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A B S T R A C T   

The liver is composed of different cell populations. Interactions of different cell populations can be investigated 
by a newly established indirect co-culture system consisting of immortalised primary human hepatocytes and 
human monocyte derived macrophages (MDMs). Using the time-dependent cytokine secretion of the co-cultures 
and single cultures, correlation networks (including the cytokines G-CSF, CCL3, MCP-1, CCL20, FGF, TGF-β1, 
GM-CSF, IL-8 IL-6, IL-1β, and IL-18) were generated and the correlations were validated by application of IL-8 
and TNF-α-neutralising antibodies. The data reveal that IL-8 is crucial for the interaction between hepatocytes 
and macrophages in vitro. In addition, transcriptome analyses showed that a change in the ratio between mac
rophages and hepatocytes may trigger pro-inflammatory signalling pathways of the acute phase response and the 
complement system (release of, e.g., certain cyto- and chemokines). Using diclofenac and LPS showed that the 
release of cytokines is increasing with higher ratios of MDMs. Altogether, we could demonstrate that the current 
co-culture system is better suited to mirror the in vivo situation when compared to previously established co- 
culture systems composed of HepG2 and differentiated THP-1 cells. Further, our data reveal that the cytokine 
IL-8 is crucial for the interaction between hepatocytes and macrophages in vitro.   

1. Introduction 

The liver is one of the largest organs in the human body (Abdel-Misih 
and Bloomston, 2010). It consists of parenchymal cells (hepatocytes) 
and a variety of non-parenchymal cell populations such as Kupffer cells, 
stellate cells and endothelial cells (Kmiec, 2001). 

Primary hepatocytes are well suited for the investigation of 
substance-specific metabolic effects. However, liver cell physiology and 
metabolism are characterised by large inter-individual variations and 
during in vitro cultivation cellular de-differentiation and changes of 

metabolic capacities occur within days (Soldatow et al., 2013). Such 
inter-individual differences can be excluded by using hepatic cell lines. 
However, these cell lines usually originate from an intravital tumour 
environment and thus may have altered metabolic activities (Wilkening 
et al., 2003). 

The hepatic Fa2N-4 cell line represents an SV-40 immortalised, non- 
tumorigenic primary human cell line (Mills et al., 2004). Fa2N-4 cells 
are able to metabolise drugs like diclofenac (DCN), due to the expression 
and activity of cytochrome P450-dependent monooxygenases (CYP) 2C9 
(Mills et al., 2004; Ripp et al., 2006) and CYP3A4, or UDP- 
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glucuronosyltransferases (UGT) 2B7 and UGT1A9 (Hariparsad et al., 
2008). In this context, the expression, inducibility, and activity of 
CYP1A2, CYP2C9, and CYP3A4 were shown to be comparable between 
Fa2N-4 and primary hepatocytes (Hariparsad et al., 2008; Mills et al., 
2004). In contrast to HepaRG cells, Fa2N-4 cells can be used immedi
ately and no differentiation time of 2–4 weeks is required (Aninat et al., 
2006; Gripon et al., 2002). Furthermore, while HepaRG cells originate 
from a female hepatocarcinoma (Aninat et al., 2006), Fa2N4 cells have a 
non-tumorigenic origin (Mills et al., 2004). 

Kupffer cells are the largest population of tissue macrophages in the 
liver (Dixon et al., 2013) and play an important role during drug induced 
liver injury (DILI) (Ju and Reilly, 2012), liver regeneration (Michalo
poulos, 2017) and drug metabolism (Ding et al., 2004) to name a few 
physiological processes. The interaction between hepatocytes, Kupffer 
cells and infiltrating macrophages is relevant for substance specific 
hepatotoxicity. In general, liver macrophages, such as Kupffer cells, 
appear to express markers of different macrophage lineages simulta
neously (Guillot and Tacke, 2019). In the physiological human liver, a 
large inter-individual variability in the ratio of Kupffer cells to hepato
cytes (average = 14.5 ± 9.1%) has been reported (Brouwer et al., 1988). 
Similarly, a range of 8–12% has been described by Gebhardt (1992). 
Kupffer cells can bind and incorporate proteins, foreign particles, bac
teria, yeasts and viruses via endocytosis (Wardle, 1987). However, for 
the operability of in vitro models, it should be considered that the 
availability of primary Kupffer cells is limited and subject to a large 
inter-individual variability (Wu et al., 2020). Following a metabolic or 
toxic damage of liver tissue, a massive infiltration of blood mononuclear 
cells (PBMC), which differentiate into macrophages, occurs (Tacke and 
Zimmermann, 2014). 

Many studies have shown that the in vitro co-cultivation of hepato
cytes and Kupffer cells (or Kupffer cell-like models) can be used to 
characterise tissue responses upon exposure to hepatotoxic substances 
(Granitzny et al., 2017; Rose et al., 2016; Wewering et al., 2017b). 
Melino et al. (2012) were able to show that hepatocytes responded to 
secreted factors from differentiated THP-1 cells. 

