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Abstract 

The liver hosts a diverse array of immune cells that play pivotal roles in both maintaining tissue 

homeostasis and responding to disease. However, the precise contributions of these immune cells 

in the progression of nonalcoholic fatty liver disease (NAFLD) and hepatocellular carcinoma 

(HCC) remain unclear. Utilizing a systems immunology approach, we reveal that liver immune 

responses are governed by a dominant-subdominant hierarchy of ligand-receptor-mediated 

homeostatic pathways. In healthy individuals, inflammatory immune responses operate within 

these pathways, challenging the notion of the liver as a purely tolerogenic organ. Chronic 

consumption of a Western diet (WD) disrupts hepatocyte function and reconfigures immune 

interactions, resulting in hepatic stellate cells (HSCs), cancer cells, and NKT cells driving 80% 

of the immune activity during NAFLD. In HCC, 80% of immune response involves NKT cells 

and monocytes collaborating with hepatocytes and myofibroblasts to restore disrupted 

homeostasis. Interestingly, dietary correction during NAFLD yields nonlinear outcomes: tumor 

progression coincides with the failure of mounting homeostatic immune responses, whereas 

tumor prevention is associated with sustained immune responses, predominantly orchestrated by 

monocytes. These monocytes actively target fibroblasts and myofibroblasts, creating a tumor-

suppressive microenvironment. Notably, only 5% of T cells displayed apoptosis-inducing 

activity, selectively contributing to the turnover of hepatic stromal cells, particularly 

myofibroblasts and fibroblasts. Our findings suggest that effective anti-tumor immune responses 

in the liver are primarily mediated by immune cells sustaining tissue homeostasis, rather than 

relying on direct cytotoxic mechanisms.  
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Introduction 

Traditional interpretations of existing data suggest that immune responses are induced only in 

response to damage or infection, with the immune system being naturally tolerogenic to avoid 

reacting against harmless substances such as gut-derived nutrients in the liver (1). However, 

accumulating evidence challenges this view by demonstrating the presence of inflammatory 

immune responses under healthy conditions in the liver. The healthy liver maintains an active 

cytokine milieu, including pro-inflammatory cytokines such as IL-2, IL-7, IL-12, IL-15, TNF-α, 

and IFN-γ, as well as anti-inflammatory cytokines like IL-10, IL-13, and TGF-β, produced by the 

hepatic immune system (2). Additionally, activated NKT cells support hepatocyte proliferation 

and liver regeneration (3). Hepatic B and T cells also contribute to liver regeneration by 

producing lymphotoxin β (LTβ) (4), as the blocking of LTβR impedes liver regeneration after 

partial hepatectomy (5). Human hepatic CD141+ dendritic cells (DCs) are potent cytokine 

producers and activators of T cells (6). This homeostatic inflammatory immune response is 

essential for hepatic cell regeneration and tissue remodeling. However, the mechanisms by which 

hepatic immune responses are induced under healthy conditions or nonalcoholic fatty liver 

disease (NAFLD) and hepatocellular carcinoma (HCC) remain elusive. The present study 

addresses this gap by the assessment of the hepatic immune system under healthy condition on a 

regular chow diet (CD) as well as during the progression or inhibition of HCC. 

The immune system in each organ, including the liver, operates through a complex network of 

reciprocal cis and trans cellular interactions via ligand-receptor communications. Understanding 

this system requires a holistic perspective rather than focusing on individual cell types alone. 

This systems perspective is crucial for both the immunobiology of diseases and the development 

of novel immunotherapies. While reductionist approaches in immunology have advanced our 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 10, 2024. ; https://doi.org/10.1101/2024.06.12.598563doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.12.598563
http://creativecommons.org/licenses/by-nd/4.0/


knowledge of immune cell types, they fall short in uncovering the mechanisms of emergent 

collective functions of the organ-specific immune system, and in offering curative 

immunotherapies beyond prolonging the survival of cancer patients. Recent reviews have 

highlighted contradictory observations regarding the dual functions of innate and adaptive 

immune responses in tumor immune surveillance, inflammation-associated liver protection or 

liver damage, and promotion or inhibition of HCC (7,8).  

Recent advancements in big data and computational algorithms have enabled the detection of 

cellular interactions as distinct networks, providing deeper insights into disease mechanisms. By 

adopting a systems immunology approach for understanding the progression of NAFLD to HCC, 

it has been demonstrated that dominant-subdominant relationships among hepatic immune cells 

shape immunological patterns from which collective functions emerge, distinct from the 

individual roles of each immune cell type (9,10). These dominant-subdominant interactions are 

analogous to "cell competition" or "cellular fitness," where winner cells survive and eliminate 

loser cells (11,12). In the present study, we focused on the molecular pathways of ligand-

receptor interactions to uncover immunological patterns associated with dominant cell types and 

pathways involved in the progression or inhibition of HCC in the DIAMOND mouse model. 

This approach allows for a more comprehensive understanding of the mechanisms of NAFLD 

and HCC, as well as the development of more effective therapeutic strategies. Such interactions 

network analysis of hepatic cells revealed the presence of carcinogenic processes prior to the 

formation of HCC on a WD, as well as during rescue from HCC through dietary correction, 

indicating the presence of dormant cancer. Additionally, cellular partnership that promoted liver 

homeostatic pathways was found to be a crucial mechanism of hepatic immune surveillance for 

preventing HCC. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 10, 2024. ; https://doi.org/10.1101/2024.06.12.598563doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.12.598563
http://creativecommons.org/licenses/by-nd/4.0/


 

Materials and Methods 

Animal model and experimental design 

Diet-induced animal model of nonalcoholic fatty liver disease (DIAMOND) (13) were used in 

this study, which are an isogenic cross between C57BL/6J and 129S1/SvImJ mice. In brief, male 

mice were put on a standard CD for 40 weeks (n=2), WD, or underwent diet reversal (RD) after 

being on a WD. A WD consists of high fructose and glucose sugar water in conjunction with 

high-fat diet (10). Only male mice were used in this study due to higher incidence of males 

developing HCC than female mice on a WD (10). Mice were on a WD for 40 weeks prior to the 

development of HCC and during NAFLD (the WD.nf group; n=2) or after development of HCC 

by 48 weeks (WD.t; n=3). Separate groups underwent diet reversal for additional 12 weeks, after 

36 weeks of being on a WD, in which some mice developed tumors (RD.t; n=2) and some were 

rescued from the development of HCC and exhibited no tumors in the livers (RD.n; n=3) (Figure 

S1).  

