing ~80–90% of total fixed macrophages and 35% of the liver 

non-parenchymal cells [104, 105]. KCs are self-renewing and non-migratory phagocytes. They 

originate from yolk sac-derived specific progenitor cells that seed the liver during embryogenesis. 

In the tumoral microenvironment, chemokines secreted by malignant and stromal cells recruit bone 

marrow-derived monocytes. These infiltrating monocytes subsequently give rise to large numbers 

of monocyte-derived macrophages. Monocyte-derived macrophages further differentiate and can 

replace and acquire a phenotype that is almost indistinguishable from resident KCs under specific 

circumstances. After infiltration, monocyte-derived macrophages even seem to acquire the ability 

to proliferate [106, 107]. 

A key feature of macrophages is their ability to adjust and alter their responses according to 

environmental stimuli [108]. In general, macrophages possess a plastic phenotype [109, 110]. They 

exhibit two different polarized phenotypes: M1 macrophages or the “classically activated 

macrophages” and M2 macrophages also known as the “alternatively activated macrophages” [111, 

112]. These different phenotypes are distinct in terms of morphology, surface markers and function.  
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M1 macrophages are polarized by IFN-γ, TNF and lipopolysaccharide (LPS). These macrophages 

are pro-inflammatory and anti-tumor macrophages and are linked to the activation of Th-1 immune 

response [113]. They secrete pro-inflammatory cytokines such as IL-1β, IL-6, IL-12 and TNF 

which aid in the liver inflammation. In addition, M1 macrophages express inducible nitric oxide 

synthase (iNOS) which is a key enzyme in generating nitric oxide (NO) from the amino acid L-

arginine. NO has a potentially tumoricidal and cytotoxic effect on the tumor [114]. 

On the contrary, M2 macrophages which are polarized and activated by IL-4, IL-10, IL-13 and 

TGF-β [115], are anti-inflammatory pro-tumor and immunosuppressive macrophages and play a 

role in wound healing and tissue remodeling [111]. These macrophages activate the Th-2 immune 

response and secrete immunosuppressive cytokines such as IL-10 and TGF-β which recruit Tregs 

and exert an inhibitory effect on cytotoxic immune cells including CD8+ T cells and NK cells. 

Moreover, M2 macrophages promote angiogenesis and metastasis by secreting VEGF and matrix 

metalloproteases (MMPs), respectively.  

While M1 macrophages express iNOS, M2 macrophages express Arginase-1 (Arg-1) which 

catalyzes the metabolism of L-arginine into urea and L-ornithine as a final step in the urea cycle. 

The resulting polyamines play a role in tumor proliferation [116]. By degrading arginine, Arg-1 

deprives iNOS from its substrate and thus downregulates NO promoting the progression of tumors. 

M2 macrophages express specific markers such as transglutaminase-2 (TGM2) and Galectin-3. 

1.3.1.2.1 TAMs and HCC 

HCC, as any other type of cancers, utilizes its microenvironment as a factor for its development 

and progression. During HCC development tumor associated macrophages (TAMs) are recruited 

to the liver by several cytokines such as CCL2, TGF-β and Monocyte colony stimulating factor 
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[117]. These TAMs display a phenotype similar to that of M2 macrophages characterized by the 

expression of immunomodulatory cytokines and poor capability of antigen presentation capacity 

[118]. By interacting with liver stromal cells as well as other immune cells, TAMs exert an anti-

inflammatory, pro-tumor and immunosuppressive role within the tumor environment [119]. This 

microenvironment favors the development and progression of HCC mediated by 

immunosuppression along with angiogenesis and metastasis.  

As key players in fighting cancer, CD8+ T cells should infiltrate tumor areas and interact with 

cancerous cells. Interestingly, TAMs interact with CD8+ T cells impeding their infiltration to tumor 

islets and establishing a T cell-excluded tumor phenotype [120]. In fact, Tregs are recruited to the 

tumor microenvironment by TAMs where both secrete anti-inflammatory and immunosuppressive 

cytokines such as IL-10 and TGF-β which establish an immunosuppressive microenvironment that 

suppresses cytotoxic immune cells such as CD8+ T cells and NK cells rendering them 

dysfunctional [117]. This promotes the development of tumor and constitutes resistance to cancer 

immunotherapy.  

Moreover, an imbalance in the Th1/Th2 cytokine milieu towards an increased Th2 profile is 

established by TAMs. Nevertheless, by secreting VEGF and MMPs, TAMs promote angiogenesis 

and metastasis[121]. These processes that are mediated by TAMs during HCC progression, prime 

many carcinogenic processes, but are not well known yet. 

In addition, various molecular signaling pathways are involved in inflammation-mediated cancer 

and immune activation, and major signaling pathways of HCC are discussed further.  
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1.4 SIGNALING PATHWAYS OF HCC 

HCC is a very complex molecular pathogenesis, with two major predominant mechanisms, such 

as fibrosis/cirrhosis associated with hepatic regeneration after tissue damage and alterations in three 

types of genes: proto-oncogenes, tumor-suppressor genes and stability genes [122-124]. Among 

the mutated genes in HCC, TP53 is at the top, and its mutation frequency varies by approximately 

25.9% of HCCs [125]. Besides, promoter mutation of telomerase (encoded by the TERT gene) has 

been seen in 54% of human HCCs and 25% of cirrhotic preneoplastic nodules, which could be the 

earliest recurrent genetic event in hepatocarcinogenesis [126, 127].  

In addition, HCC is also a highly vascularized tumor, and the central role of angiogenesis in its 

initiation, growth and subsequent dissemination to other tissues, is well recognized. Angiogenesis 

in HCC is dependent on endothelial cell activation, proliferation and migration, which occur in 

response to angiogenic cues (e.g., inflammation) and involve several molecular effectors—such as 

growth factors, extracellular matrix proteins, and proteases [128]. The binding of growth factors 

to their receptor proteins activates the protein-phosphorylating enzymes, thus activating a 

cascade of proliferative signaling pathways to transmit proliferative signals into the nucleus. 

Growth factors, such as the epidermal growth factor (EGF), transforming growth factor 

(TGF)-α/-β, insulin-like growth factor (IGF) and vascular endothelial growth factor (VEGF), 

also function in liver regeneration after injury, while the fibroblast growth factor (FGF) and 

the platelet-derived growth factor (PDGF) families are involved in liver fibrosis and HCC 

growth [129]. Many of the growth factor receptors and oncogenes have tyrosine kinase 

activity, which are classified into transmembrane receptor tyrosine kinases—such as the 

EGFR and VEGFR. On the other hand, Raf, MAP kinase/extracellular signal-regulated kinase 

(ERK) and mammalian target of rapamycin (mTOR) are serine/threonine kinases. In general, 
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the mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)/Akt/mTOR 

signaling pathways, and the VEGFR and PDGFR signaling cascades show altered activity in 

the HCC. Additionally, the key signal transduction pathways that have been implicated in the 

pathogenesis of HCC, mediated by receptor tyrosine kinase, are EGF/EGF receptor (EGFR), 

VEGF/VEGF receptor (VEGFR), PDGF)/PDGF receptor (PDGFR), IGF/IGF receptor (IGFR), 

and the Ras/Raf/MEK/ERK, Wnt/β-catenin, and PI3K/phosphatase and tensin homologue deleted 

on chromosome ten (PTEN)/Akt/mTOR signaling pathways, IL-6, signal transducer and activator 

of transcription (STAT) and hedgehog signaling pathways.  

Among all the pathways, nearly 50% of patients with HCC have shown activation of the 

AKT/mTOR pathway, which may be partially attributable to activation signals from receptor 

tyrosine kinases such as IGFR and/or EGFR pathways [130]. Hence, here we mainly focus on 

RAF/ERK/MAPK and (PI3K)/Akt/mTOR signaling pathways, which are elaborated further. 

1.4.1RAF/ERK/MAPK PATHWAY 

The ubiquitous signal transduction pathway i.e., the RAF/ERK/MAPK pathway, regulates crucial 

cellular processes, including proliferation, differentiation, angiogenesis and survival [131]. Signals 

from membrane-bound tyrosine kinase receptors, such as EGFR, IGFR, vascular EGFR, c-Met and 

PDGFR, are transduced to the cell nucleus through the Ras/RAF/MAPK pathway, in order to 

regulate multiple cellular functions, including cell growth and survival, and differentiation. 

Essentially, the overexpression or activation of components of this pathway is believed to 

contribute to tumorigenesis, tumor progression and disease metastasis in a variety of solid tumors, 

including HCC [132]. 
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In the mechanism of the RAF/ERK/MAPK pathway, the MAPK intracellular signaling pathway 

consists of serine/threonine kinases, which is mainly involved in cell growth and survival. It 

regulates cell differentiation and is upregulated in cancer cells. The MAPK pathway is a common 

downstream pathway for EGFR, PDGFR and VEGFR, and is universally used for the signal 

transduction downstream of cytokine receptors, integrin complexes and G-protein receptors to Ras. 

The downstream ERK is activated by two upstream protein kinases, which are coupled to growth 

factor receptors by Ras proteins. Ras, which is activated by ligand binding, activates Raf 

serine/threonine kinases and MEK (MAP kinase/ERK kinase), while MEK phosphorylates and 

activates ERK, which phosphorylates the proteins involved in cell growth, apoptosis resistance, 

extracellular matrix production and angiogenesis [133]. Hence, the MAPK pathway plays an 

important role in HCC, in that, its activation is reportedly involved in HCC growth and survival 

[130]. 

A large amount of preclinical and clinical evidence has shown that the abnormal activation of the 

Ras/RAF/MEK/ERK signaling pathway frequently results in HCC [131, 134-137]. All research 

results showed that the activation of the Ras/RAF/MEK/ERK pathway may lead to HCC 

development functionally. However, its effective blockade can be achieved using inhibitors such 

as sorafenib or regorafenib (presented in treatment of HCC part) [138]. Besides, the long term 

usage of these inhibitors lead to the resistance and activation of pathways, such as PI3K/Akt, and 

upregulate the phosphorylation of its downstream targets, such as mTOR, the activation of 

hypoxia-inducible pathways and epithelial-mesenchymal transition [139].  

 

1.4.2PI3K/AKT/MTOR PATHWAY 
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The PI3K/Akt/mTOR pathway is a major intracellular signaling cascade that is involved in the 

regulation of cell growth, proliferation and survival. In the mechanism of activation of the 

PI3K/Akt/mTOR pathway, the membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP2) is 

phosphorylated by phosphatidylinositol 3-kinase into phosphatidylinositol 3,4,5-triphosphate 

(PIP3), binds to and activates the serine/threonine kinase Akt [140]. Once activated, the Akt 

activates downstream signaling effectors to regulate cell survival, proliferation, cell cycle 

progression, migration and angiogenesis. Akt then induces the activation (phosphorylation) of 

mTORC1, a serine/threonine kinase. The mTOR protein, in turn, regulates its downstream 

effectors, p70S6 kinase and translational repressor protein 4E-BP1 by phosphorylation. It is known 

that both of the proteins regulate the translation of several important proliferative and angiogenic 

factors, such as c-myc, cyclinD1, HIF1 and VEGF [141, 142]. While the PI3K/Akt/ mTOR 

signaling is also known to be activated by various growth factors and cytokines, this pathway can 

also be negatively regulated by the PTEN homolog deleted on chromosome 10, a well-known 

tumor suppressor, which dephosphorylates PIP3. Other than PTEN, there are also several negative 

regulators, such as SH2- containing inositol phosphatase-1 and PITenins [143, 144]. Moreover, 

comprehensive cancer genomic analyses have recently revealed that components of the PI3K 

pathway, frequently alter HCCs and the mechanisms that are dysregulated by PI3K/Akt/mTOR 

pathway are the gain-of-function mutation or amplification of PIK3CA, the p110a catalytic subunit 

[145], amplification or increased activity/expression of PIK3CB, the p110b catalytic subunit [146], 

the loss-of-function of PTEN through gene deletion, mutation, or epigenetic silencing [147], 

amplification or mutation of the Akt isoforms (mainly Akt1 and Akt2; while Akt3 mutations are 

very rare) and ppstream activation through RTK signaling—for example the EGFR family or IGF1-

R [148].  
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Nearly 50% of patients with HCC have shown the activation of the AKT/mTOR pathway [130] 

which may be partially attributable to activation signals from receptor tyrosine kinases, such as 

IGFR and/or EGFR pathways [130]. Interestingly, a study conducted by Zhou et al. demonstrated 

that the PI3K/Akt/mTOR pathway is more significantly activated in high-grade HCC tumors and 

is associated with the poor prognosis in HCC patients [149]. All these evidences indicate that the 

activation of the PI3K/Akt/mTOR pathway may functionally contribute to HCC progression. 

Overall, growing evidence shows that AKT is an essential actor in liver cancer tumorigenesis and 

progression and a potential target in the management of HCC. Thus, we postulate that a therapy 

with an AKT inhibitor will be able to treat a fully developed HCC, by inhibiting the 

PI3K/Akt/mTOR pathway. Moreover, the AKT inhibitor may prevent/overcome the sorafenib 

resistance in HCCs. Therefore, the combination of sorafenib with AKT-inhibitors represent new 

therapeutic strategies, which can improve treatment effectiveness in HCCs. 

1.4.2.1 Inhibitor of PI3K/AKT/mTOR pathway 

As we have seen that activation of PI3K/AKT/mTOR pathways play a crucial role in HCC 

development and progression, therefore, it is an attractive target for the treatment of HCC 

(pharmacological intervention). The first PI3K pathway-target agents approved for the treatment 

of cancer were the rapamycin analogs—Everolimus and Temsirolimus, which allosterically inhibit 

mTORC1 [150]. The treatments targeting the PI3K/AKT/mTOR pathway are illustrated in Figure 

8.  
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FIGURE 8: INHIBITORS OF PI3K/AKT/MTOR PATHWAY (SOURCE IMAGE: MATHAIAS.S.M ET AL, 2014, 

JOURNAL OF HEPATOLOGY (MATTER, 2014 #596)) 

Currently, allosteric and catalytic AKT inhibitors are being investigated as advances in drug design 

in clinical studies is reached [151]. Among them, the allosteric inhibitors ARQ 092 and its next 

generation ARQ 751, synthesized by ArQule, Inc., are interesting, as they bind to both the active 

and inactive forms of AKT [152]. 

1.4.2.1.1 AKT inhibitor – ARQ 751 (by ArQule) 

ArQule is a biopharmaceutical company, engaged in the research and development of targeted 

therapeutics to treat cancers and certain rare diseases. This company develops and commercializes 

novel, small molecule drugs. To date, five drug candidates were synthesized, all of which are in 

targeted and biomarker-defined patient populations, making ArQule a leader in precision medicine. 

Among them, we are interested in studying ARQ 092 and its next generation ARQ 751 (synthesized 



52 

 

by ArQule, Inc.), which are highly potent and selective allosteric inhibitors of AKT. The general 

chemical structures of ARQ 092 and ARQ 751 are demonstrated in Figure 9 [152], and differ from 

their R1, R2 and R3 groups.  

 

FIGURE 9: CHEMICAL STRUCTURE OF THE CORE MOIETY OF ARQ 092 AND ARQ 751 [152] (SOURCE IMAGE: 

SAVAGE ET AL, 2015, PLOS ONE [152]) 

Of course, we have previously reported that the preclinical characterization of ARQ 092 showed a 

strong affinity for unphosphorylated full-length AKT1, and it potently inhibited the phosphorylated 

form of full-length AKT isoforms. Moreover, we also demonstrated that the potent effect of ARQ 

092 exhibited anti-proliferative activity and strong anti-tumor activity in an in-vivo model of 

carcinogen-induced HCC [153, 154]. Therefore, we are further interested in testing the curative 

effect of a new allosteric inhibitor of AKT, ARQ 751, as it displayed a six-fold better affinity for 

AKT than the ARQ 092 (0.6 nM and 0.8 nM for Akt1 and Akt2, respectively), which is the highest 

affinity described so far in the anti-AKT elements currently being tested in clinical trials [152, 

155]. 

The proposed pathway inhibition by ARQ 751 is presented in Figure 10, where it binds to both the 

active and inactive forms of AKT and suppresses not only the AKT activation of the active form 
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(as do ATP-competitive inhibitors) but also of the inactive form, by disrupting its membrane 

translocation. 

 

 

FIGURE 10: AKT PATHWAY INHIBITION BY ARQ INHIBITORS: ARQ 751 (SOURECE IMAGE: YU, SAVAGE ET 

AL, 2015, PLOS ONE [152]) 

However, in order to identify specific adverse effects that could be related to the background of 

cirrhosis, this newly developed therapeutic strategy should be pre-clinically tested in an appropriate 

animal model. As fibrosis/cirrhosis modifiy liver vascularization, extracellular matrix composition 

and drugs metabolism, it is essential to use a cirrhotic animal model to test HCC drugs, in order to 

test their efficacy on tumors but also tolerance to the treatment. Details of different animal models 

of HCC are illustrated further. 
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1.5 ANIMAL MODEL OF HCC 

Animal experimentation has played a crucial role in cancer research, throughout history [156]. In 

HCC studies, animal models have become increasingly important, due to the physiological and 

genetic similarities between rodents and humans, the short lifespan and the breeding capacity of 

rodents [157]. Establishing potent animal models that are analogous to human disease settings, for 

both basic and translational research of HCCs, is challenging due to the complex etiology and 

tumor heterogeneity of human HCCs. Therefore, an “ideal” animal model must be able to 

reproduce human HCC genetically, anatomically and patho-physiologically [158] (Figure 11). 

Moreover, the ideal animal models must be fundamental tools to help evaluate potential novel 

therapeutic drugs in preclinical trials, and also contribute to the development of molecular target 

therapeutic strategies of HCCs [159].  

 

FIGURE 11: CRITERIA OF AN IDEAL ANIMAL MODEL 
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A relatively wide range of animal models to study HCC are currently available, which can be 

categorized as follows: 1) chemically induced models, 2) xenograft models and 3) genetically 

modified models (Figure 12).  

 

FIGURE 12: MODELS OF HCC 

Among them, the chemically induced models are widely used to study HCCs. As several 

genetically modified mouse models (GMM) developing HCC often represent one, or a few specific 

mutation(s), while natural tumors are a dynamic environment, consisting of a heterogenic cell 

population with different genotypes, which can change over time as a response to variable external 

conditions [160]. Xenograft models are relevant for fast drug screening and proof-of-principle 

experiments [161], but face similar limitations as the GMMs, since only one cell phenotype is 

assessed, while tumors exist of a large variety of phenotypes. Results should always be interpreted 

with care, because introducing foreign cells in an animal system, as done in a xenograft mouse 

model, creates an altered physiological interaction between the tumor and the environment [162], 

leading to spectacular results that can seldom be confirmed in cancer patients [163].  

Therefore, chemically induced models are favorable for research that require HCCs to develop in 

the natural background of liver damage; the details of chemically induced models are illustrated 

further. 
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CHEMICALLY INDUCED MODELS 

Chemically induced animal models have been remarkably faithful in revealing underlying 

mechanisms of carcinogenesis such as both genetic and environmental factors that influence cancer 

susceptibility in the human population [164]. Moreover, the chemically induced models are 

favorable when HCC development on the natural genetic background is considered, especially 

when compared to other animal models of hepatocarcinogenesis such as xenograft models and 

genetically induced models. Therefore, these characteristics of chemically induced models 

favoring them to study the tumor microenvironment and the immune reaction against the tumor. 

Several chemical carcinogenic compounds are able to induce carcinogenesis after acute, short, or 

long-term exposure, depending on, the chemical structure, chemical concentration, animal species 

and animal susceptibility.  

Therefore, depending on their activity and specific pathogenic mechanism, chemical carcinogenic 

compounds are categorized as either genotoxic carcinogens or non-genotoxic carcinogens [165] 

[166].  

1.5.1GENOTOXIC CARCINOGEN INDUCED MODELS 

Cancer is induced by genotoxic or direct-acting carcinogens such as diethylnitrosamine, aflatoxins, 

etc. that interact directly with DNA through the formation of covalent bonds, resulting in the DNA-

carcinogen complexes (DNA adducts).  

1.5.1.1 Diethyl nitrosamine induced model (DEN) 

DEN is widely reported to be found in the environment, in tobacco smoke and is also synthesized 

endogenously. The presence of DEN in wide varieties of foods, such as cheese, soybean, smoked, 
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salted and dried fish, cured meat, alcoholic beverages, and groundwater having high level of 

nitrates makes the human population vulnerable to its exposure [167]. DEN is an N-nitroso 

compound which is well known for the mutagenic, teratogenic and carcinogenic activity and it 

belongs to the category of genotoxic chemical carcinogens, as it damages DNA. Moreover, DEN 

is frequently used to induce liver fibrosis and HCC in rodents. Once DEN is administrated to 

rodents, a series of chemical reactions undergo. Firstly DEN is hydroxylated to alpha-hydroxyl 

nitrosamine which is mediated by cytochrome P450 an enzyme that is activated in centrilobular 

hepatocytes. After further modification as seen in Figure 13 diazonium hydroxide and carbonium 

ion are formed, which causes DNA damage by reacting with nucleophiles such as DNA-bases 

(Figure 13) [168]. Besides, DNA damage can also occur by oxidative stress, which is generated by 

the P450-dependent enzymatic system inducing oxidative stress by the formation of hydrogen 

peroxide and superoxide anions (Figure 13) [169]. Thus, these principle metabolizing pathways 

induced by DEN in rodent models are similar to human carcinogenesis when compared [170]. 

Therefore, due to these carcinogenic properties of nitrosamines, the application of DEN has 

become highly attractive for inducing liver tumorigenesis in rodents as an experimental model of 

human HCC and also become a well-established model for studies aimed at understanding the 

pathogenetic alterations underlying the formation of liver cancer. 
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FIGURE 13: MECHANISM OF DEN INDUCING HEPATOCELLULAR CARCINOMA 

HCC developed by DEN depends on specific characteristics such as species, the dosage of 

administration, age and sex of the rodents. 
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Species dependent: Regardless of the etiology, the liver tumors usually originate on the 

background of fibrosis, cirrhosis and finally culminate in HCC [171]. Besides, liver fibrosis and 

cirrhosis are not only critical risk factors in the development of HCC, but also the most significant 

risk factors for HCC recurrence and postoperative complications [172]. Therefore, the development 

of fibrosis and cirrhosis followed by HCC in animal models are crucial, but most DEN-induced 

hepatocarcinogenesis mice models do not feature liver fibrosis, calling into question whether these 

models can reliably recapitulate key events observed during human hepatocarcinogenesis and HCC 

progression. Besides, DEN-induced hepatocarcinogenesis in rats recapitulates the human scenario 

of developing HCC followed with fibrosis and cirrhosis [153] [173]. 

Dose dependency – HCC development by DEN: Indeed, prolonged oral feeding or parenteral 

application of DEN in rodents at high doses is extremely effective in inducing hepatic tumors [174]. 

Besides, detailed studies performed with DEN in F344 rats have confirmed that DEN carcinogen 

is highly reproducible and will dose-dependently induce liver damage within defined thresholds 

[153, 175]. A dose-dependent formation of carcinomas after a single injection (5–90 mg/kg) of 

DEN in 15-day-old mice is observed after 45–104 weeks [176, 177].   

Age and sex dependency – HCC development by DEN: Several studies on HCC development by 

DEN demonstrated the importance of age and sex of the rodents. For instance, single low doses of 

DEN have shown that the livers of infant mice are the most susceptible to the inception of 

carcinogenesis [178]. The time and percentage of tumor development differ between strains [179-

181]. Moreover, the incidence of HCC development is gender-dependent rodents, with a high 

prevalence in males, similarly as in humans. Several studies have also demonstrated that female 

mice and rats are largely resistant to DEN-driven hepatocarcinogenesis [182, 183]. Therefore, in 
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order to avoid unnecessary complications and to reduce the number of experimental rodents, it is 

recommended that male rodents are used exclusively.  

DEN combination with other carcinogens: HCC induced by DEN is often combined with another 

non-genotoxic carcinogen (tumor promoters) which is known as two-stage model. In this two-stage 

model, DEN is used as an initiator and non-genotoxic carcinogen such as phenobarbital [184], and 

carbon-tetrachloride etc. are used as promoting agents [185]. However, the effects of phenobarbital 

promotion on DEN-initiated mice also vary considerably depending upon strain, sex and age of the 

mice [186]. Besides, combination of DEN and carbon-tetrachloride was employed in a landmark 

study in which the contribution of the toll-like receptor 4 signaling the development of hepatic 

inflammation, fibrosis and a setting of HCC [187, 188].  

DEN induced models and immune response: DEN induced models are being a promising tool 

to study the role of immune response and the tumor microenvironment in the process of 

hepatocarcinogenesis development. For instance, Carlo Schneider et al, with the help of well-

established DEN induced HCC model in mice, showed that liver tumor development provokes 

local and systemic inflammatory responses, characterized by intrahepatic induction of distinct pro-

inflammatory (macrophage and T-cell attracting) chemokines, intrahepatic accumulation of 

macrophages and CD8 cytotoxic T cells and extrahepatic expansion of myeloid-derives suppressor 

cells [189]. Likewise, Tao Wei et al., hypothesized that G protein-coupled estrogen receptor 

activation may be a potential strategy for the prevention and treatment of HCC by demonstrating 

the role of G protein-coupled estrogen receptor against HCC tumorigenesis through regulating 

inflammatory responses in DEN induced HCC model [190]. More immune system studies using 

DEN induced models are presented in Table 1. 
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Chemically 

induce 

model 

Strain 

/Sex 

Dose, Age & 

administration 

route 

Fibrosis HCC development 
Immune system study or tumor micro 

environment 

DEN, 

Mice 

C57BL/6j

- mice, 

male, i.p 

25-35mg/kg, 14-

15 days old, i.p 

No 

information 

8 months after 

DEN 

administration 

Pro-inflammatory myeloid cell surface receptor 

TREM-1 expressed by Kupffer cells is a crucial 

factor in the development and progression of 

liver cancer. [191] 

8 months after 

DEN 

administration 

Therapeutic effect of hyper IL-15 in promoting 

tumor specific CD8+Tcells responses to suppress 

metastasis of liver cancer. [192] 

8 months after 

DEN 

administration 

Role of nicotinamide adenine dinucleotide 

phosphate oxidase 1 (NOX1), in HCC 

progression. Ablation of NOX1 in macrophages 

dramatically abolishes NOX1's HCC promoting 

activity by diminishing inflammatory cytokine 

production from macrophages.[193]  

22 weeks after 

DEN 

administration 

Roles of CXCR6-dependent immune mechanisms 

in hepatocarcinogenesis. [194] 

24 weeks after 

DEN 

administration 

Over expression of nitro domain containing 

protein 1 (NOR1) in tumor associated 

macrophages accelerate HCC carcinogenesis 

through promoting M2 polarization and TAMs 

mediated inflammation. [195] 

++ 

30 weeks after 

DEN 

administration 

Role of hepatic neutrophil and their tumor 

promoting activity for the development of 

carcinogen-induced HCC. [196] 

++ 

8 months after 

DEN 

administration 

Inhibition of IL18 production of TLR2 which 

further suppressed tumor induced 

immunosuppressive network in HCC. [197] 

No 

information 

42 weeks after 

DEN 

administration 

Role of adaptive immune cells in controlling the 

early tumor formation and the growth of 

established tumors. [189] 

Male 

mice 

35mg/kg - 5 

weeks old, i.p  

No 

information 

20 weeks after 

DEN 

administration 

Role of TGF-β in HCC tumorigenesis and 

development by inducing polarization of Treg. 

[90] 

C57BL6/

J-mice, 

Male 

DEN-25mg/kg -

14 days old 

+CCL4-

0.6ml/kg in corn 

oil -8weeks old, 

i.p 

++ 24 weeks 

Characterizing the role of CCR2+ monocyte-

derived TAMs in the tumor-prone environment 

of fibrotic livers. [198] 

Lysm-

Cre (Stk4

fl/fl), 

male 

DEN 

(100mg/kg) - 8 

weeks old, CCl4 

(0.5ml/kg)-12 

weeks for 12 

weeks , i.p 

++ 28 weeks 

STK4 as a promising strategy for interrupting 

the pro-inflammatory microenvironment and 

blocking of HCC. [199] 

DEN, Rats 

Male 

(120±20g)  

8mg/kg/day -for 

6 weeks, intra 

gastical 

+++ 16 weeks 

Influence of tumor associated immune cells in 

HCC progression plus the role of DCs, Treg and 

Breg in enhancing tumor specific immune 

response in different stages of HCC 

development.[200] 
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Sprague–

Dawley, 

Female, 

5-6 weeks 

100mg/kg for 

initiation, i.p 

++ 

20 weeks after 

DEN 

administration 

Potential role of estrogen in inhibiting lung 

metastasis from rat HCC in vivo through 

modulation of inflammatory tumor 

microenvironment via suppression of HGF and 

IL-6 production. [201] 

Sprague–

Dawley, 

Male 

(160-180 

g) 

70mg/kg for 6 

weeks, i.p 

+++ 10 weeks 

Mechanism associated with p53 activation and 

hepatic inflammation during HCC. [202] 

Sprague–

Dawley, 

Male, 6 

week 

0.4%(w/vol), 

oral 

+++ 24weeks 

Sympathetic nervous system role in activation of 

alpha1-adrenergic receptor of Kupffer cells to 

promote hepatocarcinogenesis. [203] 

Male SD, 

10-12 

weeks 

100 p.p.m 

(95µg/ml) for 13 

weeks, oral 

+++ 10-13 weeks 

Role of TNF-α in liver injury and tumorigenesis. 

[204] 

TABLE 1: TUMOR MICROENVIRONMENT STUDY OF HCC IN DEN INDUCED HCC ANIMAL MODELS.  

1.5.1.2 Aflatoxins 

Aflatoxins are a mycotoxin that is primarily produced by the food-borne fungi Aspergillus 

flavus and Aspergillus parasiticus, which colonize a variety of food commodities, including maize, 

oilseeds, spices, groundnuts, and tree nuts in tropical and subtropical regions of the world. There 

are four major aflatoxins known as B1, B2, G1, and G2 [205]. Among them, AFB1 is well-known 

as the most potent naturally occurring biological carcinogens with activities such as acute toxicity, 

teratogenicity, mutagenicity and carcinogenicity [206]. AFB1 is also a genotoxic hepatocarcinogen 
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that presumptively causes cancer by inducing DNA adducts, leading to genetic changes in the target 

cells, which then cause DNA strand breakage, DNA base damage and oxidative damage that may 

ultimately lead to cancer [207]. 

Liver is the targeted organ for the metabolism of AFB1, where its mechanism of action initiates. 

Firstly, AFB1 is biotransformed by the cytochrome-P450 enzyme, which results in the production 

of a reactive intermediate chemical compound, aflatoxin B1-8, 9-oxide. This highly reactive 

genotoxic compound binds to liver cell DNA as a result, DNA adducts are formed, namely 8, 9-

dihydro-8 (N7guanyl)-9-hydroxy-AFB1 (AFB1 N7-Gua). Therefore, this DNA adducts further 

interact with the guanine base of the DNA and cause mutational effects resulting in 

hepatocarcinogenesis [208, 209]. Thus, AFB1 exposure in food is a significant risk factor for HCC 

[210]. 

AFB1 carcinogenic potency is not only known in humans but also well established in rodents. Its 

carcinogenicity also depends on certain parameters such as route of administration, level and 

frequency of dose, and the sex, age, and strain of the test animal. Studies by Wogan et al, 

demonstrated that when aflatoxin was chronically administrated to rats at levels of 1, 5, 15, 50, and 

100 parts per billion, the incidence of the liver tumor were increasing respectively (as such 9, 4.5, 

19, 80, and 100%) [211]. Thus, from this study it’s clear that even a small dosage of aflatoxin per 

day could induce liver cancer. Hence, this finding provided a context for human cancer 

investigations exploring the linkage between aflatoxin and HCC. Although administration to 

newborn mice produces liver tumors, adult mice are resistant to aflatoxin hepatocarcinogenesis due 

to the glutathione S-transferase enzyme which detoxify AFB1 metabolite [212]. 
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As AFB1 induced hepatocarcinogenesis is more or less similar in human and rodents. AFB1 

induced rodents’ models help us to better understand the immunomodulation’s in 

hepatocarcinogenesis. For instance, immunosuppression by AFB1 can result from various 

mechanisms such as decreased protein and/or DNA synthesis, changes or loss in enzymatic 

activity, and changes in metabolism or cell cycles, which may result in apoptosis or necrosis. 

Immune mechanisms affected by AFB1, in addition to T-cell dependent immunity, include reduced 

production of complement by the liver and decreased phagocytosis by neutrophils and 

macrophages [213, 214]. Toxic effects of AFB1 on T-lymphocytes and/or other lymphoid cells 

such as the cytotoxic T-cells and natural killer cells, which impair the function of direct or indirect 

killing of tumor cells, can have pronounced effects on tumorigenesis [215].  