Thus, HepG2 cells are converted into an “inflammatory phenotype” 
(based on transcriptomic data) while growing in THP-1 conditioned 
medium (Melino et al., 2012). Indirect co-cultivation of HepG2 and 
differentiated THP-1 cells (HepG2/THP-1) is a useful in vitro approach to 
identify substances responsible for drug induced liver injury and to 
discriminate DILI from non-DILI substances (Granitzny et al., 2017; 
Padberg et al., 2020). Furthermore, HepG2/THP-1 co-culture can help 
to characterise the causative mechanisms of hepatotoxicity. An impor
tant effect of ketoconazole is the induction of an NRF2-mediated 
oxidative stress response that could be identified in HepG2/THP-1 co- 
culture (Wewering et al., 2017b). Other data also showed that primary 
co-cultures consisting of hepatocytes and Kupffer cells in direct contact 
show specific DILI-trovafloxacin dependent hepatotoxic effect. The 
hepatotoxic effect is indicated by the alteration of interleukin (IL)-6 and 
tumour necrosis factor α (TNF-α) levels and CYP3A metabolic capacity 
(Rose et al., 2016). A recently described in vitro co-culture model 
composed of non-differentiated PBMCs in combination with HepG2 al
lows an identification of DILI-inducing drugs (Oda et al., 2021). Results 
from pro-inflammatory in vitro models are also known from animal 
models. It has been shown that moderate inflammation in vivo is induced 
by low doses of lipopolysaccharides (LPS). This lowers the threshold for 
adverse effects and allows the identification of DILI substances (Buch
weitz et al., 2002; Deng et al., 2006; Zou et al., 2009). Since LPS is 
modified by Kupffer cells, which affects its toxicity, and subsequently 
degraded by hepatocytes (Treon et al., 1993), it is important to consider 
not only hepatocytes in the elucidation of compound-specific effects. 

In this study we investigated a novel indirect co-culture system, 
based on Fa2N-4 cells in combination with blood monocyte derived 
macrophages (MDMs), without a LPS induced inflammation. To simu
late the differences between physiological and inflammatory conditions, 
different Fa2N-4 to MDM ratios of 15% (Brouwer et al., 1988) and 50% 

were used. The ratio of 50% represent a more than three-fold increase in 
MDM cell numbers, which has been detected in inflammatory processes 
of the portal region of human liver (Karakucuk et al., 1989). With these 
two co-culture systems, time dependent cytokine secretion and alter
ations of the transcriptome were investigated. The release of cytokines, 
as well as the phosphorylation status of acute phase associated tran
scription factor p38 mitogen-activated protein kinase (p38) were 
determined. Based on the cytokine data, correlation networks were 
generated using statistical methods. The robustness was studied by using 
interleukin 8 neutralising antibodies (αIL-8) and the TNF-α neutralising 
drug Adalimumab (AMB, EMEA/H/C/004475). Furthermore, the effects 
of DCN and LPS on the cytokine secretion was studied using single and 
co-cultures with 15% and 50% MDMs. 

2. Materials and methods 

All methods were carried out according to the manufacturer’s pro
tocol. Only modifications are described below. 

2.1. Chemicals and antibodies 

All chemicals were purchased from Sigma-Aldrich (Taufkirchen, 
Germany) unless stated otherwise. Dulbecco’s phosphate-buffered sa
line (DPBS) was a product of PAN-Biotech (Aidenbach, Germany). AMB 
was purchased from Selleck chemicals (BIOZOL, Eching, Germany) and 
αIL-8 was a product of R&D Systems (Bio-Techne GmbH, Wiesbaden- 
Nordenstadt, Germany). The complete list of antibodies is given in 
table S1. 

2.2. Cell culture 

All following cell cultivations were conducted under treatment with 
0.1% dimethyl sulfoxide (DMSO), including solvent controls. All con
sumables were purchased from TPP (Trasadingen, Switzerland). 
Microscopic images were taken with an Observer.A1 microscope (LD 
Plan Neoflua 40×/0.60) from Zeiss (Jena, Germany). Cell cultivation 
and incubation was performed at 37 ◦C and 5% CO2. Penicillin (100 U/ 
ml), 100 µg/ml streptomycin, and 2 mM L-glutamine were added to all 
cell culture media. Further additives are listed in the cultivation con
ditions of the individual cells below. 

2.3. Hepatocyte cultures 

The SV-40 immortalised hepatocytes (Fa2N-4) were purchased from 
SEKISUI-XenoTech (tebu-bio, Offenbach, Germany). After thawing, 
Fa2N-4 cells were seeded at a density of 2 × 105 cells per cm2 and 
cultivated in Williams E (PAN-Biotech, Aidenbach, Germany) containing 
10% (v/v) FCS, 100 nM dexamethasone, and 10 μg/ml recombinant 
human insulin. After 4 h the culture medium was replaced by Williams E 
containing 100 nM dexamethasone and 10 μg/ml recombinant human 
insulin for 24 h. 