Hematoxylin and eosin staining 

Formalin fixed paraffin embedded liver (FFPE) tissues were subjected to hematoxylin and eosin 

(H & E) stain using Tissue Tek Prisma Autostainer as previously described by our group (14). 

Histology slides were scanned at 40x magnification.  

Flow cytometry 

Multicolor staining and flow cytometry analysis of T cells were performed as previously 

described by our group (10). Briefly, Fc blocker anti-CD16/32 Ab was used for all staining 

panels before using the T cell staining panel (CD8, CD4, CD44, CD62L).  All reagents were 
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purchased from Biolegend (San Diego, CA). All reagents were used at the manufacturer’s 

recommended concentration. Multicolor data acquisition was performed using a LSRFortessa X-

20 (BD Biosciences) and a ImageStreamX Mark II Imaging Flow Cytometer (Millipore Sigma, 

Billaerica, MA). Data were analyzed using FCS Express v5.0 (De Novo Software; Glendale, 

CA). The FVS negative viable cells were gated on CD4+ or CD8+ T cells, and analyzed for 

CD44+CD62L-//low T effector (Te), CD44+CD62L+/high (Tcm) and CD44-CD62L+ T naïve (Tn) 

subsets. 

Quality control and filtering 

Single nuclei RNA-seq data from all samples was provided by the Novogene company, in which 

nuclei were isolated from frozen mouse liver and tumor samples, and using 3’ single cell gene 

expression libraries. Novogene performed unique molecular identifier (UMI) collapsing, 

alignment to mouse reference genome mm10-5.0.0, and UMI counting and initial quality control. 

Additionally, Novogene used Cell Ranger version 7.0.0 and introns were included in the 

analysis. Seurat version 4.4.0 (15) was used to handle all data and perform quality control and 

filtering metrics. In brief, samples were loaded into the VCU HPRC core clusters to mark data 

with group identifying labels (CD, WD.nf, WD.t, RD.t, RD.n), and filter cells with 

nFeature_RNA > 200 and < 5000, as well as for cells expressing < 5% mitochondrial associated 

genes. The threshold for nFeatureRNA > 200 and < 5000 is to ensure there are sufficient 

molecular transcripts in one cell and 5000 > may entail two cells in one run, whereas 

mitochondrial gene percentages higher than 5% may be indicative of dead/dying cells. High 

Performance Computing resources provided by the High Performance Research Computing 

(HPRC) core facility at Virginia Commonwealth University (https://hprc.vcu.edu) were used for 

conducting the research reported in this work. 
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Cell type annotation and quantification 

Markers for major liver cell types specific for mice from liver focused data were extracted from 

the CellMarker 2.0 database (16) and compiled into one comprehensive list to annotate cells. The 

scSorter R program version 0.0.2 (17) was used in conjunction with these marker genes to 

annotate liver immune and nonimmune cell types such as B cell, T cell, DC, NKT, NK, 

neutrophil, monocyte, macrophage, endothelial, LSEC, stromal, HSC, fibroblast, myofibroblast, 

cholangiocyte, hepatocyte, and cancer cells. Following annotation, the cells were clustered and 

visualized in Seurat with UMAP after removing any cells classified as “Unknown” for 

subsequent analyses. Cellular annotations were confirmed by making heatmaps of marker genes 

specific for each cell type of interest. Further, quantification of the exact number of cells was 

performed in excel and normalized to 100% to show the composition of cell types in each group 

in the study, such as immune cells and nonimmune cells. Violin plots of specific marker genes in 

various cell type populations across groups were visualized and quantified in Seurat with the 

VlnPlot function. Assessments of specific genes such as Mki67 (Ki67), Tnfsf10 

(TRAIL)/Tnfrsf10b (TRAILR2), FasL/Fas were performed in Seurat with the DotPlot function, 

and average transcript expression was quantified with AverageExpression function after filtering 

cell populations for only cells expressing the gene of interest (>0). 

Intercellular communication networks 

 CellChat version 2.1.1 (https://doi.org/10.1101/2023.11.05.565674) was utilized with default 

parameters (trimean approach requiring 25% of the cells in a population to express a specific 

ligand or receptor to be considered for statistical testing) to evaluate ligand and receptor (L-R) 

interactions amongst all annotated cell types. First, we performed this on all groups, and 

subsequently performed the same analysis with a “truncated mean” of 0.05 with the 
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computeCommunProb function to evaluate lowly expressed immunologically relevant 

interactions in 5% of cells within each annotated cell type, as well as with a “truncated mean” of 

0.75 to assess major communication networks in 75% of cells, however the capacity of filtering 

can only evaluate those in 50% of cells through the use of “truncated mean” of 0.50, as results 

from 0.75 were identical to 0.5. Additionally, by filtering L-R detection through the 

identifyOverExpressedGene function and filtering thresh.pc = 0.80 allows analysis of only L-R 

pairs expressed in 80% of each cell population. Comparative CellChat analyses were also 

employed to address any changes in each cell type across groups, in which the sum of probability 

scores for cell types of interest were also quantified in excel to highlight the incoming and 

outgoing interaction strength in experimental groups. Analysis of differential number of 

interactions was performed to visualize the number of L-R interactions sent from one cell type to 

all others detected in one condition compared to the first, seen by red arrows indicating increased 

signaling events and blue arrows indicating decreased signaling events. Signaling pathway 

changes were analyzed similarly to compare major pathways utilized by a specific cell type in 

one condition compared to the first. Versions of additional dependencies for CellChat data 

visualization include NMF version 0.27 (https://github.com/renozao/NMF), circlize version 

0.4.16 (https://github.com/jokergoo/circlize), and ComplexHeatmap version 2.20.0 

(https://github.com/jokergoo/ComplexHeatmap). 