1.5.2NON-GENOTOXIC CARCINOGEN INDUCED MODELS 

Non-genotoxic carcinogen-induced models are induced by the chemicals such as carbon 

tetrachloride, phenobarbital [184], and thioacetamide etc., which have no direct interaction with 

DNA. They cause tumors by disrupting cellular structures and by altering the kinetics of either cell 

proliferation or of a process that increases the risk of genetic error. Details of non-genotoxic 

induced models by carbon tetrachloride, phenobarbital and thioacetamide are illustrated below. 

1.5.2.1 Carbon tetra chloride (CCl4) 

CCl4 as a non-genotoxic carcinogen has been widely used to experimentally induce liver injury in 

rodents [216]. Liver cell injury induced by CCl4 involves initially the metabolism of CCl4 by 

cytochrome P450 superfamily of monooxygenases (CYP family) to form trichloromethyl (CCl3) 

free radical [217]. Subsequently, this radical reacts with nucleic acids, proteins, and lipids, thereby 

impairing key cellular processes resulting in altered lipid metabolism (fatty degeneration and 
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steatosis) and lowered protein quantities. Besides, the formation of trichloromethyl peroxy radicals 

resulting from oxygenation of CCl3 further initiates lipid peroxidation and the destruction of 

polyunsaturated fatty acids. Consequently, the membrane permeability in all cellular compartments 

(mitochondria, endoplasmic reticulum, and plasma membrane) is lowered and generalized hepatic 

damage occurs that is characterized by inflammation, fibrosis, cirrhosis and HCC. In the most 

routinely followed strategy, CCl4 is injected intraperitoneally 2 to 3 times per week during 4 to 6 

weeks at a dose range of 300 to 1000 μl/kg resulting in robust and highly reproducible liver fibrosis 

[218]. Alternatively, CCl4 can be administered orally, subcutaneously or through inhalation. 

Secondly, CCl4 also causes the induction of an inflammatory response by Kupffer cells through 

the production of cytokines, chemokines and other proinflammatory factors, causing severe 

centrilobular necrosis [219]. Hence, CCl4 induced HCC models can help to determine role of 

inflammatory responses in chronically injured liver towards the development of HCC. For instance, 

Delire et al evaluated the potential roles of macrophages infiltrated within the tumor in mice 

chronically treated with CCl4 for 7 weeks (CCl4 7w group) [220]. Besides, several studies have 

shown that CCl4 is used as a tumor promoter in combination with DEN in two-stage HCC mice 

model, to develop HCC in the context of fibrosis [187, 188]. 

1.5.2.2 Phenobarbital (PB) 

Phenobarbital [184], is a non-genotoxic barbiturate widely used as a hepatic tumor promoter in 

rodents initiated by a variety of liver carcinogens, which acts on the processes that influence cell 

proliferation and survival. PB is known as a modifier of xenobiotic metabolism, the mechanism by 

which it induces P450-dependent reactions is still unclear. It exerts its action not only on phase I 

enzymes (CYP 1, 2 and 3) but it also has a pleiotropic effect on the liver, including an increase in 



66 

 

liver mass, proliferation of the smooth endoplasmic reticulum, promotion of liver tumors, increased 

activities of phase II enzymes (uridine-diphospho (UDP)-glucuronosyl transferase, glutathione S-

transferase, epoxide hydrolase, and aldehyde dehydrogenase) and enzymes involved in heme 

synthesis, lipid metabolism, and so on. About 50 different genes in total are activated by PB in the 

liver [221, 222]. PB was the first tumor promoter used for rodents in combination with DEN in 

two-stage HCC models. In mice given a genotoxic agent, the administration of phenobarbital can 

produce a 5-fold increase in HCC development when using post-weaning DEN administration. In 

several cases phenobarbital appeared to be tumor protective, however, mice given DEN pre-

weaning followed by chronic phenobarbital administration post-weaning showed at 90% 

multiplicity of HCC tumor burden relative to DEN controls [186]. 

1.5.2.3 Thioacetamide  

Thioacetamide (TAA) represents a second widely used model for the induction of experimental 

liver fibrosis. Similar to CCl4, TAA requires metabolic activation to become toxic and it is a potent 

inducer of liver injury; however, the molecular mechanism underlying the induction is not fully 

understood. TAA is used in conjunction with another hepatocarcinogen such as DEN in a two-

stage model to induce hepatocellular carcinoma (HCC) [223]. TAA intoxication was established 

as a reliable and reproducible experimental model of fibrosis and cirrhosis in rodents by the oral or 

intraperitoneal routes [224, 225]. Acute exposure to TAA at higher doses is a well-characterized 

model of acute liver failure. Intraperitoneal administration leads to hepatic centrilobular necrosis, 

elevated transaminase activity and robust liver fibrosis in about 6 weeks in mice. TAA on its own 

can induce primary HCC in rats after a year of treatment [226, 227].  
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1.5.3 CONCLUSION 

Among various chemically induced models of HCC, one of the models that most faithfully 

reproduce human cirrhosis is diethyl nitrosamine-injured rats (DEN). Indeed, most HCC models 

have the background of normal surrounding liver or moderately fibrotic liver. Indeed 

fibrosis/cirrhosis modifies liver vascularization, extracellular matrix composition, and drug 

metabolism, it is essential to use a cirrhotic animal model to test HCC drugs for their efficiency 

against tumor initiation and/or progression. Current mouse model failed to reproduce all fibrosis 

stages, especially cirrhosis. Hence in my thesis, we choose to develop characterise the DEN 

induced HCC rat model during cirrhosis progression and HCC development. Also to test the safety 

and efficacy of AKT inhibitor ARQ 751 as described before in our developed HCC rat cirrhotic 

model.  
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2. OBJECTIVE 

2.1 PROJECT 1 – CHARACTERIZATION OF DEN INDUCED HCC RAT 

MODEL 

The objective of the first part is to deeply characterize DEN-induced HCC rat model during 

cirrhosis progression and HCC development with a special focus on liver inflammatory micro-

environment. 

2.2 PROJECT 2 - AKT INHIBITOR (ARQ 751) PROJECT  

The objective of the second part is to test the safety and efficacy of AKT inhibitor ARQ 751 

alone and in combination with sorafenib (ARQ 751+sorafenib), compared to control (non-

treated) and sorafenib alone in cirrhotic HCC rat DEN model. 
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3. MATERIAL AND METHODS  

3.1 ANIMALS 

Fischer 344 male rats (Charles River Laboratories, France) were housed in the animal facility of 

Plateforme de Haute Technologie Animale (Jean Roget, University of Grenoble-Alpes, France). 

Rats were kept in individually ventilated cage (IVC) systems at constant temperature and 

humidity with 3 animals per cage. 

3.1.1 RAT MODEL – CHARACTERIZATION OF DEN-INDUCED HCC  

To characterize the process of fibrosis, cirrhosis and HCC development, 4 different time points 

named 0, 8, 14 & 20 weeks have been chosen (n=13 rats /group). In 0 week, rats were euthanized 

without any DEN-injection which is considered as baseline group. In 8 and 14 weeks, rats were 

treated during 8 or 14 weeks once in a week with intraperitoneal injection of 50mg/kg of DEN 

(Sigma-Aldrich, Germany), diluted in pure olive oil and then euthanized. Lastly, in 20 weeks 

group, rats were treated with 14 weeks of DEN injection followed with 6 weeks of no DEN 

injection and the euthanized, Figure 14. 
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FIGURE 14: TIME LINE PROTOCOL OF DEN INJECTION (50MG/KG PER WEEK) TO CHARACTERIZE DEN 

INDUCED CIRRHOTIC RAT MODEL OF HCC. 0 W-INDICATES NO DEN INJECTION, 8W-8WEEKS OF DEN 

INJECTION, 14W -14WEEKS OF DEN INJECTION AND 20W -14WEEKS OF DEN INJECTION PLUS 6 WEEKS NO 

DEN INJECTION. W=WEEK. 

3.1.2 RAT MODEL AND TREATMENT PROTOCOL - AKT INHIBITOR (ARQ 

751) PROJECT 

7-week-old Fischer 344 male rats (Charles River Laboratories, France) were housed in the animal 

facility of Plateforme de Haute Technologie Animale (Jean Roget, University of Grenoble-Alpes, 

France). They were treated weekly with intra-peritoneal injections of 50mg/kg DEN (Sigma-

Aldrich, Germany), diluted in pure olive oil in order to obtain a fully developed HCC on a cirrhotic 

liver after 14 weeks. Figure 15A represents normal rat liver and Figure 15 B shows rat liver with 

DEN induced HCC. To perform oral gavages and MRI analyses, rats were transported to the 

Grenoble Institute of Neuroscience (GIN, INSERM, U1216, University of Grenoble-Alpes, 

France) equipped by Grenoble MRI facility IRMaGE.  
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FIGURE 15: REPRESENTATIVE PICTURES OF RAT LIVER A) NORMAL RAT LIVER AND B) RAT LIVER WITH 

DEN INDUCED HCC. 

3.1.2.1  Preparation of sorafenib and ARQ751 treatment 

For sorafenib treatment, 200 mg Sorafenib tosylate tablets (Nexavar®, Bayer HealthCare, 

Germany) were used. First the sugar coating on the tablet was dissolved in DMSO and then to 

emulsify and solubilize, sorafenib was mixed with 1 mL of poly-oxyl castor oil (Cremophor® EL, 

Sigma- Aldrich) and 1 mL of 95% ethanol per tablet. To finish, the emulsion was diluted in purified 

water to obtain a 10 mg/mL solution of sorafenib suitable for oral gavages. The dose strategy for 

ARQ 751 was based on a previous toxicity study. ARQ 751 was dissolved in a 0.01M phosphoric 

acid solution to obtain a 10 mg/mL ARQ solution suitable for oral gavages with a final pH of 2.25 

± 0.15. For each drug, fresh solution was prepared every week and stored at room temperature, 

protected from light. Combination was prepared by mixing the same volume of each drug just 

before oral gavages. 

3.1.2.2  Treatment protocol 

After 14 weeks, rats were randomized in four different groups (n=7 rats /group) as follows:  ARQ 

751 group, Sorafenib group, combination group (ARQ 751 plus sorafenib) and control (untreated) 

group which is illustrated in Figure 16. Treatments were administrated by daily oral gavage for a 

period of six weeks. ARQ 751 treatment was administered for 5 days on 9 days off (for a total of 
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15 days of treatment) at a dose 10 mg/kg/day as recommended by ArQule Inc. In fact, during the 

first week, the dose of ARQ 751 was used 15 mg/kg/days but after one week of treatment, it was 

reduced to the dose of 10 mg/kg/days due to its toxic effects. From the second week, the dose of 

10 mg/kg/days of ARQ 751 was administered and no adverse effects were observed. Sorafenib was 

administered continuously at a dose of 10 mg/kg/day every day. The control group was treated by 

vehicle. During treatment, all rats were daily weighed to monitor the nutritional state and to adapt 

treatment doses. Protein-rich nutrition was added to the standard food in cages when a loss of 

weight was observed. All animals received humane care in accordance with Guidelines on the 

Humane Treatment of Laboratory Animals, and experiments were approved by the GIN animal 

Ethic committee.  

3.1.2.3 MRI analyses 

All rats from ARQ 751 project were subjected to three MRI scans. MRI1 was performed before 

randomization. MRI2 and MRI3 were done after three weeks and six weeks of treatment, which is 

illustrated in Figure 16. 

  

FIGURE 16: TREATMENT PROTOCOL. AFTER 14 WEEKS, DEN INJECTED RATS WERE RANDOMIZED INTO 4 

GROUPS. SINGLE TREATED-GROUP SORAFENIB (N=7), ARQ751 (N=7), ARQ751+SORAFENIB (COMBINATION; 

N=7) AND CONTROL GROUP (N=7). THREE MRI SCANS WERE PERFORMED DURING 6 WEEKS OF 

TREATMENT. 
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In the three MRI scans imaging study was performed with a 4.7 Tesla MR Imaging system 

(BioSpec 47/40 USR, Bruker Corporation, Germany) and Transmit/Receive Volume Array. Coil 

for rat body 8x2 (Bruker Corporation, Germany) in the Grenoble MRI facility IRMaGE. Rats were 

fitted in ventral decubitus position and anesthetized with isoflurane inhalation (Forane®, Abbott, 

USA), breathing was continuously monitored to maintain a respiratory rate between 35 and 45 

breaths per minute and body temperature was maintained around 37°C. We used Turbo rapid 

acquisition with relaxation enhancement T2-weighted (Turbo-RARE T2) sequence (repetition time 

(TR): 1532.9 msec, echo time (TE): 27.4 msec, flip angle (FA): 180°). MRI parameters adjustment 

and image acquisition were realized by using Paravision 5.1 software.  

A morphological analyzes was realized based on the TurboRARE T2 sequences and according to 

the Response Evaluation Criteria in Solid Tumors (RECIST) criteria. Five liver tumors were 

selected and measured on MRI1, 2 and 3. Estimated tumor size corresponded to the sum of the 

largest diameter of these 5 lesions. For each rat, MRI1 was considered as the baseline (i.e.: 0%) 

and tumor progression corresponded to the comparison between MRI2 or 3 and the baseline, (i.e: 

“(tumor size MRI2/3 - tumor size MRI1) / tumor size MRI1). Histopathological and Morphological 

Analyses 

After the third MRI scan, all rats euthanized with intra-cardiac blood sampling for hematologic and 

biochemical analyses. Serum and plasma were taken to test biological safety and efficacy 

parameters. Each liver was weighted, the number of tumors larger than 1 mm at the surface of 

livers was counted and the largest diameter of the five largest tumors was measured. The sum of 

these 5 diameters was calculated to obtain a histopathological estimation of the tumor size. 
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3.1.3 HISTOPATHOLOGICAL AND MORPHOLOGICAL ANALYSES 

All rats at selected time points were euthanized by isoflurane overdose followed by blood collection 

from abdominal aorta for hematologic and biochemical analyses. Serum and plasma were taken to 

test biological safety and efficacy parameters. Each liver was weighted, the number of tumors 

larger than 1 mm at the surface of livers was counted and the diameter of the five largest tumors 

was measured. The mean of these 5 diameters was calculated to obtain a histopathological 

estimation of the tumor size. Liver tissues (tumoral and non-tumoral tissue) were collected. Tissue 

samples were snap-frozen in liquid nitrogen and stored at -80°C and further used for western blot 

and ELISA analysis. For histological analysis, tissue samples were fixed in formalin and embedded 

into formalin-fixed paraffin-embedded blocks of tissue. For qPCR analysis, tumoral and non-

tumoral samples are preserved in RNA stabilization solution (Thermofisher scientific, USA). 

3.1.4 IMMUNOHISTOCHEMICAL AND IMMUNOFLUORESCENCE ANALYSES 

Liver tissues were fixed in formalin solution, neutral buffered, 10% (Sigma-Aldrich, USA), 

paraffin-embedded and four-micrometer sections of tissue were prepared. The hematoxylin-eosin 

(HE) staining was used for histopathological examination. Grading of inflammatory activity and 

staging of fibrosis were performed according to the METAVIR scoring system, a histological scale 

used to quantify the degree of fibrosis (F). “F” refers to the extent of fibrosis and may vary from 

F0 to F4 (F0 = no fibrosis, F1 = portal fibrosis without septa, F2 = portal fibrosis with rare septa, 

F3 = numerous septa without cirrhosis, and F4 = cirrhosis). The development of fibrosis and HCC 

was studied by an experienced pathologist who was blind to the study. 

In order to detect HCC development and cancer stem cells in liver tissue, paraffin-embedded 

sections were incubated overnight at 4°C with the primary anti-GST-P or anti-CD133 (Table 2), 

followed by incubation with the anti-rabbit EnVision system HRP Labelled Polymer (Dako 
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Agilent, USA). DAB was used as the chromogen for immune detection. The positive area was 

quantified using ImageJ software (NIH, USA) on 10-15 randomly selected fields/section (20x 

magnification) captured by an Olympus BX41 microscope. All analyzes were performed in a 

double-blinded manner. Data are presented as percentage of positive surface area (HPF: high-

power fields; 20x magnification).  

To detect proliferating cells, paraffin-embedded sections were incubated overnight at 4 °C with the 

primary anti-Ki67 antibody or with anti-Cyclin D1 antibody (Table 2) followed by incubation with 

the anti-rabbit EnVision system HRP Labelled Polymer (Dako Agilent, USA) (Table 2). DAB was 

used as the chromogen for immune detection. Positively stained cells were quantified using ImageJ 

software (NIH, USA) on 10-15 randomly selected fields/sections (20x magnification) captured by 

an Olympus BX41 microscope. Data are presented as percentage of cells with positive nuclei per 

total cells (HPF: high-power fields; 20x magnification).  

To detect vascularization, paraffin-embedded sections were incubated overnight at 4 °C with an 

anti-rat CD34 antibody followed by incubation with Alexa 647-conjugated donkey anti-goat IgG 

(Life Technologies, Carlsbad, CA, USA) (Table 2). Images were captured using the ApoTome 

microscope (Carl Zeiss, Germany) equipped with a camera AxioCam MRm and collected by 

AxioVision software. The positive area threshold was quantified using ImageJ software (NIH, 

USA) on 10 randomly selected fields/sections (10x magnification). All analyzes were performed 

in a double-blinded manner. 

Collagen was detected on paraffin-embedded sections with picro-sirius red stain solution (Sigma-

Aldrich). The positively stained area was quantified using ImageJ software (NIH, USA) on 10-15 

randomly selected fields/sections (10x magnification) captured by an Olympus BX41 microscope. 

All analyzes were performed in a double-blinded manner. Data are presented as a positive area.  



76 

 

For detection of immune checkpoint Cytotoxic T-lymphocyte-associate protein-4 (CTLA-4) 

paraffin-embedded sections were incubated overnight with primary anti-CTLA-4 (Table 2), 

followed by incubation with Alexa 647-conjugated donkey anti-mouse IgG (Life Technologies, 

Carlsbad, CA, USA) (Table 2). Images were captured using the ApoTome microscope (Carl Zeiss, 

Germany) equipped with a camera AxioCam MRm and collected by AxioVision software. Data 

presented as the number of positively stained cells per area (high-power fields; 20x magnification). 

All analyzes were performed in a double-blinded manner. 

To analyze macrophages and their phenotype, tissue slides were incubated overnight at 4 °C with 

primary anti-mouse CD68/SR-D1, galectin 3 and TGM2 antibodies respectively (Table 2), 

followed by incubation with anti-rabbit EnVision system HRP Labelled Polymer (Dako Agilent, 

USA). DAB was used as the chromogen for CD68, and TGM2 immunodetection. Alexa 647-

conjugated donkey anti-goat IgG (Life Technologies, Carlsbad, CA, USA) was used for immune 

fluorescence detection of galectin3. Quantification of CD68+ and galectin3+ cells is presented as 

the number of positively stained cells per area (high-power fields; 40 & 20x magnifications). For 

TGM2+, 20x magnification images were captured and stained areas were quantified by using 

thresholds (ImageJ software) and data were presented as positively stained area. 
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Primary 

antibody 
Clone 

Host 

species 
Dilution Application Buffer 

Time for 

antigen 

retrieval 

Secondary 

antibody 

GST-P - 

MBL 

International 

Polyclonal Rabbit 1:2000 IHC NA NA 

Anti-rabbit 

polymer -

Agilent 

CD133 

(PROMININ) 

- Gene Tex 

Polyclonal Rabbit 1:2000 IHC Citrate buffer 20 minutes 

Anti-rabbit 

polymer -

Agilent 

Ki67 – 

Thermofisher 

scientific 

SP6 Rabbit 1:150 IHC Citrate buffer 10 minutes 

Anti-rabbit 

polymer -

Agilent 

Cyclin D1 – 

ABCAM 
EPR2241 Rabbit 1:200 IHC Citrate buffer 10 minutes 

Anti-rabbit 

polymer -

Agilent 

CD34 - R&D 

systems 
Polyclonal Goat 1:100 IF Citrate buffer 10 minutes 

Alexa 647-

anti-goat IgG 

- Life 

Technologies 

CTLA-4 - 

My 

BioSource 

WK H203 Mouse 1:100 IF EDTA buffer 10 minutes 

Alexa 647-

anti-mouse 

IgG - Life 

Technologies 

CD68/SR-D1 

- Novusbio-

NB600-985 

ED1 Mouse 1:100 IHC Citrate buffer 10 minutes 

anti-mouse 

polymer –

Agilent 

Galectin3 - 

Santa Cruz 

biotech 

B2C10 Mouse 1:100 IF EDTA buffer 20 minutes 

Alexa 647-

anti-mouse 

IgG - Life 

Technologies 

TGM2 - 

Thermo 

Fisher 

Scientific 

CUB7402 Mouse 1:100 IHC Citrate buffer 10 minutes 

anti-mouse 

polymer –

Agilent 

TABLE 2: LIST OF ANTIBODIES USED FOR IMMUNOHISTOCHEMISTRY (IHC) AND IMMUNOFLUORESCENCE 

(IF) ANALYSIS; NOT APPLIED (NA), ETHYLENEDIAMINETETRAACETIC ACID (EDTA). 
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3.1.5 REAL TIME POLYMERASE CHAIN REACTION (QPCR) 

Total RNA was extracted from rat liver tissue samples preserved with an RNA stabilization 

solution (Thermo scientific, USA). RNA purification was performed with RNeasy Mini Kit® 

(Qiagen, USA). Reverse transcription was realized with iScriptTM Reverse transcription supermix 

Kit (BioRad, USA), and amplification reactions were performed in a total volume of 20µL by using 

a Thermocycler sequence detector (BioRad CFX96, USA) with qPCR kit iTaqTM Universal 

SYBR®Green Super mix (BioRad, USA). 

GADPH was used as a housekeeping gene. Primers listed in Table 3 were designed with Primer 3 

software (version 4.0.0) and verified on BLAST. Oligonucleotide sequences were synthesized by 

Eurofins Genomics ® in 0.01µmol scale, with a Salt-Free level of purification. Every analysis was 

done in duplicates. 

Gene Reverse Sequence (5’-3’) Forward Sequence (5’-3’) 

EPCAM TCGTCACACTCGGGATCATA GACGTCACGGTGCTATGAGA 

CYCLIN D1 GGCTCCAGAGACAAGAAACG GCGTACCCTGACACCAATCT 

COL1 CTTCTGGGCAGAAAGGACAG GCCAAGAAGACATCCCTGAA 

α-SMA CATCTCCAGAGTCCAGCACA ACTGGGACGACATGGAAAAG 

TGF-β1 TGGGACTGATCCCATTGATT ATACGCCTGAGTAGCTGTCT 

TIMP1 TGGCTGAACAGGGAAACACT CAGCAAAAGGCCTTCGTAAA 

MMP2 GGGTTTCTTCTGGCTCAGG TCTGGCTATCCACAAGACTGG 

MMP9 GGAAAAGGAAGGAGGGTACG CCACTCAGGGCCTTCAGAC 
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CD4 AGAATAGGATGCAGAGCCCC AAGGCTCCTTCTTCCCAGTC 

CD8 CCAATCCCATTCCCTCCACT TTCTGTCGCTGAACCTGCTA 

GAPDH TTCAGCTCTGGGATGACCTT CTCATGACCACAGTCCATGC 

TABLE 3: LIST OF PRIMERS SEQUENCES FOR QPCR ANALYSIS 

3.1.6 FLOW CYTOMETRY ANALYSIS 

To characterise the immune system of rats, flow cytometry analyses were performed on collected 

fresh liver tissue and fresh blood. Liver tissue samples collected in RPMI media is resolved into a 

single cell suspension by mechanical disruption. Later, cells were washed with PBS (1X) and 

stained for multi-parametric flow cytometry analyses. Similarly, whole fresh peripheral blood, 

collected in heparin tubes, was washed with PBS (1X) was stained for multi-parametric flow 

cytometry analyses. In the process of staining, cells were primarily incubated for 10 minutes in 

dark at room temperature (RT) with Zombie UV™ Fixable Viability Kit (BioLegend) to detect the 

nonviable cells. Later, followed with washing step with PBS (1X) by centrifugation, cells were 

immunostained with following extracellular anti-rat antibodies: CD45, CD3, CD8, CD4, CD25 and 

CTLA-4 without any stimulation and incubated for 20 min in dark at 4°C and after washed with 

PBS (1X) by centrifugation. Further, for internal staining - cells were permeabilized and fixed with 

Foxp3/Transcritn kit (Thermo Fisher scientific, USA) for 45 minutes. Following washing steps 

with PBS (1X) by centrifugation, cells were immunostained with intracellular anti-rat 

Foxp3antibody and incubated for 45 minutes. Lastly, cells are washed with PBS (1X) by 

centrifugation and measured by the BD-LSRII flow cytometer (BD-LSRII flow cytometer (BD 

Biosciences, Le Pont-De-Claix, France). Isotype-matched antibodies were used as control. Data 
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acquired on BD-LSRII flow cytometer were collected with BD FACSDiva 6.3.1 software and 

analyzed using FCS Express 6 PLUS software. 

Antibody Clone Fluorophore Company 

CD45 OX-1 APC/Cy7 BioLegend  

CD3 1F4 Alexa Fluro Bio-Rad 

CD8a G28 APC BioLegend 

CD4 W3/25 PE/Cy7 BioLegend 

CD25 OX-39 BV421 BD Bioscience 

FoxP3 FJK-16s PE-Cyanine5 eBioscience 

CD152(CTLA-4) WKH203 PE BioLegend 

TABLE 4: LIST OF ANTIBODIES USED FOR FLOW CYTOMETRY ANALYSIS 

3.1.7 IMMUNOBLOT ANALYSIS 

Liver homogenates were prepared in EZ buffer (20 mM Tris; 100 mM NaCl; EDTA 1mM; 0.5% 

NP40; 10% glycerol; 1X anti phosphatase and 1X protease) containing proteins were then 

denatured in Laemmli Sample Buffer (Bio-Rad) containing 5% β-mercaptoethanol and separated 

by gel electrophoresis (Mini Protean Gels ®, Bio-Rad) and transferred to nitrocellulose (Bio-Rad) 

membranes using a wet blot method. Membranes were blocked in TBS-Tween solution with 5% 

BSA for 1 h at 4 °C. Primary antibodies anti-iNOS rabbit polyclonal (ab3523, Abcam) and anti-
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Arg-1 rabbit polyclonal (PA5-29645, Invitrogen) were added and membranes were incubated at 4 

°C overnight under shaking conditions. Incubation with the secondary antibody (HRP-anti-rabbit 

IgG, 1:2000; Cell Signaling, 1:1000; Cell Signaling) was performed under shaking conditions for 

1 h. Detection was achieved with Clarity™ Western ECL Blotting Substrate (Bio-Rad) using a 

ChemiDoc™ MP Imaging System (FUSION FX7 with the DarQ-9 and eVo-6 cameras). 

Densitometric quantification of the bands was performed using the EvolutionCapt. Fusion FX 

Software. 

3.1.8 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) ANALYSIS 

ELISA experiment was performed to detect the expression of pro-inflammatory cytokines TNF-α 

and INF-γ by using rat TNF-alpha DuoSet ELISA Kit (R&D Systems) and mouse IFN-gamma 

Uncoated ELISA (Thermo Fisher Scientific). In addition, anti-inflammatory cytokines IL-4 and 

IL-10 were measured using Mouse Interleukin IL-4 Ready-Set-Go Elisa kit (E030212, 

eBiosciences) and Rat Il-10 BD OptEIA Set (8029217EU). For TNF-α, ELISA plate (Maxisorp, 

Thermo Scientific) was coated at 4 μg/mL with Mouse Anti-rat TNF-α capture antibody 

(AYX1215081) and incubated overnight at room temperature (RT). Further, blocking was 

performed with 1% BSA in PBS for 1 hour at RT. After washing with PBS + 0.05% Tween 20 

(PBST), equivalent concentration of serum or protein extracts from tumor and non-tumor liver 

tissue were added to wells and incubated for 2 hours at RT. After washing, the detection antibody 

was added and incubated for 2 hours at RT. Following washing steps, Streptavidin-horseradish 

peroxidase (HRP) was added and plates were incubated in dark for 20 minutes at RT. Finally, the 

plates were washed and incubated with a 1:1 ratio of 3,3V,5,5V-tetramethylbenzidine and 

hydrogen peroxidase in dark for 20 minutes at room temperature and later 2 mol/l sulfuric acid was 

added to stop the reaction. The optical density (OD) was measured at 450 nm. The same 
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experimental steps were followed for IFN-γ, IL-10, and IL-4 but plates were coated with capture 

antibody overnight at 4°C. For IL-10, blocking was done with 10% FBS in PBS and plates were 

incubated with the detection antibody directly coupled with Streptavidin- horseradish peroxidase 

(HRP) during 1h at RT.  

3.1.9 PROTEIN ARRAY 

Serum samples collected from rats of each time point were analyzed by Rat XL Cytokine Array 

Kit (Catalog ARY030, R&D System, USA) according to the protocol provided by the 

manufacturer. Detection was achieved using a ChemiDoc™ MP Imaging System (Bio-Rad). Dot 

densities were quantified using The Protein Array Analyzer programmed in ImageJ software 

(NIH). Values are expressed as the mean intensity relative to the mean intensity of control dots of 

the respective membrane. 

3.1.10 ASSOCIATION OF GALECTIN-3 GENE EXPRESSION WITH SURVIVAL 

OF PATIENTS WITH HCC 

To explore the galectin3 gene expression and patient’s survival curve with HCC, Gene Expression 

Profiling Interactive Analysis tool (GEPIA, http://gepia.cancer-pku.cn/) and UALCAN 

(http://ualcan.path.uab.edu/) tools were used. GEPIA is a tool that delivers functionalities based on 

TCGA and GTEx data [228] including differential expression analysis, profiling plotting, 

correlation analysis, patient survival analysis, similar gene detection and dimensionality reduction 

analysis. UALCAN tool is a user-friendly, interactive web resource for analyzing transcriptome 

data of cancers from The Cancer Genome Atlas (TCGA) [229]. 

 

http://gepia.cancer-pku.cn/
http://ualcan.path.uab.edu/
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3.1.11 STATISTICAL ANALYSIS 

All data were tested for normality and the appropriate statistic test was chosen. Comparisons of 

means were calculated by using ANOVA tests with Tukey HSD correction for multiple means 

comparisons, and independent T-tests only when two means were compared. Data are presented as 

mean values ± standard error mean (SEM). Statistical analyses were performed using Prism 6 

(GraphPad Software Inc., CA, USA). 
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4. RESULTS  

4.1 RESULTS - CHARACTERIZATION OF DEN INDUCED HCC RAT 

MODEL  

4.1.1CHRONIC DEN TREATMENT INDUCES TUMOR DEVELOPMENT  

To examine the effect of chronic DEN treatment on tumor development and progression, the 

number of surface liver tumor nodules was measured right after euthanizing of rats at 0, 8, 14 and 

20 weeks respectively. Tumor number and size were determined by macroscopic examination of 

the liver. The quantification of tumor number and size clearly demonstrates that the tumors are 

induced after 8 weeks of chronic DEN injection and the significant increase in tumor number and 

size is observed at 14 and 20 weeks (ANOVA, p< 0.0001 & p< 0.0001), (Figure 17). Besides, the 

examination also revealed significant increase in tumor size in 20 weeks compared to 14 weeks 

(p<0.0001), Figure 17B. Hence, these results depicted that 14 weeks of chronic DEN treatment-

induced 100% tumor (HCC) development. 

  

FIGURE 17: A) MACROSCOPIC EXAMINATION OF LIVERS WITH ASSESSMENT OF TUMOR NUMBER AT THE 

SURFACE OF LIVERS AND B) TUMOR SIZE (AVERAGE OF DIAMETER OF THE FIVE LARGEST TUMORS). 

QUANTIFICATION GRAPH IS REPRESNTED IN SCATTER PLOT AND VALUES ARE MEANS ± SE, 

N=13/GROUP.COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION. 
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4.1.2 CHRONIC DEN TREATMENT INDUCES HEPATOCARCINOGENESIS 

To examine the hepatocarcinogenesis induced by chronic DEN treatment, immunohistochemistry 

staining of placental Glutathione S -transferases (GST-P) and CD133 (marker of stem cells) were 

performed (Figure 18 & Figure 19).  

GST is a family of detoxification enzymes catalyzing the conjugation of glutathione with a large 

number of carcinogens. GST-P is specifically expressed during rat hepatocarcinogenesis and has 

been used as a reliable tumor marker for preneoplasia in experimental hepatocarcinogenesis in rats 

[230]. Results from GST-P immunohistochemistry staining exemplified that chronic DEN 

treatment increased the expression of GST-P in 8, 14 and 20 weeks respectively compared to 0 

week, Figure 18A.  