2.4. Monocyte isolation and differentiation into macrophages (MDMs) 

Human buffy coats were obtained from anonymised donors, with 
their consent (votum of the ethics committee: EA4/071/13), from the 
blood bank (Deutsches Rotes Kreuz, Berlin, Germany). PBMCs were 
isolated from buffy coats based on the Ficoll® Plaque Plus density 
gradient centrifugation (450 xg, 35 min, 20 ◦C). Then, PBMCs were 
collected at the interphase, followed by three washing steps and a 
centrifugation at 200 xg with autoMACS Running Buffer (Miltenyi Bio
tec, Bergisch Gladbach, Germany) at 4 ◦C to carefully remove the 
thrombocytes. Monocytes were separated due to the adhesion- 
properties of the cells. Therefore, the PBMCs were resuspended in 
RPMI (PAN-Biotech, Aidenbach, Germany) containing 10% (v/v) FCS 
and incubated for 1 h at a density of 0.8 × 106 cells per cm2. After careful 

F. Padberg et al.                                                                                                                                                                                                                                 



Toxicology in Vitro 73 (2021) 105134

3

removal of all non-adhered cells, differentiation to MDMs was started 
using RPMI containing 10% (v/v) FCS and 25 ng/ml macrophage- 
colony-stimulating factor (M-CSF) over six days with a medium 
change every two days. After the differentiation, all non-adherent cells 
were removed by washing with DPBS. The MDMs were detached using 
10 mM EDTA in DPBS for 30 min at 4 ◦C. 

2.5. Co-cultivation 

MDMs were seeded either into the well directly (for the single- 
cultivation) or into the Falcon® cell culture inserts (VWR, Darmstadt, 
Germany) for the co-cultivation using Williams E medium, supple
mented with 100 nM dexamethasone and 10 μg/ml recombinant human 
insulin. The 50% and 15% MDMs corresponded to a density of 1 × 105 

and 0.3 × 105 cells per cm2, respectively. After 24 h, the media of MDMs 
and Fa2N-4 was replaced with Williams E supplemented with 10 μg/ml 
recombinant human insulin and the MDMs containing cell culture in
serts were inserted into the Fa2N-4 culture well. This represents the time 
point 0. Culture medium with 0.1% DMSO was used as control and 
cultivated alike to the samples. 

2.6. HepG2/THP-1 co-cultivation 

HepG2 and THP-1 cells were grown in RPMI supplemented with 10% 
(v/v) FCS. Single culture THP-1 cells were supplemented additionally 
with 1 mM sodium pyruvate and 10 mM Hepes. The co-culture was 
established using Falcon® cell culture inserts (VWR, Darmstadt, Ger
many) according to Wewering et al. (2017a). HepG2 cells were seeded at 
a density of 1.3 × 105 cells per cm2. THP-1 cells were differentiated by 
100 nM phorbol 12-myristat 13-acetat (PMA) for 24 h and were seeded 
at a density of 0.65 × 105 cells (corresponding to a density of 50%) or 
0.2 × 105 (representing a density of 15%) per cm2. 

2.7. Cytotoxicity testing 

Cytotoxicity was assessed by measuring the activity of the adenylate 
kinase (AK) in the supernatant using the ToxiLight™ assay (Lonza, 
Basel, Switzerland). LDH activity in the supernatant was measured using 
the Cytotoxicity Detection Kit (Roche, Basel, Switzerland). In addition, 
the MTT Assay was performed according to Mosmann (1983) followed 
by cell lysis with DMSO. All values were corrected for the DMSO (0.1%) 
solvent controls. 

2.8. RNA isolation procedure 

RNA was isolated using the NucleoSpin® RNA Kit (Machery-Nagel, 
Düren, Germany) according to the manufacturer’s protocol. 

2.9. Microarray analyses 

All samples (RNA integrity number (RIN) >8.5) were analysed using 
a Human Clariom™ S Assay (Applied Biosystems, Foster City, CA, USA). 
Further information is provided in the supplementary section. Micro
array data have been deposited in the Gene Expression Omnibus (GEO) 
database, www.ncbi.nlm.nih.gov/geo (accession no. GSE156627). 

2.10. Flow-cytometry analyses 

FACS-buffer (1% FCS, 0.2 mM EDTA in DPBS) was used for all 
washing and incubation steps at 4 ◦C. After staining with LIVE/DEAD™ 
Fixable Near-IR Dead Cell Stain Kit (Thermo Scientific, Waltham, MA, 
USA) the cells were fixed with Roti®-Histofix 4% (Roth, Karlsruhe, 
Germany) for 10 min. The functional antibody or the corresponding 
isotype controls were diluted in FACS-buffer, applied to the cells and 
incubated at 4 ◦C for 15 min. Fluorescence intensities were measured 
with the FACS Aria III (BD Biosciences, Heidelberg, Germany) with the 

following settings: PE channel: 585/42 nm, FITC channel: 530/30, APC 
channel: 660/20, BV421 channel: 450/40, Alexa Fluor 700 channel: 
730/45, PerCP channel: 695/23, live/dead channel: 780/60 and 
generated data were analysed with the FlowJo v 10 software (FlowJo 
LLC, Ashland, OR, USA). 