Statistical analysis 

CellChat identifies differentially expressed signaling genes via Wilcoxon rank sum test filtering 

for those at a 0.05 significance level, followed by averaging gene expression across a given cell 

group, generation of intercellular communication probability values for each L-R interaction, and 

finally identifying statistically significant communications through permutation tests and 
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recalculating communication probability between cell groups (18). Chord diagrams of signaling 

directionality were further filtered to only include L-R signaling interactions that were at or 

below a p-value of 0.01. Quantification of gene expression levels, such as Hnf4α and Ki67, were 

averaged across replicates and calculated standard error mean by the standard deviation of 

expression levels in sample replicates divided by the square root of the number of sample 

replicates. 

Data and code availability 

All code and gene lists for sorting cells are available on GitHub 

(https://github.com/koelschnj/Systems-Approaches-Understanding-Liver-Cell-Networks-

NAFLD-HCC-DietReversal) and is publicly available on the following links through the Gene 

Expression Omnibus (GEO) (18) : 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225381 and 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE279124. The CD and WD.nf datasets 

analyzed during the current study are available in the GEO repository, GSE225381. The WD.t, 

RD.t, and RD.n datasets generated and analyzed during the current study are available in the 

GEO repository, GSE279124. 

Materials availability 

DIAMOND mice used in this study will be provided, upon request to the lead contact, and may 

require fulfillment of an MTA. This study did not generate new unique reagents. 

Results 

Carcinogenic events take place during NAFLD and remain dormant during rescue from 

HCC 
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The livers of male DIAMOND mice that were on a CD or WD or reversal of a WD to a CD for 

12 weeks starting from 36 weeks of being on a WD were examined and subjected to 

hematoxylin-eosin (H&E) staining and single nuclei RNA sequencing (snRNAseq) analysis 

when animals reached 13 months of age (Figure S1). There was no macroscopic or microscopic 

tumor detectable in the liver of animals during NAFLD at 11 months of age (WD.nf) or rescue 

from HCC following diet correction at 13 months of age (RD.n) (Figure 1A). However, cell 

annotation and UMAP clustering of nonimmune cells revealed a cancer fraction in the liver 

(Figure 1B), characterized by the oncogenic glypican-3 (GPC3) and alpha-fetoprotein (AFP), as 

well as the tumor suppressor retinoblastoma 1 (Rb1) and hepatocyte nuclear factor 4 alpha 

(HNF4α), separating them from hepatocytes (Figure 1C). Further filtration of the cancer 

fractions based on the expression of GPC3 oncogene transcript, which is more sensitive than 

AFP in the diagnosis of liver cancer (19), revealed the expression of all tumor markers in the 

WD.t group and two markers in the CD group (Figure 1D). Among these groups, high level of 

HNF4α transcript in the RD.n group (Figure 1E) was associated with rescue from HCC, whereas 

low level of HNF4α transcript in the WD.nf and RD.t groups (Figure 1E) was associated with 

NAFLD and HCC, respectively. In the CD group, the tumor suppressor HNF4α (20) was at the 

highest levels compared to other groups (Figure 1E). Although the presence of cancer cells in 

CD was minimal (Figure 1B), this may be due to age-associated carcinogenesis events. Further 

analysis of the CD, WD.nf and RD.n groups showed differential average transcript for Ki67 

expression between the tumor and hepatocyte fractions. While hepatocytes showed high level of 

Ki67 transcripts (>5) in the WD.nf group compared to intermediate levels (between 2-5) in the 

CD and RD.n groups, tumor fractions showed Ki67 negative quiescent cells in the CD group and 

Ki67low (<2) indolent cells in the WD.nf and RD.n groups (Figure 1F). We have already reported 
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that indolent dormant cells establish cancer as opposed to quiescent cells remaining dormant 

(21,22). It is yet to be determined whether such malignant events signify tumor dormancy or the 

presence of cancer stem cells. We have previously detected such tumor dormancy in the 

FVBN202 transgenic mouse model of breast cancer (21). 

Hepatic immune responses are induced by hepatic structural cells for participating in liver 

homeostasis pathways during healthy condition 

We aimed to investigate the crosstalk between hepatic structural cells and immune cells during 

liver tissue homeostasis under normal physiological conditions. To achieve this, we analyzed the 

livers of one-year-old mice that had been on a regular CD for 40 weeks, using scSorter and 

CellChat Analyses. Immune cells were quantitatively dominated by B cells, T cells and 

macrophages (Figure 2A). However, the receptor-ligand interaction analyses revealed dominance 

of hepatocytes accounting for 80% of them sending homeostatic PARs signal to themselves, 

cholangiocytes, HSCs and stromal cells (Figure 2B). Among immune cells, macrophages and 

monocytes dominated the ligand-receptor network such that 50% of macrophages collaborated 

with hepatocytes in homeostasis of HSCs and myofibroblasts via IGF signaling, and 50% of 

monocytes collaborated with hepatocytes, fibroblasts and HSCs for the adhesion, function and 

remodeling of hepatocytes through the FN1-SDC4 pathway (23) (Figure 2C). The IGF-IGFR1 

pathway is involved in normal glucose homeostasis in the liver (24), the activation of 

myofibroblasts and HSCs, as well as modulation of DC maturation (25). Also, 50% and 25% of 

macrophages received GAS signaling from cholangiocytes and myofibroblasts, respectively 

(Figure 2C-D). GAS signaling can promote efferocytosis of macrophages (26,27). The 

homeostatic pathways utilized by 25% of all immune cells included FN1 that supported immune 

cells activation and liver tissue integrity and cell-matrix remodeling, as well as VTN that 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 10, 2024. ; https://doi.org/10.1101/2024.06.12.598563doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.12.598563
http://creativecommons.org/licenses/by-nd/4.0/


targeted HSCs and macrophages for cell-matrix remodeling and phagocytosis of macrophages 

(Figure 2D). Around 25% of hepatocytes and cholangiocytes were involved in the activation of 

immune cells through Galectin 9 and Spp1, respectively (Figure 2D). Galectin 9 has been 

reported to induce T cell activation through the engagement with the dominant pathway CD45 

that regulates signaling thresholds by dephosphorylating components of the Src kinase family, 

and LcK-dependent calcium mobilization in peripheral CD4+ T cells (28). Also, the Galectin 9-

CD44 interaction enhances stability and function of adaptive Tregs (29). Finally, Galectin 9 binds 

IgM-BCR to regulate B cell signaling (30). Hepatic structural cells participated in the activation 

of innate immune cells using laminin and collagen homeostatic pathways (Figure 2D). Targeting 

