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Abstract

We evaluated the cancer preventive efficacy of TAK-242, an inhibitor of toll-like receptor 4 

(TLR4), in a mouse model of hepatocellular carcinoma (HCC) occurring in the context of 

non-alcoholic steatohepatitis (NASH). We also assessed the cellular events associated with the 

preventive treatment efficacy. We tested oral administration of TAK-242, at clinically-relevant 
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but toxicity-reducing doses and scheduling, in mice with hepatocyte-specific deletion of Pten 
(HepPten−). The optimal dose and oral gavage formulation of TAK-242 were determined to 

be 30 mg/kg in 5% DMSO in 30% 2-hydroxypropyl-β-cyclodextrin. Daily oral administration 

of 30 mg/kg TAK-242 over 18 weeks was well-tolerated and resulted in reduced development 

of tumors (lesions >7.5 mm3) in HepPten− mice. This effect was accompanied by reduced 

macrovesicular steatosis and serum levels of alanine aminotransferase (ALT). In addition, 30 

mg/kg TAK-242 daily treatment of small pre-existing adenomas (lesions <7.5 mm3) over 

18 weeks, significantly reduced their progression to HCC. RNA sequencing identified 220 

hepatic genes significantly altered upon TAK-242 treatment, that significantly correlated with 

tumor burden. Finally, cell deconvolution analysis revealed that TAK-242 treatment resulted in 

reduced hepatic populations of endothelial cells and myeloid-derived immune cells (Kupffer 

cells, Siglec-H high dendritic cells and NGP high neutrophils), while the proportion of MT-
ND4 high hepatocytes significantly increased, suggesting a decrease in hepatic inflammation 

and concomitant increase in mitochondrial function and oxidative phosphorylation upon TLR4 

inhibition. In conclusion, this study identified treatment strategies and novel molecular and cellular 

mechanisms associated with the prevention of HCC in the context of NASH that merit further 

investigations.
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INTRODUCTION

HCC is a fast-growing cause of cancer-related deaths in the United States (U.S) (1). While 

viral hepatitis and alcohol consumption remain common etiologies of HCC, non-alcoholic 

fatty liver disease (NAFLD) is becoming a prevalent risk factor for HCC (2, 3). NAFLD is 

the liver manifestation of obesity and diabetes and the most common chronic liver disease in 

the U.S. (4). Starting with simple steatosis, NAFLD can advance to NASH, advanced liver 

fibrosis/cirrhosis and HCC. NASH patients with advanced liver fibrosis/cirrhosis are at high 

risk for HCC. The fast-growing incidence of HCC is largely due to the epidemics of obesity 

and diabetes (2, 5). Most HCCs are diagnosed at a late stage and the overall prognosis is 

poor, with a 5-year survival rate of 20% (6). Prevention is therefore an important priority 

to reduce HCC mortality and reverse the current trend of increasing incidence rates in 

the U.S. To date, there are no approved treatments for NASH or liver fibrosis. While 

potential strategies for HCC chemoprevention have been evaluated (aspirin, anti-diabetic 

drugs, statins, pre- and probiotics) (7, 8), few studies have examined the effect of HCC 

prevention specifically in the context of NASH.

HepPten− mice develop NASH, liver fibrosis and HCC (9, 10). We identified TLR4 

as the primary driver of HCC development in HepPten− mice, and TAK-242, a small 

molecule TLR4 inhibitor, as the primary candidate drug for the prevention of NASH-

associated HCC (11). We further showed that HCC development was reduced in HepPten− 

mice receiving daily intraperitoneal (IP) injections of TAK-242 for 28 days (11). TLR4 

is a proinflammatory receptor for gut bacteria-derived lipopolysaccharide (LPS) and 
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other pathogen-associated molecular patterns. In the liver, TLR4 is expressed by both 

hepatocytes and non-parenchymal cells. Dysregulation of TLR4 signaling leads to abnormal 

inflammatory responses, with implications for NASH progression and liver fibrosis. 

Increased circulating and hepatic LPS levels have been observed in NASH patients 

(12). In vivo studies demonstrated that LPS/TLR4 signaling promotes liver fibrosis and 

hepatocarcinogenesis, enhanced expression of the proinflammatory cytokines interleukin-6 

(IL-6) and tumor necrosis factor-α (TNF-α), and increased fibronectin production in hepatic 

stellate cells, leading to extracellular matrix and vascular changes (13, 14). Activation of 

TLR4/NF-κB signaling in liver has also been shown to promote the accumulation of reactive 

oxygen species, hepatic inflammatory responses and liver fibrosis (15–17). Finally, TLR4 

signaling has been associated with hepatocarcinogenesis in chemically-induced mouse 

models of HCC (18–20).

TAK-242 binds to Cys747 in the intracellular domain of TLR4 to inhibit intracellular 

signaling (21). While initially developed for the treatment of sepsis, TAK-242 has been 

reported to confer hepatic protection. TAK-242 decreased LPS-induced cytokine secretion 

by hepatic stellate cells, monocytes and hepatocytes in vitro (22, 23) and reduced circulating 

cytokine levels in vivo (23). TAK-242 may also confer hepatoprotection through its effects 

on oxidative stress (24, 25). In vitro studies suggested an anti-tumor effect of TAK-242, due 

to suppressed expression of hypoxia-inducible factor-1α and reduced invasive potential of 

HCC cell lines (26, 27).

Herein, we determined the optimal formulation for oral delivery of TAK-242, as well as 

its tolerability and efficacy in preventing HCC in the HepPten− model of NASH-associated 

HCC. We also determined the efficacy of TAK-242 in preventing progression of small 

adenomas to HCC. Finally, we identified the molecular and cellular mechanisms associated 

with TAK-242-induced HCC prevention.