 

FIGURE 18: A) REPRESENTATIVE IMAGES OF GST-P STAINING, 4X MAGNIFICATION. B) QUANTIFICATION OF 

GST-P+ SURFACE AREA PER HIGH POWER FIELD (HPF) REPRESENTED IN SCATTER PLOT GRAPH. VALUES 

ARE MEANS ± SE, N=9/GROUP.COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY 

CORRECTION. W=WEEKS 
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The quantification of the GST-P expression, determined as positively stained GSTP surface area, 

showed significantly increase with chronic DEN treatment (ANOVA, p<0.0001). In 0 week, GST-

P was hardly expressed, as shown in Figure 18B.  At 8 weeks, the expression of GST-P was 

increased compared to 0 week (p<0.0001). At 14 weeks, GST-P expression reached the highest 

positive surface area and was significantly higher compared to 0 and 8 weeks (p<0.0001, 

p<0.0001). Similarly, the expression of GST-P in samples of a group of 20 weeks showed a 

significant increase compared to 0 and 8 weeks (p<0.0001, p<0.0001). Hence, an increased marker 

of preneoplasia (GST-P staining) at 8, 14 and 20 weeks indicated that chronic DEN treatment-

induced hepatocarcinogenic changes already before 8 weeks of treatment. 

CD133 is a marker of stem cells and is abundantly expressed in both the cytoplasm and nucleus of 

HCC tumor tissues compared with adjacent normal liver tissues. Results from CD133 staining 

(Figure 19A) showed that chronic DEN treatment increased the expression of CD133 in 14 and 20 

weeks compared to 0 and 8 weeks respectively.  
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FIGURE 19: A) REPRESENTATIVE IMAGES CD133 STAINING, 4X MAGNIFICATION. B) QUANTIFICATION OF 

CD133+ SURFACE AREA PER HIGH POWER FIELD (HPF) REPRESENTED IN SCATTER PLOT GRAPH. VALUES 

ARE MEANS ± SE, N=9/GROUP.COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY 

CORRECTION. W=WEEKS 

Quantification of CD133 expression was determined as a positive surface area stained with CD133. 

We observed significantly higher expression of CD133 at 14 (20.2±1.58) and 20 weeks (17.5±2.39) 

when compared to 0 and 8 weeks (0.68±0.15 & 4.41±0.35, p<0.0001). Hence, the marker of stem 

cells (CD133) is enhanced in the liver by chronic DEN treatment.  

Moreover, hepatocarcinogenesis induced by DEN in this rat model was also confirmed by qPCR 

analysis of epithelial cell adhesion molecule (EPCAM) (Figure 20). EPCAM is expressed in 

hepatic progenitor cells and HCC, and is considered as a marker of liver cancer stem cells [231]. 

Quantification of gene expression of the EPCAM was projected as mRNA fold change normalized 

to 0 weeks (0 week=1). The expression of EPCAM gene was upregulated in non-tumoral (NT) 
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liver sample at 8, 14 and 20 weeks compared to 0 weeks (p=0.0321, p<0.0001, p=0.0214) with 

chronic DEN treatment, Figure 20. Furthermore, we also observed that EPCAM gene expression 

in tumoral liver tissue of 14 & 20 weeks upregulated significantly compared to non-tumoral tissue 

of 14 & 20 weeks (2.501±0.24, p=0.0003 & 1.70±1.17, p=0.0003).  

Therefore, analyses of GST-P, CD133, and EPCAM depicted the time sequence of events 

associated with chronic DEN treatment-induced hepatocarcinogenesis in this rat model. 

 

FIGURE 20: QPCR ANALYSIS EPCAM GENE EXPRESSION IN NON-TUMORAL (NT) & TUMORAL (T) LIVER 

SAMPLE REPRESNTED IN BOX&WISKER GRAPH. 0 WEEK WAS SET AS 1, VALUES ARE MEDIAN ± SE, 

N=9/GROUP.COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION. 

4.1.3 CHRONIC DEN TREATMENT INDUCES HEPATOCYTE PROLIFERATION 

To examine the effect of chronic DEN treatment on hepatocyte proliferation, Ki67 and CyclinD1 

immuno-staining were performed. 
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Figure 21A shows that chronic DEN treatment is increasing the frequency of Ki67+ hepatocytes in 

8, 14 and 20 weeks compared to 0 week. 

 

FIGURE 21: A) REPRESENTATIVE IMAGES OF NUCLEAR KI67 STAINING (RED ARROW), 20X MAGNIFICATION. 

B) QUANTIFICATION OF NUCLEAR KI67+ STAINED HEPATOCYTES PER HIGH POWER FIELD (HPF) 

REPRESENTED IN SCATTER PLOT GRAPH. VALUES ARE MEANS ± SE, N=9/GROUP.COMPARISON OF MEAN 

WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION.W=WEEKS 

The quantification of Ki67 expression showed that the percentage of Ki67+ hepatocytes increased 

with chronic DEN treatment (ANOVA, p<0.0001) (Figure 21B). Compared to the limited 

frequency of Ki67+ cells in 0 week (2.51±0.25 %), Ki67 expression increased after 8 weeks 

(13.0±1.26 %, p<0.0001) and 14 weeks (15.1±0.88 %, p<0.0001) of DEN injection (Figure 21B). 

At 20 weeks, the expression of Ki67 was still higher compared to 0 weeks with mean labeling index 

9.24±2.13 (p=0.0084).  

Cyclin D1 is a known oncogene and a key regulator of cell cycle progression. Amplification of 

the Cyclin D1 gene and its overexpression has been associated with aggressive forms of human 
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HCC [232]. Hence, to examine the expression of Cyclin D1, we have performed 

immunohistochemistry staining and qPCR analysis of Cyclin D1. From immunohistochemical 

staining of hepatocytes with anti-Cyclin D1 antibody, we observed that chronic DEN treatment 

increased the expression of Cyclin D1 at 8, 14 and 20 weeks compared to 0 week, Figure 22.  

 

FIGURE 22: A) REPRESENTATIVE IMAGES OF NUCLEAR CYCLIND1+ STAINING (RED ARROW), 20X 

MAGNIFICATION. B) QUANTIFICATION OF NUCLEAR CYCLIND1+ STAINING HEPATOCYTES PER HIGH POWER 

FIELD (HPF) IS REPRESENTED IN SACTTER PLOT. VALUES ARE MEANS ± SE, N=9/GROUP.COMPARISON OF 

MEAN WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION. 

Quantification of the Cyclin D1 expression was estimated as the percentage of positively nuclear-

stained hepatocytes. Results demonstrated that compared to 0 week, the number of Cyclin D1-

positively stained nucleus of hepatocytes was significantly increased at 8 (19.40 ± 1.32 %, 

p<0.0001), 14 (20.75 ± 1.49 %, p<0.0001) and 20 weeks (17.12 ± 0.46 %, p=0.0025) of chronic 

DEN treatment (ANOVA, p<0.0001), Figure 22B.  
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Besides, the Cyclin D1 gene expression was analyzed by qPCR (Figure 23). Compared to 0 week, 

the expression of the Cyclin D1 gene was upregulated in the liver sample at 8 weeks (p=0.0297), 

in non-tumoral tissue of 14 weeks (p<0.0001) and in tumoral tissue of 14 weeks (p<0.0001).  

Furthermore, we also observed that Cyclin D1 gene expression in tumoral liver tissue of 20 weeks 

upregulated significantly compared to 0 week (p<0.0001) but no change was observed in non-

tumoral tissue compared to 0 weeks.  

Therefore, the increased expression of Ki67 and Cyclin D1 confirmed the induction of hepatocyte 

proliferation and hepatocarcinogenesis during chronic DEN treatment in DEN induced HCC rat 

model.  

 

FIGURE 23: QPCR ANALYSIS EPCAM GENE EXPRESSION IN NON-TUMORAL (NT) & TUMORAL (T) SAMPLES 

REPRESNTED IN BOX&WISKER. 0 WEEK WAS SET AS 1, VALUES ARE MEDIAN ± SE, 

N=9/GROUP.COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION. 



92 

 

4.1.4 CHRONIC DEN TREATMENT EFFECT ON ANGIOGENESIS  

In order to investigate the anti-angiogenic effect, tumor vascularization was studied by using a rat 

specific anti-CD34 antibody to perform immunofluorescence staining of liver tissues. From the 

staining of CD34 (Figure 24), we observed that with chronic DEN treatment structural 

abnormalities of the tissue vascularization were increased mainly at 14 weeks. 

 

FIGURE 24: REPRESENTATIVE IMAGES OF CD34 IMMUNOFLUORESCENCE STAINING IN LIVER TISSUE, 10X 

MAGNIFICATION. 
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Quantification of the vascular density (CD34+ staining) was estimated as the percentage of 

positively stained surface area normalized to 0 weeks (0week = 100%). The quantification of 

vascular density revealed a significant increase at 14 (272.5±24.73 %, p<0.0001) and 20 weeks 

(187.4±18.18 %, p=0.0280) compared to 0 week (ANOVA, p<0.0001), Figure 25. The results 

indicate that chronic DEN treatment enhanced expression of CD34 which reflects the phenotypic 

changes of tissue vascularization in this DEN induced HCC rat model. 

 

FIGURE 25: QUANTIFICATION OF %OF CD34+ STAINED SURFACE AREA PER HIGH POWER FIELD (HPF) IS 

REPRESENTED IN SACTTER PLOT. 0 WEEKS WAS SET AS 100%. VALUES ARE MEANS ± SE, N=8-9/GROUP. 

COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION. 
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4.1.5 CHRONIC DEN TREATMENT EFFECT ON FIBROSIS/CIRRHOSIS  

HCC development is majorly associated with fibrosis/cirrhosis deposition. To observe the 

fibrosis/cirrhosis deposition by chronic DEN treatment, Sirius red staining was performed (Figure 

26A).  

 

FIGURE 26: A) REPRESENTATIVE IMAGES OF LIVER TISSUE STAINED WITH SIRIUS RED, 4X 

MAGNIFICATION. B) QUANTIFICATION OF % OF SIRIUS RED+ STAINING AREA PER HIGH POWER FIELD 

(HPF) REPRESENTED IN SACTTER PLOT; 0 WEEK WAS SET AS 100%. VALUES ARE MEANS ± SE, 

N=9/GROUP.COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION 

Quantification of the stained fibrotic area was estimated as the percentage of positively stained 

surface area normalized to 0 weeks (0 week = 100 %). As shown in Figure 26B, the quantification 

of positive area of fibrosis revealed a significant increase in fibrosis at 8 (361.9±34.19%, 

p=0.0060), 14 (538.2±58.63%, p<0.001) and 20 (428.2±70.10%, p=0.0309) weeks respectively, 

compared to 0 week (ANOVA, p<0.0001), Figure 25.  
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Moreover, the METAVIR score, a tool to evaluate the severity of the fibrosis, was determined by 

an experienced pathologist and the analysis showed that the fibrosis scores at 8 weeks is F1 while 

at 14 weeks is increased to F2 - F4. Fibrosis score of liver from group of 20 weeks is between F1-

F3, (Figure 27). Thus, results of Sirius red staining and METAVIR score confirm that chronic DEN 

treatment effectively augmented collagen and led to liver fibrosis at 8 ,14 and 20 weeks. 

 

FIGURE 27:METAVIR SCORE FOR FIBROSIS STAGING AT 0, 8, 14 AND 20 WEEKS RESPECTIVELY. SCORING IS 

REPRESENTED IN SACTTER PLOT. 

Enhancement of liver fibrosis by chronic DEN treatment was later confirmed by qPCR analysis, 

Figure 28. The expression of collagen1 was upregulated in NT liver samples of 14 weeks compared 

to 0 week and 8 weeks (p=0.0088 & p=0.0100). In addition, compared to 0 week, α smooth muscle 

actin (α-SMA) expression was increased at 14 and 20 weeks (p=0.0424 & p<0.0001). Similarly, 

transforming growth factor (TGFβ1) expression was higher in liver tissue of 20 weeks group 

compared to 0 week (p=0.0361). 

Tissue inhibitor of metalloproteinases-1 (TIMP1) expression was also upregulated in NT liver 

samples of 14 weeks and 20weeks compared to 0 week (p=0.0132 & p=0.0118). Accordingly, 
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matrix metalloproteinases (MMP) MMP2 and MMP9 were down-regulated with chronic DEN 

treatment in 14 and 20 weeks (ANOVA, p=0.0484 & p=0.0101) compared to 0 week, Figure 29. 

Overall, chronic DEN treatment significantly increased hepatic fibrosis and detail analyses of 

markers of fibrosis helped to describe the time sequences of events associated with the fibrotic 

process in this model. 

 

FIGURE 28: QPCR ANALYSIS OF COLLAGEN1 , α-SMA, TGF-β and TIMP1  GENE EXPRESSION IN NON-TUMOR 

LIVER SAMPLES REPRESNTED IN BOX&WISKER. 0 WEEK WAS SET AS 1, VALUES ARE MEDIAN ± SE, 

N=9/GROUP.COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION. 
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FIGURE 29: QPCR ANALYSIS OF MATRIX METALLOPROTEINASES 2 & 9 (MMP-2 & MMP-9) GENE 

EXPRESSION IN NON-TUMOR LIVER SAMPLES REPRESNTED IN BOX&WISKER GRAPH. 0 WEEK WAS 

SET AS 1, VALUES ARE MEDIAN ± SE, N=9/GROUP.COMPARISON OF MEAN WAS DONE BY ANOVA 

TEST WITH TUKEY CORRECTION. 

4.1.6 MODULATION OF ADAPTIVE IMMUNE SYSTEM (T CELLS AND ITS 

SUBPOPULATION) IN CIRCULATING AND INTRA HEPATIC LEVEL BY 

CHRONIC DEN TREATMENT 

To characterize the effect of DEN treatment on the circulating and intrahepatic immune system, 

the whole fresh blood and liver tumoral and non-tumoral tissue were analyzed by flow cytometry. 

Immune cells were identified accordingly to their respective rat-specific markers: Lymphocytes 

(CD45), Natural killer cells (NK –CD161+CD3-), T cells (CD3+), T cells subpopulation CD4 

(CD3+CD4+), CD8 (CD3+CD8+) and regulatory T cells (Treg-CD3+CD4+CD25+Foxp3+), (Figure 

30). 
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FIGURE 30: FLOW CYTOMETRY STRATEGY TO INVESTIGATECIRCULATORY AND INTRAHEPATIC 

IMMUNECELLS OF RAT INJECTED BY DEN. IMMUNE CELLS ARE FIRST IDENTIFIED ACCORDING THEIR 

FORWARD SCATTER CELLS (FSC) AND SIDE SCATTER CELLS PARAMETERS AND FURTHER GATED BASED ON 

THEIR CD45+ EXPRESSION. B) AMONG CD45+POPULATION, NK (CD161+CD3-) AND T (CD161 -CD3+), T CELL 

SUBPOPULATIONS (CD3+CD8+), (CD3+CD4+) AND (CD3+CD4+CD25+FOXP3+) CELLS WERE SELECTED. 

4.1.6.1 Modulation of T cell-subpopulation at circulating level 

during the development of hepatocarcinogenesis by chronic DEN 

treatment. 

From flow cytometry analysis of blood, we have observed modulation in the subpopulation of T 

cells such as frequency of CD4+ T cells, which was significantly decreased at 8 weeks compared 

to 0 week (p=0.0001) and increased compared to 14 weeks (p=0.0185) and 20 weeks (p=0.0041) 

respectively (Figure 31A). In accordance with the decrease of CD4+ T cells frequency, we also 

observed a significant increase in CD8+ T cells % in 8 weeks compared to 0 week (p=0.0014) and 

decreased compared to 14 weeks (p=0.0088) and 20 weeks (p=0.0088) respectively (Figure 31B).  
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More interestingly, the frequency of circulating Treg cells (CD25+FoxP3+ cells/CD4+ T cells) 

increased significantly in 8 (p=0.0038), 14 (p=0.0020) and 20 (p<0.0001) weeks compared to 0 

weeks (ANOVA, p<0.0001) (Figure 31B). Since Treg acts like suppressor cells that control the 

immune system, a significant increase in Treg (Figure 31C) indicates the induction of immune 

tolerant status contributing to pro-tumor activity. 

 

FIGURE 31: FLOW CYTOMETRY ANALYSIS OF SUBPOPULATION OF T CELLS IN BLOOD. A, B AND C 

REPRESENTS, %CD4+T-CELLS, %CD8+T-CELLS AND %CD25+FOXP3+/ CD4+T-CELLS (TREG CELLS) OF 0, 8, 14 

&20 WEEKS IN BLOOD RESPECTIVELY BY BOX&WISKER GRAPH. VALUES ARE MEDIAN ± SE, 

N=9/GROUP.COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION.DEN 
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4.1.6.2 Modulation of Tcell-subpopulation at intrahepatic immune 

level during the development of hepatocarcinogenesis by chronic 

DEN treatment.  

In liver tissue, flow cytometry analyses showed no significant changes in the frequency of CD4+ 

and CD8+ T cells in non-tumor tissue at 8, 14 and 20 weeks compared to 0 week, (Figure 32A & 

B). Interestingly, we found the frequency of CD4+ T cells significantly increased in tumor 

compared to non-tumor at 20 weeks (p=0.0008) (Figure 32A). In contrast, the frequency of CD8+ 

T cells significantly decreased in tumor compared to non-tumor at 14 (p=00014) and 20 (p<0.0001) 

weeks respectively (Figure 32B). Accordingly, % of Treg cells (CD25+FoxP3+/CD4+T cells) 

increased significantly in tumor compared to non-tumor at 14 (p=00001) and 20 (p=0.0334) weeks 

with no significant changes in non-tumor tissue at 8, 14 and 20 weeks compared to 0 week (Figure 

32C). 

Significantly decreased frequency of CD8+ T cells and an increase in Treg cells % in tumor at 14 

and 20 weeks confirms the shift in tumor microenvironment, contributing to pro-tumor activity and 

hepatocarcinogenesis by chronic DEN treatment. 
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FIGURE 32: FLOW CYTOMETRY ANALYSIS OF SUBPOPULATION OF T CELLS IN LIVER TISSUE. A, B AND C 

REPRESENTS %CD4+T-CELLS AND %CD8+T-CELLS AND %CD25+FOXP3+/ CD4+T-CELLS (TREG CELLS) IN 

TUMORAL AND NON-TUMORAL LIVER TISSUE OF 0, 8, 14 & 20 WEEKS IN BOX&WISKER GRAPH. VALUES ARE 

MEDIAN ± SE, N=9/GROUP. COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION. 

Furthermore, we performed qPCR analysis to examine the gene expression levels of CD4 and CD8 

in tumor and non-tumor liver tissue to confirm the previous analysis. Quantification of gene 

expression is projected as mRNA fold change normalized to 0 weeks (0 week=1). Results of qPCR 

analysis clearly demonstrated a significant increase in CD4 (ANOVA, p= 0.0003) and CD8 

(ANOVA, p< 0.0001) gene expression at 8, 14 and 20 weeks compared to 0 week, Figure 33 A&B. 
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Moreover, the comparisson of CD8 and CD4 gene expression between tumor and non-tumor 

(Figure 33 A&B) revealed no significant differences in CD4 gene expression. However, a 

significant decrease in CD8 gene expression in tumor compared with non-tumor was observed at 

14 weeks (p=0.0405) and 20 weeks (p= 0.0064). Thus, a decrease in the CD8 gene expression in 

tumor compared to non-tumor at 14 & 20 weeks re-confirmed the pro-tumor activity of the immune 

system in this model. 

 

FIGURE 33: QPCR ANALYSIS OF CD4 AND CD8 GENE EXPRESSION IN NON-TUMORAL AND TUMORAL LIVER 

SAMPLE. A & B, REPRESENTS THE GENE EXPRESSION ANALYSIS OF CD4 AND CD8 IN NON-TUMORAL LIVER 

TISSUE REPRESNTED IN BOX&WISKER GRAPH. 0 WEEK WAS SET AS 1, VALUES ARE MEDIAN ± SE, 

N=9/GROUP.COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION. 

4.1.7 IMMUNE CHECKPOINT - CYTOTOXIC T LYMPHOCYTE ASSOCIATED 

PROTEIN 4 (CTLA-4) MODULATION DURING HEPATOCARCINOGENESIS 

INDUCED BY CHRONIC DEN TREATMENT. 

CTLA-4 is a protein receptor that functions as an immune checkpoint and down-regulates the 

immune response. Interestingly the relation between CTLA-4 and Treg is gaining importance in 

HCC, for instance, CTLA-4 pathway also involved in the regulation of T-cell mediated immune 
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response [233] [100].Moreover, increased expression of Treg cells in the tumor at 14 and 20 weeks 

from flow cytometry analysis (Figure 32) triggered us to check the CTLA-4 (CD152) expression 

in liver tissue. 

We performed flow cytometry staining and checked the expression of CTLA-4 in T cells and its 

subpopulation such as CD4+ T cells and Treg cells. From results of flow cytometry analysis (Figure 

34A & B), we have clearly observed that the frequency of CTLA-4+ T (ANOVA, p<0.0001) and 

frequency of CTLA-4+CD4+ T (ANOVA, p<0.0001) cells significantly increased in non-tumor 

tissue at 8 (p=0.0001 & p=0.0023) and 14 (p<0.0001 & p<0.0001) weeks compared to 0 week. 

Besides, a significant decrease of CTLA-4+T cells and CTLA-4+CD4+T cells in tumoral compared 

to non-tumoral tissue of 14 weeks (p=0.0344 & p=0.0038) was also observed. In contrast, we didn’t 

observe any significant changes of CTLA-4+ T and CTLA-4+CD4+T cells at 20 weeks compared 

to 0 weeks and also in tumoral tissue compared to non-tumoral tissue at 20 weeks. 

The frequency of CTLA-4+ Treg cells significantly increased in non-tumor tissue at 8 (p<0.0001) 

and 14 (p<0.0001) weeks compared to 0 week. More interestingly, a significant increase in the 

frequency of CTLA-4+ Treg+ cells in tumoral (p=0.0030) compared to non-tumoral tissue at 14 

weeks was also observed (Figure 34C).  
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FIGURE 34: FLOW CYTOMETRY ANALYSIS OF SUBPOPULATION OF CTLA-4+ CELLS IN LIVER TISSUE. A, B 

AND C REPRESENTS, %CTLA-4+T-CELLS AND % CTLA-4+CD4+T-CELLS AND % CTLA-4+TREG+CELLS IN 

TUMORAL AND NON-TUMORAL LIVER TISSUE OF 0, 8, 14 & 20 WEEKS IN BOX&WISKER GRAPH. VALUES ARE 

MEDIAN ± SE, N=9/GROUP.COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION. 

Secondly, we have performed immunofluorescence staining of the anti-CTLA-4 antibody on liver 

tissue. Quantification of CTLA-4+ staining cells clearly demonstrated that chronic DEN treatment 
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significantly increased expression of CTLA-4 at 8 (p<0.0001), 14 (p<0.0001) and 20 weeks 

(p<0.0001) compared to 0 week, Figure 35. 

 

FIGURE 35: A) REPRESENTATIVE IMAGES OF CD34 IMMUNOFLUORESCENCE STAINING IN LIVER TISSUE, 

20X MAGNIFICATION. B) QUANTIFICATION OF CTLA-4+ STAINED CELLS PER HIGH POWER FIELD (HPF) 

REPRESENTED IN SACTTER PLOT. VALUES ARE MEANS ± SE, N=9/GROUP.COMPARISON OF MEAN WAS 

DONE BY ANOVA TEST WITH TUKEY CORRECTION. 

Overall, the increased expression of CTLA4+ Treg cells ((Figure 34C) and CTLA-4+ cells (Figure 

35B) by chronic DEN treatment demonstrated the modifications of the immune system further 

favoring the hepatocarcinogenesis by chronic DEN treatment 
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4.1.8MODULATION OF MACROPHAGE (INNATE IMMUNE SYSTEM) AND ITS 

PHENOTYPE AT INTRA HEPATIC LEVEL DURING 

HEPATOCARCINOGENESIS INDUCED BY CHRONIC DEN TREATMENT 

Macrophages belong to a heterogeneous innate immune population. They act as important 

mediators during liver inflammation and play a crucial role in the tumor microenvironment. 

Therefore, to check the effect chronic DEN treatment on global expression of macrophages, 

immunohistochemistry staining of CD68 was performed on liver tissue of 0, 8, 14 and 20 weeks 

(Figure 36A).  The quantification results of CD68 staining from Figure 37A revealed a significant 

upregulation of the number of CD68+ cells in 14 weeks (23.92 ± 1.074) compared to 8 and 0 week 

(13.28 ± 1.644 & 16.13 ± 1.341, ANOVA, p=0.0287). Besides, no difference was observed in 20 

weeks compared to 0, 8 and 14 weeks. 

Furthermore, to examine the effect of chronic DEN treatment on the activation state of 

macrophages, immunohistochemistry and immunofluorescence analyses of M2 macrophages i.e., 

transglutaminase 2 (TGM2) and galectin-3 staining, were performed (Figure 36 B&C). The TGM+ 

area was significantly higher in 14 weeks (4.617 ± 0.558) compared to 0 week (1.970 ± 0.163; 

p<0.0001) and 8 weeks (2.725 ± 0.241; p=0.0013). Similarly, galectin-3+ cells significantly 

increased in 8 (p<0.0001), 14 (p<0.0001) and 20 (p<0.0001) weeks compared to 0 week (ANOVA, 

p<0.0001), (Figure 37 C). 
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FIGURE 36: REPRESENTATIVE IMAGES OF A) CD68, B) TGM2 IMMUNOHISTOCHEMISTRY AND 3) GALECTIN-

3 IMMUNOFLUORESCENCE STAINING IN LIVER TISSUE, 20X & 10X MAGNIFICATION. 
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FIGURE 37: A) QUANTIFICATION OF CD68+ STAINED CELLS PER HIGH POWER FIELD (HPF) REPRESENTED 

IN SACTTER PLOT. VALUES ARE MEANS ± SE, N=13/GROUP. B) QUANTIFICATION OF TGM2+ STAINED 

SURFACE AREA PER HIGH POWER FIELD (HPF) REPRESENTED IN SACTTER PLOT. VALUES ARE MEANS ± SE, 

N=13/GROUP. C) QUANTIFICATION OF GALECTIN3+ STAINED CELLS PER HIGH POWER FIELD (HPF) 

REPRESENTED IN SACTTER PLOT. VALUES ARE MEANS ± SE, N=7/GROUP. COMPARISON OF MEAN WAS 

DONE BY ANOVA TEST WITH TUKEY CORRECTION. 
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4.1.8.1 Role of galectin-3 over-expression in HCC progression and 

development 

The increased expression of galectin-3 by chronic DEN treatment observed form 

immunofluorescence analysis triggered us to check its expression at the circulating level.  Hence, 

we performed a protein array assay on serum samples of 0, 8, 14 and 20 weeks. The results showed 

that galectin-3 expression is amplified by chronic DEN treatment at circulation level, Figure 38. 

Thus, this observation re-confirms the possible role of galectin-3 (a marker of M2 macrophage) in 

hepatocarcinogenesis induced by chronic DEN treatment. 

 



110 

 

FIGURE 38:  EXPRESSION OF GALECTIN-3 IN RAT SERUM. A) PROTEIN ASSAY MEMBRANE FROM A 100- 

SECOND EXPOSURE TO CHEMIDOC MP, IMAGING SYSTME. B) QUNATIFICATION OF GALECTIN-3 PROTEIN. 

VALUES ARE EXPRESSED AS THE MEAN INTENSITY RELATIVE TO MEAN INTENSITY OF CONTROL DOTS OF 

RESPECTIVE MEMEBRANE. 

Additionally, knowing the importance of galectin-3 in inducing hepatocarcinogenesis by chronic 

DEN treatment at intrahepatic and circulating levels, we decided to check the possible link between 

patient survival and galectin3 level using GEPIA and UALCAN web portals. Data revealed a 

significantly shorter overall survival in patients with galectin3 high expression levels compared to 

a group of patients characterized by lower expression levels of galectin3. Thus, galectin-3 is 

associated with the worst prognosis in HCC, Figure 39. 
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FIGURE 39: PATIENT SURVIVAL CURVES IN COMPARISON WITH GALECTIN3 EXPRESSION.  A) GEPIA, & B) 

UALCAN, SURVIAL CURVES SHOWED THAT GALECTIN3 EXPRESSION WAS NEGATIVELY CORRELATING WITH 

PROGNOSIS PRIDICTION OF HCC. 

Overall, our analysis suggests the importance of galectin 3 (a marker of M2 macrophages) and its 

involvement during hepatocarcinogenesis.  



112 

 

4.1.8.2 Effect of chronic DEN treatment on expression levels of 

macrophages phenotypes (M1 & M2) intrahepatically 

Furthermore, knowing that macrophages are highly recruited during HCC progression, the relative 

protein expression of iNOS (M1 marker) and Arg-1 (M2 marker) was assessed by Western Blot 

using equivalent concentrations of proteins extracted from tissue homogenate samples. 

Interestingly, the relative protein expression of iNOS (M1 marker) was significantly lower in tumor 

areas of 14 weeks and 20 weeks compared to non-tumor areas of 14 (p=0.0286) and 20 weeks 

(p<0.0001), Figure 40A. On the contrary, the relative protein expression of Arg-1 (M2 marker) 

was significantly upregulated in tumor areas of 14 weeks and 20 weeks compared to non-tumor 

areas of 14 (p<0.001) and 20 (p=0.0101) weeks, Figure 40B. This illustrates the fact that the ratio 

of M2/M1 macrophage in tumor areas of 14 and 20 weeks is greater than that in non-tumor areas 

of 14 (1.82 versus 0.88) and 20 weeks (1.78 versus 0.67), respectively, Figure 40C.  
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FIGURE 40: REPRESENTATION OF WESTERNBLOT ANALYSIS OF INOS, ARGINASE-1 AND ITS RATION IN 

BOX&WISKER GRAPH. VALUES ARE MEDIAN ± SE, N=4/GROUP.COMPARISON OF MEAN WAS DONE BY 

ANOVA TEST WITH TUKEY CORRECTION. 

Together, these all results show that the population of macrophages increased at 8, 14 and 20 weeks 

by chronic DEN treatment, is mostly possessing M2 (anti-inflammation) like phenotype. Thus, M2 

macrophages are highly recruited to the liver during the development and progression of HCC by 
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chronic DEN treatment. Moreover, we identified galectin-3 as a possible key molecule in the 

development of HCC. In addition, our results also demonstrate that in tumor areas, there is an 

increase in the ratio of M2/M1 macrophages which further elucidates the immune-suppressive 

performance of M2 macrophages, leading to pro-tumor microenvironment induced by chronic 

DEN treatment. 
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4.1.9MODULATION OF INFLAMMATORY CYTOKINE EXPRESSION DURING 

HEPATOCARCINOGENESIS INDUCED BY CHRONIC DEN TREATMENT 

4.1.9.1 Intra-hepatic level 

Next, we investigated the levels of pro-inflammatory cytokines TNF-α and IFN-γ and anti-

inflammatory cytokines IL-4 and IL-10 during the development of hepatocarcinogenesis by 

chronic DEN treatment in liver tissue homogenates by ELISA. The results depicted in Figure 41A 

show significant decrease of the IFN-γ expression in tumor areas of 14 weeks (269.6 ± 21.15) and 

20 weeks (339.5 ± 18.74) compared to non-tumor areas from 14 weeks (486.2 ± 28.33; p<0.0001) 

and 20 weeks (509.6 ± 32.28; p<0.001). Similarly, the concentration of the pro-inflammatory 

cytokine TNF-α was significantly lower in tumor areas from 14 (103.0 ± 10.01) and 20 weeks 

(90.49 ± 10.78) groups compared to non-tumor areas of 14 (1250.0 ± 66.25; p<0.0001) and 20 

weeks (1318 ± 76.65; p<0.001), Figure 41B. 

However, there was no significant change neither in the expression of IL-4 or in IL-10 between 

tumor and non-tumor areas at the intrahepatic tissue level, Figure 42A & B. These results show 

that during HCC, the expression of pro-inflammatory cytokines is lower in tumor areas compared 

to non-tumors, while no modification was observed in the case of analyzed anti-inflammatory 

cytokines.  
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FIGURE 41: ELISA QUANTIFICATION RESULTS OF PROINFLAMMATORY CYTOKINES-INTERFERON GAMME 

(INF-Γ) AND TUMOR NICROSIS FACTOR ALPHA (TNF-Α) EXPRESSION IN BOX&WISKER GRAPH. VALUES ARE 

MEDIAN ± SE, N=13/GROUP. COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY 

CORRECTION. 