2.11. Cytokine measurements 

Cytokines in the supernatant were quantified using the Cytokine 
LEGENDplex™ system (Biolegend, San Diego, CA, USA), including the 
Inflammation Panel 1 (IL-1β, TNF-α, MCP-1, IL-6, IL-8, IL-10, IL-12, IL- 
18) and the Custom Human Assay (TGF-β1, GM-CSF, G-CSF, FGF, CCL3, 
CCL20, HGF, TGF-α). The results were analysed using LEGENDplex™ 
8.0 software (Biolegend, San Diego, CA, USA). 

2.12. Western blot analysis 

Cells were lysed at 4 ◦C in RIPA buffer (50 mM Tris/HCl (pH 7.4), 
159 mM NaCl, 1 mM EDTA, 1% Igepal®, 0.25% sodium deoxycholate) 
supplemented with a protease inhibitor cocktail (Merck, Darmstadt, 
Germany), composed of 200 μM phenylmethylsulfonyl fluoride and 1 
mM sodium orthovanadate. Protein concentrations were determined 
with the Pierce™ BCA Protein Assay Kit (Thermo Scientific, Waltham, 
MA, USA), and equal amounts of protein were applied to SDS-PAGE and, 
after separation, transferred to nitrocellulose membranes. After binding 
of primary antibodies (16 h at 4 ◦C), the secondary antibody (horse
radish peroxidase labelled) was added for 1 h, and the staining was 
visualised with Pierce ECL Substrate (Thermo Fisher Scientific, Wal
tham, MA, USA) using a ChemiDoc XRS (Bio-Rad, Munich, Germany). 
The signal intensity was normalised to the loading control β-actin and 
then the ratio of phosphorylated (P) to total p38 protein was calculated. 

2.13. Data pre-processing and analysis 

All time-resolved data of cytokine concentrations in the supernatant 
were used for the correlation network analysis. The correlation uses 
individual replicates and not mean values since the data are paired over 
both time points and replicates, i.e. for a given time point the values of 
all cytokines originate from the same sample. Data compilation and 
network generation were performed using the statistical language and 
environment R (version 3.6.3) (R Core Team, 2018). In detail, in a first 
step all values below their lower detection limit were set to the half 
value of that detection limit. Subsequently, all values were log- 
transformed. Individual samples were grouped (time point 0 h 
belonging to all groups) with respect to their conditions i.e. to either 
single or one of the co-cultures later becoming individual networks. In 
particular, for the MDM culture as well as the co-culture the data of the 
different macrophage ratios (15% and 50%) were combined. Within 
these data groups for each pair of cytokines, their correlation co
efficients and respective p-values were determined by Spearman rank 
correlation. The p-values were adjusted according to Benjamini- 
Hochberg. Subsequently, a filter was applied to all pairwise connec
tions with respect to the p-value (significant for p ≤ 0.05) as well as the 
correlation coefficient (threshold of ϱ ≤ − 0.2 and ϱ ≥ 0.6 according to 
coefficients’ distribution and confidence intervals). The remaining 
connections after filtering were employed to visualise the respective 
non-directed correlation networks. 

Data shown are based on at least three independent biological rep
licates. Means, standard deviations and ANOVA p-values followed by 
Bonferroni correction were calculated with GraphPad Prism 6 (Statcon, 
Witzenhausen, Germany). The Z-scores were calculated and visualised 
with Perseus Software (Tyanova et al., 2016). The Z-score was based on 
the mean values of the individual cytokine concentrations (values below 
their lower detection limit were set to the half value of that detection 
limit) in the corresponding cultivations. Venn diagrams were created 
using jvenn (Bardou et al., 2014). Volcano-plots were created using 
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Transcriptome Analysis Console (TAC), version 4.0.1.36 (Applied Bio
systems, Foster City, CA, USA). Significant (p < 0.05) gene expressions 
were analysed using Ingenuity® Pathway Analysis (IPA) software 
(Qiagen, Aarhus, Denmark). Furthermore, only those pathways 
embedded in the IPA software, that were assigned to liver and immune 
cell associated pathways, were included in the analysis. 

3. Results 

3.1. Macrophage derived monocytes express specific markers 

During differentiation, characteristic morphological changes of the 
round shaped PBMCs to elongated fibroblast-like MDMs became obvious 
(Fig. 1 A). We determined typical macrophage markers and compared 
those with markers of T-, B- and dendritic cells. About 26% of the PBMCs 
were CD14+ monocytes and therefore potential macrophage precursors. 
Almost all (>90%) MDMs were positive for typical macrophage markers 
(CD83, CD14, CD86, toll-like receptor 4 (TLR4), human leukocyte 
antigen-DR isotype (HLA-DR) and CD163). Only 28% of the MDMs were 
also CD209+, being a marker for dendritic cells and M2 macrophages. 
Furthermore, CD3+ cells, characteristic for T-cells, were only present 
before the differentiation of PBMCs (Fig. 1 C). Altogether, these surface 
markers indicated a successful differentiation of the PBMCs to MDMs. A 
co-culture system composed of these MDMs and the hepatic cell line 
Fa2N-4 was then developed. The viability of the two cell populations 
was found to be unaffected by the co-culture condition, since no 
increased release of the cytoplasmic marker adenylate kinase (AK) was 
measurable in the supernatant of the cell culture. Even an increase in the 
ratio of MDMs from 15% to 50% resulted in no changes of the AK level in 
the supernatant (Fig. 1 B). 