Dag1 in laminin pathway can activate phospholipase C gamma (PLC-γ) downstream of the TcR-

CD1d in NKT cells (31). Finally, immune cells and structural cells participated in the 

modulation of the immune responses through the anti-inflammatory DHEAS that targeted 

PPARα (32,33) (Figure 2D). Analysis of the nuclear transcription factors associated with 

immune cell activation showed presence of activated T cells (NFAT), NKT and NK cells (T-bet 

and Id2), macrophages (pro-inflammatory C/EBPβ and anti-inflammatory PPARγ), and 

monocytes (SPI1/PU.1) (Figure 2E). Along this line, flow cytometry analysis of the hepatic T 

cells showed presence of CD44+/CD62L-/low CD4+ Te and CD8+ Te cells in the liver (Figure 

S2A). Consistent with our observations, it was reported that both CD4+ and CD8+ T cells, but not 

γδ T cells, are required for normal liver regeneration through lymphotoxin production such that 

RAG1−/− mice show extensive hepatic injury following partial hepatectomy (34). These data 

suggest the tissue-based direct activation of the immune cells as well as participation of activated 

immune cells in liver homeostasis during normal condition. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 10, 2024. ; https://doi.org/10.1101/2024.06.12.598563doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.12.598563
http://creativecommons.org/licenses/by-nd/4.0/


Regarding immune cell cytotoxicity, only 5% of NK cells and NKT cells were involved in 

TRAIL-mediated turnover of fibroblasts. Additionally, 5% of NK cells and T cells were involved 

in Fas-L-mediated turnover of fibroblasts, endothelial cells, LSEC, myofibroblasts, and 

hepatocytes (Figure S2B). All these hepatic structural cells were found to express MHC class I 

molecules, primarily H2-Q10 and H2-K1 (Figure S2C). 

HCC progression or inhibition is driven by hepatic cellular interaction network 

modulating liver microenvironment through NKT cell and monocyte-dominated immune 

responses 

The hepatic cells were analyzed for the identification of cell types of which 50% participated in 

ligand-receptor interactions network. The highest number and strength of ligand-receptor 

interactions were evident during WD as well as rescue from HCC following diet reversal (Figure 

3A). These data suggest that such cell-cell communication network may be of host-protective 

nature such that its maintenance was associated with the rescue of animals from HCC following 

dietary correction. In order to identify cell types that dominate the communication networks 

under each condition, cell type ratios and cell-cell interactions were analyzed. In all groups, 

hepatocytes and macrophages were dominant cell populations compared to other nonimmune 

and immune cell types (Figure 3B, left panels). However, the ligand-receptor interactions 

showed dominant NKT cells during NAFLD with monocytes joining them during HCC on a 

WD. Maintenance of monocytes dominance during diet reversal was associated with rescue from 

HCC (Figure 3B, left panels). Although there are contradictory reports on the role of NKT cells 

as well as T cells, macrophages, and monocytes in promoting or inhibiting HCC (35–42), our 

data suggest that NKT cell signaling network became dominant in response to WD, as they 

disappeared following diet correction. Also, monocytes were active in sending signals for 
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protecting from HCC in the WD.t group, but they did not succeed because of chronic intake of a 

WD; however, their signaling retention during diet correction rescued animals from HCC, 

whereas disappearance of their signaling network resulted in HCC progression following dietary 

correction. 

Among nonimmune cell communications network, cancer cells were dominant during NAFLD 

or HCC following dietary correction, with myofibroblasts, hepatocytes and fibroblasts joining 

them during HCC on a WD or rescue from HCC (Figure 3B, right panels). These data suggest 

that cancer cells, both as dormant and proliferating tumor, dominate the ligand-receptor 

interactions network.  

NKT cells and cancer cells dominate cellular interaction network with NKT cells 

orchestrating the hepatic immune responses mainly through homeostatic pathways, rather 

than cytotoxic pathways, during WD-induced NAFLD progression  

We have previously reported that collective function of the hepatic structural cells or immune 

cells is determined by dominant-subdominant interactions within the cellular networks (9,10,43). 

Here, we sought to determine molecular pathways that dominate cell-cell interactions during the 

progression of NAFLD. Although pattern of cellular distribution showed dominant hepatocytes 

and macrophages (Figure 4A), analysis of signaling pathways revealed NKT cells and cancer 

cells dominating 80% of the ligand-receptor cellular interactions (Figure 4B). This included 

sending homeostatic cholesterol and PARs signaling to themselves and other hepatic structural 

cells, excluding hepatocytes, as well as activating all immune cells, except NKT cells, through 

the LcK activating Galectin 9-CD45 pathway or activating monocytes through the FN1 

interacting with the co-stimulatory VLA-4 (Itga4+Itgb1) (44) (Figure 4B). Such dominant NKT 

cell response was associated with the expression of CD1d on hepatic cells, particularly on cancer 
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cells (Figure 4C). Cholesterol targeting RoRα induces fatty acid oxidation and modulation of 

inflammation in immune cells (45) during immune responses (46) as well as affecting liver 

structural cells for hepatic lipid homeostasis (47). PARs signaling facilitates cell polarity and 

tight junctions which are essential for maintaining the integrity of the liver tissue, and facilitating 

hepatocytes repair and regeneration process during liver injury, though 80% of hepatocytes lost 

this homeostatic pathway while cancer cells received PARs signaling during NAFLD (Figure 

4B). Analysis of 50% of cells contributing to the ligand-receptor interaction network showed 

similar pattern with a broader receptor targeting of the structural cells and immune cells (Figure 

4D). Cancer cells and NKT cells participated in the activation of all immune cells through 

Galectin 9-CD45/CD44 pathway, with cholangiocytes and HSCs joining them in activating 

macrophages and monocytes through FN1-CD44/VLA-4 pathway (Figure 4D). Other 

homeostatic signaling pathways contributing to the activation of macrophages, monocytes and 

NKT cells included laminin and collagen signaling pathways, as well as NKT cells participating 

in homeostasis of endothelial cells and LSEC via VEGF (Figure S3).  