 

FIGURE 42: ELISA QUANTIFICATION RESULTS OF ANTI-INFLAMMATORY CYTOKINES-INTERLUKIN-10 (IL-

10) AND INTERLUKIN-4 (IL-4) EXPRESSION IN BOX&WISKER GRAPH. VALUES ARE MEDIAN ± SE, 

N=13/GROUP. COMPARISON OF MEAN WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION. 
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4.1.9.2 Circulating level 

The expression levels of majority cytokines tested previously in liver tissue samples did not reach 

the detection limit of available ELISA kits when measured in serum.  Thus, only the results of anti-

inflammatory cytokine IL-10 levels were obtained. The result confirmed a significant increase in 

the expression of circulating IL-10 in 8 (53.84 ± 4.10, p=0.0286), 14 (62.26 ± 5.50, p=0.002) and 

20 (65.64 ± 9.99, p=0.0006) weeks compared to 0 week (28.02 ± 1.91), Figure 43. This result 

confirms that during hepatocarcinogenesis induced by DEN, the circulating levels of 

immunosuppressive cytokines are increased.  

 

FIGURE 43: ELISA QUANTIFICATION RESULTS OF ANTI-INFLAMMATORY CYTOKINES-INTERLUKIN-10 (IL-

10) EXPRESSION IN BOX&WISKER GRAPH. VALUES ARE MEDIAN ± SE, N=13/GROUP.COMPARISON OF MEAN 

WAS DONE BY ANOVA TEST WITH TUKEY CORRECTION. 

Overall cytokine expression profile results by ELISA exemplified the downregulation of pro-

inflammatory cytokine expression TNF-α and IFN-γ at the intrahepatic level and upregulation of 

anti-inflammatory cytokine at circulating level, specify the pro-tumor activity and induction of 

hepatocarcinogenesis by chronic DEN treatment. 
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4.2 RESULTS - AKT INHIBITOR (ARQ 751) PROJECT  

4.2.1CLINICAL SAFETY 

Primarily, the effect of sorafenib, ARQ 751 and combination (ARQ 751 plus sorafenib) treatment 

on the body weight of rats was investigated. The results of changes in body weight during 6 weeks 

of treatment are presented in Figure 44. During the second week of treatment, due to the significant 

weight loss of cirrhotic rats in ARQ 751 alone and combination (ARQ 751 + Sorafenib) groups, 

the concentration of the ARQ 751 was reduced to 10mg/kg from 15mg/kg followed till the end of 

the treatment. Overall, at the end of the treatment, there was no significant body weight loss in the 

sorafenib, ARQ 751 and combination-treated groups compared to the control group, Table 5. 

 

FIGURE 44: EFFECT OF SORAFENIB, ARQ 751 AND COMBINATION TREATMENT ON BODY WEIGHT (BW) OF 

RATS DURING 6 WEEKS. G=GRAMS. N=7/GROUP 
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Further clinical safety of the treatment was analyzed and results are summarized in Table 1, which 

illustrated no significant differences in body weight during treatment. Moreover, there is no 

difference in the weight of the liver between the treated group and also when compared to the 

control group. Assessment of triglycerides in the liver did not show any difference between groups 

(p=0.5783). Blood samples analyses revealed that none of the treatments affect glucose and 

triglyceride blood concentrations. There was a statistical lower level of aspartate aminotransferase 

(AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP) and Gamma-glutamyl 

transpeptidase (GGT) in the combination group compared to control and sorafenib. We also 

observed significantly lower total bilirubin in ARQ 751 alone and combination group compared to 

control. No differences were observed between sorafenib and control groups. Thus, our results 

showed that ARQ 751 and combination treatment improve liver function. 

 Control 

(n=6) 

Sorafenib 

(n=6) 

ARQ 751 

(n=6) 

Combination

(n=6) 

ANOVA

p-values 

Body Weight (g) 291±5.0 290±4.1 290±3.3 281±3.3 0.1520 

Liver  Weight (g) 13.0±0.4 13.1±0.3 13.1±0.4 11.6±0.6 0.0567 

TG (g/L) 31.5±4.9 26.6±1.9 28.5±2.5 26.3±1.7 0.5783 

Blood  Albumin (g/dL) 3.5±0.18 3.6±0.06 3.6±0.029 3.3 ±0.05*, # 0.0033 

AST (U/L) 97.4±5.9 90.2±4.8 82.9±2.9 75.3±3.6* 0.0168 

ALT (U/L) 69.3±3.9 71.2±3.4 61.8±3.4 50.3±3.0**, ## 0.0011 
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TABLE 5: CLINICAL AND BIOLOGICAL ANALYSIS. AST, ASPARTATE AMINOTRANSFERASE; ALT, ALANINE 

AMINOTRANSFERASE; ALP, ALKALINE PHOSPHATASE; GGT, GAMMA-GLUTAMYL TRANSPEPTIDASE; PT, 

PROTHROMBIN TIME. VALUES ARE MEANS ± SE. SIGNIFICANT DIFFERENCE COMPARED TO CONTROL; GLU, 

GLUCOSE; TG, TRIGLYCERIDE *: P<0.05; **: P<0.01; ***: P<0.001; ****: P<0.0001. SIGNIFICANT DIFFERENCE 

BETWEEN ARQ 751 AND SORAFENIB; ##: P<0.01. N=7/GROUP 

  

ALP (U/L) 199.2±9.7 212.0±7.6 184.6±7.1 192.0±5.7 0.1187 

GGT (U/L) 14.0±3.0 15.3±2.1 7.7±1.7 2.7±1.1**, ## 0.0016 

PT (s) 18.1±0.5 19.2±1.3 18.0±0.3 18.5±0.5 0.7327 

Total Bilirubin (mg/dL) 0.25±0.04 0.18±0.01 0.15±0.006* 0.14±0.009** 0.0044 

Creatinine (mg/dL) 0.37±0.02 0.33±0.02 0.4±0.01# 0.31±0.01 0.0028 

GLU (mg/dL) 132.3±7.8 141.1±5.7 152.6±7.0 140.0±6.2 0.2488 

Cholesterol  (mg/dL) 84.4±4.34 86.2±3.0 102.6±2.0**, ## 84.71±2.2 0.0015 

TG (g/L) 78.4±11.1 70.3±10.7 54.01±11.5 60.6±13.13 0.4764 
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4.2.2MORPHOLOGICAL ANALYSIS 

The effect of ARQ 751, sorafenib and the combination of both treatments was studied on tumor 

progression by liver MRI scan. Figure 45 represents the MRI morphological analysis in the control 

group. 

 

  

FIGURE 45:  REPRESENTATIVE PICTURE OF MRI MORPHOLOGICAL ANALYSIS OF CONTROL GROUP. MRI1 

WAS PERFORMED BEFORE RANDOMIZATION OF GROUPS TO DIFFERNET TREATMENTS AND MRI2 & 3 WERE 

DONE AFTER 3 & 6 WEEKS OF TREATMENT. 

MRI data analyses showed that tumor progression was significantly reduced in the sorafenib 

(105.7± 9.70%; p=0.0050) and ARQ 751 (91.5± 11.9%; p=0.0004) groups compared to control 

(158.8±11.6), Figure 46. Interestingly, the greatest decrease in tumor progression rate was observed 

in the combination group (49.4± 5.12%; p<0.0001) when compared with control, indicating an 

additive effect of sorafenib and ARQ 751 on tumor progression. Similarly, ARQ 751 alone (91.5± 

11.9%; p=0.0309) and combination (49.41 ± 5.1%; p=0.0029) treatment significantly reduced 

tumor progression compared to sorafenib. 
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FIGURE 46: TUMOR PROGRESSION ASSESSMENT BY COMPARISON OF TUMOR SIZE ON MRI1, 2 AND 3 IN 

CONTROL, SORAFENIB, ARQ 751 AND COMBINATION GROUP. QUANTIFICATION OF DATA IS REPRESNTED AS 

COLUMN BAR GRAPH. VALUES ARE MEANS±SE, N=7/GROUP. COMPARISON OF MEANS DONE BY ANOVA 

TEST WITH TUKEY CORRECTION 

4.2.3 HISTOPATHOLOGICAL ANALYSES 

MRI analysis was further confirmed by macroscopic examination of the liver. The macroscopic 

counting of tumors revealed a significant lower number of tumors in rats treated by sorafenib, ARQ 

751 and combination compared to control (ANOVA, p<0.0001) (Figure 47A). In fact, numbers of 

surface liver tumor nodules were decreased by 60% and 80% in rats treated by ARQ 751 

(36.6±8.16; p<0.0001) and combination (18.2±2.82; p<0.0001), compared to control group 

(100.4±7.302) (Figure 47A). Similarly, ARQ 751 (p=0.0294) and combination (p=0.0003) group 

displayed a significantly lower number of tumors compared to sorafenib-treated animals. Likewise, 

examination of tumor size revealed significantly larger mean tumor size of 9.9 ± 0.9 mm in control 

group compared to 6.4 ± 0.3 mm in sorafenib (p=0.0006), 4.3 ± 0.4 mm in ARQ 751 (p<0.0001) 

and 3.3 ± 0.2 mm in combination group (p<0.0001) (Figure 47B). Mean tumor size in ARQ 751 
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and the combination group was significantly reduced when compared with Sorafenib treatment 

(p=0.0468 and p=0.0024). Hence, ARQ 751 and combination treatment showed statistically greater 

efficiency in the control of tumoral initiation and progression. 

 

FIGURE 47: EFFECT OF SORAFENIB, ARQ751 AND SORAFENIB+ARQ751 (COMBINATION) TREATMENT ON 

TUMOR NUMBER AND SIZE. A) MACROSCOPIC EXAMINATION OF LIVERS WITH ASSESSMENT OF TUMOR 

NUMBER AT THE SURFACE OF LIVERS. B) MACROSCOPIC EXAMINATION OF LIVERS TUMOR SIZE (AVERAGE 

OF DIAMETER OF THE FIVE LARGEST TUMORS). QUANTIFICATION OF DATA IS REPRESNTED AS COLUMN 

BAR GRAPH. VALUES ARE MEANS±SE, N=7/GROUP. COMPARISON OF MEANS DONE BY ANOVA TEST WITH 

TUKEY CORRECTION 

4.2.4 EFFECT ON PROLIFERATION  

Therefore, immunohistochemistry of Ki67 and Cyclin D1 were performed to analyze the HCC 

proliferation rate by sorafenib, ARQ 751 and combination treatment compared to the control group 

(Figure 48A, Figure 49A). Quantification of Ki67 immunohistochemistry staining showed that the 

frequency of Ki67+ nucleus was significantly decreased in ARQ 751 (9.32±1.09, p=0.0011) and 

combination (5.97±0.76, p=0.0004) groups compared to the control group (43.6±11.3). Moreover, 

combination (p= 0.0105) and ARQ 751 (p= 0.0312) treated groups had also significantly reduced 
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frequency of Ki67+ nucleus compared to sorafenib-treated group (30.63±3.93& p= 0.0052), (Figure 

48B).  

 

 

FIGURE 48: EFFECT OF SORAFENIB, ARQ 751 AND SORAFENIB+ARQ 751 (COMBINATION) TREATMENT ON 

CELL PROLIFERATION A) REPRESENTATIVE IMAGES OF NUCLEAR KI67 STAINING OF CONTROL, 

SORAFENIB, ARQ751 AND SORAFENIB+ARQ751 (COMBINATION) TREATED GROUP, 20X MAGNIFICATION 

AND B) QUANTIFICATION OF KI67 STAINING PER HIGH POWER FIELD (HPF). QUANTIFICATION OF DATA IS 

REPRESNTED AS COLUMN BAR GRAPH. VALUES ARE MEANS±SE, N=7/GROUP. COMPARISON OF MEANS 

DONE BY ANOVA TEST WITH TUKEY CORRECTION 

Similarly, Cyclin D1 immunohistochemistry staining displayed a significant decrease in the 

frequency of Cyclin D1+ nucleus in sorafenib (36.61±6.52, p=0.0467), ARQ 751 (20.07±4.03, 

p=0.0006) and combination (20.07±4.03, p=0.0006) groups compared to control group (Figure 

49B). Thus, results of Ki67 and Cyclin D1 staining demonstrated that ARQ 751 and combination 

treatment effectively reduced hepatocyte proliferation. 
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FIGURE 49: EFFECT OF SORAFENIB, ARQ 751 AND SORAFENIB+ARQ 751 (COMBINATION) TREATMENT ON 

CELL PROLIFERATION A) REPRESENTATIVE IMAGES OF NUCLEAR CYCLIN D1 STAINING OF TREATED 

GROUP, 20X MAGNIFICATION AND B) QUANTIFICATION OF KI67 STAINING PER HIGH POWER FIELD (HPF). 

QUANTIFICATION OF DATA IS REPRESNTED AS COLUMN BAR GRAPH. VALUES ARE MEANS±SE, N=7/GROUP. 

COMPARISON OF MEANS DONE BY ANOVA TEST WITH TUKEY CORRECTION 

4.2.5 EFFECT ON ANGIOGENESIS 

To prove an anti-angiogenic effect, tumor vascularization was studied by using a rat specific anti-

CD34 antibody to perform immunofluorescence staining of liver tissues. While structural 

abnormalities of the tumor vasculature were numerous in control animals, normalization of 

vasculature was observed in ARQ 751 and combination groups (Figure 50A). The quantification 

of vascular density revealed that ARQ 751 decreased vascular density by 62% (38.8±3.34%, 

p=0.0204) and combination treatment, by 68% (32.9±3.79%, p<0.0001) compared to control group 

(100±15.9) (Figure 50B). Therefore, CD34 staining demonstrated that treatment by ARQ 751 and 

combination leads to vascular normalization and inhibition of tumor angiogenesis. 
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FIGURE 50: EFFECT OF SORAFENIB, ARQ 751 AND SORAFENIB+ARQ 751 (COMBINATION) TREATMENT ON 

ANGIOGENESIS. A) REPRESENTATIVE IMAGES OF CD34 STAINING OF CONTROL, SORAFENIB, ARQ 751 AND 

SORAFENIB+ARQ 751 (COMBINATION) TREATED GROUP, 20X MAGNIFICATION AND B) QUANTIFICATION OF 

CD34+ STAINING SURFACE AREA PER HIGH POWER FIELD (HPF). CONTROL WAS SET AS 100%. 

QUANTIFICATION OF DATA IS REPRESNTED AS COLUMN BAR GRAPH. VALUES ARE MEANS±SE, N=7/GROUP. 

COMPARISON OF MEANS DONE BY ANOVA TEST WITH TUKEY CORRECTION 
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4.2.6EFFECT ON FIBROSIS 

Liver fibrosis was analyzed by Sirius red staining (Figure 51A). As shown in Figure 51B, fibrotic 

tissue was significantly reduced in ARQ 751 (55.1±6.57%, p=0.0037) and combination 

(45.1±3.35%, p=0.0004) group compared to the control group (100±10.7%). Besides, the 

combination group also significantly reduced fibrosis compared to the sorafenib-treated group 

(p=0.0086). 

 

FIGURE 51: EFFECT OF SORAFENIB, ARQ 751 AND SORAFENIB+ARQ 751 (COMBINATION) TREATMENT ON 

LIVER FIBROSIS. A) REPRESENTATIVE IMAGES OF SIRIUS RED+ STAINING OF CONTROL, SORAFENIB, ARQ 

751 AND SORAFENIB+ARQ 751 (COMBINATION) TREATED GROUP, 20X MAGNIFICATION AND B) 

QUANTIFICATION OF SIRIUS RED+ STAINING SURFACE AREA PER HIGH POWER FIELD (HPF). CONTROL WAS 

SET AS 100%. QUANTIFICATION OF DATA IS REPRESNTED AS COLUMN BAR GRAPH. VALUES ARE 

MEANS±SE, N=7/GROUP. COMPARISON OF MEANS DONE BY ANOVA TEST WITH TUKEY CORRECTION 

Furthermore, the effect of sorafenib, ARQ 751 and combination treatment on liver fibrosis was 

examined by qPCR analysis. Liver fibrosis markers such as Collagen 1, α-smooth muscle tissue 

(α-SMA) and transforming growth factor receptor (TGF-β) were investigated, Figure 52. Results 

demonstrated that compared to the control group, collagen 1 gene expression was significantly 
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down regulated in ARQ 751 (p=0.0103) and combination (p=0.0002) group, Figure 52. Also, when 

compared to sorafenib, combination group had significantly reduced gene expression of collagen1 

(p=0.0337), Figure 52. α-SMA gene expression was also significantly down-regulated in sorafenib, 

ARQ751 and combination group compared to the control group (p<0.0001), Figure 52. Similarly, 

TGF-β expression was significantly down-regulated in ARQ 751 (p=0.0342) and combination 

(p=0.0025) group compared to the control group, Figure 52. Overall, ARQ 751 and combination 

treatment significantly decreased hepatic collagen deposition and fibrosis-associated markers. 

 

 

FIGURE 52: RELATIVE GENE EXPRESSION OF COLLAGEN 1, ALPHA-SMOOTH MUSCLE TISSUE (Α-SMA) AND 

TRANSFORMING GROWTH FACTOR (TGF-Β) IN NON-TUMOR LIVER TISSUE OF CONTROL, SORAFENIB, ARQ 

751 AND ARQ 751+SORAFENIB (COMBINATION) GROUPS (N=7/GROUP). CONTROL WAS SET AS 1. 

QUANTIFICATION OF DATA IS REPRESNTED AS COLUMN BAR GRAPH. VALUES ARE MEANS±SE, N=7/GROUP. 

COMPARISON OF MEANS DONE BY ANOVA TEST WITH TUKEY CORRECTION 
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4.2.7 EFFECT ON MACROPHAGES 

Immunohistochemistry of CD68 was performed to characterize the effect of sorafenib, ARQ 751 

and combination treatment on macrophages in the tumor microenvironment (Figure 53A). 

Interestingly, the frequency of CD68+ cells was significantly reduced by sorafenib (7.94±0.81, 

p=0.0325), ARQ 751 (5.43±0.92, p=0.0006) and combination (4.18±0.28, p<0.0001) treatment 

compared to control group (12.1±1.53), (Figure 53B). Hence, this observation clearly illustrates 

that macrophages expression is significantly reduced by sorafenib, AKT inhibitor alone or by a 

combination of ARQ 751 with sorafenib. 

 

FIGURE 53: EFFECT OF SORAFENIB, ARQ 751 AND SORAFENIB+ARQ 751 (COMBINATION) TREATMENT ON 

TUMOR MICROENVIRONMENT. A) REPRESENTATIVE IMAGES OF CD68+ STAINING OF CONTROL, 

SORAFENIB, ARQ 751 AND SORAFENIB+ARQ 751 (COMBINATION) TREATED GROUP, 20X MAGNIFICATION 

AND B) QUANTIFICATION OF CD68+ STAINING PER HIGH POWER FIELD (HPF). CONTROL WAS SET AS 

100%. QUANTIFICATION OF DATA IS REPRESNTED AS COLUMN BAR GRAPH. VALUES ARE MEANS±SE, 

N=7/GROUP. COMPARISON OF MEANS DONE BY ANOVA TEST WITH TUKEY CORRECTION  
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5. DISCUSSION  

HCC is the most common type of primary liver cancer, ranking as the third most common cause of 

death from cancer worldwide. It is majorly associated with liver fibrosis or cirrhosis developed 

from chronic liver injuries related to risk factors as mentioned previously. Although each 

underlying condition involves different carcinogenic pathways, it occurs predominantly in patients 

with underlying chronic liver diseases and cirrhosis [234]. Therapeutic options for late-stage liver 

cancer are very limited and the prognosis is often poor. Hence, a better understanding of the 

molecular mechanisms involved in the initiation, progression, and metastasis of HCC is critical for 

developing more rational diagnostic and therapeutic approaches. However, in order to identify 

specific adverse effects that could be related to the background of cirrhosis, the newly developed 

drugs should be pre-clinically tested in an appropriate animal model. Therefore, suitable animal 

models are essential to promote understanding of the molecular, cellular and pathophysiological 

mechanisms of HCC and for the development of new therapeutic strategies. As fibrosis/cirrhosis 

modifies liver vascularization, extracellular matrix composition, and drug metabolism, it is 

essential to use a cirrhotic animal model to test HCC drugs, in order to test efficacy on tumors but 

also tolerance of the treatment. Indeed, the sequence of pathophysiological alterations in 

chemically induced models of HCC has a high similarity with that seen in HCC in humans. Thus, 

one of the models that most faithfully reproduces human cirrhosis is diethyl nitrosamine-injured 

rats (DEN). Nevertheless, most of HCC models have a background of normal surrounding liver or 

moderately fibrotic liver and animal that mostly used are mice which are not successful in 

developing cirrhosis. In this study, we chose a rat model because rats are able to develop extensive 

fibrosis, compensated cirrhosis, decompensated cirrhosis and HCC after chronic administration of 

DEN [173]. However, even though the DEN-induced HCC rat model very well mimics the 
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pathological process of human HCC, limited information existed about inflammation status or 

immune system features of this model during progression from liver cirrhosis to carcinoma. In 

order to address these crucial questions, in our study we have characterized the process of 

fibrosis/cirrhosis and progression to HCC induced by chronic DEN treatment at chosen time points. 

In this process, primarily the macroscopic and microscopic evaluation of tumors, and 

histopathological analysis confirmed the induction of HCC (100% tumors) by chronic DEN 

treatment at 14 weeks. Later the carcinogenesis induced by chronic DEN treatment was analyzed 

through CD133, GST-P and EPCAM expression. CD133 is regarded as a cancer stem cell 

biomarker. From the quantification data, the expression of CD133 increased during the 

development of HCC, which is consistent with the study of Wu K, Ding J, Chen C, et al (2012). 

They pointed out that the progression of HCC in DEN-injured rats is associated with the 

accumulation of cancer stem cells in rat liver tissue, similarly as in humans [235]. Similarly, the 

EPCAM marker of liver cancer stem cell, which is expressed in hepatic progenitor cells and HCC 

[236], is significantly increased in tumors compared to non-tumors. GST-P is a marker for a pre-

neoplastic liver lesion in rat hepatocarcinogenesis, which explains the high expression of GST-P 

at 8 weeks in our study, while CD133 is still very low at 8 weeks.  

High hepatocyte proliferation is a risk factor for the development of HCC. In this study, 

hepatocarcinogenesis induced by chronic DEN treatment has been accompanied by a significant 

increase in cell proliferation markers.  Similarly, human HCC is known to be a hyper-vascularized 

tumor. In our study, we have observed a significant increase in the structural abnormalities of the 

tissue vascularization at 8, 14 and 20 weeks which indicate that chronic DEN treatment enhanced 

expression of CD34 reflecting phenotypic changes of tissue vascularization, mimicking the human 

HCC. This is particularly important as the increased and irregular vasculature will allow small 
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HCC lesions to progress and metastasize, which is a typical situation in the fibrotic liver 

characterized by constantly increased formation of blood vessels [237]. As a consequence, hepatic 

fibrosis accumulates extreme connective tissue in the liver representing tissue-damaging in 

response to chronic and repeated liver cell injury. Further developed fibrosis progresses by 

disrupting hepatic architecture and eventually function. In this study, Sirius red staining and 

METAVIR score analysis clearly showed that liver fibrosis significantly increased in 8, 14 and 20 

weeks and compare to 0 week. Moreover, the liver fibrotic process by chronic DEN treatment was 

confirmed by qPCR analysis. The expression of fibrosis markers such as Collagen 1, α-SMA, TGFβ 

1 and TIMP1 were upregulated and in contrary MMP2 and MMP9 expression were down-regulated 

by the effect of chronic DEN treatment. Altogether, our results confirm that chronic DEN treatment 

effectively induces fibrosis/cirrhosis which is fundamental for the development and progression of 

HCC. Besides, the occurrence and prognosis of HCC is also closely related to modulations of the 

immune system [238-240]. The immune system of the liver contributes to the severity of the 

necrotic-inflammatory tissue damages, to the establishment of the fibrosis and cirrhosis and to the 

disease progression towards HCC. Moreover, studies on immune cells in livers from patients with 

HCC have clearly demonstrated changes in inflammatory and immune response as an independent 

predictor for HCC occurrence/relapse, especially changes in T-cells lymphocyte infiltration and 

phenotypes and functions of immune cells in general [240]. Therefore, it is crucial to understand 

the mechanisms of the immune and inflammatory responses of the liver microenvironment in 

animal models of HCC. In this study, flow cytometry analyses were performed at intrahepatic and 

circulating level. Most important result demonstrated is a significant decrease in the frequency of 

CD8+ T cells in tumor areas compared to non-tumor areas. This was also accompanied by a 

significant increase in Tregs in tumor areas compared to non-tumors. Moreover, we also performed 

qPCR analysis to study the intrahepatic immune system at the gene level and similar to flow 
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cytometry data, the expression of CD8 was significantly lower in tumor compared with non-tumor 

tissue. Altogether, considering the antitumor responses of CD8 cytotoxic T lymphocytes and pro-

tumor activity of Treg lymphocytes in liver microenvironment i.e., decreased CD8+ cells and 

increased Treg+ cells contributes to the promotion of tumorigenesis, as in human HCC [241] [240], 

which makes the DEN-induced rat model a very useful model mimicking both, tumor 

microenvironment and immune system of HCC. Furthermore, increased frequency of Treg cells in 

the tumor at 14 and 20 weeks triggered us to check the CTLA-4 (CD152) expression in liver tissue 

as the CTLA-4 pathway also involved in the regulation of T-cell mediated immune response. For 

instance, the presence of CTLA-4 molecule has been demonstrated as a strong inductor of Tregs 

function [242, 243]. Hence results from flow cytometry analysis depicted that 50% from increased 

expression of CTLA-4+CD4+T attribute to CTLA-4+Treg+ cells at 8 and 14 weeks and 30% at 20 

weeks. As a result, the increased expression of CTLA4+Treg cells (by flow cytometry analysis) 

and CTLA-4+ cells (from immunofluorescence analysis) demonstrated that the immune system has 

been suppressed which further favors the development and progression of HCC. 

Moreover, in this study, we also focused on the phenotype of macrophages during the progression 

and development of HCC in the DEN rat model. Macrophages play several important roles and are 

key players in immunity [108]. Besides, having the capability of antigen presentation, they play a 

role in homeostasis, tissue remodeling and repair as well as phagocytosis. Similar to previous 

results and observations reported in the literature for DEN-induced liver cancer [189], our results 

depicted that there is a significant increase in the frequency of macrophages in the livers tissue of 

DEN injured rats at 14 and 20 weeks. These hepatic macrophages are classified as resident 

macrophages known as Kuppfer cells and monocyte-derived macrophages that are patrolled from 

the blood to the liver during liver injury and inflammation. Besides this classification, macrophages 
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in general are deciphered into two distinct phenotypes: M1 which are pro-inflammatory and anti-

tumor macrophages, and M2 macrophages which are anti-inflammatory, immunosuppressive and 

pro-tumor. Thus, further in this study, TGM2 and galectin-3, which are markers for M2 

macrophages in rats, were stained by immunohistochemistry and immune fluorescence. Results 

from this staining also reveal that the expression of M2 macrophages is increased following DEN 

injections and HCC progression. Moreover, galectin-3 (a multifunctional member of the galectin 

family) was shown to have diagnostic and prognostic significances in cancer, including HCC [244, 

245]. More precisely, it has been reported that galectin-3 expression is induced in cirrhotic livers 

and HCC [246] and that galectin-3 overexpression inhibits the immune response by inducing 

apoptosis in lymphocytes and promoting tumor growth [247, 248]. Therefore, we performed a deep 

characterization of galectin-3 in rat model of HCC and also studied the possible link between 

patient survival and galectin3 expression level analysis by GEPIA and UALCAN web portals. 

Hence, similar to the human scenario, analysis of galectin-3 (a marker of M2 macrophages) 

expression revealed its involvement in effectively inducing hepatocarcinogenesis in this rat model  

Further, to have insights on the ratio of M2/M1 macrophages in tumor and non-tumor areas in the 

livers of DEN injured rats, the relative protein expression of iNOS, M1 secreted enzyme, and Arg-

1 which is a M2 secreted enzyme, was determined by western blotting. The results showed that the 

expression of Arg-1 in tumor areas is significantly greater than that in non-tumor areas and in 

controls. On the contrary, the relative protein expression of iNOS in tumor areas was shown to be 

less than that in non-tumor areas. In addition, the ratio of M2/M1 macrophages in tumor areas was 

much higher than that in non-tumor areas. Results from western blot reveal that there is an 

increasing accumulation of M2 macrophages in tumor areas and this sub-population of 

macrophages plays a role in immunosuppression and tumor development. 
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Next, we determined the pro-inflammatory and anti-inflammatory cytokine expression by 

performing ELISA of TNF-α, IFN-γ, IL-4 and IL-10. The results proved that the cytokine milieu 

is shifted towards a more anti-inflammatory profile rather than pro-inflammatory. These results 

confirm other studies that showed that during HCC there is an imbalance in the Th1/Th2 ratio 

characterized by an increase in Th2 profile and a decrease in Th1 cytokine profile [80]. 

To conclude, by characterizing the DEN-induced HCC rat model, we found that chronic DEN 

treatment effectively induced hepatocarcinogenesis and fibrosis/cirrhosis required for the 

development and progression of HCC. We also found that intrahepatic immune cells, especially T 

lymphocytes and macrophages in this DEN induced cirrhotic rat model, are modified during the 

development of HCC, mimicking the human HCC. For instance, we showed that during HCC 

development, Treg, CTLA-4 and the macrophages (which most of them are polarized towards M2 

phenotype in tumor areas), contribute to an immunosuppressive environment and probably 

promoting the progression of HCC. Thus, these findings help to comprehensively understand the 

DEN-induced HCC rat model which is very well mimicking the pathological process of human 

HCC, including immune system features and further use this model more correctly to evaluate new 

treatment efficacy and tolerance in cirrhotic background. 

Currently, the approved systemic treatments for HCC, such as sorafenib, regorafenib etc., are 

multitargeted tyrosine kinase inhibitors showing a modest improvement in overall survival profile 

[46]. Furthermore, these treatments often cause side effects altering the quality of the patient’s life 

profile [50]. Therefore, there is an urgent need for new, effective and safe therapies. As we 

demonstrated before, DEN induced rat cirrhotic HCC model closely reproduces human HCC 

physiopathology. Therefore, we have tested the safety and efficacy of a new allosteric inhibitor 
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(ARQ 751) and combination of AKT inhibitor (ARQ 751) and sorafenib compared with sorafenib 

and control. We observed that tumor progression between MRI 1 and MRI 3 was significantly 

reduced in all groups of treatment compared to control and was the lowest in the combination 

group. Similarly, according to histological examination, both sorafenib and ARQ 751 significantly 

reduced the tumor size compared to the control but combination-treated rats displayed the smallest 

tumor size. 

 To confirm the anti-tumor activity of AKT inhibition on the liver tissue, we performed Ki67 and 

Cyclin D1 staining. The inhibition of AKT by ARQ 751 and combination treatments reduced the 

number of Ki67+ and Cyclin D1+ cells compared to sorafenib and control. Besides targeting tumor 

development and progression, ARQ 751 therapy was efficacious in the modulation of liver 

microenvironment. This is predominantly important, as tumor microenvironment plays a crucial 

role in tumor progression and influencing tumor response to therapies. For instance, increased and 

irregular vasculature will allow small HCC lesions to progress and metastasize, which is a typical 

situation in the fibrotic liver characterized by constantly increased formation of blood vessels [237]. 

The mechanism of beneficial action of sorafenib on liver vascularisation was described previously 

[249]. Here, we showed that the ARQ 751 alone and combination with sorafenib improved the 

vascularization of liver tissue significantly.  

The anti-fibrotic effect of sorafenib was demonstrated previously [250], however in our study, 

sorafenib treatment did not improve the fibrotic status of the liver. On the other hand, liver fibrosis 

significantly decreased in ARQ 751 and combination groups compared to control and Sorafenib 

groups. Moreover, sorafenib-ARQ 751 combination therapy greatly shifted the matrix regulatory 

pathway leading to fibrosis resolution with a strong decrease of collagen accumulation. Another 

essential determinant of HCC progression and survival is cancer-associated inflammation, with 
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TGFβ orchestrating a favorable microenvironment for tumor cell growth. Here we showed that 

expression of α-SMA and TGFβ in non-tumor tissue was downregulated by ARQ 751 treatment 

and by sorafenib-ARQ 751 combination.  

Thus, we identified a novel treatment choice for advanced HCC with a cirrhotic background. 

Furthermore, our study clearly illustrated the significance of targeting AKT pathways together with 

sorafenib treatment of HCC. In summary, we have indicated that allosteric inhibitor ARQ 751 

alone or in combination with Sorafenib potently inhibit the AKT pathway. Despite difficult 

conditions with an aggressive model of cancer in cirrhotic rats, single ARQ 751 treatment showed 

its efficacy in controlling tumor progression, and demonstrated a good safety profile that makes 

this experimental drug promising in the treatment of HCC in cirrhotic patients. Moreover, the 

combination with Sorafenib further increased antitumor efficacy of treatment and can be 

considered as a novel combination strategy of HCC treatment. As a conclusion, the results 

presented here confirm the importance of targeting AKT in HCC development and progression. 