3.2. Culture conditions affect Fa2N-4 gene expression 

Next, changes of the Fa2N-4 gene expression in the co-culture 
(relative to the individual culture) were determined at two different 
time points (24 h and 48 h) and two different ratios of MDMs (15% and 
50%). The physiological conditions were simulated with a co-culture 
consisting of 15% MDMs (CC 15%) and for inflammatory conditions a 
co-culture with 50% MDMs (CC 50%) was used. 

In general, the total number of differential expressed genes was in
dependent of the number of macrophages (Fig. 2 A). Microarray data 
indicated that 357 genes were significantly (p < 0.05) differentially 
regulated during physiological co-cultivation (CC 15%) and 419 genes 
during inflammatory co-cultivation (CC 50%) after 24 h (Fig. 2 B). A 
prolongation of the cultivation time to 48 h resulted in about 30% more 
significantly expressed genes in both co-cultures, compared to single 
cultivated Fa2N-4 cells (Fig. 2 B). Among all genes pro-inflammatory 
signalling pathways took a central role, especially in the CC 50% after 
24 h. Under these conditions, we were able to identify the signalling 
pathways of the “complement system” and the “acute phase response 
signalling” (Fig. 2 C) as top two of all regulated pathways. A total of 16 
signalling pathways are marked as significantly regulated (p < 0.05). 
The gene lists of exclusively significant genes of the CC 50% (567 genes) 
after 24 h were used for the pathway analyses. In the CC 50% after 24 h, 
18% of significantly regulated genes could be attributed to “complement 
system signalling” and showed a high probability of regulation (p <
0.01). The “acute phase response signalling” was also identified, with 
lower ratios (up to 9%) but with partially higher probabilities of p <
0.001 (Fig. 2 C) and 21% of the expected associated target gene 
expression. After an incubation time of 48 h we were able to identify 
other signalling pathways like neuroinflammation and T-helper cell 

Fig. 1. Set-up of the co-culture, cytotoxicity and expression of cell specific surface markers. (A) Images of the Fa2N-4 cells and of the differentiation process from 
peripheral blood mononuclear cells (PBMC) after 6 d of differentiation with 25 ng/ml of macrophage colony stimulating factor (M-CSF) to monocyte derived 
macrophages (MDMs). The scale bar denotes 20 μm. (B) Toxicity of physiological (15%) and pro-inflammatory (50%) ratios of MDM-to-Fa2N-4 cells were tested. The 
dotted line represents the reference (single culture, SC) of the adenylate kinase (AK) in the supernatant. (C) The presence of CD163, toll-like receptor 4 (TLR4) and 
human leukocyte antigen - DR isotype (HLA-DR) indicated a successful differentiation of the PBMCs into MDMs. n = 3, bars represent mean ± SD. 
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associated pathways. We did not consider these pathways in further 
analysis, since they were not related to hepatic pathophysiology and 
contain no or only 9% of the expected associated target gene 
expressions. 

In summary, inflammatory signalling pathways are activated within 
24 h during co-cultivation. 

3.3. An acute phase transcription factor is phosphorylated 

Especially in the CC 50%, our transcriptome analysis indicated a 
major role for the acute phase response signalling. 

Therefore, the phosphorylation of the transcription factor p38 was 
studied. The relative phosphorylation (P-p38/p38) was 0.8 ± 0.1 in 
Fa2N-4 cells, 2.0 ± 0.4 in the CC 15% and 1.5 ± 0.3 CC 50% after 4 h of 
co-cultivation (Fig. 3). 

In summary, the indirect co-cultivation of Fa2N-4 and MDM (Fa2N- 
4/MDM) cells results in the phosphorylation of the transcription factor 
p38. 

3.4. Cytokine secretion depends on the culture conditions 

Next, we analysed the time-dependent release of cytokines in the co- 
cultures (Fig. 4). In contrast to MDMs, secreted cytokines of Fa2N-4 cells 
accumulated after 48 h of cultivation (Fig. 4 A). The majority of cyto
kines showed a steep increase in single cell cultivated Fa2N-4 cells and 
during co-cultivation after 48 h. However, hepatocyte growth factor 

(HGF), transforming growth factor (TGF)-α, TNF-α, IL-10, and IL-12 
showed no clear time-dependent accumulation (Fig. 4 A, g, h, j, n, o). 
In general, co-cultures showed increased absolute levels of cytokine 
secretion. Among others, the concentration of fibroblast growth factor 
(FGF) in co-culture reached up to 7532.5 pg/ml in CC 15% after 48 h and 

Fig. 2. Microarray analysis reveals time- and MDM-dependent differences in the gene expression of Fa2N-4 cells. Fa2N-4 cells were co-cultivated with monocyte 
derived macrophages (MDMs). Physiological (CC 15%) and pro-inflammatory (CC 50%) conditions were studied and related to the corresponding single cell culture 
of Fa2N-4 cells (n = 3). (A) Volcano-plots included all significantly upregulated (red) and downregulated (green) genes of the CC 15% and CC 50% after 24 h. The 
significance was set to p < 0.05 (− log10(p) > 1.3). (B) Venn diagram and the size of each gene list of significantly (p < 0.05) expressed genes based on microarray 
analysis. Different MDM ratios and cultivation times (24 h or 48 h) resulted in specific expression patterns. (C) Significantly regulated genes of the pro-inflammatory 
signalling pathways “complement system” and “acute phase response” in relation to all genes involved (ratio) and their respective p-value (after 24 h) of expressed 
genes of the CC 50%. 