Since signaling network dominance by hepatocytes during CD shifted to NKT cell and cancer 

cell signaling dominance during NAFLD, we performed a comparative analysis of signaling 

directionality between these groups. During NAFLD, the interaction networks accounting for 

50% of cells were dominated by cancer, HSCs and NKT cells (Figure 4E). The majority of 

signaling communication was also observed between these three dominant cellular networks, 

with NKT cells also sending higher number of signals to myofibroblasts than to HSCs (Figure 

4F). In cancer cells and NKT cells, the significantly increased signals included reciprocal PARs, 

cholesterol, Galectin 9 and FN1, while in HSCs they included receiving cholesterol and sending 

FN1 signals (Figure 4G). Although 50% of other immune cells were not involved in sending 
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these homeostatic signals, they were impacted by these signals mainly from NKT cells and 

cancer cells (Figure S4A). Among 50% of other hepatic structural cells, all but hepatocytes and 

fibroblasts were impacted mainly by NKT cells and cancer cells, and sent signals to NKT cells 

and macrophages (Figure S4B). 

TRAIL-mediated cytotoxic immune responses were detected in 5% of NK cells and T cells 

targeting fibroblasts that expressed highest level of TRAILR2 (Figure S5A, left panels). Fas-

mediated cytotoxic immune responses were also detected in 5% of NK cells and T cells targeting 

hepatic structural cells, mainly cancer, myofibroblasts and endothelial cells (Figure S5A, right 

panels). The hepatic target cells expressed MHC class I (Figure S5B).  

The hepatic cellular interaction network dominated by cancer cells, hepatocytes, and 

myofibroblasts induce NKT cell and monocyte-dominated immune responses mainly 

through liver homeostatic pathways during HCC on a WD 

While hepatocytes and macrophages remained dominant cells during HCC on a WD (Figure 5A), 

80% of the ligand-receptor interaction network was dominated by NKT cells and monocytes as 

well as cancer, hepatocytes and myofibroblasts, which communicated via six homeostatic signals 

(Figure 5B). Among these signals, PARs and FN1 were sent by all immune cells to hepatic 

structural cells, cancer cells, NKT cells, and monocytes, while DHEAS, 27HC, and FGF were 

sent by NKT cells and monocytes to themselves, hepatic structural cells, and cancer cells (Figure 

5B). NKT cells and monocytes also delivered VEGF to endothelial cells and LSEC (Figure 5B). 

In immune cells, PARs signaling promotes phagocytosis in macrophages and monocytes by 

facilitating the formation of the phagocytic cup, and also supports the formation of the immune 

synapse, enabling efficient cell-cell communication and T cell activation. The FN1-SDC4 

pathway induces myofibroblasts and fibroblasts to promote tissue healing as well as 
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proinflammatory cytokine secretion by NKT cells and monocytes, while DHEAS, 27HC, and 

FGF regulate their inflammatory functions. These dominant signaling pathways engaged 

additional receptors, such as Itgav-Itgb1, CD44, PPARγ, and FGFR4, accounting for 50% of 

cell-cell interactions (Figure 5C).  

In order to determine signaling pathways induced in the presence of HCC, comparative analyses 

between the WD.t vs. WD.nf groups were performed on 50% threshold analysis. Among these 

dominant nonimmune cells, hepatocytes and fibroblasts dominantly communicated with NKT 

cells, whereas cancer and myofibroblasts communicated with monocytes during HCC (Figure 

5D). All these dominant cells upregulated CD1d during HCC (Figure S6), which could present 

glycolipid to NKT cells for their activation. All other hepatic structural cells communicated 

mainly with monocytes or NKT cells (Figure S7A). Specifically, stromal cells that did not show 

active communications during NAFLD (Figure 4), dominated their communications with NKT 

cells during HCC on a WD (Figure S7A).  

Among immune cells, NKT cells showed the highest number of signals towards fibroblasts and 

hepatocytes while monocytes mainly targeted cancer cells, though both of them were mainly 

impacted by each other, hepatocytes, myofibroblasts and fibroblasts (Figure 5E). All other 

immune cells sent highest number of signals to NKT cells, but they received highest number of 

signals from monocytes, myofibroblasts or fibroblasts (Figure S7B). Compared to NAFLD, the 

HCC group showed new homeostatic signaling (PARs, FN1, DHEAS, 27HC and FGF) in 

monocytes, hepatocytes, myofibroblasts and fibroblasts, while these signals were also active in 

NKT cells during NAFLD but they were upregulated during HCC (Figure 5F). TRAIL- and Fas-

mediated cytotoxicity were detected in 5% of T cells, primarily targeting fibroblasts expressing 

TRAILR2, as well as cancer cells, fibroblasts, and endothelial cells expressing Fas (Figure S8A-
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B). All the target cells expressed MHC class I (Figure S8C). Such homeostatic pathways were 

induced to protect the liver from a toxic WD, but their chronic activation due to continuous 

consumption of a WD led to fibrinogenesis and HCC. 

Stromal cell and cancer cell-dominated interaction network and failure to maintain 

homeostatic immune responses promote HCC whereas myofibroblast, fibroblast and 

monocyte-dominated interaction network involving homeostatic pathways prevent HCC 

following dietary correction 

In order to determine whether correction of diet during NAFLD can rescue animals from HCC 

and restore immune cell interaction network similar to that in the CD control group, animals 

were switched to a CD after 36 weeks of being on a WD. While hepatocytes, cancer and 

macrophages dominated cellular pattern during tumor progression, monocytes and neutrophils 

emerged as dominant cells during rescue from HCC (Figure 6A). However, analysis of the 

ligand-receptor interactions representing 80% of cells showed a functional dominance of cancer, 

stromal cells, cholangiocytes and DCs in sending PARs signaling to themselves but not to 

hepatocytes during tumor progression (Figure 6B, left panels). On the other hand, rescue from 

HCC was associated with the functional dominance of monocytes, myofibroblasts and fibroblasts 

in sending the homeostatic signals PARs, DHEAS, NRG and PROS to themselves and to 

macrophages, hepatocytes and cancer cells (Figure 6B, right panels). Also, all immune cells 

participated in PARs signaling pathway. For 50% of cells, stromal cells and cancer cells 

dominated cellular interaction network involving PARs, DHEAS, PROS, FN1 and VTN which 

modulated monocytes and DCs during tumor progression (Figure 6C, left panels). However, 

rescue from HCC was associated with the dominance of monocytes, myofibroblasts and 

fibroblasts with the addition of cholesterol and FGF signaling pathways (Figure 6C, right 
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panels). Monocytes also began to produce DHEAS that shifted towards targeting hepatocytes, 

fibroblasts and myofibroblasts during rescue from HCC (Figure 6C). PROS produced by 

monocytes shifted from targeting DCs and stromal cells towards targeting macrophages and 

myofibroblasts during rescue from HCC (Figure 6C). Also, FN1 produced by more innate 

immune cells with shifts toward targeting hepatocytes, fibroblasts and myofibroblasts during 

rescue from HCC (Figure 6C). VTN also produced by all immune cells and shifted from 

targeting monocytes to targeting myofibroblasts during rescue from HCC (Figure 6C).  