The high potency and high selectivity of these compounds warrant further clinical investigation in 

the patient with HCC.  
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6. PERSPECTIVES 

Our study results from project 1 (characterization of DEN-induced rat model) and project 2 (AKT 

inhibitor (ARQ751) shown that macrophages are one of the major populations of immune cells 

recruited during HCC development in the DEN cirrhotic rat model. In this context, we further aim 

to investigate the phenotype of these macrophages and their role in the development and 

progression of HCC in DEN cirrhotic rat model. Therefore, for investigation of the phenotype of 

macrophages, we plan to characterize the activation state of macrophages (using M1/M2 

classification) and the potential modification after different treatment with established specific flow 

cytometry analysis followed by functional tests of liver macrophages isolated from DEN cirrhotic 

rat model. Simultaneously, to investigate the role of macrophages in the development and 

progression of HCC in DEN cirrhotic rat model, we plan to deplete macrophages using clodronate 

liposomes at different time points of our model to interpret their implication in the carcinogenesis 

of HCC as well as the implication of monocytes derived macrophages compared to resident ones.  

Hence these investigations further confirm whether DEN induced cirrhotic rat model can be used 

to perform the pre-clinical study of the drug targeting macrophages. 
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Abstract: Hepatocellular carcinoma (HCC) is the most common type of liver cancer in adults and has
one of the highest mortality rates of solid cancers. Ninety percent of HCCs are associated with liver
fibrosis or cirrhosis developed from chronic liver injuries. The immune system of the liver contributes
to the severity of the necrotic-inflammatory tissue damage, the establishment of fibrosis and cirrhosis,
and the disease progression towards HCC. Immunotherapies have emerged as an exciting strategy
for HCC treatment, but their effect is limited, and an extensive translation research is urgently
needed to enhance anti-tumor efficacy and clinical success. Establishing HCC animal models
that are analogous to human disease settings, i.e., mimicking the tumor microenvironment of
HCC, is extremely challenging. Hence, this review discusses different animal models of HCC by
summarizing their advantages and their limits with a specific focus on the role of the immune system
and tumor microenvironment.

Keywords: animal model; hepatocellular carcinoma; cancer; immune system; tumor microenvironment

1. Introduction

Hepatocellular carcinoma (HCC) is the most common type of liver cancer in adults and has one of
the highest mortality rates of solid cancers. The incidence of HCC has been rising over the past 20 years
and will soon surpass one million annual cases worldwide [1]. Viral chronic infection with hepatitis B
virus (HBV) or hepatitis C virus (HCV), aflatoxin-contaminated foodstuffs, chronic alcohol consumption,
and metabolic disorders are the major causes of chronic liver inflammation which leads to fibrosis
or cirrhosis, or both, and finally to HCC development (see Figure 1). Even though the distribution
of these risk factors is highly variable, depending on the geographic region or ethnic group, 90% of
HCC cases are always developed in the background of chronic inflammation and fibrosis/cirrhosis.
The immune system of the liver plays a crucial role and inherently contributes to the severity of
the necrotic-inflammatory damage, the establishment of liver fibrosis, and disease progression towards
HCC [2,3].

Nowadays, less than 30% of patients with HCC are diagnosed at the early stages, when
potentially curative treatments (i.e., resection, liver transplantation, and local ablation) are applicable [4].
On the other hand, the majority of patients who are diagnosed at an advanced stage have limited
treatment options and, thus, the prognosis of HCC remains very poor. Sorafenib emerged in 2007
as the first effective systemic treatment of HCC for patients with advanced HCC or those progressing
from locoregional therapies. However, the objective response rate to sorafenib is exceedingly low (2%).
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More recently, several new drugs have shown positive clinical results in first- or second-line setting
therapies, as reviewed elsewhere [5]. In addition, immunotherapies, mainly the agents targeting
the PD-1/PD-L1 pathway and its combinations with other treatments, have a good chance to significantly
improve HCC therapeutic strategies in the future [6]. Despite this progress, new treatments of HCC
with a better efficacy remain urgently needed.

Figure 1. Risk factors and the process leading to the development of hepatocellular carcinoma (HCC).
Hepatitis C virus, HCV; hepatitis B virus, HBV; non-alcoholic fatty liver disease, NAFLD; non-alcoholic
steatohepatitis, NASH.

Unfortunately, the process of anti-HCC drug discovery and development seems to be very
challenging and inefficient as reflected by the high attrition rate of drugs that enter preclinical testing
but fail to gain FDA approval [7]. One of the underlying causes is the low predictive value of
animal models of HCC that are used before in-human clinical trials are launched. In this review,
we have described the different animal models of HCC available, summarizing their advantages
and their limits, with a specific focus on their capacity to mirror the human immune system
and tumor microenvironment.

2. Animal Models of HCC

Animal experimentation has played a crucial role in cancer research throughout history. As in
other areas of cancer research, rodent animal models, especially mice, have become increasingly
important in the field of HCC, mainly due to their short lifespan and breeding capacity [8]. However,
it is important to mention that every HCC animal model is artificial in some way. Establishing potent
animal models that mimic human HCC settings is particularly challenging, due to complex etiology,
tumor heterogeneity, and the importance of both chronic inflammation and fibrotic background of
human HCC.

HCC animal models can be categorized as follows: (i) chemically induced models, (ii) genetically
engineered models, (iii) syngeneic models, (iv) xenograft models including patient-derived xenograft
models, and (v) humanized models. The majority of these models can be combined with specific diets
to generate NASH-associated HCC as recently reviewed elsewhere [9,10].

The origin of immune cells and tumor cells differ between animal models of HCC, as shown in
Figure 2, which can represent the main limitation, depending on the type of research that is planned.
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Figure 2. Rodent models of HCC and the origin of immune cells and tumor cells. Rodent HCC, rodent
immune cells, and rodent tumor cells (green color); human HCC, human immune cells, and human
tumor cells (red color).

Additionally, the knowledge of the pros and the cons of each HCC animal model is essential for
obtaining results that are meaningful for the HCC field and for clinical translation, see Table 1.
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Table 1. Summary of the pros and the cons of animal models of HCC.

Animal Models of HCC Pros Cons Origin of Immune System

Chemically induced

Functional tumor-immune
system interface

Chronic inflammation
Presence of fibrosis/cirrhosis

Long-time of tumor induction
Undefined genetic background of

the tumor
Animal immune system

Genetically engineered
Specific gene mutation

Functional tumor-immune
system interface

Low tumor mutational burden
Development of fibrosis/cirrhosis needs

to be stimulated
Animal immune system

Syngeneic
Functional tumor-immune

system interface
Metastasis formation

Limited similarity to human HCC
Development of fibrosis/cirrhosis needs

to be stimulated
Animal immune system

Xenograft Low cost and rapid
Predictable tumor growth

Unsuitable for studying tumor-immune
system interface

Absence of fibrosis/cirrhosis
Deficient immune system

Humanized

Recapitulate the tumor-immune system
interface of human origin

Highly relevant for the testing
of immunotherapies

Incomplete reconstitution of the human
immune system

The high cost and technical difficulties
Absence of fibrosis/cirrhosis in

the models of today

Human immune system

2.1. Chemically Induced Models

The first chemically induced model of HCC was developed by the Japanese researcher, Riojun Kinosita,
who performed a series of experiments (1932–1937) demonstrating that 4-dimethyl-aminoazobenzene
strongly induces liver cancer in rats [11]. Since then, chemically induced animal models have been widely
used. These models have provided a physiologically relevant tissue microenvironment and immune
modifications related to HCC development and progression. Thus, chemically induced animal models
are reliable in revealing underlying mechanisms of carcinogenesis, such as genetic, environmental,
and immunological factors that influence cancer susceptibility in the human population [12]. The important
disadvantage of chemically induced models is the long time taken for tumor induction and the undefined
genetic background of the tumor. Furthermore, this is one of the reasons why the use of these models has
diminished in the last decades. However, it is precisely the prolonged time that facilitates the development
of the chronic inflammatory environmental characteristics of human HCC, including fibrosis, leading to
tumor development and progression in the future.

Several chemical compounds are able to induce carcinogenesis after acute, short, or long-term
exposure, depending on the chemical structure, concentration, animal susceptibility, etc. Based on
their activity and specific pathogenic mechanism, chemical carcinogenic compounds are categorized
as either genotoxic carcinogens or non-genotoxic hepatocarcinogens [13].

2.1.1. Genotoxic Carcinogen Induced Models

Genotoxic or direct-acting carcinogens (such as diethylnitrosamine (DEN) or aflatoxins)
interact directly with DNA through the formation of covalent bonds, resulting in DNA-carcinogen
complexes (DNA adducts). If chronically injected, DEN induces chronic inflammation and then fibrosis.
Thus, genotoxic carcinogens are frequently used to induce liver fibrosis and HCC in rodents.

Specifically, after the administration to an animal, DEN is metabolized in the centrilobular
hepatocytes, followed by reactions that cause DNA damage [14], which is associated with oxidative
stress. These principle metabolizing pathways induced by DEN in rodent models are similar to that
of humans [15]. Therefore, the application of DEN has become highly attractive for studies that are
aimed at understanding the pathogenetic alterations underlying the formation of liver cancer.

However, HCC development by DEN depends on specific characteristics, such as species, dosage of
administration, or the age and sex of the rodents. All these factors impact, among others, the tumor
microenvironment and immune status.

A classical mouse model of DEN-induced HCC uses a single injection of a low dose of DEN
as an initiator. However, such a model does not develop the features of liver fibrosis, which is
crucial to mimic tumor microenvironment of HCC in humans. Therefore, a single injection of DEN is
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usually accompanied by repeated dosing of a pro-fibrogenic agent CCl4 [16]. A classical rat model
of DEN-induced HCC is based on chronic exposures to DEN in developing fibrosis to cirrhosis,
followed by HCC after 14–20 weeks [17–19]. Furthermore, this accurately recapitulates the scenario
of human HCC. Additionally, the functional genomics showed that the gene expression patterns of
DEN-induced HCCs were extremely similar to those of the poorer survival group of human HCCs [20].
Recently, the sequencing and analysis of gene copy number changes, similar to morphological findings
(abundant inclusion bodies, fatty change), showed that tumors of the DEN model match with human
tumor samples of alcohol-induced HCC [21].

In addition, the incidence of DEN-induced HCC development is gender-dependent, with a high
prevalence in male rodents, which is similar to humans. In fact, several studies have demonstrated that
female mice and rats are largely resistant to DEN-driven hepatocarcinogenesis. This phenomenon is
related to estrogen-mediated inhibition of IL-6 production by Kupffer cells in females [22], which clearly
sustains the relevance of the immune system in this model.

Indeed, the DEN induced model was used to study the role of immune response and tumor
microenvironment in the process of hepatocarcinogenesis. The combination of DEN and CCl4 was
employed in a landmark study in which the contribution of the toll-like receptor 4 (TLR4) signaling
on HCC promotion was investigated [23]. Furthermore, the DEN-induced mouse model was used to
deeply characterize anti-tumor adaptive immune responses and the role of T and B cells in controlling
tumor formation and progression [24]. Recently, the DEN-induced cirrhotic rat model of HCC served
as a relevant model for the detailed study of the modulations of tumor microenvironment and immune
system by the AKT inhibitor [19]. Additionally, the DEN-induced HCC rat model was used to
recapitulate portal hypertension and gut permeability, which are two key players in the pathogenesis
of HCC [25].

In contrast with the DEN-induced HCC models, aflatoxin-induced animal models are rarely
used. In fact, even though aflatoxin B1 exposure in food is one of the major risk factors for HCC
development in human population [26], aflatoxin-induced genetic alterations of mice models differ
from aflatoxin-related human HCC, as susceptibility to HCC development in animals is highly variable,
and the development of the tumor takes from several months to a year [27].

2.1.2. Non-Genotoxic Carcinogen Induced Models

Non-genotoxic carcinogens, such as carbon tetrachloride (CCl4), thioacetamide (TAA),
and phenobarbital and peroxisome proliferators have no direct interaction with DNA. These treatments
cause hepatic damage by disrupting cellular structures and altering the kinetics of either cell proliferation
or of processes that increase the risk of genetic error, which leads to inflammation-associated
events, liver fibrosis, and the increased incidence of HCC. Moreover, non-genotoxic carcinogens
are usually combined with DEN to develop reproducible mice models of HCC in the context of
fibrosis. Furthermore, the CCl4 model is the best characterized with respect to immunological changes
associated with the development of fibrosis [28] and it is wildly used to develop fibrosis in other animal
models of HCC.

2.2. Genetically Modified Models

The development of transgenic and gene targeting technologies in the past decades facilitated
the generation of genetically modified models (GMMs) to study tumor biology. GMMs have become
powerful research animal models as they allow insight into the involvement of specific proteins
and signaling pathways in the generation of HCC [29]. In this scenario, the main advantage of GMMs is
the knowledge of the initiating mutation, which is particularly important for the testing of molecularly
targeted anti-HCC therapies. In addition, HCC spontaneously develops in these models in a coevolving
liver microenvironment and the immune system is intact.

However, one important disadvantage of GMMs is the frequent absence of fibrosis/cirrhosis
and often the low tumor mutation burden, as the tumors develop from limited genetic alterations.
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In contrary, human HCC usually develops in the background of fibrosis and it is known to be
heterogeneous with an extensive landscape of altered genes and pathways [30–32]. Thus, although
genetically engineered models of HCC have brought a precise step toward recapitulating the human
HCC, the resultant spontaneous tumors without chronic inflammation and fibrosis do not recapitulate
the stepwise progression of human HCC. Additionally, it is important to mention that the majority
of GMMs are time consuming and expensive, as extensive infrastructures are required to achieve
sufficient population, especially for preclinical studies. Today, with the advent of clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas technology, it is expected that some of these
drawbacks could be improved, as editing is relatively fast, which could enhance the value of GMMs.
However, CRISPR/Cas technology should be used on the background of liver fibrosis or cirrhosis to
correctly mirror the human HCC.

The GMMs of HCC are models that overexpress oncogenes, growth factors, or express viral
genes. These approaches need to be quite often combined to obtain shorter latency and increased
tumor induction. For instance, β-catenin pathway is thought to be most frequently activated in human
HCCs [32] but the second hit from an additional mutation is required to generate HCC in β-catenin
transgenic animals. These genetic models of β-catenin–induced hepatocellular transformation were used
to characterize the specific inflammatory response and to demonstrate the inflammation as a key player
in β-catenin–induced liver tumorigenesis [33]. Additionally, transgenic model targeting only c-Myc
proto-oncogene develops cancer in 60–70% of animals [21,34]. The tumors of this model display high
heterogeneity and well mimic alcohol-induced HCCs, based on genomic changes [21]. The coexpression
of c-Myc with Tgfα in transgenic mouse model leads to a tremendous acceleration of neoplastic
development and progressive hepatocyte proliferation [21] on the background of chronic oxidative
stress and persistent disruption of immune microenvironment in all animals [34,35]. Furthermore,
the gene expression patterns of the c-Myc/Tgfα transgenic mouse model were shown to be extremely
similar to those of the poor survival group of human HCCs [20]. This model may help to study
the importance of the cross-talk between the tumor microenvironment and immune effector cells in
the process of aggressive HCC. Similarly, double transgenic mice (c-Myc OVA tg+) c-Myc-OVA-tTALAP
is a model of multifocal and rapidly progressing aggressive HCC. It was used to test combinations of
three immunostimulatory monoclonal antibodies targeting OX40, PD-L1, CD137, and adoptive therapy
with specific tumor antigen-activated T cells showing a clear synergy between the triple combination of
mAbs and adoptive transfer of anti-tumor-specific cells [36]. Recently, a novel Akt1/N-Ras-induced HCC
mouse model was generated to elucidate crosstalk between tumor-associated antigen-specific T cells
and stromal cells, and the underlying mechanisms governing immunosuppression in the HCC tumor
microenvironment [37].

The transgenic model with aberrant expression of the cytokine lymphotoxin (AlbLTαβ
model) was crucial to discover a lymphotoxin-driven pathway to HCC and more generally,
the inflammation-induced hepatocarcinogenesis [38]. Additionally, tumors from AlbLTαβ transgenic
mice revealed a high overlap with NASH-HCC, based on genomic changes [21].

Different types of GMMs were developed to study HBV and HCV infections but these
manipulations did not always lead to HCC. In fact, the models of HBV-associated hepatocarcinogenesis
usually show long latency and low tumor induction [39]. Still, these models provide the opportunity to
study the role of the immune system on spontaneous HCC development in the context of HBV infections.
For instance, HBsAg-transgenic (HBs-tg) mice were recently used to demonstrate the importance
of HBV-related adaptive immune tolerance, showing the importance of an immune checkpoint,
TIGIT, whose blocking or deficiency led to fibrosis and HCC [40]. Concerning HCV-associated
hepatocarcinogenesis, the FL-N/35 mouse model, expressing the full HCV genome, is certainly
a relevant transgenic mouse model, especially when combined with CCl4 for investigating fibrosis
and HCC development [41,42].



Cancers 2019, 11, 1487 7 of 12

2.3. Syngeneic Models

Syngeneic animal models have been used for interventional studies in HCC since the last decade.
In these models, HCC cells from the same species are injected to the immunocompetent animals,
usually directly to the liver tissue that can be simultaneously stimulated to develop fibrosis in order
to mimic a true HCC microenvironment. Thus, these models are particularly valuable, as they give
a possibility to investigate all key players of the immune system and tumor microenvironment,
including vasculature, stroma and surrounding lymph system [43]. However, the disadvantage of
syngeneic models can be their limited similarity to human HCC as the commonly used cell lines are
often driven by mutations that do not mimic those found in human HCC.

It is important to mention that syngeneic orthotopic models of HCC often result in the development
of metastases [44], which makes these models particularly interesting for studying the suppression of
antitumor immune response during metastasis promotion. Furthermore, due to the functional system
of tumor–immune surveillance, syngeneic rat models with a spontaneous tumor regression were used
to show the involvement of particular cytokines in an effective anti-tumor immune response [45].
Similarly, the syngeneic mouse orthotopic model of HCC was used to study immunosuppressive
properties of hepatic stellate cells and their contribution to the development of HCC [46]. In addition,
today, syngeneic models combined with CCl4 or TAA treatment are well-established models of
fibrosis-associated HCC. Recently, these models were used to study the importance of the fibrotic
microenvironment and myeloid-derived suppressor cells for the sensitivity of HCC to immune
checkpoint therapies [47] or to test new combination therapies targeting tumor microenvironment [48].

2.4. Xenograft Models

In classical xenograft models, HCC is established either by the inoculation of human tumor cell
lines or the direct implantation of a fragment of human solid tumors subcutaneously or into the liver
of the immunodeficient animal.

Cell-line ectopic xenograft models, where human HCC cells are implanted mostly subcutaneously,
have been extensively used in the HCC field for decades. The relative ease and the rapidity by which these
models are prepared makes them a compelling preclinical model to screen cytotoxic drugs. However,
the results obtained with these models have often inadequately predicted human clinical outcomes,
as reviewed elsewhere [49,50]. One of the given reasons is the need to grow tumors in immunodeficient
mice, which are not reflective of the dynamic process of tumor–immune surveillance. Thus, the functional
immune system is missing in these models. Second, these models do not take the liver microenvironment
into account. This leads to the model where the tumor microenvironment is extremely artificial with
the complete absence of the surrounding fibrotic tissue. Another common concern is that HCC cells
change in culture over time and do not always stably recapitulate the phenotypes or genotypes of human
HCC. Nowadays, when targeting tumor microenvironment and immune system becomes a compelling
way to tackle HCC, researchers are turning to other models as cell-line ectopic xenograft models have
evident limitations for such investigation.

Orthotopic xenograft models reflect the tumor microenvironment, especially the influence of
liver vascularization but have many of the same limitations as classical ectopic xenograft models.
Mainly, the use of the immunodeficient host does not allow one to study the immunomodulatory
effects of drugs in these models.

To better preserve the natural disease state observed in HCC patients, some groups xenograft
freshly resected pieces of HCC into immunodeficient animals. This procedure, known as patient-derived
xenograft (PDX), preserves histopathologic, transcriptomic, and genomic characteristics of the original
HCC and can often well recapitulate the chemotherapeutic drug response. Thus, the PDX models have
demonstrated an important utility for the evaluation of personalized precision medicine [51]. The most
common is subcutaneous implantation, but, of course, the orthotopic PDX models of HCC better
replicate tumor microenvironment and, thus, are more physiologically relevant. However, the PDX
models of fibrosis-associated HCC are not yet available. The general limitations of the use of the PDX
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models are the long lag period necessary for engraftment and passaging and the high costs of PDX
development, maintenance and testing. Nevertheless, the real “Achilles heel” of the PDX models is
the lack of a functional immune system, which is common for all xenograft models.

The incorporation of PDX models in HCC research brings substantial improvements and many
interesting liver cancer PDX models had been generated and used for preclinical testing of anticancer
drugs [51–53]. Recently, Blumer et al. established several PDX models from human HCC biopsies,
showing that PDX tumors can retain characteristics of the original HCC biopsies over six generations
of retransplantation [54].

2.5. Humanized Animals: Future Models of HCC?

During the last decades, anti-HCC drug development has focused on targets and partially
de-emphasized the importance of immune system. Today, the tumor-immune system interface is
required to test the majority of treatments. Furthermore, an immune system of the host is required
especially for testing of new immunotherapeutic options. In general, the main limitation of animal models
is that they do not accurately recapitulate a functional human immune system. Therefore, efforts have been
made to create rodents with a human immune system (a “humanized rodent”) for immunotherapeutic
efficacy testing.

The ultimate goal of humanization is to generate animals expressing human immune cells that
mimic realistic tumor-immune system interactions, which are mainly capable of mounting anticancer
immune responses for specific immunotherapeutic interventions. The first successful engraftments of
human hematopoietic stem cells [55] or human peripheral blood mononuclear cells [56] were established
in the late 1980s. Today, due to improvements in the development of immune-deficient rodents, several
types of humanized model are routinely employed in cancer research such as: (i) engraftment of human
peripheral blood lymphocytes to severe combined (SC) immunodeficient rodents; (ii) engraftment
of human CD34+ hematopoietic stem cells acquired from multiple sources, such as bone marrow,
fetal liver, or umbilical cord to SC immunodeficient rodents, or (iii) engraftments of 16–22-week
gestation fragments of human fetal liver and human fetal thymus to sub renal capsular space of
SC immunodeficient rodents. Although the current progress and advances in the humanization
of animals are remarkable, the main limitations include the high cost and technical difficulties.
Moreover, in the current generation of humanized rodents, certain human immune subpopulations are
incompletely reconstructed. For instance, human myeloid cells are usually under-represented or have
functional defects [57].

Even though humanized rodents represent one of the most attractive preclinical models for
the screening of therapies targeting tumor-immune system interface, they are not yet well established
in the HCC field. Thus, more experience with these models in HCC research are urgently needed to
improve HCC immunotherapy research.

Recently, Zhao et al. developed a new PDX humanized mouse model to study human-specific
tumor microenvironment and immunotherapy. In fact, they xenografted HCC subcutaneously into
a mouse model of type I human leucocyte antigen that matched the human immune system in NOD-SC
immunodeficient rodents Il2rg−/− (NSG) mice and studied the immune responses as well as the efficacy
of immune checkpoint inhibitors [58]. Taking into consideration the advantage of humanized PDX
models, the orthotopic humanized PDX models will mainly present in the future an extremely attractive
option for studying how a functional human immune system reacts with the tumor in order to reproduce
the complexity and specificity in humans HCC of novel immunotherapeutic targets.

3. Conclusions

We come from a period when ectopic xenograft growing in immune-deficient animals were
considered sufficient for anti-HCC drug screening. Today, the boom of therapies targeting the immune
system and tumor microenvironment highlight the importance of the host, background of chronic
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inflammation, and fibrosis. Hopefully, the development and the use of animal models with respect to
these principles will improve our capacity to effectively develop and screen novel anti-HCC drugs.
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Immunologic Features of Patients With Advanced
Hepatocellular Carcinoma Before and During
Sorafenib or Anti-programmed Death-1/Programmed
Death-L1 Treatment
Zuzana Macek Jilkova, PhD1,2,3, Caroline Aspord, PhD1,2,4, Keerthi Kurma1,2, Anouck Granon, MD1,2, Christian Sengel, MD5,
Nathalie Sturm, MD, PhD1,2,6, Patrice N. Marche, PhD1,2 and Thomas Decaens, MD, PhD1,2,3

INTRODUCTION: Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death worldwide. Today,

a promising treatment strategy is focused on the enhancement of antitumor immune responses by

immune checkpoint modification. However, as only 20% of patients with HCC are responders,

identification of predictive factors is urgently required. Therefore, for the first time, the features of the

intrahepatic and circulating immune system in patients with advanced-stage HCC, before and during

the treatment, were analyzed.

METHODS: We collected fresh HCC biopsies, along with adjacent tumor-free liver tissues and peripheral blood

samples, from 21 patients with advanced HCC. Furthermore, we performed an extensive

immunomonitoring of patients with HCC treated with sorafenib or programmed death (PD)-1/PD-L1

pathway blockade using multiparametric flow cytometry.

RESULTS: We observed that regardless of the treatment, low baseline intratumoral CD41/CD81 T-cell ratio was

associated with better overall survival (P5 0.0002). The baseline frequency of intratumoral PD-1high

CD81 T cells was significantly lower in patients responding to sorafenib treatment than in the

nonresponders (P 5 0.0117), and the frequency of circulating PD-1high T cells increased with tumor

progression (P50.0329). By contrast, responders to PD-1/PD-L1 pathway blockade showed a trend of

high baseline frequency of intratumoral PD-1high CD81 T cells. Moreover, we observed a trend of LAG3

and TIM3 upregulation on circulating T cells in nonresponding patients to PD-1/PD-L1 pathway

blockade.

DISCUSSION: Immunosuppressive state, characterized by an enhanced intratumoral CD41/CD81 T-cell ratio, was

associated with poor prognosis. Additionally, our results suggest that the frequency of intratumoral PD-

1high CD81 T cells may serve as a biomarker to identify which individuals will benefit from which

treatment and support the use of combination strategies.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A58

Clinical and Translational Gastroenterology 2019;00:e-00058. https://doi.org/10.14309/ctg.0000000000000058

INTRODUCTION
In the last few decades, hepatocellular carcinoma (HCC)-related
mortality has increased at a rate faster than mortality related to
any other cancer type (1). Primarily for patients with advanced
HCC, the available treatment options are extremely limited and

the prognosis is very poor. A multi-tyrosine kinase inhibitor,
sorafenib, is considered as a gold standard treatment of patient
with HCC. However, its efficacy is limited, improved survival
time is modest (2), and predictive factors of response are lacking.
Therefore, there is an urgent need to determine an effective
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therapy for the treatment of patients with HCC. At present, an
enhancement of antitumor immune responses via immuno-
therapies serves as a promising treatment strategy in the field of
oncology. HCC is an important target for immunotherapy as
chronic liver inflammation, which is associated with HCC risk
factors (including chronic hepatitis B and C and metabolic dis-
orders), and it promotes an immunosuppressive environment
and T-cell exhaustion (3–6). Several inhibitory checkpoint mol-
ecules have been associated with this process, including the
programmed death (PD)-1/PD-L1 immune checkpoint pathway.
In patients suffering from HCC, the expression of PD-1 is con-
stantly increased on CD81 T cells (7), and the high frequency of
circulating and tumor-infiltrating PD-11 CD81 T cells was as-
sociated with disease progression after curative hepatic resection
(8). High PD-L1 expression was also determined as a predictor of
tumor recurrence for patients with HCC (9) and was associated
with tumor aggressiveness (10).

In September 2017, the Food and Drug Administration
granted an accelerated approval to anti-PD-1 antibody nivolu-
mab for the treatment of patients with HCC after a previous
sorafenib, regardless of the PD-L1 status, based on the objective
response rate observed in the phase I/II CheckMate 040 trial (15%
in a dose-escalation cohort and 20% in a dose-expansion cohort
(11)). Moreover, pembrolizumab (Keytruda; Merck, Kenilworth,
NJ) was also tested in a phase 2 study concerning second-line
treatment for advancedHCCafter sorafenib failure, and the study
confirmed an objective response rate of 17% (12). Based on this
finding, in November 2018, the FDA approved pembrolizumab
for the treatment of patients with HCCwho have been previously
treated with sorafenib. Nevertheless, more than 80% of such
patients do not respond to this therapy. Therefore, there is an
urgent need to better understand the subversion of the immune
system during HCC and its modulations during treatment. Al-
though important research has been already conducted in the
field of melanoma and other types of cancer, wherein immuno-
therapies have been used for some time now, almost no data exist
for the field of HCC. In fact, limited information is available at
present regarding the effect of HCC therapies on the immune
system of patients with advanced HCC, including the coex-
pression and potential compensatory changes of inhibitory and
stimulatory checkpointmolecules. A deeper understanding of the
mechanisms, functional relevance, and the pattern of coex-
pression of immune checkpoint molecules in HCC, surrounding
liver and in circulation, is mandatory to develop more effective
immunotherapeutic strategies and determine a better response
for its treatment.

Recently, Zhou et al. (13) analyzed inhibitory immune
checkpoint molecules in patients with early-stage HCC and
pointed out the importance of PD-1, TIM3, and LAG3 pertaining
to the inhibition of tumor-infiltrating lymphocytes’ function.
Considering the complexity of the receptor network that may
have either similar or distinct pathways to the modulate immune
system, extensive studies need to be conducted to clarify the ex-
pression of both inhibitory and stimulatory checkpointmolecules
on several cell subsets. Moreover, extremely limited information
is available at present concerning potential treatment-associated
modulations of various immune checkpoint molecules during
HCC therapy. Additionally, immune checkpoint blockade strat-
egies are currently being tested in cases of advancedHCC.Hence,
systematic analysis of immune checkpoint molecules at an ad-
vanced stage is required.

In this study, we provide a characterization of immune
checkpoint expression in advanced HCC, at the circulating and
liver tissue levels, based on fresh blood and liver biopsies. In
addition, we provide detailed immunomonitoring of patients
with HCC treated by means of the classical treatment (sorafenib)
or by immunotherapies and present the link with the clinical
evolution of patients.

METHODS

Patients and sample processing

Twenty-one patients (17 men and 4 women) suffering from ad-
vanced HCCwere included in this study and were selected before
the treatment (Department of Gastroenterology and Hepatology,
CHU Grenoble-Alpes). The mean age of the patients was 71.66
0.4 years, among which 81% were male individuals, and 52% of
the patients had fibrosis (stage F4). Detailed patient character-
istics are provided in Supplementary Table 1 (see Supplementary
Digital Content 1, http://links.lww.com/CTG/A58). Subsequently,
blood samples obtained from 7 healthy donors were used for
comparison. Liver biopsies (tumor and nontumor tissues) were
divided into 2 parts. One part was used for histologic examination
assessed by experienced liver pathologists to definewhether biopsy
was performed within HCC, whereas the other part was processed
within 1 hour after the clinical biopsy to conduct extensive phe-
notypic and functional immunologic analyses.

Furthermore, the patients were treated with sorafenib (n5 7),
anti-PD-L1/transforming growth factor-b TRAP (n 5 4), anti-
PD-1 antibodies (nivolumab, n 5 1; pembrolizumab, n 5 3), c-
Met inhibitor Tepotinib (n 5 2), or were untreated (n 5 4). In
addition, anti-PD-L1/TGF-b TRAP and pembrolizumab were
the second-line treatments provided after sorafenib, whereas
nivolumab was the first-line treatment. For immunomonitoring,
blood samples were collected during the time of treatment; the
sampling plan is detailed in Figure 1.

Based on their radiologic response to therapy, the treated
patients were later categorized into the following groups:
(i) responders (complete or partial response), (ii) stable disease
(SD), and (iii) nonresponders (progression) according to the
Response Evaluation Criteria in Solid Tumors (RECIST) 1.1.
Additionally, the immunomonitoring parameters were analyzed
with regard to the progression-free status of patients at 16 weeks
as well as their overall survival. This study was performed in
accordance with the Declaration of Helsinki and the French
legislation based on local sample collection (DC-2014-2295), and
all of its participants provided written informed consent.

Flow cytometry analyses

Immediately after the liver biopsy, tumor and nontumor samples
were transferred in the RPMI medium and cells were recovered
throughmechanical disruption.Moreover, fresh peripheral blood
and intrahepatic cell suspensions were immunostained without
any stimulation, using the antihuman antibodies of surface
markers, as described in SI.