Fig. 3. Semi-quantitative western blot analysis of phosphorylation of the 
transcription factor p38. Western blot analysis of Fa2N-4 cells with (“CC”) and 
without MDMs after 4 h. Physiological (15%, n = 3) and pro-inflammatory 
(50%, n = 3) MDM numbers were used. (n = 2). Shown are the mean and 
the SD of the culture dependent phosphorylation of p38 mitogen-activated 
protein kinase (p38) in Fa2N-4 cells. Fig. S2 shows a representative blot. 
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IL-8 reached up to 892.3 pg/ml in CC 50% after 48 h. The absolute 
concentration of IL-6 in the co-culture was 200-fold higher compared to 
the single cultures with a maximum concentration of 892.3 pg/ml (Fig. 4 
A). 

In summary, most of the investigated cytokines accumulated in 
cultures consisting of Fa2N-4 cells only and in the co-cultures of Fa2N-4/ 
MDMs after 48 h (Fig. 4 A). 

3.5. Correlation networks visualise the relationship between secreted 
cytokines 

Next, a statistical approach was used to identify significant Spearman 
correlations (indicated by respective correlation coefficients and p- 
values) between cytokine concentration values (Fig. 4 B). The co- 
cultures CC 15% and CC 50% were combined, because it is assumed 
that the behaviour of each of the single cultures and the co-culture is 
structurally the same but that the two ratios lead to different inflam
matory states represented by respective cytokine concentrations. The 

Fig. 4. Effect of co-culture on cytokine secretion and its temporal progression. Fa2N-4 cells were co-cultivated with monocyte derived macrophages (MDMs) for 48 h. 
Physiological (15%) and pro-inflammatory (50%) MDM numbers were used. (A) Heatmaps of the time-dependent cytokine concentration in the supernatant included 
the Z-score of the means within one row of the heatmap. Letters (a-p) indicate the individual cytokines. Only the lowest (min) and highest (max) cytokine con
centrations are shown (complete data are given in table S2). (B) The time-dependent concentrations were used for the generation of correlation networks. Solid lines 
(––) indicate that these correlations occur in the co-culture network and in at least one of the single cultivation networks. Dotted lines (–) identify additional 
correlations occurring in the respective network. A positive correlation is labelled green and a negative correlation is labelled red. The data were generated from 
three independent experiments. 
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correlation network indicated that the chemokine (C–C motif) ligand 
(CCL) 20 played a central role in the individual cultivation of Fa2N-4 
cells, since correlations exist to five other cytokines: CCL3, FGF, TGF- 
β1, granulocyte-macrophage colony-stimulating factor (GM-CSF), and 

IL-8. The secretion of FGF seemed to be also important in the Fa2N-4 
associated correlation network. Six FGF-dependent correlations were 
identified in the Fa2N-4 single cell cultivations and in the co-cultivations 
with MDMs. While CCL20-FGF showed significant correlation in co- 

Fig. 5. Analysis of αIL-8- and TNF-α-specific alter
ations on the cytokine secretion pattern. Fa2N-4 cells 
were co-cultivated (CC) with monocyte derived 
macrophages (MDMs) for 24 h. Physiological (15%) 
and pro-inflammatory (50%) MDM-to-Fa2N-4 ratios 
were used. All measured cytokine concentrations 
were related to the corresponding control (fold 
change) to analyse (A) the IL-8 neutralising antibody 
(αIL-8, 100 ng/ml) specific effect and (B) the TNF-α 
neutralising effect of Adalimumab (AMB, 500 ng/ml).   
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culture, the central cytokine in this network was IL-8, which was 
correlated to seven other cytokines. Interestingly, IL-8 differed in terms 
of correlation between the individual cultures and co-cultivations. 
However, all of the IL-8 connections in the co-cultivation network 
could be found in at least one of the single cultivation networks. Among 
the correlations of IL-8 in the co-cultivation network, the one to IL-6 was 
the strongest based on its correlation coefficient (table S3). Strikingly, 
the connection between IL-8 and FGF showed opposing correlation in 
the individual networks: positive for Fa2N-4 and negative for MDM cells 
(Fig. 4 B). Further, there were some other connections that showed 
differences between the MDMs and the co-cultivation network: another 
change in its direction occurred between FGF and IL-1β. Finally, there 
were FGF correlations that cannot be found in the MDM network but 
occur in co-cultivation (FGF-TGF-β1, FGF-CCL3, and FGF-MCP-1). 

In summary, cytokine secretion in co-culture was more complex and 
correlations between the cytokines changed when compared to single 
cultures. Therefore, the correlation network of the co-culture did not 
represent a simple merge of the Fa2N-4 and MDM networks but showed 
additional cytokine interactions between the two cell types. 