In order to determine whether rescue from HCC following dietary correction was associated with 

the restoration of the signaling network as in the healthy CD group, comparative analysis of 

dominant cellular interaction signaling was performed on the 50% threshold setting. Among 

dominant functional cells during tumor progression, stromal cells and cancer cells showed 

significantly increased communications with themselves and with monocytes, while they 

targeted mainly myofibroblasts or fibroblasts during rescue from HCC (Figure 6D). Among 

dominant functional cells during rescue from HCC, myofibroblasts and fibroblasts showed 

significantly increased communications with themselves as well as with monocytes, hepatocytes 

and cancer cells only during rescue from HCC but not during HCC progression (Figure 6D). 

Finally, monocytes being dominant during both HCC progression and inhibition, showed 

significantly increased number of homeostatic signaling communications towards all immune 

cells and hepatic structural cells, myofibroblasts and fibroblasts in particular, only during rescue 

from HCC (Figure 6D). These homeostatic signaling pathways included new communication 

signals that were not present in the CD group, of which FGF and cholesterol were found to be 

specific to the RD.n group during rescue from HCC (Figure 7A-B). In addition, FGF, HGF, 

cholesterol and NRG were found to be specific to the RD.n group during rescue from HCC 
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(Figure 7A-B). Myofibroblasts showed a new VTN signal sent to monocytes during HCC 

whereas they sent numerous new signals (FN1, PARs, DHEAS, PROS, galectin, 27HC, 

cholesterol, ANGPTL, NRG, Spp1, testosterone and CypA) to hepatic structural cells during 

rescue from HCC (Figure 7A-B). Similar pattern of new cellular signaling pathways were 

detected in fibroblasts and hepatocytes (Figure 7A-B). Finally, monocytes sent several new 

signaling pathways following diet reversal compared to those during CD, of which PARs, 

DHEAS, 27HC, Cholesterol and NRG were found to be new signals specifically increased 

during rescue from HCC (Figure 7A-B). Other hepatic cells and immune cells followed similar 

pattern of cellular signaling directionality (Figure S9A-B). 

TRAIL-mediated cytotoxicity was below a 5% threshold, whereas Fas-mediated cytotoxicity was 

detected in 5% of T cells in both groups (Figure S10A-B). This cytotoxicity primarily targeted 

cancer cells, stromal cells, and endothelial cells during tumor progression, while during the 

rescue from HCC, it targeted myofibroblasts, fibroblasts, endothelial cells, and LSEC (Figure 

S10A-B). All the target cells expressed MHC class I (Figure S10C). 

Discussion: 

Under the influence of toxins due to chronic consumption of a high-fat and high-sugar WD, the 

liver experiences a range of metabolic stresses and inflammatory signals that can initiate early 

carcinogenic processes, which may remain dormant until the development of HCC (48). We 

have previously reported the existence of cancer cell dormancy in the FVBN202 transgenic 

mouse model of spontaneous breast cancer (21), as well as hepatic carcinogenesis events in the 

DIAMOND model of NAFLD progression to HCC (9).  In this study, we employed a systems 

immunology approach to investigate how immune cells interact within complex cellular 

networks to coordinate hepatic immune responses. Our findings reveal that carcinogenic events 
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occur during the progression of NAFLD, preceding the onset of HCC, with tumors remaining 

dormant during the rescue from HCC. Notably, these dormant cancer cells actively participated 

in a cell-cell communication network with hepatic structural cells and immune cells. 

Our findings indicate that the liver is not a tolerogenic organ under healthy conditions. Instead, it 

utilizes hepatic homeostatic pathways to activate immune cells, whose primary role is to support 

liver homeostasis. The effector functions of hepatic immune cells are mediated through a ligand-

receptor interaction network that is influenced more by the targeted cells than by the functions of 

the effector immune cells alone. In this context, macrophages and monocytes play a dominant 

role, comprising 50% of the cellular population, compared to other immune cells, which account 

for 25%. Notably, only 5% of T cells, NKT cells, or NK cells exhibited TRAIL- or Fas-mediated 

cytotoxic functions, primarily participating in the homeostatic turnover of hepatic structural 

cells, mainly fibroblasts, endothelial cells, and LSEC. This tissue-based activation of the immune 

response is further evidenced by the presence of tissue-resident T memory cells (Trm). 

Additionally, the primary function of immune responses has been proposed to be participation in 

the homeostasis of their target cells (49). This homeostatic function can explain the observation 

that auto-reactive T cells are unable to induce autoimmune pancreatitis following the adoptive 

transfer of OVA-specific T cells, which recognize and become activated by OVA-expressing 

pancreatic cells (50).  

Such homeostatic immune responses are elevated during NAFLD and HCC to support liver cell 

integrity, which is disrupted by a WD. NKT cells and dormant tumor cells play a dominant role 

in the cellular interaction network through cholesterol and PARs signaling to liver cells, as well 

as Galectin 9 and FN1 signaling to immune cells. This interaction activates immune cells via 

CD45 and the co-stimulatory receptor VLA-4. During HCC, similar pathways involved in tissue-
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induced immune responses, as well as hepatic homeostatic pathways, are engaged, with 

monocytes joining NKT cells as the dominant immune cells. These homeostatic immune 

responses are robustly activated to protect the liver from the toxicity of a WD; however, their 

chronic activation due to continuous WD consumption leads to fibrogenesis and HCC. This 

observation is consistent with other reports indicating that hepatic CXCR6+ NKT cells inhibit the 

progression of NAFLD to HCC in C57BL/6J mice (51). Notably, the hepato-protective role of 

NKT cells is more pronounced in male compared to female mice models of NAFLD (35). 