MATERIALS AND METHODS

TAK 242 Formulation and Measurement

TAK-242 was sourced from Accel Pharmtech (WW1401, lot 2716), with purity of 

99.31% by liquid chromatography (LC)-mass spectrometry (MS) and 99.40% by 

enantiomeric excess. Formulations tested for oral gavage were: 0.5% methylcellulose, 

5% dimethyl sulfoxide (DMSO) in 30% 2-hydroxypropyl-β-cyclodextrin (2-HPβCD), 20% 

Captisol, 1% carboxymethyl cellulose (CMC) and 0.5% Tween-80 in water, and 0.5% 

hydroxypropylmethylcellulose (HPMC) and 0.2% Tween-80 in water. The formulation 

for IP injection was 1% DMSO in phosphate-buffered saline. Blood was collected by 

retro-orbital bleeding 2 hrs after drug administration. For TAK-242 measurements, pooled 

plasma samples (20 μL) were mixed with an internal standard (bromfenac, 15μL of 40 

ng/mL in 50% acetonitrile). Protein was precipitated by adding 400 μL of ethyl acetate, 

vortexed, and centrifuged at 13,000 rpm, 4°C for 15 min. Supernatant was transferred into 

a glass tube, dried under N2 gas, reconstituted with 100 μL 50% acetonitrile, vortexed and 

centrifuged, before injection (2 μL) onto a LC-MS/MS system. Chromatography separation 

was accomplished on a Shimadzu Nexera X2 UHPLC system (Columbia, MD) equipped 

with ACE Excel 2 Super C18 column (50×2.1 mm ID, 2.7 μm) using a gradient mobile phase 
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at 0.5 mL/min flow rate, with component A (0.1% v/v formic acid in water) and component 

B (0.1% v/v formic acid in acetonitrile). Gradient elution was: 20% B for 0–0.2 min, 20% to 

98% B for 0.2–2.5 min, 98% B for 2.5–3.5 min, 20% B for 3.5–3.6 min, and 20% B for 3.6–

4.6 min. MS/MS analysis was performed on a 4000 QTRAP® triple quadrupole MS system 

equipped with a Turbo Ion Spray ion source (SCIEX, Redwood City, CA) and operated 

in negative ion electrospray mode. Retention times for TAK-242 and bromfenac were 2.31 

min and 2.14 min, respectively. The method was validated with a linear analytical range 

of 0.32–20.0 ng/mL TAK-242 in mouse plasma. TAK-242 concentrations in 5% DMSO 

in 30% 2-HPβCD were measured on an ACQUITY UPLC H-Class Plus system (Waters 

Corporation, Palatine, IL) using a Xterra MS C18 (4.6×150 mm, 3.5 μm) column with 60% 

acetonitrile in water containing 0.1% formic acid at 1 mL/min and monitored at 280 nm. The 

assay was linear in TAK-242 concentrations of 1.0–50.0 μg/mL.

Mice Treatment and MR Imaging

All animal procedures were carried out in accordance with the policies and regulations 

of the Institutional Animal Care and Use Committee (IACUC) at the University of Texas 

MD Anderson Cancer Center. Control and experimental mice were PtenloxP/+;Albumin 

(Alb)-Cre+ and PtenloxP/loxP;Alb-Cre+ (HepPten−), respectively, and were obtained through 

the crossing of PtenloxP/loxP;Alb-Cre+male mice and PtenloxP/+;Alb-Cre+ female mice 

(C57BL/6 background). Pharmacokinetic (PK) and tolerability studies were performed using 

36 HepPten− and 36 control male mice, 8 months of age (n=3 per treatment group). In 

multi-dose studies, we tested daily oral administration of 3, 10 and 30 mg/kg of TAK-242 

over 5 days, solubilized in 5% DMSO in 30% 2-HPβCD for oral administration. Mice in 

single-dose treatment groups were sacrificed after 12 or 24 hrs. For multi-dose treatment 

groups, mice were sacrificed 2 hrs after last dose. Efficacy studies were performed using 

80 HepPten− male mice (n=10 per treatment group). Enrollment criteria were 8-month old 

male mice showing no lesion by MRI (Arm 1) or showing small liver lesions (<7.5 mm3 

volume) by MRI (Arm 2). HepPten− mice were treated with TAK-242 solubilized in 5% 

DMSO in 30% 2-HPβCD by daily (Monday–Friday) oral gavage (10 ml/kg) at 3, 10 and 

30 mg/kg, or placebo for 18 weeks. Mice were monitored for body weight and by MRI 

(Bruker Biospec USR47/40) every 14 days. Liver tumors were detected using a standard 

acquisition protocol with a 250 μm slice thickness and enough slices to cover the entire 

liver. The number of tumors and tumor volumes assessed by MRI were used to generate 

tumor incidences, calculated as the number of mice without tumors ≥7.5 mm3 divided by the 

number of mice in the group.

Necropsies, Histology Analyses and Liver Function Assays

Blood was collected at necropsy by cardiac puncture. Spleen, kidney and liver tissues 

were harvested, weighed and fixed in 10% neutral formalin. Liver tumors were collected, 

and tumor diameters were measured. Tumor and liver sections were also snap-frozen in 

liquid nitrogen. Formalin-fixed tissue sections were sectioned and stained with hematoxylin 

and eosin and/or Masson’s Trichrome. Histopathologic analysis was performed blindly 

by pathologists. We adopted the NAFLD Activity Score (NAS) (28) to include both 

macrovesicular and microvesicular steatosis grades, calculated as an unweighted sum of 

macrosteatosis (0–3), microsteatosis (0–3), lobular inflammation (0–3) and ballooning (0–2) 
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scores. Bile ductular reaction and liver fibrosis were also assessed on a 0–3 and 0–4 scale, 

respectively. Aspartate aminotransferase (AST) and ALT measurements in serum (30 μL of 

6-fold dilution) were determined using the ACE Axcel clinical chemistry system (Diagnostic 

Technologies).