Stimulation of immune cells

Peripheral bloodmononuclear cells (PBMCs) were isolated using
the Ficoll-Paque method, and cryopreserved PBMCs were stored
in liquid nitrogen. Cells were resuspended (1 3 106/mL), and
stimulation was performed by phorbol 12-myristate 13acetate
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(50 ng/mL; Sigma Aldrich [L’isle-d’Abeau Chesnes, France]) and
ionomycin (1 mg/mL, Iono; Sigma) for 16 h at 37 °C in a CO2

incubator.

Cytometric bead array

The supernatant derived from stimulated and nonstimulated
PBMC cultures was collected, after which the amount of cyto-
kines produced by immune cells was evaluated using cytometric
bead array (BD Bioscience, San Diego, CA), and the data were

analyzed by the FCAP Array Software. Subsequently, the fol-
lowing cytokines were determined: interferon gamma, tumor
necrosis factor a, granzyme B, IL-4, IL-6, IL-10, IL-13, and IL-17.

Assessment of soluble immune checkpoint molecules by

multiplex immunoassays

Serum samples were analyzed via multiprofiling of immune
checkpoint molecules using the Luminex MAGPIX system (Re-
search Platform, Département de Biochimie, Toxicologie et

Figure 1. CD41/CD81 T-cell ratio at the baseline is related to clinical evolution in advanced HCC. (a) Sampling plan of patients with HCC. Samples were
collected only when the condition of the patient allowed it. (b) Baseline frequency of CD41 vs CD81 Tcells in the blood of healthy donors (n5 7), blood of
patients with HCC (n5 21), tumor tissue (n5 16), and nontumoral tissue (n5 13); 2-tailed P value. (c) Frequency of Tcells in the tumor tissues before the
treatment. Patients were followed up to determine the time to tumor progression, and they were divided into groups with short time to tumor progression
(,16 weeks, n5 6) and with progression-free status at 16 weeks (>16 weeks, n5 5); 2-tailed P value. (d) Log-rank (Mantel-Cox) overall survival curves
segregating the cohort of patients according to the ratio of CD41/CD81 Tcells in the tumor tissue at the baseline. (e) Log-rank (Mantel-Cox) overall survival
curves segregating the cohort of patients according to themedian of the frequency of intratumoral CD81Tcells per lymphocyte population (per CD451 cell)
at the baseline. HCC, hepatocellular carcinoma.
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Pharmacologie, Institut de Biologie et Pathologie, CHU
Grenoble-Alpes) with the following panels: PD-1, PD-L1, PD-L2,
CTLA-4, TIM-3, GITR, GITRL, LAG-3, and CD137 (4-1BB).

Statistical analysis

Analyses were performed using the statistical software Graph-
Pad Prism 6 (GraphPad Software, CA). Normal distributionwas
tested using the D’Agostino-Pearson omnibus normality test.
When data derived from both cohorts were normally distrib-
uted, the unpaired t test was used to determine significant dif-
ferences observed between the groups. Contrarily, when data
from either cohort were not normally distributed, the Mann-
Whitney test was performed. The nonparametric Kruskal-
Wallis one-way analysis of variance was used for multiple
comparisons. Furthermore, the Spearman correlation non-
parametric test was conducted to determine the degree of cor-
relation between 2 variables, and P value of ,0.05 was
considered significant.

RESULTS
CD41/CD81 T-cell ratio is strongly linked to the

clinical outcomes

Our cohort was based on 21 patients suffering from advanced
HCC.Only liver biopsy samples thatwere histologically approved
by pathologists for sampling within HCC area (tumor samples)
and nontumor area (nontumor samples) were included in this
study.

For the flow cytometry analysis, fresh samples were stained
using 2 panels for the identification of the major lymphocyte
populations and the expression of immune checkpoint molecules
(refer to Methods). Moreover, we investigated T cells, natural
killer (NK) cells, and NKT cells in the blood, in conjunction with
nontumor and tumor liver tissue obtained from patients with
advancedHCC, by the strategy concerning the principle of gating
as previously described (14–16) (Supplementary Figure 1a, see
Supplementary Digital Content 1, http://links.lww.com/CTG/
A58), whereas isotype controls were used to define the positivity
of each marker (Supplementary Figure 1b, see Supplementary
Digital Content 1, http://links.lww.com/CTG/A58).

In our cohort of patients with advanced HCC, CD31CD562

T cells found in the blood accounted for more than 60% of all
CD45high lymphocytes, whereas in the liver, their frequency re-
duced to 50%. Contrarily, CD31CD561 cells (NKT and
CD3brightCD561 T cells) and CD32CD561 NK cells represented
a significantly smaller population in the blood (7 and 11%),
whereas their frequency increased up to 21 and 21% in nontumor
liver tissues and 19 and 17% in tumor liver tissues, respectively
(Supplementary Figures 1b and 2a, see Supplementary Digital
Content 1, http://links.lww.com/CTG/A58).

As expected, 24% of the circulating T cells were CD81; the
absolute number of T cells is listed in Supplementary Table 2 (see
Supplementary Digital Content 1, http://links.lww.com/CTG/
A58). In the liver, CD81T cells represented approximately 45%of
the T-cell population in the tumor tissue and 50% in the non-
tumoral part of the tissue (Figure 1b). Notably, in our cohort of
patients, the frequency of intratumoral CD81 T cells before the
treatment was associated with clinical outcomes. Moreover, the
patients were divided into 2 groups according to their
progression-free status at 16weeks.We observed that irrespective
of the following treatment, the frequency of intratumoral CD81

T cells at the baseline was higher in patients who were free of

progression at 16 weeks (P5 0.0087), as depicted in Figure 1c. In
fact, in patients with time to tumor progression higher than 16
weeks, the intratumoral T-cell population is composed of 50.7%
6 2.9% of CD41 cells and 49.3% 6 2.9% of CD81 cells (not
significant), whereas in patients with time to tumor progression
shorter than 16 weeks, the intratumoral CD41 T-cell population
was significantly higher (63.8% 6 3.1%) compared with CD81

T cells (36.2%6 3.1%; P 5 0.0022).
The median intratumoral CD41/CD81 T-cell ratio was 1.2.

Based on this median, a high intratumoral CD41/CD81 T-cell
ratio was a negative predictive factor of the patients’ overall
survival (P5 0.0002) (Figure 1d). The median overall survival of
patients with a ratio lower than 1.2 was 16.2 6 1.6 months in
comparisonwith 4.66 1.4months for patients with a ratio higher
than 1.2 (P5 0.0002) (Figure 1d). Subsequently, we separated the
cohort of patients according to themedian of the frequency of the
intratumoral CD81 T cells per lymphocyte population (per
CD451 cell) at the baseline. We observed the tendency of asso-
ciation regarding the high frequency of intratumoral CD81T cells
per lymphocyte population at the baselinewith improved survival
(P 5 0.1845) (Figure 1e).

In addition, cytokine secretion on stimulation of PBMCs, with
phorbol 12-myristate 13acetate/Iono analyzed by cytometric
bead array, showed that from all cytokines, only secreted IL-10
levels of both unstimulated and stimulated PBMCs were posi-
tively correlated to CD41 T cells and negatively correlated to
CD81 T cells. In fact, we found a significant positive correlation
between the IL-10 levels secreted by PBMCs in circulation and
CD41/CD81 T-cell ratio in both tumoral and nontumoral tissues
(Supplementary Table 3, see Supplementary Digital Content 1,
http://links.lww.com/CTG/A58). However, there was no direct
association with the clinical outcomes. Collectively, our results
show that the immunosuppressive state, characterized by en-
hanced IL-10 levels and high intrahepatic CD41/CD81 T-cell
ratio, was associated with poor prognosis.

Immune checkpoint distribution on lymphocyte subsets in

advanced HCC before therapy

We investigated the frequency of NK cells, CD31CD561 cells
(NKT and CD3brightCD561 T cells), and T cells expressing im-
mune checkpoint molecules on the cell surface (PD-1, TIM3,
LAG3, CTLA4, 4-1BB, and OX40) in fresh samples of peripheral
blood and analyzed tumoral and nontumoral biopsies of patients
with advanced HCC. As the expression of PD-1 increases con-
stantly in patients with HCC (7), we focused directly on the PD-
1high population (Supplementary Figure 1b, see Supplementary
Digital Content 1, http://links.lww.com/CTG/A58), as observed
in the recent publications (17,18).

In our cohort, the frequency of PD-1high or LAG31 NK cells
was negligible compared with that of CD31CD561 cells or the
T-cell population in the blood, tumor tissues, and/or nontumor
tissues (Figure 2a). However, in terms of their frequency, NK cells
expressing TIM3, CTLA-4, 4-1BB, and OX40 were similar to
T cells and CD31CD561 cells (Figure 2a).

Subsequently, we analyzed the distribution of immune
checkpoint molecules in the population of CD41 and CD81

T cells (Figure 2b, Supplementary Figure 2b, see Supplementary
Digital Content 1, http://links.lww.com/CTG/A58). Further-
more, the inhibitory checkpoint molecules PD-1, LAG3, and
TIM3 were expressed primarily by CD81 T cells, whereas
a stimulatory checkpoint molecule, OX40, was expressed
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Figure2. Immunecheckpointdistributionon lymphocytesubsets inadvancedHCCat thebaseline. (a)Thepercentageof immunecheckpoint-positivecellsamong
NK, CD31CD561 cells (NKTand CD3brightCD561 Tcells), and Tcells in the blood (n5 21), tumor tissue (n5 16), and nontumoral tissue (n5 13). (b) The
percentage of immune checkpoint-positive cells among CD41 or CD81Tcells in the blood (n5 21), tumor tissue (n5 16), and nontumoral tissue (n5 13). Each
dot represents a patient. The nonparametric Kruskal-Wallis one-way analysis of variance was used for multiple comparisons. HCC, hepatocellular carcinoma.
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preferentially byCD41T lymphocytes (Figure 2b, Supplementary
Figure 2b, see Supplementary Digital Content 1, http://links.lww.
com/CTG/A58). CTLA4 and 4-1BB were equally expressed in
CD81 and CD41 T cells. Moreover, the expression of immune
checkpoint molecules was not statistically different between the
tumor and nontumor tissues (Figure 2b).

Because we analyzed the markers of immune checkpoint
receptors in 2 separated tubes, we cannot provide data pertaining
to their coexpression per individual cell for the entire cohort.
However, the positive correlation between the percentage of PD-
1high CD81 T cells and TIM31 CD81 T cells in circulation sug-
gested frequent coexpression of those receptors (r5 0.7276, P5
0.0003), as shown in Figure 3a. Contrarily, a negative correlation
was observed between the cells expressing the inhibitory receptor
LAG3 and the stimulatory receptor 4-1BB (r 5 20.6863, P 5
0.0008) (Figure 3b). Similarly, the frequency of LAG31 and
4-1BB1T cells in the blood was associated with PD-1high T cells in
nontumoral tissues (Figure 3c).

As expected, we found positive correlations between the cir-
culating and liver tissue expression of the immune checkpoint
receptors (Supplementary Table 4, see Supplementary Digital
Content 1, http://links.lww.com/CTG/A58), notably between the
circulating and intratumoral frequency of 4-1BB1 T cells (r 5
0.6143, P5 0.0255) and PD-1high cells (r5 0.4857, P5 0.0505),
indicating that the expression of immune checkpoint molecules
in the tumor tissue is partially reflected on the circulating levels.

Interestingly, the frequency of intratumoral PD-1high T cells,
LAG31 T cells, OX401 T cells, and CD691 CD41 T cells was
positively correlated to the most widely used biomarker of HCC,
circulating alpha-fetoprotein, as shown in Supplementary Table 5

(see Supplementary Digital Content 1, http://links.lww.com/
CTG/A58), indicating the possible link between one’s immune
status and tumor growth.

In a small cohort of patientswithHCC,we directly determined
the coexpression of PD-1, TIM3, and LAG3. Representative flow
cytometry plots of patients with advanced HCC with a high fre-
quency of intratumoral PD-1high T cells (Figure 4a) show that
TIM3 and LAG3 expressions were predominantly observed in
PD1high intratumoral CD81 T cells. Evidently, most intratumoral
PD-1high CD81 T cells coexpressed TIM3, but only a part of PD-
1high CD81 T cells expressed LAG3 (Figure 4b).

Immunologic features of sorafenib-treated patients

In our cohort, 7 patients were treated with sorafenib, and we
collected the results from their blood samples (n 5 7) and liver
biopsies (n 5 6). First, we sought to identify the cell population
that best described the differences between the responders and
nonresponders with respect to sorafenib at the baseline of treat-
ment. Sorafenib-treated patients were categorized into the fol-
lowing groups based on the radiologic response to therapy:
(i) responders (partial response; n 5 3) and (ii) nonresponders
(tumor progression; n 5 4). From all immune checkpoint mol-
ecules, only PD-1 expression was found to be different at the
baseline when comparing the responders with the non-
responders. In fact, in the tumor tissues, the baseline frequency of
PD-1high CD81 T cells was drastically and significantly lower in
responders to sorafenib treatment (15.9% 6 7.2%, n 5 3) in
comparison with the nonresponders (69.1%6 9.7%, n5 3; P5
0.0117), as shown in Figure 5a. In the blood, the same tendency
was observed, but the difference did not reach the significance

Figure 3. Correlations between immune checkpoint-positive cells. (a) Correlation between PD-1high CD81 Tcells and TIM31 CD81 Tcells in the blood of
patients with HCC. (b) Correlation between the frequency of circulating LAG31 and 4-1BB1 T cells. (c) Correlation between the frequency of circulating
LAG31 T cells (left) or 4-1BB1 T cells (right), with PD-1high T cells in the liver tissue. Each dot represents a patient. HCC, hepatocellular carcinoma; PD,
programmed death; r, Spearman correlation coefficient.
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Figure 4. TIM3 and LAG3 expressions are predominantly observed in PD1high intratumoral CD81 T cells in advanced HCC. (a) Representative flow
cytometry plots of immune checkpoint molecules, including FMOcontrols. (b) Coexpression patterns of PD-1, TIM3, and LAG3 in the intratumoral Tcells of
patients with advanced HCC. FSC, forward scatter; FMO, fluorescence minus one; HCC, hepatocellular carcinoma; PD, programmed death.
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(responders: 1.7% 6 0.7%, n5 3; nonresponders: 3.6%6 1.8%,
n5 4; P 5 0.3202) (Figure 5b).

In addition, in 4 sorafenib-treated patients, we got the op-
portunity to perform detailed immunomonitoring. To follow the
immunologic changes induced during the treatment, we per-
formed flow cytometry analyses of the blood at 4 different time
points: (i) before treatment, (ii) 1 month after the start of sor-
afenib treatment, (iii) 3 months after the start of the treatment,
and (iv) in case of tumor progression (based on radiologic eval-
uation). We determined that out of all immune checkpoint
molecules, only the frequencies of PD-1high cells were modified
during the immunomonitoring period. In fact, the mean fre-
quency of the circulating PD-1high T cells was 1.92% 6 0.92% at
the baseline and increased to 12.04% 6 3.99% during tumor
progression (Figure 5c). This indicates that the expression of PD-
1 on circulating levels may reflect the progression of HCC during
sorafenib treatment and can serve as a biomarker of response and
PD-1 expression on intratumoral T cells. Moreover, it could be
used as a predictive factor of response.

Immunomonitoring of PD-1/PD-L1 pathway blockade-

treated patients

In our cohort, 8 patients were treated via PD-1/PD-L1 pathway
blockade therapies by either anti-PD-L1/TGF-bTRAP (n5 4) or
PD-1 antibodies (nivolumab, n5 1; pembrolizumab, n5 3). In 6
of these patients, we had access to their liver biopsies.

To describe the differences between the responders and
nonresponders to PD-1/PD-L1 pathway blockade at the baseline
of treatment, the patients were divided into the following cate-
gories based on their radiologic evaluation: (i) responders
(complete or partial response, n 5 2), (ii) SD (n 5 3), and
(iii) nonresponders (tumor progression, n5 3).

As expected from their response to checkpoint blockade, we
found that patients who were classified as responders had lower
CD41/CD81 ratio and therefore higher frequency of CD81

T cells per T-cell population in both blood and tumor tissue in

comparison with the nonresponders (Figure 6a), but due to the
low sample number, this difference is not significant. In contrast
to the results obtained from sorafenib-treated patients, res-
ponders to PD-1/PD-L1 pathway blockade had 8 times higher
baseline frequency of intratumoral PD-1high cells within the
CD81 T-cell population compared with the nonresponders
(80.0% 6 0.9%, n 5 2 vs 9.4% 6 3.5%, n 5 2; P 5 0.3333)
(Figure 6b). Similarly, slightly higher frequency of intratumoral
TIM31 cells within the CD81 T-cell population was observed in
responders to PD-1/PDL-1 treatment when compared with the
nonresponders (23.9% 6 2.5%, n 5 2 vs 12.3%6 4.5%, n 5 2;
P 5 0.4586).

To follow the immunologic changes induced during PD-1/
PD-L1 pathway blockade, we performed immunomonitoring on
the circulating level. Additionally, we analyzed fresh blood sam-
ples taken during different time points from 3 patients treated
with anti-PD-1 antibody (Figure 7a) and from 4 patients treated
with anti-PD-L1/TGF-b TRAP (Figure 7b). The results of the
same are expressed as a heat map-based frequency of the positive
cells compared with the mean frequency of a corresponding
subpopulation of the entire cohort of patients with advanced
HCC before treatment (T0), i.e., low (,mean frequency,220%),
medium (mean frequency, 620%), and high (>mean fre-
quency, 120%).

Furthermore, we noticed that after anti-PD-1 antibody ad-
ministration, the expression of PD-1 was hardly detectable in the
fresh blood samples (Figure 7a), probably owing to receptor oc-
cupancy by the therapeutic antibody. However, the antibodies
that specifically detect therapeutic anti-PD-1 antibodies were not
used in this study to directly investigate the PD-1 receptor oc-
cupancy after anti-PD-1 treatment. As expected, this effect on
PD-1 detection was not observed in patients treated with anti-
PD-L1/TGF-b TRAP (Figure 7b), as the said treatment directly
targets PD-L1.

Interestingly, in patients who did not respond to PD-1/PD-L1
pathway blockade, we observed the compensatory upregulation

Figure 5. PD-1high CD81 T-cell status in sorafenib-treated patients. (a) Intratumoral frequency of PD-1high CD81 Tcells at the baseline of patients who later
responded to sorafenib (n5 3) or those who do not do so (n5 3). (b) Frequency of PD-1high CD81 Tcells in the blood at the baseline of patients who later
responded to sorafenib (n 5 4) or those who do not do so (n 5 3). Mann-Whitney U test was used to compare responders and nonresponders.
(c) Immunomonitoring of patients treated with sorafenib (n5 4). Circulating PD-1high Tcells at 4 different time points: (i) before treatment, (ii) 1month after
the commencement of sorafenib treatment, (iii) 3 months after the beginning of treatment, and (iv) in case of tumor progression (based on radiologic
evaluation); nonparametric Friedman test. Each dot represents a patient; mean6 SE, 2-tailed P value. PD, programmed death.
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of LAG3 and TIM3 inhibitory immune checkpoints on circulat-
ing T cells. Contrarily, the frequency of inhibitory immune
checkpoint-positive T cells decreased in patients who achieved
long-termSDor complete response (Figure 7a,b). It is noteworthy
that we found no significant correlation between the immune
checkpoints on circulating immune cells and the concentration of
corresponding soluble immune checkpoints measured by mul-
tiplex immunoassays.

Collectively, we provided an evidence of feasibility along with
the potential significance of detailed immunomonitoring per-
formed by multiparameter flow cytometry during the treatment
of patients suffering from advanced HCC. Importantly, com-
pensatory changes in TIM3 and LAG3 after PD-1/PD-L1 path-
way blockade therapy may support the use of immunotherapy
combination strategies targetingmultiple immune checkpoints in
advanced HCC.

DISCUSSION
In this study, we focused on a cohort of patients with advanced-
stage HCC. To the best of our knowledge, this is the first study to
analyze immunologic intrahepatic and circulating parameters
before treatment, which followed the immunologic changes in-
duced during HCC treatment. By performing extensive pheno-
typic and functional analyses of the immune cells, we highlighted
unique clinical correlates. To elaborate, we achieved the following
in this study: (i) defined the immune checkpoint expression on
both circulating and tumor-infiltrating lymphocytes in advanced
HCC, (ii) highlighted prognostic factors of clinical evolution and
(iii) pointed out specific immune features, allowing one to dis-
tinguish responders and nonresponders to targeted therapy with
tyrosine kinase inhibitor and immunotherapy treatments. This
study is limited due to the low number of patients receiving each

treatment, but it demonstrates the importance of detailed
immunomonitoring during HCC therapies and the importance
of analyzing fresh biopsies of patients to define predictive factors
of response. Moreover, our results suggest that the CD41/CD81

T-cell ratio and the frequency of intratumoral PD-1high CD81

T cellsmay serve asmarkers to identify which patients will benefit
from which treatment. In our study, the baseline frequency of
CD81 T cells per T-cell population in the tumor tissue was sig-
nificantly associated with a positive clinical outcome, which is in
accordance with the findings of research works conducted on
most other cancers (19,20) including HCC (21,22), wherein an
increased number of tumor-infiltrating CD81 T cells predicts
a favorable prognosis. Furthermore, CD81 T cells are the key
effector cells for antitumor immunity, mainly tumor-associated,
antigen-specific CD81 T cells, which are known to represent an
important component of the host’s immune response against
a tumor.

By contrast, Tregs, the dominant subset of CD41 T cells in the
late stages of cancer (23), are known to be unfavorable prognostic
markers in patients with HCC (24–26). In more advanced stages
of HCC, the entire CD4/CD8 T-cell ratio is modified as the CD81

T-cell population reduces, which is associated with an increase in
the frequency of CD41 T cells (22,27). In this research, we show
that intratumoral CD4/CD8 T-cell ratio is clearly associated with
tumor progression and overall survival in patients with advanced
HCC, independent of the following treatment. This is not sur-
prising as Tregs are preferentially enriched in the CD41 T-cell
population in patients with HCC and repress CD81 T-cell
functions, as demonstrated previously (25,27–29). However, we
could not analyze the proportion of Tregs in the CD41 T-cell
population in this study, which limits the interpretation of its
results.

Figure 6. T-cell status in PD-1/PD-L1 pathway blockade-treated patients at the baseline. (a) CD41/CD81 T-cell ratio in the blood and tumor tissues at the
baseline and (b) intratumoral frequency of PD-1high CD81 Tcells at the baseline of the patients who later responded to PD-1/PD-L1 therapy (n5 2), display
stable disease (n5 3/2), or those who were nonresponders (n5 2). Fuchsia denotes a patient with anti-PD-1 antibody as the first-line treatment, whereas
black denotes a patient with anti-PD-1/PD-L1 treatment as the second-line treatment after sorafenib. Each dot represents a patient; mean6 SE. PD,
programmed death.
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We highlighted that PD-1 expression on T cells is another
important marker associated with treatment’s response. Our
results suggest that reduced intratumoral frequency of PD-1high

cells within the CD81 T-cell population at the baseline predicts
the patient’s response to sorafenib treatment. This is in line with
a recent report proposing low intratumoral frequency of PD-11

CD81 T cells as a biomarker of response to sorafenib treatment
in patients with HCC (30). In addition, reduction in circulating
PD-11 T cells correlates to the survival of patients with HCC
after sorafenib therapy (31). Similarly, our results demonstrate
that circulating PD-11 T cells increase during tumor pro-
gression, suggesting that the expression of PD-1 on the circu-
lating level reflects the progression of HCC during sorafenib
treatment.

The opposite situation occurs in the patients receiving im-
munotherapy, blocking the PD-1/PD-L1 inhibitory pathway.
The principle of PD-1/PD-L1 pathway blockade therapy is to

reinvigorate preexisting intratumoral T cells by removing the
inhibition induced by the activation of the PD-1/PD-L1 axis
and finally induce tumor rejection. Thus, the accumulation of
PD-11 CD81 T cells in a tumor at the baseline often defines
a subgroup of patients who are able to respond to PD-1/PD-L1
pathway blockade therapy (as reviewed by Simon and Lab-
arriere (20)). Especially, the PD-1high CD81 T cells seem to be
crucial as this subset shows the following: (i) higher capacity for
tumor recognition and (ii) markedly different transcriptional
and metabolic profiles compared with PD-1neg and
PD-1int lymphocytes (18). Significantly, the frequency of
intratumoral PD-1high cells was strongly predictive for both the
response and survival of patients with non–small cell lung
cancer treated with PD-1 blockade (18). Similarly, patients with
advanced malignant melanoma, who received anti-PD-1 anti-
bodies and hadmore than 20% of tumor-infiltrating CTLA-4high

PD-1high cells within their CD81 T-cell population, showed

Figure 7. Immunomonitoring of PD-1/PD-L1 pathway blockade-treated patients in the blood. (a) Immunomonitoring of patients treated with anti-PD-1
antibody (n5 3). (b) Immunomonitoring of patients treatedwith anti-PD-L1/TGF-b Trap (n5 4); T0, baseline;M,month after the start of treatment. Results
are expressed as a heatmap-based frequency of positive cells comparedwith themean frequency of a corresponding subpopulation of the entire cohort at
the baseline (T0): low (white;,mean,220%), medium (blue; mean, 620%), and high (black; >mean,120%). *Anti-PD-1 antibody as the first-line
treatment; the rest were second-line treatments after sorafenib. PD, programmed death.
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a favorable response to treatment compared with patients with
20% and less CTLA-4high PD-1high cells per CD81 T-cell pop-
ulation (17). Accordingly, we observed a very high baseline
frequency of intratumoral PD-1high cells per CD81 T cell in
patients experiencing tumor response to PD-1/PD-L1 pathway
blockade, whereas a low frequency was observed in non-
responders. Importantly, a recent study investigating CD81

T cells isolated from HCC specimens also demonstrated that
tumors with high proportions of PD-1high CD81 T cells are
susceptible to immune checkpoint blockade-based therapies, as
this subset expresses multiple immune checkpoint receptors
and could be further reinvigorated by immune checkpoint
blockade (32). Similarly, Chew et al. recently demonstrated that
HCC tissues’ resident memory PD-11 CD81 T cells constitute
the predominant T-cell subset responsive to anti-PD-1 treat-
ment in vitro (29).

Unfortunately, PD-1 expression on CD81 T cells was not
assessed as a part of the CheckMate 040 clinical trial; only the PD-
L1 expression on tumor cells was noted. Moreover, objective
responses were observed in 26% of the patients with PD-L1 ex-
pression on at least 1% of tumor cells and in 19% of patients with
PD-L1 on less than 1% of tumor cells, showing no significant
difference in this regard (11). However, data pertaining to PD-1
and PD-L1 expression on tumor-infiltrating immune cells are not
available for a CheckMate 040 clinical trial.

Today, anti-PD-1 antibody nivolumab is approved in the
United States for the treatment of patients with HCC after
the first-line treatment of sorafenib. From this perspective, the
frequency of intratumoral PD-1high CD81 T cells may serve as an
immunemarker to divide patients with HCC to a subgroup with
a low frequency of intratumoral PD-1high CD81 T cells, which
may benefit from sorafenib treatment, and a subgroup with
a high frequency of intratumoral PD-1high CD81 T cells that
should instead be treated directly via PD-1/PD-L1 pathway
blockade.

There is growing evidence that the efficacy of single
immunotherapies is often limited by compensatory induction
of other immune checkpoint molecules, which contributes to
a feedback loop that acts to mediate immune suppression.
Compensatory upregulation of inhibitory checkpoint mole-
cules after PD-1 blockade was recently described in mouse
models of lung adenocarcinoma (33) and in ovarian tumor (34).
Herein, we analyzed the immune changes that take place in
peripheral blood during treatment and observed the compen-
satory upregulation of LAG3 and TIM3 inhibitory immune
checkpoints on T cells in nonresponding patients to PD-1/PD-
L1 pathway blockade. However, further analyses are needed to
validate these findings, preferentially as translational protocols
in clinical trial cohorts. Such information will be crucial for the
rational design of combinatorial immune checkpoint blockade
in advancedHCC, to increase the number of responders and the
efficacy of treatment. For instance, simultaneous blockade of
the PD-L1 and TGF-b pathways by anti-PD-L1/TGF-b bi-
functional immunotherapy fusion protein showed superior
antitumor activity in relation to monotherapies (35). Similarly,
in our study, we observed that 3 of the 4 patients treated with
anti-PD-L1/TGF-b clearly benefited from this therapy. Thus,
combination therapies constitute a logical step in this regard,
and adequate information to select proper immunotherapy
combination partners and the biomarkers of response is
required currently. However, the possibility that additional

TGF-beta treatment affected the immunomonitoring results
also needs to be taken into account.

In this study, we thoroughly characterized immune check-
point distribution on lymphocyte subsets. Recently, Zhou et al.
published the characterization of inhibitory immune checkpoint
molecules in the early stages of HCC13 based on samples
obtained from surgical resection. The authors reported that the
expression of PD-1, TIM3, LAG3, and CTLA4 is significantly
higher on T cells isolated from tumor tissue than from non-
tumoral tissue. In our cohort of patients with advanced HCC, we
observed only a slightly higher frequency of immune checkpoint
molecules in the tumor tissue compared with nontumoral tissues.
This is an important observation reflecting the difference between
early-stage and advanced-stage HCC4. Similarly, we observed
a very high frequency of LAG3-positive cells, which is probably
also related to the advanced stage of HCC. Previously, it has been
shown that in lung cancer, LAG3 increases with disease stage (36).
Contrarily, the CTLA-4 surface expression was low in our study.
The intracellular staining would be needed to characterize
CTLA-4 completely as most of the CTLA-4 protein resides in-
tracellularly (37).

In addition, in this study we provided information about the
expression of stimulatory immune checkpoint molecules OX40
and 4-1BB. The former is known to be expressedmainly by Treg,
promoting immune tolerance (38). High OX40 expression was
associated with high serum alpha-fetoprotein levels and shorter
survival of patients with HCC (39). Accordingly, we observed
that OX40 is expressed primarily by CD41 T cells and that
intratumoral frequency of OX401 T cells and OX401 CD41

T cells strongly correlates to the alpha-fetoprotein levels. The
stimulatory immune checkpoint 4-1BB was expressed by both
CD41 and CD81 T cells, and the expression correlated nega-
tively to the expression of inhibitory immune checkpoints. In-
terestingly, 4-1BB agonist utomilumab was recently used in
a phase I study of patients with advanced cancer (40), and it is
currently tested in combination with anti-PD-1 antibodies in
solid cancers.

The analysis of immune checkpoint expression highlighted
that CD31CD561 cells express a high level of immune checkpoint
molecules, indicating that NKT and CD3brightCD561 T cells may
also be targeted by immune checkpoint blockers and could be
a part of the mechanism of action.

The main limitation of our study is the sample size, which
especially hampers subgroup analyses that might be of interest.
Further study with larger number of patients, also including
patients with different stages of HCC, will be necessary. To
conclude, apart from the characterization of immune checkpoint
molecules on crucial antitumor effectors in advanced HCC, we
also demonstrated the feasibility and potential importance of
detailed immunomonitoring during therapies, to define pre-
dictive factors of response and themechanismof immunotherapy
resistance.
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Study Highlights

WHAT ISKNOWN

3 Immunity is a major player in HCC.
3 Immune checkpoint therapy is a promising treatment of HCC,

but less than 20% of patients respond to this treatment.
3Predictors of tumor response to HCC treatment are missing.

WHAT IS NEWHERE

3 Intratumoral CD41/CD81T-cell ratio at the baseline negatively
correlates with the overall survival.

3 A high baseline frequency of intratumoral PD-1high

CD81T cells is negatively associated with tumor response to
sorafenib but positively associated with tumor response to
PD-L1/PD-1 pathway blockade.

TRANSLATIONAL IMPACT

3 Immunomonitoring helps identify the best combination
strategies for HCC treatment.

3 The frequency of intratumoral PD-1high CD81 T cells may
serve as a biomarker to identify which individuals will benefit
from which treatment.
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ABSTRACT

The prognosis of patients with advanced hepatocellular carcinoma (HCC) is very 
poor. The AKT pathway is activated in almost half of HCC cases and in addition, long 
term exposure to conventional drug treatment of HCC, sorafenib, often results in over-
activation of AKT, leading to HCC resistance. Therefore, it is important to assess the 
safety and the efficacy of selective allosteric AKT inhibitor ARQ 092 (Miransertib) in 
combination with sorafenib.