Additionally, the host-protective role of NKT cells has been documented in mouse models 

induced by fast food diet (FFD) and methionine-choline-deficient (MCD) diet; however, chronic 

administration of α-GalCer can induce NKT cell anergy and promote disease progression (36), 

suggesting that NKT cells may become overwhelmed by chronic WD intake.  

These data suggest that the inflammatory immune responses observed during NAFLD and HCC 

are inherently host-protective. However, chronic exposure to carcinogenic factors can 

overwhelm hepatic immune responses, hindering injury healing and leading to chronic 

inflammation that exacerbates liver damage. Furthermore, the traditional view that pro-

inflammatory M1 macrophages are anti-tumor and anti-inflammatory M2 macrophages are pro-

tumor may be a misunderstanding of the hepatic immune responses, which function flexibly to 

protect the host by mediating inflammatory immune responses while simultaneously preventing 

further damage by inhibiting chronic inflammation. Therefore, inducing a transition from M2 to 

M1 macrophages may not be the most effective strategy, as this approach has failed to treat 

HCC. Instead, it is essential to identify and control the carcinogenic pressures to enable 

endogenous immune responses to manage cancer. To test this hypothesis, we eliminated 

carcinogenic WD consumption during NAFLD by switching from a WD to a control CD. We 
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observed that sustained immune responses through hepatic homeostatic pathways, which were 

present during HCC on a WD, prevented the development of HCC following dietary correction. 

In contrast, failure to maintain these immune responses resulted in HCC progression even after 

dietary correction.  

These findings indicate that homeostatic inflammatory immune responses during NAFLD and 

HCC on a WD are host-protective; removal of toxic pressures allows the immune response to 

promote hepatic tissue healing and prevent HCC. Our results align with recent reports on 

Resmetirom, which treats patients with metabolic dysfunction-associated steatohepatitis 

(MASH) by restoring liver homeostasis (52). Additionally, homeostatic immune responses 

targeting all hepatic cells, particularly myofibroblasts and fibroblasts, proved to be more 

protective against HCC than those focused solely on cancer or stromal cells. Myofibroblasts are 

significant contributors to the remodeling of the extracellular matrix (ECM) for liver repair. 

While chronic activation of myofibroblasts can lead to fibrinogenesis, they also hinder tumor 

growth by mechanically restricting tumor spread through type I collagen production and 

expressing the cytoprotective molecule cytoglobin (Cygb) which reduces oxidative stress. 

Moreover, they detoxify the liver by producing antioxidants and detoxifying enzymes, thereby 

lowering reactive oxygen species (ROS) levels and other toxic metabolites to support liver 

function. 

In conclusion, our findings fundamentally challenge the prevailing paradigm of tumor 

immunology by highlighting the primary role of anti-tumor immune responses in tissue 

homeostasis. Specifically, we demonstrate that alterations in hepatic homeostasis due to a WD 

during NAFLD not only drive carcinogenic events leading to HCC, but also promote host-

protective immune responses through enhanced homeostatic pathways, rather than relying solely 
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on direct cytotoxicity against tumors. However, chronic exposure to carcinogenic WD can 

overwhelm these host-protective immune mechanisms, undermining the prevention of HCC. 

Crucially, the results reveal that dietary correction effectively alleviates this persistent 

carcinogenic pressure, enabling homeostatic immune responses to prevent HCC development. 

Consequently, effective immunotherapy for NAFLD and HCC should prioritize the promotion of 

immune responses that operate through tissue homeostasis, alongside measures to control 

carcinogenic pressures, rather than focusing solely on enhancing cytotoxic immune responses. 

This paradigm shift in our understanding of immune function has the potential to significantly 

refine therapeutic strategies, improving outcomes for patients with these conditions and paving 

the way for innovative treatment approaches that leverage the body's intrinsic ability to maintain 

tissue health and integrity. 
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Figure legends 

Figure 1: Carcinogenic events take place prior to HCC and remain dormant during 

recovery from HCC. A) Representative liver images and histological Hematoxylin and Eosin 

(H&E) staining.  B) UMAP of hepatic nonimmune cells (upper) and quantified nonimmune cell 
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proportions (lower). C) Violin Plots showing log-transformed average transcript expression of 

marker genes in cancer cell and hepatocyte populations such as Hnf4α, Rb1, Afp, and Gpc3.  D) 

Violin Plot showing log-transformed average transcript expression in the Gpc3-filtered fraction 

of hepatocyte and cancer cells for each group. E) Quantification of the average transcript 

expression level of Hnf4α+ cells in the cancer cell population in each group. F) DotPlots 

showing the average expression level and percentage of cells expressing Mki67 (Ki67) (upper) in 

cancer cell (left) and hepatocyte (right) populations for the CD, WD.nf and RD.n groups, along 

with the average transcript expression in both cell populations after filtering for cells expressing 

Ki67 > 0 (lower). 

Figure 2: Hepatic cells induce macrophage and monocyte-dominated immune responses 

through integrins for liver tissue integrity and homeostasis.  A) Immune cell proportions 

quantified and normalized to 100% in the CD group. B) CellChat analysis heatmap showing 

results from 80% threshold analysis for Ligand (L) and Receptor (R) interactions in the CD 

group and representative chord diagram showing signaling directionality in the PARs pathway 

and the L-R contributions.  C) CellChat analysis heatmap portraying results from 50% threshold 

analysis for L-R interactions in the CD group (upper), and representative chord diagrams 

showing signaling directionality in the IGF, FN1, GAS, and PARs dominant pathways and their 

L-R contributions (lower). D) CellChat analysis heatmap portraying results from 25% threshold 

analysis of L-R interactions in the CD group (upper), and the representative subdominant 

signaling chord diagrams detected for IGF, Galectin, Spp1, FN1, Laminin, Collagen, DHEAS, 

VTN, GAS, PARs, DHEA, and Cholesterol pathways and their L-R contributions (lower). E) 

DotPlots showing the percent expression and log-normalized average transcript expression of 

transcription factors involved in activation of T cells (left), NKT cells (middle left), NK cells 
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(middle), Macrophages (middle right), and Monocytes (right). Green text in L-R contributions 

denotes the cell type expressing receptors and Itga4+Itgb1 denotes VLA-4. 