RNA Sequencing and Cell Deconvolution

RNA sequencing was performed on liver tissue from mice treated with placebo or 30 

mg/kg TAK-242 for 18 weeks. Total RNA was extracted from snap-frozen livers using the 

miRNeasy Mini Kit (Qiagen). Following cDNA synthesis, end repair, adaptor ligation and 

PCR amplification with the KAPA Stranded mRNA-Seq kit, the enriched cDNA libraries 

were subjected to strand-specific mRNA sequencing on the Illumina NovaSeq 6000 system, 

using the SP flow cell and 100 base-pair paired-end reads. Sequence files were generated 

in FASTQ format (bcl2fastq, v2.20.0). Using the STAR (RRID:SCR_004463) program 

(v2.7.0f), raw reads were aligned to the mouse reference genome GRCm39 and the number 

of aligned read per gene using the annotations GRCm39.103 were counted. Genes with 

maximum abundance below 0.5 counts per million (CPM) across all samples were excluded, 

leaving 16,940 genes for differential expression analysis.

Statistical Analyses

Statistical differences in continuous variables between treatment groups were assessed 

by two-tailed, unpaired t-tests for normally distributed variables, or the Mann-Whitney 

U test for variables not normally distributed. Statistical differences in tumor incidences 

between treatment groups were assessed by Fisher’s exact test. Differences in tumor-free 

survival between groups were assessed by the log-rank test. The Mann-Whitney U test 

was performed to identify genes differentially expressed genes (DEGs) in liver of mice 

treated with placebo or 30 mg/kg TAK-242 for 18 weeks. The criteria for DEGs were Mann-

Whitney p<0.05 and FC ≥1.5 or ≤−1.5. Spearman’s correlation was performed between 

expression of each gene and tumor burden, with genes considered significantly correlated 

with tumor burden if they had a Spearman’s correlation p<0.05. To impute relative 

proportions of cell populations in each liver sample, CIBERSORTx (29) was implemented 

using RNA sequencing data normalized to CPM. The reference signature matrix for adult 

mouse liver was obtained at: https://github.com/Nanostring-Biostats/CellProfileLibrary (30). 

For all tests, p<0.05 was considered significant.

Data Availability

The data generated in this study are available upon request from the corresponding author.

RESULTS

Optimal Oral Formulation, PK Studies and Drug Tolerability

As oral administration is the optimal route of drug delivery for chemoprevention, we 

first tested different formulations for oral administration of TAK-242, in control mice 

with three mice per formulation and a dose of 15 mg/kg. The formulations tested were: 

0.5% methylcellulose, 5% DMSO in 30% 2-HPβCD, 20% captisol, 1% CMC and 0.5% 

Tween-80, and 0.5% HPMC and 0.2% Tween-80. An additional group of three mice 
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received 15 mg/kg TAK-242 in 1% DMSO by IP injection. Blood was collected by 

retro-orbital bleeding 2 hrs after drug administration, and TAK-242 was quantified by 

LC-MS/MS. Mice treated with TAK-242 in 5% DMSO in 30% 2-HPβCD had the highest 

plasma concentrations of TAK-242, with levels comparable to mice treated via IP injection 

(Fig. 1A). The solubility of TAK-242 in this formulation was assessed by high-performance 

liquid chromatography (HPLC) (Fig. 1B). Concentrations tested ranged from 15.625 to 3000 

μg/mL (equivalent to a mouse dosage of 0.156–30 mg/kg) and the actual concentrations of 

dissolved TAK-242 were compared to the expected concentrations. TAK-242 demonstrated 

good solubility in the selected oral formulation as the actual concentration continued to 

increase up to 3000 μg/ml, where 33.4% of expected TAK-242 was detected. Therefore, 

5% DMSO in 30% 2-HPβCD was selected as the vehicle for oral gavage in all subsequent 

experiments.

PK studies included both single and multi-dose treatments over 5 days and were performed 

on both 8-month old control and HepPten− male mice (n=72). Three control and three 

HepPten− mice were used per treatment group and collected plasma was pooled. As 30 

mg/kg is the maximum tolerable dose, we tested oral administration of 3, 10 and 30 

mg/kg TAK-242. In single-dose studies, blood was collected by retro-orbital procedure 

at 4, 12 and 24 hrs post-treatment. In multi-dose studies with daily oral administration 

of TAK-242 over 5 days, blood was collected 2 hrs after final administration. TAK-242 

concentrations at 4 hrs were higher in HepPten− mice compared to control mice for the 10 

and 30 mg/kg treatment groups (Fig. 1C). The single-dose 30 mg/kg TAK-242 in HepPten− 

mice had the highest concentration at 3.71 ng/mL compared to 3.41 ng/mL in control mice. 

HepPten− mice receiving multiple doses of 10 or 30 mg/kg TAK-242 also had higher plasma 

concentrations of the drug (2.05 and 1.66 ng/mL) compared to control mice (0.24 and 0.67 

ng/mL) (Fig. 1D). As HepPten− mice present with NASH by 8 months of age, the higher 

plasma concentrations of TAK-242 in these mice compared to control mice, several hours 

after treatment, may reflect reduced hepatic drug clearance capacity.