Since inflammatory processes seemed to dominate after 48 h (Fig. 4), 
all further investigations were performed at the time point of 24 h of 
cultivation. To investigate the central role of IL-8 in the co-culture, 
further studies were conducted in the presence of αIL-8. 

3.6. αIL-8 affects the cytokine release 

The neutralising antibody αIL-8 was used to investigate the role of IL- 
8 in the correlation network and to study how its reduction/elimination 
affects the outcome. For this purpose, we added αIL-8 (100 ng/ml) to all 
samples. An acute toxic effect of αIL-8 was excluded by analysing the 
LDH activity in the cell culture supernatant (c.f. Fig. S1). 

To investigate the effects of αIL-8 treatment on the secreted cyto
kines, we determined the total cytokine concentration in the superna
tant (table S2) after 24 h, which was normalized to the control (Fig. 5A). 
The αIL-8 treatment led not only to a reduction of the average concen
tration of IL-8, but also diminished the monocyte chemoattractant pro
tein 1 (MCP-1) in all cultivations (Fig. 5 A). FGF was reduced in the 
supernatant of Fa2N-4 cells, however the MDM cells secreted more FGF 
under the influence of αIL-8. Additionally, HGF was secreted only in the 
single cultures (Fa2N-4 and MDM cells, respectively). In contrast, 
treatment with αIL-8 induced GM-CSF secretion only in the co- 
cultivation system. CCL20 secretion due to αIL-8 treatment was detec
ted in the Fa2N-4 cells. 

In summary, αIL-8 treatment provoked specific changes in the 
cytokine secretion pattern, thus supporting the certain role of IL-8 in 
inflammatory cytokine networks of hepatic cells. 

3.7. Adalimumab treatment alters the secretion of cytokines 

Adalimumab (AMB) was used to study the effect of a decreased 
tumour necrosis factor α (TNF-α) concentration on the correlation 
network. 

The concentration of TNF-α after treatment with AMB was in the 
range of 1.7 pg/ml ± 0.2 to 5.5 pg/ml ± 3.2 after 4 h (data not shown) 
and in the range of 1.6 pg/ml ± 0.7 to 4.0 pg/ml ± 1.1 after 24 h, 
respectively. In the untreated cell culture, TNF-α showed no significant 
correlation to changes of the levels of other cytokines (Fig. 4 B). Upon 
treatment of the cultures with AMB, a role of TNF-α in the co-culture 
system could be identified (Fig. 5 B). Twenty-four hours after addition 
of AMB to the co-culture, an increased secretion of cytokines, present in 
the afore depicted correlation network (e.g. GM-CSF, CCL20, FGF, IL-1β) 
was determined (up to 3.4-fold) compared to the corresponding con
trols. In addition, treatment resulted in a reduced IL-6 secretion (0.7- 
fold) similar to TGF-β1 (0.6-fold) (Fig. 5 B). In the single culture of Fa2N- 
4 cells, a reduction of TGF-β1 and FGF (0.2-fold and 0.7-fold) occurred, 
while MCP-1 secretion increased 2.7-fold after 24 h (Fig. 5 B). In the 

single cultivated MDMs, the cytokine CCL20 decreased (0.5-fold), while 
the concentration of IL-6 increased (8.6-fold) after 24 h of AMB treat
ment (Fig. 5 B). 

In summary, treatment with the TNF-α neutralising AMB leads to 
major changes in the cytokine secretion. 

3.8. Treatment with diclofenac and lipopolysaccharide leads to changes in 
cytokine secretion depending on the inflammatory status 

The Fa2N-4/MDM were treated with the non-steroidal drug DCN and 
with LPS. In order to exclude acute toxic effects, 5% of the effective 
concentration (EC5) was calculated for DCN, using the MTT assay 
(Fig. S3) and LPS, using the LDH assay (Fig. S4). Concentrations of 157 
μM for DCN and 100 ng/ml for LPS were used in further experiments. 
Fig. 6 gives an overview of the treatment dependent cytokine secretion 
of different cultivations. In contrast to the untreated co-cultures (c.f. 
Fig. 4) the drug treatment resulted in a higher release of cytokines. 

Fig. 6 summarizes the different co-cultivation conditions in order to 
compare the treatment-related effects in relation to the inflammatory 
status (e.g. 15% MDMs and 50% MDMs). In general, treatment with 157 
μM DCN lead to a reduction in cytokine secretion in the CC 15% 
compared to the control (Fig. 6 A). Only selected cytokines such as HGF 
and CCL20 in the single culture of Fa2N-4 as well as TGF-β1 and FGF in 
the pro-inflammatory co-culture (CC 50%) showed an increase in 
secretion compared to the control. The pattern is different in LPS treated 
cultures (Fig. 6 B). After 24 h, a clear increase in secretion of nine 
cytokine can be detected; most prominently in the pro-inflammatory (CC 
50%) co-culture culture. The concentration of the cytokines IL-10, IL-8, 
IL-6, HGF, CCL3, FGF, and TGF-β1 are higher compared to the control 
and, except for IL-6 and HGF, also in the corresponding single cultiva
tion of MDMs (MDM 50%). 