Figure 3: The number and strength of ligand-receptor interactions rather than cell type 

frequency determine the progression or inhibition of HCC.  A) Comparative 50% threshold 

CellChat analysis quantifying the number of inferred interactions and overall interaction strength 

in each group.  B) Cell-specific frequency (left panels) and comparative analysis in each group 

(right panels) showing overall incoming and outgoing interaction strength values for each cell 

type to evaluate major contributors to signaling networks. 

Figure 4: HSCs, cancer cells and NKT cells dominate cellular interaction networks with 

NKT cells orchestrating the hepatic immune responses mainly through homeostatic 

pathways during WD-induced NAFLD progression: A) Immune and nonimmune cell 

proportions quantified and normalized to 100% in the WD.nf group. B) CellChat analysis 

heatmap from 80% threshold results (upper) and representative chord diagrams showing 

signaling directionality in Cholesterol, PARs, Galectin, and FN1 pathways and their L-R 

contributions (lower). C) DotPlot showing the percent expression and log-normalized average 

transcript expression of Cd1d1 in structural cells in the WD.nf group. D) CellChat heatmap 

analysis of 50% cell-cell interactions portraying all detected L-R signaling pathways (upper), and 

representative chord diagrams of signaling directionality in Cholesterol, PARs, Galectin, and 

FN1 pathways and their L-R contributions (lower). E) Quantification of cell-specific incoming 

and outgoing interaction strength in 50% CellChat analyses for nonimmune (upper panel) and 

immune cells (lower panel) in the CD and WD.nf groups. F) The differential number of signaling 

events sent (upper row) and received (lower row) detected in HSCs, cancer cells and NKT cells 

encompassing 50% of cell-cell interactions during NAFLD (WD.nf) compared to the CD group. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 10, 2024. ; https://doi.org/10.1101/2024.06.12.598563doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.12.598563
http://creativecommons.org/licenses/by-nd/4.0/


G) Signaling changes in 50% of cell-cell interactions in the WD.nf group compared to the CD 

group for HSCs, cancer and NKT cells. HSC, hepatic stellate cell; LSEC, liver sinusoidal 

endothelial cell; Fibro, fibroblasts; Hep, hepatocytes; Endo, endothelial cells; Cholangio, 

cholangiocytes; Myofibro, myofibroblasts; Neutro, neutrophils; Mac, macrophage; Mono, 

monocytes. Green text in L-R contributions denotes the cell type expressing receptors and 

Itga4+Itgb1 denotes VLA-4. 

Figure 5: The hepatic cellular interactions dominated by cancer cells, hepatocytes, 

myofibroblasts and fibroblasts associated with NKT cell- and monocyte-dominated 

immune responses during HCC on a WD. A) Immune and nonimmune cell proportions 

quantified and normalized to 100% in the WD.t group. B) 80% CellChat analysis heatmap 

showing all L-R interactions in the WD.t group (upper), and representative chord diagrams 

showing signaling directionality in PARs, FN1, DHEAS, 27HC, and FGF pathways and their L-

R contributions (lower). C) 50% CellChat analysis heatmap portraying all detected L-R pathway 

interactions in the WD.t group (upper panel), quantified incoming and outgoing interaction 

strength in nonimmune and immune cell populations (middle panel), and chord diagrams of 

signaling directionality in PARs, FN1, DHEAS, 27HC, and FGF pathways and their L-R 

contributions (lower panels). D) Dominant nonimmune cell differential number of interactions 

sent (left column), and received (right column) in cancer, hepatocytes, myofibroblasts, and 

fibroblasts in WD.t compared to WD.nf in 50% analyses. E) Dominant immune cell differential 

number of interactions sent (left column) and received (right column) in NKT cells and 

monocytes in 50% analyses. F) The 50% threshold analysis of signaling changes in cancer, NKT, 

hepatocyte, myofibroblast, fibroblast, and monocyte cell populations in WD.t compared to 

WD.nf. Green text in L-R contributions denotes the cell type expressing receptors and 
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Itga4+Itgb1 denotes VLA-4. 

Figure 6: Stromal cell-dominated hepatic interactions, associated with diminished immune 

cell engagement, promote HCC whereas myofibroblasts dominance along with monocyte-

dominated immune responses, prevent HCC following dietary correction.  A) Immune (right 

panel) and nonimmune (left panel) cell proportions quantified and normalized to 100% in the 

RD.t and RD.n groups. B) 80% CellChat analysis heatmap in the RD.t and RD.n groups (upper), 

and the representative chord diagram of PARs in the RD.t group and PARs, DHEAS, NRG, and 

PROS in the RD.n group signaling directionality and the L-R contributions (lower). C) 50% 

CellChat analysis quantified incoming and outgoing interaction strength for nonimmune and 

immune cell populations (upper panel), heatmap of detected L-R pathways (middle panel), and 

chord diagrams of signaling directionality for PARs, DHEAS, PROS, FN1, VTN, Cholesterol, 

and FGF pathways and their L-R contributions (lower panel) in the RD.t (left) and RD.n (right) 

groups.  D) 50% analysis showing the differential number of interactions sent (upper row) and 

received (lower row) for cancer, stromal cells, myofibroblasts, fibroblasts, hepatocytes, and 

monocytes across multiple comparisons such as CDvRD.t (left column), CDvRD.n (middle 

column), and RD.tvRD.n (right column). Green text in L-R contributions denotes the cell type 

expressing receptors and Itga4+Itgb1 denotes VLA-4. 

Figure 7: Stromal cell-dominated hepatic interactions, associated with diminished immune 

cell engagement, promote HCC whereas myofibroblasts dominance along with monocyte-

dominated immune responses, prevent HCC following dietary correction.  A) Signaling 

changes present in stromal, cancer, myofibroblasts, fibroblasts, hepatocyte, and monocyte 

populations in RD.t compared to CD (CD vs. RD.t; upper panel), RD.n compared to CD (CD vs. 

RD.n; middle panel), and in RD.n compared to RD.t (RD.t vs. RD.n; lower panel). B) Chord 
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diagrams depicting signaling directionality of pathways detected in 50% CellChat analyses for 

RD.t (upper row) and RD.n (lower row) groups.   
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