Drug tolerability was assessed by organ weight, tissue histology, and hematologic and serum 

chemistry measurements. Liver, spleen and kidney weights at necropsy were normalized to 

body weight (Supplementary Fig. S1). No consistent changes in normalized organ weights 

were observed for any treatment group when compared to placebo. A slight but significant 

increase in kidney weight was observed in HepPten− mice treated by 3 mg/kg TAK-242 

for 24 hrs (p=0.027). However, such increase was not observed in control mice nor in 

HepPten− mice treated with 10 or 30 mg/kg TAK-242 for 24 hrs. Most importantly, no 

changes in organ weights were observed in mice within the multi-dose treatment groups. 

No significant histological abnormalities in spleen or kidney were observed in any treatment 

group (Supplementary Table S1). The 30 mg/kg TAK-242 treatment group showed mild 

increased extramedullary hematopoiesis in spleen. Overall, the optimal dose and oral 

formulation of TAK-242 was determined to be 30 mg/kg in 5% DMSO in 30% 2-HPβCD, 

which was well-tolerated over 5 days of daily treatment.
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Determination of TAK-242 Efficacy in Preventing HCC Development in HepPten− Mice

To determine the efficacy of TAK-242 in preventing HCC development, 8 month-old 

HepPten− male mice with no liver lesions detected by MRI, were enrolled and divided 

into 4 treatment groups (n=10 per group): placebo, 3, 10 and 30 mg/kg TAK-242. Treatment 

was orally administered daily for 18 weeks. There was no reduction in body weight in any 

treatment group throughout the study (Supplementary Fig. S2). Similarly, no difference was 

observed in liver or spleen weights at end of treatment, demonstrating no toxicity over 18 

weeks for any of the doses tested. All mice were monitored by MRI every 2 weeks until 

end of treatment. For tumor endpoint analysis, liver lesions with volume <7.5 mm3 were 

excluded. TAK-242 treatment resulted in a dose-dependent delay in tumor development. 

Liver tumors were first detected after 2 weeks of treatment only in 1 of the 10 mice from 

the placebo group. Liver tumors were detected after 6 weeks in 1 of the 10 mice treated with 

3 mg/kg TAK-242 and in 3 of the 10 mice treated with 10 mg/kg TAK-242. Among the 10 

mice treated with 30 mg/kg TAK-242, liver tumors were first detected after 8 weeks in only 

2 mice. At end of treatment, 90%–100% of the mice in placebo, 3 and 10 mg/kg TAK-242 

treatment groups had tumors, while only 77% of the mice in the 30 mg/kg TAK-242 

treatment group had tumors (Fig. 2A). The delay in tumor development in mice treated with 

30 mg/kg TAK-242 was further demonstrated by tumor-free survival curves. Although not 

significantly, mice treated with 30 mg/kg TAK-242 had a median tumor-free survival time 

of 98 days compared to 70 for mice in the placebo group (Fig. 2B). The average number 

of tumors per mouse at end of treatment was also lower in mice treated with 30 mg/kg 

TAK-242 (2.22±0.62 compared to 4.11±1.06 in the placebo group) (Fig. 2C). Tumor burden, 

measured by MRI at 18 weeks, was also reduced in mice from all TAK-242 treatment 

groups compared to placebo, with statistical significance and strongest reduction (5.1-fold) 

observed for mice treated with 30 mg/kg TAK-242 (Fig. 2D). The average tumor burden was 

448.7±154.2, 148±50.1, 245.2±126.2 and 87.7±50.4 mm3 for mice in the placebo, 3, 10, and 

30 mg/kg of TAK-242 treatment groups, respectively (p=0.043). Individual tumor volumes 

were also strongly reduced in all TAK-242 treatment groups compared to placebo with the 

strongest reduction (2.7-fold) observed in the 30 mg/kg group (Fig. 2D). The average tumor 

volume was 79.0±15.9, 38.7±8.6 (p=0.012), 56.4±9.1, and 29.4±7.4 (p=0.001) mm3 for 

placebo, 3, 10 and 30 mg/kg TAK-242 treatment groups, respectively (p=0.001). Necropsy 

results confirmed the end of treatment MRI results. Tumor burden was strongly reduced in 

all TAK-242 treated groups compared to placebo, with the strongest reduction (6.6-fold) 

observed in the 30 mg/kg TAK-242 treatment group (Fig. 2E). The average tumor burden 

was 624.6±237.5, 143.5±48.0, 257.2±121.6, and 94.6±56.2 (p=0.022) mm3 for placebo, 

3, 10 and 30 mg/kg TAK-242 treatment groups, respectively. Individual tumor volumes 

were strongly and significantly reduced in all TAK-242 treatment groups compared to 

placebo, with the strongest reduction observed in the 30 mg/kg group and corresponding 

to a 3.9-fold reduction (Fig. 2E). The average tumor volume was 160.1±59.3, 41.7±14.1 

(p<0.001), 65.9±19.8 (p=0.023) and 37.9±14.9 (p=0.009) mm3 for placebo, 3, 10 and 30 

mg/kg TAK-242 treatment groups, respectively. These data indicated that 18-week treatment 

of HepPten− mice with TAK-242 was well-tolerated and resulted in reduced development of 

tumors, with the strongest effects observed with 30 mg/kg.
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TAK-242 Treatment Efficacy in Preventing HCC Development from Small lesions in 
HepPten− mice