Here, we demonstrated in vitro that the combination of ARQ 092 with sorafenib 
synergistically suppressed proliferation, promoted apoptosis, and reduced migration. 
To test the effect of the combination in vivo, rats with diethylnitrosamine-induced 
cirrhosis and fully developed HCC were randomized and treated with vehicle, sorafenib, 
ARQ 092 or the combination of ARQ 092 with sorafenib; (n=7/group) for 6 weeks. 
Tumor progression, size of tumors and the mean tumor number were significantly 
reduced by the combination treatment compared to the control or single treatments. 
This effect was associated with a significant increase in apoptotic response and 
reduction in proliferation and angiogenesis. Sirius red staining showed a decrease 
in liver fibrosis. Moreover, treatments improved immune response in blood and in 
tumor microenvironment.

Thus, the combination of ARQ 092 with sorafenib potentiates inhibition of tumor 
progression and gives the possibility of therapeutic improvement for patients with 
advanced HCC.

INTRODUCTION

Liver cancer (mainly hepatocellular carcinoma 
(HCC)) is reported to be the fifth most common cancer 
with second highest mortality among all cancers in adult 

men [1]. Viral hepatitis, chronic alcohol consumption 
and non-alcoholic steatohepatitis are the major causes of 
chronic liver inflammation which finally leads to HCC 
development. HCC that is diagnosed at an advanced 
stage has a very poor prognosis, and sorafenib is the 
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only approved drug available. The multikinase inhibitor 
sorafenib, originally developed as a Raf kinase inhibitor, 
targets the MAPK/ERK pathway but also the vascular 
endothelial growth factor receptors (VEGF-R) and 
the platelet-derived growth factor receptor (PDGF-R). 
Even though sorafenib is the first drug that significantly 
increases clinical outcome of advanced HCC, its efficacy 
is modest with a median overall survival of 10.7 months 
versus 7.9 months with placebo in the pivotal phase III 
trial [2]. Moreover, long-term exposure to sorafenib often 
results in reduced sensitivity of the tumor cells, leading to 
acquired resistance. Therefore, new therapeutic treatments 
of HCC with better efficacy are urgently needed.

Growing evidence indicates that the 
phosphatidylinositol-3 kinase (PI3K)/AKT/mTOR-
pathway is activated in approximately 50% of patients 
with cirrhosis and HCC [3, 4]. Moreover, sorafenib has 
been demonstrated to activate the AKT pathway in HCC 
cells [5] and this overactivation is considered to be one of 
the mechanisms of resistance to sorafenib treatment [6].

The serine/threonine kinase AKT, also known as 
protein kinase B or PKB, has become a major focus of 
attention mainly because of its critical role in regulating 
diverse cellular functions including metabolism, growth, 
proliferation, survival, transcription and protein synthesis. 
Activated AKT is known to inhibit apoptosis through its 
ability to phosphorylate several targets, including BAD, 
FoxO transcription factors, Raf-1 and caspase-9, that are 
critical for cell survival [7]. Therefore, the combination 
of sorafenib with an AKT-inhibitor could represent a new 
therapeutic strategy which could improve anti-tumor 
efficacy and overcome sorafenib resistance in HCC.

Recently, the combination strategy of sorafenib with 
mTOR inhibitors in HCC has been shown to be toxic and 
ineffective. Specifically, mTOR1 inhibitor everolimus 
in combination with sorafenib failed to show significant 
survival benefits compared to sorafenib alone [8]. 
Moreover, the same drug failed to demonstrate survival 
benefit in second line after failure of sorafenib, compared 
to placebo in a randomized phase 3 trial without patient’s 
selection [9]. It is necessary to emphasize that everolimus, 
similarly as other mTOR inhibitors, affects the mTORC1 
protein complex, and not the mTORC2. This leads to 
increased AKT phosphorylation via inhibition on the 
mTORC1 negative feedback loop, while maintaining the 
mTORC2 positive feedback to AKT [10].

In contrast with mTOR inhibitors, direct inhibition 
of AKT seems to be an effective and nontoxic strategy. 
In recent work, we have demonstrated anti-tumor efficacy 
of ARQ 092, a highly selective allosteric inhibitor 
[11] that suppresses pan-AKT activity by blocking its 
phosphorylation and by preventing the inactive form from 
localizing into plasma membrane which together leads to 
strong and specific downregulation of downstream targets 
of AKT. Such high specificity was missing in catalytic 
AKT inhibitors that have been previously developed 

[12]. In addition, it was recently demonstrated that AKT 
inhibitors may reverse the acquired resistance to sorafenib 
in vitro [13]. However, to our knowledge the effect of the 
combination therapy of sorafenib + highly specific AKT 
inhibitor was never tested on HCC in vivo.

Therefore, in this study we combined ARQ 092 with 
sorafenib to investigate whether this therapeutic strategy 
could provide an improvement in treatment of advanced 
HCC, without increased toxicity.

In order to identify specific adverse events that could 
be related to the background of cirrhosis, newly developed 
therapeutic strategies should be pre-clinically tested in a 
relevant animal model of HCC developed on a cirrhotic 
liver. One of the well-established models that at present 
best reproduces human cirrhosis is diethylnitrosamine 
(DEN)-injured rats [14]. Therefore, we used the DEN-
induced cirrhotic rat model with HCC to test safety and 
anti-tumor efficacy of the combination of sorafenib with 
AKT-inhibitor ARQ 092 (Supplementary Figure 1).

RESULTS

Combination of sorafenib and ARQ 092 
suppresses cell proliferation, promotes cell 
apoptosis, and reduces migration

We previously determined the half maximal 
inhibitory concentration (IC50) of single treatment on each 
cell lines ([11], Supplementary Table 1). To determine 
the effect of the combination treatment on cell growth, 
we used a mixture of IC50 of single treatments (i.e. 
IC50

Sorafenib+IC50
ARQ 092). MTT assays showed a drastic 

decrease in proliferation rate for Hep3B (Figure 1A), 
HepG2, Huh-7 and PLC/PRF cell-lines (Supplementary 
Figure 2A). The calculated combination index (CI) 
values (for details see supporting information), 
revealed strong synergistic effect of the combination 
treatment of sorafenib and ARQ 092 on cell growth as 
summarised in the Supplementary Table 2. Combination 
IC50/200 (IC50

Sorafenib+IC50
ARQ 092/200) and Combination 

IC50/10 (IC50
Sorafenib+IC50

ARQ 092/10) were used for further 
experiments.

We observed a significant decrease in cell-viability 
in the combination and single treated groups in all tested 
cell lines in comparison to the control (p<0.0001), (Figure 
1B and Supplementary Figure 3). Combination IC50/10 
significantly increased early apoptotic cells in Hep3B 
compared to sorafenib IC50 (p=0.003) or ARQ 092 IC50 
(p=0.023), (Figure 1B).

A wound-healing assay revealed that after 24h, 
the combination IC50/10 reduced migration of Hep3B 
significantly more than the sorafenib IC50 (Figure 1C, 
Supplementary Figure 4B). Moreover, in other cell lines, 
the migration of cells was decreased significantly in the 
combination IC50/10 treatment compared to both of the 
IC50 single treatments (Supplementary Figure 4A, 4B). 
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Figure 1: Effect of Combination treatment on Hep3B cell viability, apoptosis and cell migration. (A) MTT assay on Hep3B 
cell line after 48h of treatments showing significant decrease in cell viability with increasing concentrations of combination treatment of 
ARQ 092 and sorafenib (constant ratio IC50: IC50). Combination index (CI = 0.053) at effective dose 50 (ED50) revealed strong synergy. 
(B) Additive effects of combination treatment of ARQ 092 and sorafenib on apoptosis in Hep3B after 48h of exposure. P values in graph 
represent ANOVA comparison of ARQ 092 IC50, sorafenib IC50 and Combination IC50/10. P value of ANOVA test of all groups is indicated 
in the corner of the graph (p <0.0001). (C) The quantification of migration (decrease of width of the wound after 24h) in Hep3B. Additive 
effects of combination treatment of ARQ 092 and sorafenib. P values in graph represent ANOVA comparison of ARQ 092 IC50, sorafenib 
IC50 and Combination I IC50/10. P value of ANOVA test of all groups is indicated in the corner of the graph (p =0.0001). Control was set as 
100%, values are means ± SE from three independent experiments performed in triplicates (A) and in duplicates (B, C).
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Similar results were obtained when cell velocity was 
assessed by cell tracking with time-lapse microscopy 
showing that wound-healing slow was related to cell 
migration inhibition and not decrease of cell proliferation 
(Supplementary Figure 4C).

All together, these results demonstrate that the 
combination of sorafenib and ARQ 092 synergistically 
suppresses cell proliferation, promotes cell apoptosis, 
and in an additive manner reduces migration in all tested 
human cell-lines.

Combination treatment in DEN-induced 
cirrhotic rat with HCC

To characterise the safety in a cirrhotic model and 
the anti-tumor efficacy of the combination of sorafenib 
and ARQ 092 in HCC, DEN-induced cirrhotic rats with 
HCC were treated during six weeks by sorafenib, ARQ 
092, the combination of both drugs or the untreated 
control group, as specified in Supplementary Figure 1. 
In a previous study, the treatment schedule of ARQ 092 
was 7 days on and 7 days off [11] but in this study, the 
schedule was changed to 5 days on and 9 days off in the 

ARQ 092 single treatment group and in the combination 
group to prevent possible side effects when combining 
with sorafenib treatment.

Safety data are summurized in Table 1. No 
significant differences in body weight were observed 
at the end of the treatment. The weight of the liver was 
lower in the ARQ 092 group compared to the control 
group, and in the combination group compared to the 
control and sorafenib group. Assessment of triglycerides 
in liver did not show any difference between groups 
(p=0.9743). Blood sample analysis revealed that none 
of treatments affect glucose, cholesterol or triglyceride 
blood concentrations. Similarly, kidney functions were 
not affected by treatments as plasmatic creatinine levels 
did not differ between groups. There was no statistical 
difference in transaminases, alkaline phosphatase (ALP) 
and prothrombin time among all groups. However, serum 
levels of AFP were significantly decreased by ARQ 092 
and the combination treatment compared to the control 
group. We observed a significant decrease in total 
bilirubin and an increase in albumin level in ARQ 092 
group compared to the control, and a decrease in GGT 
level in the combination group compared to the control. 

Table 1: Clinical and biological analyses

Control 
(n=7)

Sorafenib 
(n=7)

ARQ 092 
(n=7)

Combination 
(n=7)

ANOVA 
p-values

Body Weight (g) 290±7.4 291±2.0 270±6.0 274±5.6 ns

Liver Weight (g) 14.8±1.3 13.4±0.7 11.0±0.5* 10.9±0.5**,# 0.0026

TG (g/L) 28.9±4.4 30.5±3.4 29.1±3.0 30.1±2.1 ns

Blood Albumin (g/dL) 3.69±0.03 3.71±0.01 4.07±0.11*,## 3.76±0.05 0.0046

AFP (ng/mL) 0.82±0.17 0.44±0.12 0.33±0.09* 0.27±0.04* 0.0151

AST (U/L) 101.3±3.3 95.2±3.9 92.3±3.6 91.1±2.5 ns

ALT (U/L) 73.1±5.2 73.0±3.9 67.6±6.3 68.4±2.2 ns

ALP (U/L) 224±7.1 219±7.7 255±24.8 264±14.2 ns

GGT (U/L) 21.5±3.8 15.9±2.8 13.3±1.9 7.4±1.4** 0.0073

PT (s) 16.3±0.4 18.7±1.8 16.7±0.2 16.5±0.4 ns

Total Bilirubin (mg/dL) 0.21±0.01 0.18±0.01 0.16±0.01* 0.17±0.01 0.0211

Creatinine (mg/dL) 0.35±0.03 0.36±0.02 0.38±0.02 0.36±0.02 ns

GLU (mg/dL) 128±3.4 142±4.3 153±4.7 142±4.8 ns

Cholesterol (mg/dL) 86.6±6.5 84.9±4.0 102±7.3 88.7±5.1 ns

TG (g/L) 62.2±11.5 75.1±11.2 60.2±7.7 67.7±10.1 ns

Abbreviations: AFP, alphafetoprotein; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline 
phosphatase; GGT, Gamma-glutamyl transpeptidase; PT, Prothrombin time. Values are means ± SE. Significant difference 
compared to control; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. Significant difference between ARQ 092 and 
Sorafenib; ##: p<0.01.



Oncotarget11149www.impactjournals.com/oncotarget

No difference was observed between the sorafenib and 
control groups.

Thus, our results showed that ARQ 092 and the 
combination treatment improve liver function but do not 
interfere with lipid or glucose metabolism (two major side 
effects of mTOR inhibitors).

The effect of ARQ 092, sorafenib and the 
combination of both agents on tumor progression was 
assessed by a liver MRI scan, Figure 2A. As illustrated in 
Figure 2B, tumor progression was significantly reduced 
by sorafenib (by 33.0±10.3%; p=0.005) and ARQ 092 
(by 33.8±10.6%; p=0.005) compared to the control. The 
greatest decrease in tumor progression rate was observed 
in the combination group when compared with the control 
(66.6±10.6%; p<0.0001), indicating an additive effect of 
sorafenib and ARQ 092 on the control of tumor progression. 
Similarly, the combination treatment significantly reduced 
tumor progression compared to sorafenib (50.1±13.3%; 
p=0.006) and ARQ 092 (49.6±14.1%; p=0.010).

MRI analyses were further confirmed by 
macroscopic examination of the liver (Figure 2C), 
which revealed significantly smaller mean tumor size in 
the sorafenib (6.3 ± 0.8 mm), ARQ 092 (6.2 ± 0.8 mm) 
and combination group (3.0 ± 1.1 mm) compared to the 
control rats (9.9 ± 1.1 mm) with statistical significance 
p=0.0092, p=0.0101 and p<0.0001, respectively. Mean 
tumor size in the combination group was significantly 
reduced compared to single agents, sorafenib (p=0.0187) 
or ARQ 092 (p=0.0308), confirming that the combination 
treatment is superior to the single agents.

The macroscopic counting of tumors revealed a 
significantly lower number in rats treated by ARQ 092 and 
the combination group compared to the control and sorafenib 
groups. In fact, while the mean number of tumors on the 
liver surface of the control rats was 109.5±14.5, significant 
reduction was observed in the ARQ 092 treated rats 
(31.5±14.8; p<0.0001) and in the combination (21.21±14.5; 
p<0.0001). Similarly, the ARQ 092 and combination groups 
displayed a significantly lower number of tumors compared 
to tumor numbers (69.21±11.5) in the sorafenib-treated 
animals (p=0.0188 and p=0.0016 respectively), Figure 2C. 
Accordingly, the frequency of Ki67-positive nuclei was 
significantly reduced in ARQ 092 (p=0.0421) and in the 
combination group (p=0.0206) compared to the control 
group. The combination treatment also significantly reduced 
the Ki67 proliferation marker compared to sorafenib group 
(p=0.0487), Figure 2D. TUNEL immunostaining showed 
that only the combination group significantly induced 
apoptosis (p=0.0272), Figure 2E. The sorafenib treatment 
showed no statistical significance for Ki67 (89.8 ± 12.1 % 
of control, p=0.9563) or TUNEL (124.9 ± 9.6 % of control, 
p=0.4566), Figure 2D and 2E.

Real time qPCR analyses of alpha fetoprotein (AFP), 
HCC tumor marker, showed a reduced expression in all 
treated groups compared to the control (Figure 2F), with a 
much stronger effect in the combination group (p=0.0138).

Overall, we observed an additive effect of the 
combination of sorafenib and ARQ 092 on tumor 
progression and tumor size. Moreover, the combination 
significantly reduced tumor proliferation in DEN-induced 
HCC rat model, and was clearly more effective than 
sorafenib and/or ARQ 092 monotherapies.

Effect of combination treatment on tumor 
vascularization and liver fibrosis

Anti-angiogenic effect of treatment was determined 
by immunostaining of liver tissue, using a rat-specific 
anti-CD34 antibody. Major structural abnormalities of the 
vasculature were observed in control livers, and tissues 
from all treated groups demonstrated normalization of 
vasculature, Figure 3A. Similarly, the quantification of 
vascular density revealed that both sorafenib and ARQ 
092 significantly decreased angiogenesis, but to smaller 
extent than the combination treatment. In fact, sorafenib 
decreased vascular density by 30% (p=0.0012), ARQ 
092 by 58% (p<0.0001) and the combination by 75% 
(p<0.0001) compared to non-treated rats (Figure 3B). 
The gene expression of hypoxia-inducible factor (HIF-
1), considered a marker of tumor hypoxia, tended to be 
decreased by all treatments but only the combination 
treatment significantly reduced HIF-1 expression in tumor 
tissue compared to the control (p=0.0194), Figure 3C.

Liver fibrosis was analyzed by Sirius red staining. 
As shown in Figure 3D and 3E, fibrotic tissues were 
significantly reduced in the ARQ 092 and combination 
groups compared to the control and sorafenib groups.

Improvement of liver fibrosis by ARQ 092 and the 
combination treatment was confirmed by qPCR analysis 
of non-tumoral tissue (Figure 3F). The expression of 
markers of liver fibrosis (alpha smooth muscle actin 
(α-SMA), collagen 1 and transforming growth factor β1 
(TGFβ 1)) was significantly downregulated in non-tumor 
liver samples in ARQ 092 and the combination groups 
compared to the control group. Accordingly, the tissue 
inhibitor of metalloproteinases-1 (TIMP-1) was decreased 
by all treatments compared to the control whereas matrix 
metalloproteinases MMP2 and MMP9 were significantly 
upregulated in the combination group compared to the 
control and sorafenib groups. This effect on the matrix 
pathway was specific for non-tumor tissue. Thus, ARQ 
092 and the combination treatment significantly decreased 
hepatic collagen deposition and improved liver fibrosis in 
DEN-induced cirrhotic rats, while sorafenib only had a 
mild effect.

Effect of combination treatment on AKT and 
ERK pathway

Western blot analyses showed that ARQ 092 and the 
combination of ARQ 092 with sorafenib treatment blocked 
phosphorylation of AKT(Ser473) in all human HCC cell 
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Figure 2: Anti-tumor effect of combination treatment. (A) Representative pictures of abdominal MRI 1, 2 and 3 scan of non-
treated rat and rat treated by combination treatment. (B) Tumor progression assessment by comparison of tumor size on MRI 1, 2 and 3 in 
Control, sorafenib, ARQ 092 and Combination group. (C) Macroscopic examination of livers with assessment of tumor size (middle panel) 
and tumor number at the surface of livers (right panel). (D) Representative images of nuclear Ki67 staining (arrow), 20x magnification with 
quantification of Ki67 staining per high power field (HPF). (E) Representative images of apoptosis induction (right panel) determined by 
TUNEL immunostaining (arrow), 20x magnification with quantification of apoptotic cells per HPF. (F) qPCR analysis of alpha fetoprotein 
(AFP) gene expression in tumor liver samples. The scale of the Y axes are Log 10, control was set as 1, values are means ± SE, n=7/group. 
Comparison of means was done by ANOVA test with Tukey correction.
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lines at both IC20 and IC50 concentrations (Supplementary 
Figure 5).

In the in vivo model, ARQ 092 and the combination 
treatment strongly inhibited phosphorylation of AKT(Ser473) 
in both tumor and non-tumor liver tissues (Figure 4A and 
4B). qPCR analyses demonstrated a significant decrease 
in AKT gene expression in tumor tissue of the ARQ 092 
and combination treated groups compared to the control 
group. This effect was expected as ARQ 092 inhibitor 
blocks AKT phosphorylation and prevents the inactive 
form from localizing into plasma membrane, protein levels 
of AKT are stable but AKT gene expression is decreased. 
Moreover, ARQ 092 and the combination treatment 
strongly downregulated the AKT-pathway downstream 
effector mTORC1 specifically in tumoral tissue while 
there is no significant difference in non-tumoral tissue. 
Ribosomal protein S6 kinase beta-1 (S6K1), another 
downstream effector of AKT and mTORC1, was 
significantly decreased by ARQ 092 and the combination 
in both tumoral and non-tumoral liver tissue.

Next, we studied whether sorafenib still inhibits 
the MAPK/ERK pathway or whether cells are already 
resistant to sorafenib. There was no difference in pERK/
ERK ratio among all groups (Figure 4A and 4B) and 
MAPK1 mRNA levels were not altered among all groups 
(Figure 4C).

Effect of treatment on immune system and 
tumor microenvironment

To characterize the effect of treatment on the 
immune system, whole fresh blood was analyzed by flow 
cytometry. Immune cells were identified based on CD45 
expression and different populations of lymphocytes were 
then identified accordingly to their respective rat-specific 
markers: NK (CD161high+CD3-), NKT (CD161low+CD3+) 
and T (CD161-CD3+), Figure 5A. No difference in 
frequency of circulating NK or NKT cells was observed 
between groups (Supplementary Table 3). Interestingly, the 
frequency of T-cells in population of CD45+ was increased 

Figure 3: Effect of Combination treatment on tumor vascularization and liver fibrosis. (A) Representative pictures of CD34 
immunofluorescence staining of liver tissue. (B) Quantification of CD34 staining, control was set as 100, values are means ± SE. (C) qPCR 
analysis of Hypoxia-inducible factor (HIF)-1 gene expression in tumoral and non-tumoral liver samples. Control was set as 1. Values are 
means ± SE. N=7/group. Comparison of means was done by ANOVA test with Tukey correction. (D) Representative histological images of 
livers stained with Sirius red. (E) Quantification of Sirius red staining area per total area; control was set as 100 %. (F) qPCR analysis of 
alpha smooth muscle actin (α-SMA), Collagen (COL)1, TIMP Metallopeptidase Inhibitor 1 (TIMP1), Matrix metalloproteinase-2 (MMP2), 
Matrix metalloproteinase-9 (MMP9) and transforming growth factor (TGF)β gene expression in non-tumoral liver tissue. The scale of the 
Y axes are Log 10, control was set as 1. Values are means ± SE. N=7/group. Comparison of means was done by ANOVA test with Tukey 
correction.
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Figure 4: Effect of Combination treatment on AKT and ERK pathways. Western blot analysis of pAKT/AKT and pERK/ERK 
in (A) tumoral and (B) non-tumoral liver tissue. pAKT and pERK were stained first and after development, the membranes were stripped 
followed by staining of AKT and ERK. (C) qPCR analysis of the expression of AKT, MAPK, mTOR, S6K1 in tumoral (upper panel) 
and non-tumoral (lower panel) liver tissue. The scale of the Y axes are Log 10, control was set as 1, values are means ± SE. N=7/group. 
Comparison of means was done by ANOVA test with Tukey correction.
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Figure 5: Effect of combination treatment on immune system and tumor microenvironment. (A) Gating flow cytometry 
strategy to investigate immune cells. Lymphocytes were first identified according their FSC and SSC parameters and further gated based 
on their CD45+ expression. Among the CD45+ population, NK (CD161high+CD3-), NKT (CD161low+CD3+) and T (CD161-CD3+) cells were 
selected. (B) Granulocytes to lymphocytes ratio. Values are means ± SE. N=7/group. Comparison of means was done by ANOVA test 
with Tukey correction. (C) Representative histological images of livers stained with myeloperoxidase and the quantification of positive 
cells (neutrophils) per high power field (HPF). (D) Representative histological images of livers stained with CD68 and the quantification 
of positive cells (macrophages) per HPF. (E) Expression of CD47 in tumor liver tissue and quantification of mean fluorescence intensity 
(MFI) of CD47, sorafenib (grey line), ARQ 092 (purple line). Values are means ± SE. N=7/group. Comparison of means was done by 
ANOVA test with Tukey correction.
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by ARQ 092 and the combination treatment compared to 
control and sorafenib. This effect was accompanied by a 
strong reduction in the number of circulating granulocytes 
(Supplementary Table 3), which together led to significant 
reduction of Granulocyte/T cell ratio, Figure 5B.

In liver tissue, flow cytometry analyses showed 
no differences in the population of T-cells, NK cells or 
NKT cells between experimental groups. Similarly, 
by immunohistochemistry, we observed no significant 
differences between groups in the frequency of intrahepatic 
CD3- and CD8-positive cells (data not shown).

In accordance with the decrease in granulocytes 
frequency in blood, we observed a significant decrease 
in accumulated neutrophils in the liver tissue of all 
treated groups compared to control, as determined by 
myeloperoxidase staining, Figure 5C. Another population 
of immune cells, which was significantly reduced in the 
tumor microenvironment of the treated animals compared 
to control, were macrophages. We observed significant 
reduction of CD68+ cells in rats treated by the combination 
treatment compared to control group, Figure 5D.

Tumor-initiating cells are characterized by high 
expression of CD47 [15]. Moreover, over-expression 
of CD47 is involved in sorafenib resistance [16]. Flow 
cytometry analyses revealed that highly expressing CD47 
population in liver tissue was decreased by all treatments, 
with a significant effect in the combination group (Figure 
5E).

All together, our data demonstrated that the 
combination treatment improves anti-tumor immune 
balance in the tumor itself and in blood, potentially 
explaining in part the anti-tumor effect of this combination. 
Moreover, the combination treatment significantly 
decreased a population of tumor-initiating cells.

DISCUSSION

The heterogeneity of HCC is both genetic [17] and 
phenotypical/morphological [18], with the hallmarks 
of cancer exhibited in a complex manner such as 
localizations and times. This complex and multivariate 
tumor network that constantly responds to and influences 
liver environment is the main reason of the limited success 
of different targeted monotherapies tested in HCC [19]. 
Thus, combining multiple anti-cancer drugs seems to be 
a rational approach in the prevention of tumor resistance. 
Nonetheless, as this strategy usually induces a huge 
increase of toxicity, there is an urgent need to find well-
tolerated and effective combinations of targeted therapy to 
treat HCC patients.

HCC is a hypervascularized tumor with an 
anarchic neoangiogenesis and is usually surrounded 
by a cirrhotic liver. These characteristics obviously 
influence drug metabolism, by making systemic drug 
delivery less effective and by leading to severe adverse 
events. Therefore, before testing the safety and efficacy 

of multitarget therapies in clinical trials, pre-clinical 
studies are essential and the most optimal animal model 
need to be chosen. Thus, to test the combination of 
sorafenib and the AKT inhibitor ARQ 092, we used a 
cirrhotic rat model with HCC that closely reproduce 
human HCC physiopathology. We observed that the 
combination of ARQ 092 with sorafenib additively 
reduced tumor progression and tumor size with a 
significant higher efficacy than sorafenib and ARQ 092 
monotherapies. The anti-tumor effect was associated 
with a significant reduction of tumor cell proliferation 
and an increased apoptosis in vivo. Treatment of ARQ 
092 showed marked reduction of tumor number similar 
to the combination treatment, whereas sorafenib only had 
a modest effect on tumor initiation. Similarly, the cell 
proliferation, determined by Ki67 staining, was strongly 
reduced exclusively by ARQ 092, suggesting that AKT 
inhibition may even block tumor initiation. To confirm 
this hypothesis in our animal model, further experiments 
with an earlier introduction of ARQ 092 (during the DEN-
induction phase) are needed.

Sorafenib-ARQ 092 combination therapy was 
very successful not only in targeting the tumor, but 
also in amelioration of liver microenvironment. This 
is particularly important, because after HCC initiation, 
the tumor progression is finely regulated by tumor 
microenvironment which even later influences the 
tumor response to therapies. For instance, increased and 
irregular vasculature will allow small HCC lesions to 
progress and metastasize, which is a typical situation in 
the fibrotic liver characterised by constantly increased 
formation of blood vessels [20]. The mechanism of 
beneficial action of sorafenib on liver vascularisation 
was described previously [21]. Here, we showed that 
the combination of ARQ 092 and sorafenib improved 
the vascularization of liver tissue in an additive manner 
and additionally decreases expression of HIF-1 in tumor 
tissue. Similarly, the anti-fibrotic effect of sorafenib was 
clearly demonstrated by numerous experimental studies 
(reviewed in [22]). In our study, the anti-fibrotic effect 
of sorafenib was relatively modest. On the contrary, the 
sorafenib-ARQ 092 combination greatly shifted matrix 
regulatory pathway, leading to fibrosis resolution with 
a strong decrease of collagen accumulation. Another 
essential determinant of HCC progression and survival is 
cancer-associated inflammation, with TGFβ orchestrating 
a favorable microenvironment for tumor cell growth. Here 
we showed that expression of TGFβ in non-tumor tissue 
was downregulated in an additive way by sorafenib-ARQ 
092 combination.

Recently, a meta-analysis showed that a high 
neutrophil-to-lymphocyte ratio indicates a poor prognosis 
in patients with HCC, representing a shift towards 
an increased pro-tumor inflammation and decreased 
anti-tumor immune functions [23, 24]. In our model, 
all treatments significantly decreased granulocyte-to-
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lymphocyte ratio compared to the control. The strong 
reduction of circulating neutrophils in rats treated by 
ARQ 092 monotherapy should to be taken into account. 
In fact, ARQ 092 was recently used to block neutrophils 
and decrease inflammation in sickle cell disease [25]. 
However, because neutrophils are the first responders to 
sites of acute injury and infection, the effect of ARQ 092 
on circulating neutrophils needs to be mentioned.

The frequency of liver infiltrating neutrophils was 
similarly reduced by all treatments, while accumulation of 
macrophages was additively decreased by the sorafenib-
ARQ 092 combination. This is particularly important as 
there is growing evidence of the key-role of neutrophils 
and macrophages in liver fibrosis and HCC progression 
[26–28]. On the other hand, we did not find significant 
changes in intrahepatic T-cells. However, we may not 
be able to study particular T-cell subpopulations due to 
specificity of antibodies against rat.

Despite difficulties induced by the presence of a 
cirrhosis in our DEN-rat model of HCC, the sorafenib-
ARQ 092 combination showed enhanced efficacy with 
a good safety profile. The dose strategy 5 days on - 9 
days off for ARQ 092 was based on a toxicity study 
(unpublished data) with very good tolerance. Similarly, to 
decrease sorafenib toxicity, the concentration of 10 mg/kg  
was used. In fact, our pilot experiments showed that in 
cirrhotic rats treated with sorafenib, a dose of 20 mg/kg  
causes severe adverse events including an important 
weight loss, demonstrating the complexity of HCC 
treatment and the importance of using an appropriate 
animal model to test HCC treatment efficacy and safety.

We identified a novel treatment choice for 
advanced HCC with cirrhotic background. The resutls 
from in vitro and in vivo studies clearly illustrated the 
significance of targeting AKT pathways that potentiates 
sorafenib treatment of HCC. The safety and efficacy of 
this combination strategy provides the possibility of 
improvement of therapeutic outcomes for advanced HCC 
patients.

MATERIALS AND METHODS

Cell lines and in vitro studies

In this study, we used three different human HCC 
cell lines (Hep3B, HuH7, and PLC/PRF/5) and one 
hepatoblastoma cell line (HepG2). While Hep3B is p53-
depleted, HuH-7 and PLC/PRF/5 present p53 mutations 
and HepG2 is a wild-type p53-expressing cell line. No 
mutations in AKT were detected in mentioned cell lines 
(COSMIC database). Expression of p-AKT was reported 
to be normal in Hep3B and low in HepG2, HuH-7 and 
PLC/PRF/5 cell lines [4]. Culture conditions are described 
in supporting information.

A cell viability assay was performed by MTT  
(3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 

bromide), apoptosis was assessed by flow cytometry 
analysis and cell migration was studied using a wound 
healing assay and by cell tracking with time-lapse 
microscopy as described in supporting information.

Preparation of treatments

Preparation of ARQ 092 (ArQule Inc, USA), 
sorafenib (in vitro study: Bay 43-9006, Sigma-Aldrich, 
Germany; in vivo study: Nexavar®, Bayer HealthCare, 
Germany) and the combination treatment for in vitro and 
in vivo experiments is described in detail in the supporting 
information.

Rat model and groups of treatment

Twenty-eight 6-week-old Fischer 344 male rats 
(Charles River Laboratories, France) were housed in 
the animal facility of Plateforme de Haute Technologie 
Animale (Jean Roget, University of Grenoble-Alpes, 
France). Rats were treated weekly with intra-peritoneal 
injections of 50 mg/kg of diethylnitrosamine (DEN) 
(Sigma-Aldrich, Germany), diluted in olive oil in order 
to obtain a fully developed HCC on a cirrhotic liver 
after 14 weeks [14]. Rats were randomized in 4 different 
groups (n=7/group) and treated during six weeks by i) 
sorafenib, ii) ARQ 092, iii) combination of ARQ 092 and 
sorafenib or iv) rested untreated (control), as specified in 
Supplementary Figure 1. ARQ 092 alone, sorafenib alone 
and combination (Sorafenib plus ARQ 092) treatments 
were dispensed by oral gavage for a period of six weeks. 
ARQ 092 treatment was administered 5 days on 9 days 
off, at the dose of 15 mg/kg/day for single treatment group 
same as for combination group, as recommended by the 
ArQule Inc. Sorafenib was administered continuously 
at the dose of 10 mg/kg/day for single treatment group 
as well as for the combination group. We used 10  
mg/kg/day because igher concentrations of sorafenib 
were demonstrated to be toxic for cirrhotic rats ([11], pilot 
experiments and personal communication with Bayer AG).