Additionally, we tested the efficacy of TAK-242 in preventing HCC progression from small 

lesions (adenomas) in HepPten− mice (Fig. 3). Eight-month-old HepPten− male mice with 

small adenomas <7.5 mm3 detected by MRI, were enrolled and divided into 4 treatment 

groups (n=10 per group): placebo, 3, 10, and 30 mg/kg TAK-242. There was no statistical 

difference in tumor burden among the treatment groups at start of treatment (Fig. 3A). All 

small lesions at start of treatment were monitored by MRI every 2 weeks and individual 

volumes were measured over time. Daily TAK-242 treatment by oral gavage over 18 weeks 

resulted in a dose-dependent delay in the growth of these small lesions. Progression of the 

small lesions to tumors >7.5 mm3 were first detected after 2 weeks in 3 of the 10 mice from 

the placebo and 3 mg/kg TAK-242 treatment groups as well as in 1 of the 10 mice treated 

with 10 mg/kg TAK-242. Among the 10 mice treated with 30 mg/kg TAK-242, progression 

of the small lesions to tumors >7.5 mm3 was first detected after 4 weeks in only 1 mouse. At 

end of treatment, 90%, 80%, 67% and 40% of the small lesions progressed to tumors >7.5 

mm3 in the placebo, 3, 10 and 30 mg/kg TAK-242 treatment groups, respectively (p=0.02) 

(Fig. 3B). The significant delay in small lesions progression to tumors in mice treated with 

30 mg/kg TAK-242 was further demonstrated using tumor-free survival curves, where mice 

with lesions <7.5 mm3 were considered “tumor-free”. Mice treated with 30 mg/kg TAK-242 

had a median tumor-free survival time of 126 days compared to 63 for mice in the placebo 

group (p=0.010) (Fig. 3C). Tumor volumes and tumor burden in each treatment group at 

necropsy, together with average curves of growth over the course of the treatment, are 

shown in Fig. 3D–E. At end of treatment, average tumor volume was strongly reduced in 

all TAK-242 treatment groups compared to placebo. The strongest reductions were observed 

for mice in the 10 (21.3-fold) and 30 (9.7-fold) mg/kg TAK-252 treatment groups. Average 

tumor volume at end of treatment was 581.0, 159.2, 27.2 and 59.8 mm3 for placebo, 3, 10 

and 30 mg/kg TAK-242 treatment groups, respectively (p=0.035). Tumor histology was also 

assessed for pre-existing lesions collected at time of necropsy after 18 weeks of treatment. 

There were no significant differences in the proportion of lesions classified as carcinomas 

between each treatment group versus placebo (Supplementary Fig. S3). These data indicated 

that 18-week treatment of HepPten− mice with TAK-242 resulted in reduced progression of 

small pre-HCC lesions.

Liver Histology and Liver Injury Markers in HepPten− Mice Treated with TAK-242

Histology of all livers collected at time of necropsy was blindly evaluated for parameters 

of NASH and liver fibrosis (Fig. 4A). Macrovesicular steatosis was significantly reduced in 

livers of mice treated with 30 mg/kg TAK-242 compared to placebo (scores=1.16 vs 1.65; 

32% vs 65% of scores ≥2, p=0.05). An improvement in microvesicular steatosis was also 

observed following 30 mg/kg TAK-242 treatment but did not reach significance. In addition, 

treatment with 30 mg/kg TAK-242 resulted in reduced lobular inflammation (scores=1.42 

vs 1.75; 37% vs 65% of scores ≥2) and reduced hepatocellular ballooning (scores=1.31 vs 

1.7; 53% vs 75% of score 2). As a result, NASH severity, estimated by modified NAS, was 

reduced following treatment with 30 mg/kg TAK-242 (scores=6.1 vs 7.6; 32% vs 60% of 

scores ≥ 8). No effect of TAK-242 treatment on bile ductular reaction or liver fibrosis was 

observed.
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Serum liver injury markers AST and ALT were also measured. While no significant changes 

in AST were observed in TAK-242 treatment groups compared to placebo, lower levels of 

ALT were observed in all TAK-242 treatment groups, reaching significance in the 30 mg/kg 

TAK-242 treatment group. The median concentration of ALT in the placebo group was 462 

U/L versus 339 U/L, 312 U/L and 327 U/L in the 3, 10 and 30 mg/kg TAK-242 treatment 

groups, respectively (p=0.032) (Fig. 4B). Overall, 18-week treatment of HepPten− mice with 

30 mg/kg TAK-242 led to reduced macrovesicular steatosis and serum levels of ALT.

TAK-242-Induced Hepatic Gene Expression Changes that Correlate with HCC Prevention 
Efficacy

To determine gene expression changes that may mediate TAK-242-induced HCC prevention, 

RNA sequencing was performed on liver tissue from mice treated with placebo or 30 mg/kg 

TAK-242 for 18 weeks. 220 TAK-242-induced DEGs that also had a significant correlation 

with tumor burden by Spearman correlation analysis were identified (Fig. 5, Supplementary 

Table S2). Among them, 42 were upregulated upon TAK-242 treatment and negatively 

correlated with tumor burden, while 178 were downregulated upon TAK-242 treatment 

and positively correlated with tumor burden. Hierarchical clustering based on these 220 

genes successfully distinguished placebo-treated livers from TAK-242-treated livers (Fig. 

5A). Genes strongly upregulated or with strong negative correlation with tumor burden 

included: cytochrome P450 genes (CYP2B13; CYP2B9; CYP2C55) [FC=3.5 (p=0.007), 

rs=−0.57 (p=0.023); FC=2.7 (p=0.002), rs=−0.57 (p=0.024); FC=1.5 (p=0.050), rs=−0.87 

(p<0.001)], metabotropic glutamate receptor 8 (GRM8) [FC=3.2 (p=0.015), rs=−0.61 

(p=0.014)], long non-coding RNA predicted gene 12718 (GM12718) [FC=2.5 (p=0.028), 

rs=−0.74 (p=0.002)], S100 calcium binding protein G (S100G) [FC=2.5 (p=0.015), 

rs=−0.57 (p=0.023)] and carboxylesterase 1G (CES1G) [FC=2.3 (p=0.021), rs=−0.62 

(p=0.013)], kielin/chordin-like protein (KCP) [FC=1.6 (p=0.005), rs=−0.78 (p=0.001)], 

ankyrin repeat and SOCS box-containing 16 (ASB16) [FC=1.6 (p=0.038), rs=−0.77 

(p=0.001)], and cytoskeleton associated protein 2 (CKAP2) [FC=1.6 (p=0.028), rs=−0.75 

(p=0.001)]. Genes strongly downregulated or with strong positive correlation with tumor 

burden included: RNA binding motif protein 24 (RBM24) [FC=−8.2 (p=0.001), rs=0.67 

(p=0.006)], immunoglobulin heavy variable V1–42 (IGHV1–42) [FC=−7.9 (p=0.010), 

rs=0.58 (p=0.022)], methyltransferase-like 7A2 (METTL7A2) [FC=−4.5 (p<0.001), rs=0.62 

(p=0.013)], peptidoglycan recognition protein 4 (PGLYRP4) [FC=−4.4 (p=0.050), rs=0.62 

(p=0.012)] and POU Class 3 Homeobox 1 (POU3F1) [FC=−4.0 (p=0.007), rs=0.53 

(p=0.037)], ATPase genes (ATP6V1B1; ATP10B) [FC=−3.9 (p=0.007), rs=0.59 (p=0.019); 

FC=−2.3 (p=0.010), rs=0.81 (p<0.001)], the long non-coding RNA H19 [FC=−2.6 

(p=0.021), rs=0.51 (p=0.045)], keratin 19 (KRT19) [FC=−1.5 (p=0.003), rs=0.65 (p=0.008)], 

paired-Ig-like receptor A2 (PIRA2) [FC=−1.5 (p=0.021), rs=0.84 (p<0.001)], glutamate-rich 

protein 5 (ERICH5) [FC=−2.0 (p=0.007), rs=0.82 (p<0.001)], surfactant associated protein 

D (SFTPD) [FC=−2.4 (p=0.001), rs=0.81 (p<0.001)], and Rho GTPase activating protein 8 

(ARHGAP8) [FC=−2.1 (p=0.010), rs=0.80 (p<0.001)].

For each liver sample, the relative proportions of different cell types were inferred based on 

RNA sequencing profiles (Fig. 6A). Mice treated with 30 mg/kg TAK-242 had significantly 

decreased relative proportions of endothelial cells (5.4% vs 7.2%, p=0.012), Kupffer cells 
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(3.0% vs 3.5%, p=0.049), Siglec-H high dendritic cells (DCs) (1.7% vs 2.2%, p=0.049) 

and neutrophilic granule protein (NGP) high neutrophils (0.13% vs 0.26%, p=0.036). 

Conversely, there was an increase in the proportion of the minor subset of hepatocytes 

with high expression of mitochondrial NADH dehydrogenase 4 (MT-ND4) (1.7% vs 0.9%, 

p=0.010) (Fig. 6B). Importantly, the relative proportions of NGP high neutrophils and 

endothelial cells positively correlated with tumor burden [rs=0.70 (p=0.003) and rs=0.62 

(p=0.011), respectively], while the proportion of MT-ND4 high hepatocytes negatively 

correlated with tumor burden at necropsy [rs=−0.53 (p=0.037)] (Fig. 6C). Overall, 18-week 

treatment of HepPten− mice with 30 mg/kg TAK-242-induced hepatic gene expression 

changes that significantly correlated with tumor burden, as well as changes in the proportion 

of various cell populations in the mouse liver.

DISCUSSION

In this study, we aimed to determine the optimal oral delivery of TAK-242 and its 

tolerability and efficacy in preventing NASH-associated HCC in the HepPten− mouse model. 

The optimal dose of TAK-242 was determined to be 30 mg/kg in an oral formulation of 5% 

DMSO in 30% 2-HPβCD. The 30 mg/kg dosage had the largest detection range compared to 

3 and 10 mg/kg, and was well-tolerated over a long duration of 18 weeks. Efficacy studies 

demonstrated a significant delay in tumor development in HepPten− mice treated with 30 

mg/kg TAK-242. Individual tumor volumes and total tumor burdens were strongly reduced 

at end of treatment, confirmed by both MRI and necropsy measurements. Furthermore, in 

HepPten− mice with small pre-existing adenomas at start of treatment, a dose-dependent 

effect of TAK-242 on progression to HCC was observed. Individual volumes of pre-existing 

lesions were significantly lower at 4 out of 10 MRI timepoints for 10 mg/kg TAK-242-

treated mice and 8 out of 10 MRI timepoints for 30 mg/kg TAK-242-treated mice. Mice 

treated with 30 mg/kg TAK-242 also displayed significantly lower tumor volumes of pre-

existing lesions at necropsy. Overall, these results indicate a dose-dependent relationship 

between TAK-242 and suppression of tumor development, even from pre-existing adenomas. 

These findings were accompanied by reduced steatosis and serum levels of ALT, indicative 

of an improvement in underlying liver pathology.