Nutritional state was monitored by daily weighing 
of rats and protein-rich nutrition was added to the standard 
food in every cage where a loss of weight was observed. 
Food was withheld for 3-4 hours before animals were 
sacrificed.

All animals received humane care in accordance 
with Guidelines on the Humane Treatment of Laboratory 
Animals, and experiments were approved by the animal 
Ethic Committee: GIN Ethics Committee n°004.

MRI studies

The imaging study was conducted on a 4.7 Tesla MR 
Imaging system (BioSpec 47/40 USR, Bruker Corporation, 
Germany). As illustrated in Supplementary Figure 1, all 
rats were subjected to 3 MRI scans: MRI1 was performed 
before randomization, MRI2 was performed after 3 weeks 
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of treatment and MRI3 after 6 weeks of treatment. The 
protocol for image acquisition and analysis is detailed 
in supporting information. MRI analysis was done by an 
investigator who was blinded of treatment allocation.

Histopathological, immunohistochemical and 
immunofluorescence analyses

After the third MRI scan, all rats were euthanized 
with vena cava blood sampling for haematologic and 
biochemical analyses. Each liver was weighed, the 
diameter of the five largest tumors was measured and 
the number of tumors larger than 1 mm on the surface 
of the liver was counted, all in a blinded manner. Tumor 
proliferation and apoptosis were studied by using anti-
Ki67 antibody and TUNEL marker. Tissue vascularization 
was determined by CD34 immunostaining. Histological 
analysis of fibrosis was performed by sirius red-staining of 
collagen. Analyses were performed in collaboration with 
experienced pathologist (CHU-Grenoble Département 
d’Anatomie et de Cytologie Pathologiques). Protocols are 
described in supporting information.

Serum and plasma were tested for liver and kidney 
safety markers (albumin, ALP, ALT, AST, prothrombin 
time, total bilirubin, cholesterol, GGT, glucose, creatinine, 
Table 1) by Charles River Clinical pathology Services 
using Olympus and Stago instruments. Liver triglycerides 
were measured as described previously [11].

Pathways analysis

Western blot analysis of pAKT(Ser473)/AKT and 
pERK/ERK, and real-time polymerase chain reaction 
(qPCR) analyses were performed on tumor and non-
tumor tissues. Protocols are described in the supporting 
information.

Flow cytometric analysis

Cells were recovered from liver tissue by 
mechanical disruption as described previously [29] and 
whole blood samples were used in case of blood analyses. 
Cells without any stimulation were immune-stained for 
flow cytometric analysis. The protocol is described in the 
supporting information.

Statistical analysis

All comparisons of means were calculated by using 
ANOVA tests with Tukey HSD correction for multiple 
means comparisons, and independent T-tests only when 
two means were compared. Data are presented as mean 
values ± standard error mean (SEM). Statistical analyses 
were performed using Prism 6 (GraphPad Software Inc., 
CA, USA).
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Abstract

Hepatocellular carcinoma (HCC) is the second most com-
mon cause of cancer-related mortality worldwide. The AKT
pathway has been found activated in 50% of HCC cases,
making it a promising target. Therefore, we assess efficacy of
the allosteric AKT inhibitor ARQ 092 compared with untreated
control and standard treatment, sorafenib, in vitro and in vivo.
ARQ 092 blocked phosphorylation of AKT in vitro and strongly
inhibited cell growth with significantly higher potency than
sorafenib. Similarly, apoptosis and cell migration were strong-
ly reduced by ARQ 092 in vitro. To mimic human advanced
HCC, we used a diethylnitrosamine-induced cirrhotic rat mod-
el with fully developed HCC. MRI analyses showed that ARQ
092 significantly reduced overall tumor size. Furthermore,
number of tumors was decreased by ARQ 092, which was

associated with increased apoptosis and decreased prolifera-
tion. Tumor contrast enhancement was significantly decreased
in the ARQ 092 group. Moreover, on tumor tissue sections, we
observed a vascular normalization and a significant decrease in
fibrosis in the surrounding liver of animals treated with ARQ
092. Finally, pAKT/AKT levels in ARQ 092–treated tumors
were reduced, followed by downregulation of actors of AKT
downstream signaling pathway: pmTOR, pPRAS40, pPLCg1,
and pS6K1. In conclusion, we demonstrated that ARQ 092
blocks AKT phosphorylation in vitro and in vivo. In the HCC-rat
model, ARQ 092 was well tolerated, showed antifibrotic effect,
and had stronger antitumor effect than sorafenib. Our results
confirm the importance of targeting AKT in HCC. Mol Cancer Ther;
16(10); 2157–65. �2017 AACR.

Introduction
Hepatocellular carcinoma (HCC) is the fifth most common

cancer and the second cause of cancer-related death worldwide
with 600,000 deaths per year (1). Liver cirrhosis, the latest stage of
liver fibrosis, underlies HCC in approximately 90% of cases. The
most frequent causes of liver cirrhosis are hepatitis B and C,
chronic alcohol consumption, and nonalcoholic steato-hepatitis.
Only 30% of the cases are accessible for curative treatment. In
advanced stage, the only approved drug for HCC is sorafenib, a
multikinase inhibitor targeting the vascular endothelial growth
factor receptor, the platelet-derived growth factor receptor, and
Raf. However, its efficacy ismodest with amedian overall survival

of 10.7 versus 7.9 months with placebo in the pivotal phase III
trial (2). Therefore, new treatment options with improved ther-
apeutic efficacy are urgently needed.

Immunohistochemical and genomic studies indicate that the
PI3K/AKT/mTOR signaling pathway is activated in approximately
50% of patients with HCC and cirrhosis of any cause (3–5). This
pathway is divided into two unique complexes with distinct
regulations and activities: mTOR complex 1 (mTORC1) and
mTOR complex 2 (mTORC2). The serine/threonine kinase AKT
is an important upregulator of mTORC1, which is involved in
diverse cellular functions such as lipogenesis, energymetabolism,
and lysosome biogenesis, and is a key actor in the control of
protein synthesis (3, 4, 6).

This underlines that AKT is an essential player in liver tumor-
igenesis and progression, therefore making it a potential target in
themanagement of HCC. Thus, we postulate that therapy with an
AKT inhibitor capable of inhibiting the PI(3)K/AKT/mTOR path-
way will be effective in treating fully developed HCC.

However, in order to identify specific adverse effects that could
be related to the background of cirrhosis, inhibition of AKT
should be preclinically tested in an appropriate animal model.
Indeed, sorafenib antitumor efficacy is tested in xenograft mice
models in more than 90% of cases which are immunocompro-
mised animal with a normal liver function (7). As HCC develops
on a cirrhotic liver with a modified vascularization, a severe
fibrosis, and a liver deficiency which can influence drug metab-
olism, xenograft mice model does not reproduce the most
frequent human HCC scenario. One of the models that most
faithfully reproduces human HCC physiopathology is the
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diethylnitrosamine (DEN)-injured–induced rats model which
develops an extensive fibrosis, leading to a compensated cirrhosis
with a multifocal HCC after 14 weeks of induction (8).

Therefore, in this study, we tested safety and efficacy of a new
allosteric AKT inhibitor, ARQ 092 (9), in aDEN-induced cirrhotic
rat model with HCC and compared it with sorafenib-treated rats
and untreated rats. In addition, we tested the effect of ARQ092 on
four different human cell lines.

Materials and Methods
Cell lines

Three different human HCC cell lines [Hep3B, Huh7, and
phospholipase C (PLC)/PRF/5], one human hepatoblastoma cell
line [HepG2; provided by Snorri S. Thorgeirsson (NCI, NHI,
Bethesda, MDA) without authentication by the authors], and one
ratHCCcell line (HR4)were used in this study [providedby Istvan
Blazsek (INSERM U1193, Villejuif, France) without authentica-
tion by the authors]. HepG2 is expressing normal p53, while
Hep3B is p53-depleted and PLC/PRF/5 and HuH-7 present p53
mutations. Based on COSMIC database, no mutations in AKT
were detected in mentioned cell lines. Expression of p-AKT was
reported to be normal in Hep3B, whereas it was decreased in
HepG2, PLC/PRF/5, and HuH-7 cell lines (5). Rat HR4 cell line
was obtained from DEN-induced rat model of HCC (10). All cell
lines were tested formycoplasma infection every 2weeks by using
the MycoAlert Mycoplasma Detection Kit (Lonza). Culture con-
ditions are described in the Supplementary Information.

Preparation of treatments
Preparation of ARQ 092 (ArQule Inc.) and sorafenib (in vitro

study: Bay 43-9006, Sigma-Aldrich; in vivo study: Nexavar, Bayer
HealthCare) solutions for in vitro and in vivo experiments is
described in the Supplementary Information.

In vitro studies
Cell viability assay was performed by (3-(4,5-Dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide) (MTT), apoptosis anal-
ysis was assessed by flow cytometry analysis, and cell migration
was studied by wound-healing assay. All in vitro experiments were
realized in 4 different human liver cancer cell lines and in one rat
cell line, and protocols are detailed in the Supplementary
Information.

Rat model and groups of treatment
Twenty-six 8-week-old Fischer 344 male rats (Charles River

Laboratories) were housed in the animal facility of the Grenoble
Institute of Neuroscience (INSERM, University of Grenoble-
Alpes, France). They were treated weekly with intraperitoneal
injections of 50 mg/kg DEN (Sigma-Aldrich, Germany), diluted
in pure olive oil in order to obtain a fully developed HCC on a
cirrhotic liver after 14 weeks as previously described (8, 11).

After 14 weeks, rats were randomized in 3 different groups as
follows: 10 in theARQ092group, 10 in the sorafenib group, and6
in the control group. Both treatmentswere dispensed by daily oral
gavage during 6 weeks. ARQ 092 was administered for 7 days
every other week (for a total of 3 weeks of treatment), at a dose of
15mg/kg/day as recommended byArQule Inc., whereas sorafenib
was administered every day at a dose of 10 mg/kg/day.

Nutritional state was monitored by daily weighing of rats, and
treatment doses were adapted accordingly. Protein-rich nutrition

was added to the standard food in every cage where a loss of
weight was observed.

All animals received humane care in accordance with Guide-
lines on the Humane Treatment of Laboratory Animals, and
experiments were approved by the animal Ethic Committee.

MRI studies
Imaging study was conducted on a 4.7 Tesla MR Imaging

system (BioSpec 47/40USR, Bruker Corporation) in theGrenoble
MRI facility IRMaGE.

All rats were subjected to 3 MRI scans: MRI1 was performed
before randomization, MRI2 and MRI3 were respectively done
after 3 and 6 weeks of treatment. Morphological analyses were
performed on all MRIs, and perfusion study was done on MRI1
and MRI3 scans, both with blinded outcome assessment. Proto-
cols for image acquisition and analysis are detailed in the Sup-
plementary Information.

Histopathologic, immunohistochemical, and
immunofluorescence analyses

After the third MRI scan, all rats were euthanized with intra-
cardiac blood sampling for hematologic and biochemical anal-
yses. Each liver was weighed, the number of tumors larger than 1
mm on the surface of the liver was counted, and the diameter of
the five largest tumors was measured in a blinded manner. The
sum of these five diameters was calculated in order to obtain a
histopathologic estimation of the tumor volume.

Histologic analysis of fibrosis and steatosis was performedwith
collagen staining by sirius red, and lipid staining with Oil Red O
staining, respectively.

Tumor proliferation, apoptosis, and tissue vascularizationwere
studied by using anti-Ki67 antibody, TUNEL marker, and anti-
CD34 antibody. Protocols are described in the Supplementary
Information.

Serum and plasma were taken in order to test biological safety
and efficacy parameters as detailed in the Supplementary
Information.

Measurement of liver triglycerides
Frozen liver fragments (�50mg) were digested in 0.15 mL of 3

mol/L alcoholic potassium hydroxide (70�C, 2 hours), diluted 7
times in distilled water. Amount of liver triglycerides was mea-
sured by a Triglycerides kit (Erba Mannheim, Czech Republic),
and samples' absorbance was measured by spectroscopy at
505 nm.

Pathways analysis
Western blot analysis of pAKT(Ser473)/AKT and pERK/ERK, and

the real-timeqPCRanalysis of Ras andAKTpathways downstream
actors were performed on tumor and nontumor tissues of each
group. The Phospho-Kinase Array Kit (Proteome Profiler Anti-
body Array; R&D Systems) was used according to the manufac-
turer's instructions. Experimental protocols are described in the
Supplementary Information.

Statistical analysis
All comparisons of means were calculated by using ANOVA

tests with TukeyHSD correction formultiplemeans comparisons,
and independent t tests onlywhen twomeanswere compared. A P
value of<0.05was regarded as statistically significant, anddata are
presented as mean values � SEM.
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Statistical analyses were performed using IBM SPSS Statistics
software, version 20.0 (IBM Corp.), and Prism 6 (GraphPad
Software Inc.).

Results
In vitro

MTT assays showed a drastic decrease in proliferation rate for
Hep3B (Fig. 1A), HepG2, Huh-7, PLC/PRF, and HR4 cell lines
after ARQ 092 treatment. IC50 were 2 to 6 times lower when
comparedwith sorafenib, suggesting that ARQ092 ismore potent
than sorafenib. The calculated IC20 and IC50 values are summa-
rized in Supplementary Table S1.

Next, we examined whether growth arrest due to ARQ 092
treatment was associated with enhanced apoptosis. Compared
with control cells, we observed significant dose-dependent
decrease of cell viability in all tested HCC cell lines treated
with ARQ 092 or sorafenib (Fig. 1B and Supplementary Fig. S1).

We next investigated whether ARQ 092 affected migratory
behavior of human HCC cell lines by wound-healing assay. After
24 hours, both IC20 and IC50 of ARQ 092 strongly reduced
migration of Hep3B, while sorafenib had significant effect at IC50

only (Fig. 1C). In other cell lines, ARQ 092 decreased migration
similarly to sorafenib (Supplementary Fig. S2A). Although con-
trol Hep3B cells almost recovered the wound by 72hours, ARQ
092–treated cells had their wound area unhealed (Supplementary
Fig. S2B). Similarly, ARQ 092 treatment decreased cell velocity
(Supplementary Fig. S3A) and strongly reduced cell invasion
(Supplementary Fig. S3B).

These results demonstrate that ARQ 092 suppresses prolif-
eration and migration and promotes apoptosis in all tested cell
lines.

In vivo
At the end of the study, the mean weight loss was 5.8% �

5.5% in the sorafenib group and 0.8% � 0.6% in the ARQ 092
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Figure 1.

Effect of ARQ 092 and sorafenib on Hep3B cell viability, apoptosis, and migration. A, MTT assay on Hep3B cell line after 48 hours of treatment showing significant
difference in IC50 of ARQ 092 and sorafenib (P < 0.0001). B, Dose-dependent effects of ARQ 092 and sorafenib on apoptosis in Hep3B after 48 hours of
exposure. C, The quantification of migration (decrease of width of the wound after first 24 hours) in Hep3B. Control was set as 100%; values are mean� SEM from
three independent experiments performed in triplicates (A) and in duplicates (B, C). � , P � 0.05; �� , P � 0.01; and ���, P � 0.001 vs. control.

Table 1. Clinical and biological analyses

Control
(n ¼ 6)

Sorafenib
(n ¼ 10)

ARQ 092
(n ¼ 10)

ANOVA P values
(Tukey HSD)

Mean D body weight
(% of initial weight)

þ5.9 � 3.1 �5.8 � 5.5 �0.8 � 0.6 0.164

Liver tissue Intrahepatic TG (g/L) 34.8 � 6.9 28.0 � 3.0 30.2 � 1.9 0.467
Oil Red O (%) 10.9 � 4.4 6.5 � 1.9 11.2 � 1.8 0.355

Blood samples Albumin (g/dL) 3.7 � 0.2 3.7 � 0.1 4.1 � 0.3
� , ## 0.006

AST (IU/L) 320 � 29 325 � 46 357 � 104 0.250
ALT (IU/L) 303 � 28 206 � 28 269 � 81 0.171
ALP (IU/L) 306 � 6 212 � 3

�
230 � 11 0.023

GGT (IU/L) 147 � 15 47 � 8 82 � 26 0.087
Glucose (mg/dL) 131 � 3 142 � 7 153 � 4 0.086
Cholesterol (g/L) 1.19 � 0.01 0.99 � 0.06 1.20 � 0.07 0.071
TG (g/L) 1.19 � 0.04 1.31 � 0.15 1.30 � 0.21 0.927
Total bilirubin (mg/L) 4.09 � 0.58 1.46 � 0.19�� 1.75 � 0.18�� 0.0003
Direct bilirubin (mg/L) 2.05 � 0.29 0.58 � 0.00��� 0.58 � 0.00��� <0.0001
Prothrombin time (s) 16.3 � 0.9 18.7 � 4.4 16.7 � 0.5 0.301
AFP (ng/mL) 0.85 � 0.15 0.44 � 0.12 0.33 � 0.09

�
0.041

NOTE: Values are mean � SEM, significant difference compared with control. � , P < 0.05; �� , P < 0.001; ��� , P < 0.0001.
Significant difference between ARQ 092 and sorafenib; ##, P < 0.01.
Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase.
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group compared with a gain of 5.9% � 3.1% in the control
group (P ¼ 0.164; Table 1). Blood sample analyses (Table 1)
revealed better liver function in the ARQ 092 and sorafenib
groups compared with control, with a significantly lower total
bilirubin level (ARQ 092: P ¼ 0.0007, sorafenib: P ¼ 0.0002).
Albumin level was significantly higher in ARQ 092 compared
with nontreated rats (P ¼ 0.0170) and sorafenib group (P ¼
0.0098). There was no statistical difference in transaminases,
alkaline phosphatase and gamma-glutamyl transpeptidase
levels, but serum levels of AFP were significantly decreased by
ARQ 092 treatment compared with control (P ¼ 0.0328).
Glucose, cholesterol, and triglyceride blood concentrations
were similar to the control group. Assessment of triglycerides
in liver and Oil Red O staining did not show any significant
difference between groups (P ¼ 0.467 and 0.355; Table 1;
Supplementary Fig. S4A). Therefore, our results showed that
ARQ 092 treatment does not interfere with lipid metabolism
and improves liver function.

Antitumor effect
On MRI1 (n ¼ 26), tumor sizes were comparable between

groupswith21.3�1.7mm,18.0�1.2mm,and20.6�2.0mmin
the control, sorafenib, and ARQ 092 groups (P ¼ 0.424), respec-
tively. As illustrated by Fig. 2A, on MRI2 (n ¼ 24), tumor
progression was significantly reduced in the sorafenib (þ28.5%
�3.0%;P<0.0001) andARQ092 (þ20.9%�3.8%; P<0.00001)
groups compared with control (þ69.6% � 9.0%). No statistical
differencewas foundbetween sorafenib andARQ092groups (P¼
0.45). On MRI3 (n ¼ 22), tumor progression rate was þ57.0%�
8.1% in the ARQ 092 group compared with þ80.2% � 9.3% in
sorafenib group (P¼0.273) andþ155.3%�16.0% in the control
group (P < 0.0001; Fig. 2A).

These observations were further confirmed by macroscopic
examination of the liver (Fig. 2B), which revealed a tumor size
of 28.8�1.8mmin theARQ092group comparedwith 37.9�3.1
mm in the sorafenib group (P¼ 0.092) and 62.7� 4.4mm in the
control group (P < 0.0001).

Rats from the group treated with ARQ 092 also displayed a
significantly lower number of tumors (53.9 � 7.0 tumors)
when compared with sorafenib-treated animals (96.3 � 13.5
tumors, P¼ 0.021) and controls (96.8� 9.4 tumors, P¼ 0.031).

Expert pathologic analysis with hematoxylin and eosin staining
of liver section confirmed that tumors were HCC with several
degree of tumor differentiation (Supplementary Fig. S3B).
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Figure 2.
Effect of ARQ 092 and sorafenib on tumor progression and proliferation.
A, MRI morphologic analysis with representative T2 turboRARE images
and tumor progression assessment by comparison of tumor size on MRI1, 2,
and 3 in the control, sorafenib, and ARQ 092 groups (MRI1 was considered
as the baseline in each group, and MRI2 and 3 were expressed as a
percentage of MRI1). B, Macroscopic examination of livers with assessment
of tumor number (top bar chart) and tumor size (sum of diameter of
the five largest tumors, bottom bar chart) at the surface of livers.
C, Immunohistochemistry analysis of tumor proliferation (left bar chart)
and apoptosis induction (right bar chart) with Ki67 and TUNEL
immunostainings, respectively. D, qPCR analysis of AFP gene expression
in tumor liver samples. Control was set as 1; values are mean � SEM.
Comparison of mean was done by ANOVA test, with Tukey correction
P value of groups compared with control is represented as follows:
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; and ���� , P < 0.0001.
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Ki67 andTUNEL immunostaining (Fig. 2C; Supplementary Fig.
S4C) showed that only ARQ 092 significantly decreased prolif-
eration (41.1% � 13.3% of control, P ¼ 0.042) and induced
apoptosis (148.6% � 7.7% of control, P ¼ 0.045), whereas
sorafenib showed no statistical significance concerning these
parameters (Ki67: 56.9%� 19.6% of control, P¼ 0.160; TUNEL:
144.2% � 16.5% of control, P ¼ 0.072).

qPCR analyses of alpha fetoprotein (AFP) expression (Fig. 2D)
revealed that only ARQ 092 significantly reduced expression by
96.6% � 0.8% compared with control (P ¼ 0.038), whereas
sorafenib reduced AFP expression by 72.4% � 20.5% without
statistical difference (P ¼ 0.163). Similarly, in ARQ 092–treated
rats, serum levels of AFP were significantly decreased by 61% of
control (P ¼ 0.041; Table 1).
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Figure 3.

Effect of ARQ092 and sorafenib on tumor vascularization.A,DCEMRI pictures of a control rat before (left picture) and after (right picture) injection of contrast agent
with a typical enhancement curve obtained by analysis of signal intensity on the tumor area illustrated by previous pictures. B, Comparison of MRI1 (left)
and MRI3 (right) tumor enhancement of ARQ 092, sorafenib, and control groups. Control group was set as 1, and ARQ 092 and sorafenib groups are expressed
as a percentage of control. C, Comparison of MRI1 and 3 was realized in each group to study the effect of sorafenib and ARQ 092 on tumor enhancement.
MRI1 was set as 1, and MRI3 is expressed as a percentage of MRI1. D, Representative pictures of CD34 immunofluorescence staining of liver tissue. E, Quantification
of CD34 immunostaining. Control was set as 100, and values are mean � SEM. ���, P < 0.001 and ���� , P < 0.0001 vs. control.
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Therefore, ARQ 092 significantly reduces tumor progression
and proliferation in DEN-induced HCC, and has a higher anti-
tumor effect than sorafenib.

Antiangiogenic effect
Antiangiogenic effect of treatments was assessed with

dynamic contrast-enhanced (DCE) MRI as described in the
Supplementary Information and illustrated in Fig. 3A. At base-
line (MRI1), tumor enhancement was comparable between the
groups (P ¼ 0.732; Fig. 2B).

On MRI3, tumor enhancement was significantly different
between groups (P ¼ 0.013). ARQ 092 induced a lower tumor
enhancement with 64.2% � 8.5% of control (P ¼ 0.114) and
54.4%� 7.1% of sorafenib (P¼ 0.010; Fig. 3B). In each group of
treatment, comparison between baseline and the end of the
treatment (MRI1 and MRI3) revealed that only ARQ 092 treat-
mentwas associatedwith a significant decrease of tumor enhance-
ment (P ¼ 0.012; Fig. 3C).

Tumor vascularization was also studied by using a rat-specific
anti-CD34 antibody to perform immunofluorescence staining of
liver tissues. Although structural abnormalities of the tumor
vasculature were numerous in control animals, normalization of
vasculature was observed in both treated groups (Fig. 3D). Quan-
tification of vascular density revealed that sorafenib decreased
vascular density by 46% (P¼ 0.0008) and ARQ 092 by 68% (P <
0.0001) compared with nontreated rats (Fig. 3E). Thus, MRI
results and CD34 staining proved that treatment by ARQ 092
leads to vascular normalization and inhibition of tumor
angiogenesis.

Liver fibrosis assessment
As shown in Fig. 4A and B, collagen accumulation assessed by

sirius red staining was significantly reduced in the ARQ092 group
compared with the control group (P ¼ 0.001) and with the
sorafenib group (P ¼ 0.021). Difference between the control and
the sorafenib groups was not significant (P¼ 0.348). No effects of
treatment were observed concerning fibronectin levels (Supple-
mentary Fig. S4D).

Improvement of liver fibrosis by ARQ 092 treatment was
confirmed by qPCR analysis (Fig. 4C). The expression of fibrosis
markers was downregulated in nontumor liver samples of the
ARQ 092 group compared with the control group with significant
differences for actin alpha (ACTA)1 (31.7% � 10.9% of control,
P ¼ 0.029) and collagen 1 (9.9% � 2.9% of control, P ¼ 0.007).
Accordingly, tissue inhibitor of metalloproteinases-1 (TIMP-1)
was significantly decreased by ARQ092 treatment compared with
control, and matrix metalloproteinase MMP9 was upregulated.

No significant difference was observed for TGFb1 (40.1% �
15.9% of control, P¼ 0.115). For sorafenib group, collagen 1 and
TIMP-1 were the only significantly downregulated fibrosis
markers.

Overall, ARQ 092 significantly decreased hepatic collagen
deposition and improved liver fibrosis in DEN-induced cirrhotic
rat model of HCC.

Pathway analysis
Western blot analyses showed that ARQ 092 treatment

completely blocks phosphorylation of AKT(Ser473) in all
human HCC cell lines at both IC20 and IC50 concentrations
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Figure 4.

Effect of ARQ 092 and sorafenib on liver fibrosis. A, Representative histologic images of livers stained with Sirius red from control, sorafenib, or ARQ 092 rats;
magnification, �10. B, Quantification of fibrosis on 10 random fields/slide, 1 slide per animal (Sirius red staining area per total area; control was set as 100%).
C, Relative mRNA expression of ACTA1, Collagen 1 (COL1), TIMP-1, matrix metalloproteinases MMP2 and MMP9, and TGFb1 in nontumor liver tissues (n ¼ 5).
Control was set as 1, and values are mean � SEM. � , P < 0.05 and �� , P < 0.01 vs. control.

Roth et al.

Mol Cancer Ther; 16(10) October 2017 Molecular Cancer Therapeutics2162

on June 26, 2018. © 2017 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

Published OnlineFirst May 31, 2017; DOI: 10.1158/1535-7163.MCT-16-0602-T 

http://mct.aacrjournals.org/


(Supplementary Fig. S5). Immunofluorescence staining of
p-AKT on liver tissues confirmed these results (Supplementary
Fig. S6).

Accordingly, ARQ 092 inhibited phosphorylation of AKT(Ser473)

in both tumor and nontumor liver tissues (Fig. 5A and B),
with a pAKT/AKT ratio of 29.5% � 2.27% of control (P ¼
0.002) in tumor samples and 17.2% � 2.33% of control (P ¼
0.034) in surrounding liver samples. Interestingly, sorafenib
treatment significantly increased the pAKT/AKT ratio in tumor
samples (P < 0.0001) compared with the control group. By
profiling kinase phosphorylation (Supplementary Table S2),
we found that the levels of phosphorylated mTOR, proline-
rich Akt/PKB substrate 40 kDa (PRAS 40), PLCg1, and Ribo-
somal protein S6 kinase (S6K1) were significantly decreased
in tumor tissues after the ARQ 092 treatment compared with
the control (Fig. 5C). As expected, qPCR analyses did not
show a significant difference in AKT gene expression, but
confirmed that ARQ 092 downregulates AKT pathway down-
stream actors such as mTORC1 (44.2% � 11.4% of control,
P ¼ 0.005) or S6K1 (54.6% � 11.9% of control, P ¼ 0.142),
as shown in Fig. 5D.

Regarding the ERK pathway, Western blot analyses did not
show significant differences in the pERK/ERK ratio between
the groups. Accordingly, we observed no differences between
the groups in gene expression of ERK in tumor samples.
Interestingly, the gene expression of ERK was downregulated
in nontumor tissues of both ARQ 092 and sorafenib-treated
groups compared with the nontreated group (P ¼ 0.029
and 0.039).

Discussion
In this study, ARQ 092 showed antitumor, antiangiogenic, and

antifibrotic effects with significantly better efficacy than sorafenib
in terms of tumor number, as well as tumor contrast enhance-
ment, and the level of liver fibrosis. In vitro, ARQ 092 was also
highly efficient in HCC cell lines with a 2 to 6 times more potent
effect on cell viability than sorafenib.

ARQ 092 was easily managed in rats with a mean weight loss
of only 0.8% at the end of the study. The most frequent side
effects of mTOR inhibitors are diabetes and hyperlipidemia. In
our hands, with ARQ 092, there was no increase in glucose,
cholesterol, and triglyceride blood levels as well as liver cho-
lesterol and triglyceride levels compared with control- and
sorafenib-treated rats. The dose strategy for ARQ 092 for in
vivo study was based on a previous toxicity study (data provided
by ArQule Inc.). The "one week on/one week off" schedule
probably contributed to the good tolerability of the tested
regimen.

Previous publications have demonstrated the effect of sor-
afenib on HCC in noncirrhotic rats with a good tolerability at
doses between 10 mg/kg in association with another drug (12)
and 30 mg/kg when given alone (13–15). In a previous pilot
study, we tested a 20 mg/kg sorafenib dose in our cirrhotic rat
model with HCC, but due to an important weight loss and
other symptoms, after first days of sorafenib administration, we
had to stop the study. Therefore, in this study, we have chosen
10 mg/kg for sorafenib. This underlines that HCC new drugs
have to be tested in cirrhotic animal models to better assess
their side effects that can be very different between noncirrhotic
and cirrhotic patients.
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Figure 5.

Effect of ARQ 092 and sorafenib on AKT and ERK pathways. Western blot
analysis of pAKT/AKT and pERK/ERK in (A) tumor and (B) nontumor liver tissue
and the quantification of Western blots. C, Phosphoprotein analyses of
downstream kinases of the AKT pathway in tumor tissue. D, qPCR analysis of
gene expression in tumor and nontumor liver samples. Control was set as 1, and
values are mean� SEM. � , P � 0.05; �� , P� 0.01; and ��� , P� 0.001 vs. control.
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Another particularity of this study is the demonstration of
the kinetic of tumor progression through three sequential MRI
scans per rat. The dramatic increase of tumor size after 6 weeks
in control rats (þ155.3% � 16.0%) confirmed the high level of
aggressiveness of the DEN model. Tumor progression between
MRI1 and 3 was significantly reduced in both groups of treat-
ment compared with the control. There was no statistical
difference between ARQ 092 and sorafenib groups possibly
because of a type 2 error.

Similarly, according to histologic examination, both sorafe-
nib and ARQ 092 significantly reduced the tumor size com-
pared with the control, but only ARQ 092–treated rats dis-
played a significantly lower number of tumors. This suggests
that ARQ 092 inhibits tumor initiation. To be confirmed, this
hypothesis needs further experiments with an earlier introduc-
tion of ARQ 092 during the DEN-induction phase like it was
done for erlotinib (11).

Our in vivo and in vitro analyses confirmed that the ARQ 092
treatment strongly and selectively affects the AKT pathway. In fact,
ARQ 092 is a highly selective allosteric inhibitor that suppresses
pan-AKT activity by blocking its phosphorylation and by prevent-
ing the inactive form from localizing into plasma membrane
which together leads to strong and specific downregulation of
downstream targets of AKT (9). Such high specificity was missing
in action of catalytic AKT inhibitors that have been previously
developed (16). Besides, as sorafenib, ARQ 092 plasma protein
binding is very high, around 99% in both rat and human (data
provided by ArQule Inc.). Despite this fact, in vitro study showed
that ARQ 092 IC50 and IC20 were lower than sorafenib's ones,
suggesting a higher efficacy of this new drug.

In sorafenib-treated rats, the absence of downregulation of
the ERK pathway on qPCR and Western blot analyses can be
surprising, as it has been previously shown that sorafenib
downregulates pERK in rat HCC (12). Nonetheless, as DEN
induces a strongly aggressive type of HCC, multiple resistance
mechanisms have probably already been developed in this
model. The overexpression of pAKT in this group is a surrogate
marker of such resistance.

Thus, despite difficult conditions with an aggressive model of
cancer in cirrhotic rats, ARQ 092 showed its efficacy in con-
trolling tumor progression and demonstrated a good safety
profile that makes this experimental drug promising in the
treatment of HCC in cirrhotic patients. The results presented

here also confirm the importance of targeting AKT in HCC
development and progression.
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