To elucidate the mechanisms of TAK-242-mediated HCC prevention, we determined the 

changes in hepatic expression profiles upon treatment that also correlated with tumor 

burden. Several cytochrome P450 genes and CES1G were upregulated, indicating xenobiotic 

metabolism in response to TAK-242 administration. CES1G also possesses triglyceride 

hydrolase activity and has been shown to improve liver steatosis, lipid homeostasis, insulin 

signaling and liver inflammation (31). Another upregulated gene of interest with negative 

correlation with tumor burden was S100G, a vitamin D-dependent calcium-binding protein. 

High expression of S100G in HCC has been associated with improved overall survival (32). 

The greatest decrease in expression was observed for RBM24, an RNA-binding protein 

involved in post-transcriptional regulation of gene expression. Both tumor suppressive 

and tumor promoting functions for RBM24 in HCC have been reported (33). Significant 

downregulation of IGHV1-45 and other genes from the immunoglobulin heavy and kappa 

locus was observed, suggesting reduced immunoglobulin production by B cells. Of interest, 

the B cell population size in the liver was unchanged upon TAK-242 treatment. TLR4 
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signaling has been shown to augment activation of B cells and regulate immunoglobulin 

production (34). Elevated level of circulating immunoglobulins was observed in NASH 

patients and positively associated with fibrosis severity and mortality (35, 36). TAK-242 

treatment also led to downregulation of several other genes previously associated with HCC, 

namely ATP6V1B1, H19, and KRT19. ATP6V1B1, a component of vacuolar ATPase, is 

upregulated in HCC and may promote cancer cells survival by regulating acidity in the 

tumor microenvironment (37). H19 is a long non-coding RNA with a well-established role 

in promoting NAFLD (38). Its role in HCC remains however controversial, with potential 

tumor suppressive or promoting effects (39). KRT19, a marker of biliary epithelial cells, 

reflects this cell of origin in a subset of HCC with poor prognosis. High KRT19 expression 

has been associated with HCC tumor size, cell de-differentiation, metastasis and poor 

prognosis (40).

Based on inferred cell populations from bulk liver RNA sequencing data, TAK-242 

treatment was accompanied by decreased populations of endothelial cells and several 

myeloid-derived immune cell types (Kupffer cells, Siglec-H high DCs and NGP high 

neutrophils). Furthermore, the proportion of NGP high neutrophils and endothelial cells 

positively correlated with tumor burden. Kupffer cells, the resident macrophages and largest 

population of immune cells in the liver, are potential drivers of fibrogenesis. Enrichment 

of Kupffer cells in the liver has been observed with increasing NASH and fibrosis severity 

in NAFLD patients (41, 42). Hepatic DCs are divided into two main classes in both mice 

and humans: classical and plasmacytoid. Plasmacytoid DCs, characterized by expression 

of Siglec-H, are the most abundant subset in the mouse liver and function as a major 

source of type I interferons (43). Kupffer cells and plasmacytoid DCs express TLR4 and 

produce proinflammatory TNF-α and IL-6 upon TLR4 signaling (44). Neutrophils are 

recruited to the liver in chronic liver disease, driving hepatocyte damage and promoting 

inflammation (45). Collectively, a reduction in these cell populations could mediate the 

attenuated hepatic inflammatory environment induced by TLR4 inhibition. Conversely, we 

observed a significantly increased proportion of MT-ND4 high hepatocytes in mice treated 

with TAK-242, which also negatively correlated with tumor burden. This recently identified 

minor subset of hepatocytes is characterized by high expression mitochondrial genes (46). 

MT-ND4 is part of the mitochondrial respiratory chain complex I required for oxidative 

phosphorylation. Changes in this cell population suggest that TLR4 inhibition induces 

alterations in mitochondrial function, oxidative phosphorylation and reactive oxygen species 

production, key processes that contribute to the development of NASH (47–49).

In conclusion, inhibition of TLR4 by the small molecular inhibitor TAK-242 was well-

tolerated and reduced the development of HCC and progression of small pre-existing 

adenomas in the HepPten− mouse model of NASH-associated HCC. TLR4 inhibition 

was accompanied by changes in hepatic expression of 220 genes that correlated with 

tumor burden. It also resulted in depletion of neutrophils and endothelial cells and 

enrichment of MT-ND4 high hepatocytes, indicative of alleviation of hepatic inflammation 

and increased mitochondrial function and oxidative phosphorylation. These studies support 

further development of TAK-424 for the prevention of HCC in individuals with NASH. 

Additional early studies in humans will be needed to determine the toxicity and tolerability 

of TLR4 inhibitors in this population. These studies also provide novel insights into 
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molecular and cellular events associated with HCC development in NASH that merit further 

investigations. Future studies should also focus on developing a pharmacodynamic signature 

of TLR4 inhibition as well as on demonstrating that HCC prevention by TAK-242 is solely 

mediated by TLR4 inhibition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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List of Abbreviations

2-HPβCD 2-hydroxypropyl-β-cyclodextrin

ALT Alanine aminotransferase

AST Aspartate aminotransferase

CBC Complete blood count

CMC Carboxymethyl cellulose

CPM Counts per million

DEG Differentially-expressed gene

DMSO Dimethyl sulfoxide

GADPH Glyceraldehyde-3-phosphate dehydrogenase

HCC Hepatocellular carcinoma

HPLC High-performance liquid chromatography

HPMC Hydroxypropylmethylcellulose

IL-10 Interleukin 10

IL-6 Interleukin 6

IP Intraperitonea

LC-MS/MS Liquid chromatography with tandem mass spectrometry

K2 EDTA dipotassium ethylenediaminetetraacetic acid

MRI Magnetic resonance imaging
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NAFLD Non-alcoholic fatty liver disease

NAS NAFLD activity score

NASH Non-alcoholic steatohepatitis

PCR Polymerase chain reaction

PD Pharmacodynamic

PK Pharmacokinetic

PTEN Phosphatase and tensin homolog

TLR4 Toll-like receptor 4

TNF-α Tumor necrosis factor alpha
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PREVENTION RELEVANCE

Means to prevent development of HCC or progression of small adenomas to HCC in 

patients with NASH are urgently needed to reduce the growing mortality due to HCC. 

We characterized the chemopreventive effect of oral administration of the TLR4 inhibitor 

TAK-242 in a model of NASH-associated HCC.
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Figure 1. TAK-242 oral gavage formulations and PK studies.
(A) Plasma concentrations of TAK-242 in mice 2 hrs after administration by IP or 

oral gavage of TAK-242 at a dose of 15 mg/kg. The oral formulations tested were: 

0.5% methylcellulose, 5% dimethyl sulfoxide in 30% 2-hydroxypropyl-β-cyclodextrin (5% 

DMSO + 30% 2-HPβCD), 20% captisol. 1% carboxymethyl cellulose and 0.5% Tween-80 

(1% CMC + 0.5% TW80), and 0.5% hydroxypropylmethylcellulose and 0.2% Tween-80 

(0.5% HPMC + 0.2% TW80). (B) Solubility of TAK-242 in 5% DMSO + 30% 2-HPβCD 

assessed by HPLC. The concentrations tested ranged from 15 to 3000 μg/ml (equivalent to a 

mouse dosage of 0.15–30 mg/kg). (C) TAK-242 was administered by oral gavage as a single 

dose of either 3, 10 or 30 mg/kg to control and HepPten− mice and measured in plasma 

collected at 4, 12 and 24 hrs after administration. (D) TAK-242 was administered by oral 

gavage once daily for 5 days, at a dose of 3, 10 or 30 mg/kg to control and HepPten− mice 

and measured in plasma collected 2 hrs after last dose administration.
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Figure 2. Prevention of liver tumor development by TAK-242 treatment in HepPten− mice.
Mice under treatment for 18 weeks received MRI scans every 2 weeks. Lesions >7.5 mm3 

were included in the analysis. (A) Tumor incidence within each treatment group at each MRI 

timepoint. (B) Tumor-free survival curves for each TAK-242 treatment group compared to 

placebo. Significant differences between groups were assessed by the log-rank test. (C) 
Number of tumors per mouse detected at each MRI timepoint in each treatment group. Data 

are shown as mean, SEM. (D-E) Tumor burden and individual tumor volumes at end of 

treatment measured (D) by MRI, and (E) at necropsy. Tumor burden was calculated as the 

sum of all individual tumor volumes in each mouse. Significant differences between groups 

were assessed by the Mann-Whitney U test. * p<0.05, ** p<0.01, *** p<0.001.
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Figure 3. Prevention of progression of pre-HCC lesions by TAK-242.
Mice with lesions <7.5 mm3 were enrolled and treated with TAK-242 at 3, 10 or 30 

mg/kg for 18 weeks. All mice received MRI scans every 2 weeks. Preexisting lesions 

were considered tumors when they surpassed 7.5 mm3. (A) Average volume of individual 

lesions (left) and average lesion burden, calculated as the sum of all individual lesion 

volumes in each mouse (right), at start of treatment in each treatment group. (B) Tumor 

incidence within each treatment group at each MRI time-point. Significant differences were 

assessed by Fisher’s exact test. (C) Tumor-free survival curves for each treatment group. 

Significant differences between groups were assessed by log-rank test. (D) Tumor volume as 

measured by MRI over time in each treatment group. (E) Tumor burden and tumor volume 

measurements taken at time of necropsy, after 18 weeks of treatment with TAK-242. Tumor 
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burden was calculated as the sum of all individual tumor volumes in each mouse. Significant 

differences between groups were assessed by the Mann-Whitney U test. * p<0.05.
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Figure 4. Liver histology and serum levels of liver injury markers in HepPten− mice treated with 
TAK-242.
(A) Livers collected at necropsy were blindly evaluated for modified NAFLD activity score 

(NAS; 0–11), macrovesicular steatosis (0–3), microvesicular steatosis (0–3), hepatocellular 

ballooning (0–2), and lobular inflammation (0–3). Significant differences between groups 

were assessed by unpaired t-test. (B) AST and ALT measurements in serum collected at 

necropsy. Significant differences between groups were assessed by the Mann-Whitney U 
test. * p<0.05.
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Figure 5. Differentially expressed genes with significant correlations with tumor burden at 
necropsy.
(A) Hierarchical clustering based on log2 counts per million of 220 DEGs in mice 

treated with 30 mg/kg TAK-242, and with a significant correlation with tumor burden. (B) 
Spearman’s correlation of tumor burden for all 220 DEGs. Genes are sorted by correlation 

coefficient.

Kwan et al. Page 22

Cancer Prev Res (Phila). Author manuscript; available in PMC 2023 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Changes in cell populations upon TAK-242 treatment.
(A) Cell deconvolution based on transcriptomic profiles of livers from mice treated with 

placebo or 30 mg/kg TAK-242. (B) Cell types with significantly different estimated 

proportions between livers of mice treated with placebo versus 30 mg/kg TAK-242. 

Significant differences between groups were assessed by unpaired t-test. (C) Spearman’s 

correlation of tumor burden with all detected cell types. Cell types are sorted by correlation 

coefficient. Correlation coefficients are shown for correlations with Spearman’s p<0.05.
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