It can be concluded that the co-culture (CC 15%) under the influence 
of DCN leads to reduced cytokine secretion, whereas individual cyto
kines are increasingly secreted in the pro-inflammatory co-cultivation 
with 50% MDMs. A similar increased cytokine secretion can be observed 
after LPS treatment of the pro-inflammatory CC 50%. 

3.9. Comparison of cytokine profiles in FA2N-4/MDM and HepG2/THP- 
1 co-cultures 

The newly established indirect co-cultivation of Fa2N-4 and MDM 
(Fa2N-4/MDM) cells was compared with already established similar 
systems. For this purpose we selected the co-culture model consisting of 
HepG2 and PMA-differentiated THP-1 (Padberg et al., 2020; Padberg 
et al., 2019). For better comparability, the HepG2/THP-1 cells were 
cultivated in similar numbers as the Fa2N-4/MDM cells. Subsequently, 
the same cytokines were measured in the supernatant at the same time 
intervals and a correlation network was calculated. In general, HepG2 
cells formed a much less complex correlation network of cytokines than 
Fa2N-4 cells and THP-1 cells form a more complex network compared to 
MDMs. 

Networks for Fa2N-4/MDM and HepG2/THP-1 co-cultivation were 
based on similar cytokines (Fig. 7 and Fig. 4 B). However, the cytokines 
TGF-β1, FGF and IL-6 played a minor role in HepG2/THP-1 co-cultiva
tion compared to Fa2N-4/MDM co-cultivation. Yet, correlations of TNF- 
α and TGF-α were detectable in HepG2/THP-1 co-cultivation (Fig. 7). In 
addition, HepG2/THP-1 co-cultivation revealed a correlation between 
interleukin 1β (IL-1β) and interleukin 18 (IL-18). All other correlations 
were also present in either the THP-1 or the HepG2 single culture net
works. In the co-culture the results obtained looked like some sort of 
addition of the THP-1 and HepG2 networks (Fig. 7). Altogether, the 
cytokine network found in the Fa2N-4/MDM co-culture (Fig. 4 B) was 
more complex, compared to the network detected in HepG2/THP-1 co- 
culture (Fig. 7). 
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4. Discussion 

A novel co-culture system, consisting of immortalised hepatocytes 
(Fa2N-4) and MDM cells, has been established. In a first step, the dif
ferentiation of MDMs was characterised. Differentiated MDM cells 
expressed typical surface markers (Bertani et al., 2017; Cao et al., 2005; 
Lai et al., 2006; Taylor et al., 2004): CD83, CD209, CD14, CD86, TLR4, 
HLA-DR and CD163 (Fig. 1). However, only 28% of the MDMs were 
CD209 positive (CD209+, Fig. 1). Among liver cells, Kupffer cells were 
also reported to be positive for CD209 (Lai et al., 2006). In addition to 
Kupffer cells, also human anti-inflammatory M2 macrophages (but no 

pro-inflammatory M1 macrophages) were CD209+ (Buchacher et al., 
2015). This indicates that CD209 negative (CD209− ) MDMs in this co- 
culture system might represent the heterogeneity of macrophages 
migrating into the liver due to an inflammatory response. Thus, this 
Fa2N-4/MDM system is independent of the limited availability of pri
mary Kupffer cells and primary human hepatocytes. In contrast to the 
model of Oda et al. (2021) which relies on PBMCs this study consists of 
differentiated PBMCs (MDMs). 

An inflammatory status of cellular systems can improve the detection 
of adverse chemicals. It is known that modest inflammation during drug 
therapy lowers the hepatotoxic threshold and leads to adverse effects 

Fig. 6. Analysis of DCN and LPS specific alterations of the cytokine secretion pattern. Fa2N-4 cells were co-cultivated (CC) with monocyte derived macrophages 
(MDM) for 24 h. Physiological (15%) and pro-inflammatory (50%) MDM to Fa2N-4 ratios were used. All measured cytokine concentrations were related to the 
corresponding control (fold change) to analyse (A) the diclofenac (DCN, 157 μM) and (B) lipopolysaccharides (LPS, 100 ng/ml). Data are based on three biological 
replicates. For visualization a cut-of value of 6-fold was chosen. The particular fold changes are given in table S4. 
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(Roth and Ganey, 2011). These adverse effect can be reproduced in an 
animal model by performing co-treatment with low doses of lipopoly
saccharides (LPS) (Buchweitz et al., 2002; Deng et al., 2006; Zou et al., 
2009). In contrast to several studies, we did not use LPS to simulate an 
inflammatory environment, but increased the number of MDM cells in 
the co-culture (CC 50%) and compared these with the “physiological” 
number of MDMs present (CC 15%). The “physiological” concentration 
was calculated from data published by (Brouwer et al., 1988), who re
ported an average of 14.5 ± 9.1% Kupffer cells from seven human liver 
preparations. To our knowledge, our paper is the first work in which the 
extent of the pro-inflammatory status depends on the hepatocyte-to- 
MDM ratio and not on prior substance-specific induction of pro- 
inflammation. Hence this novel co-culture system allows to study 
adverse substance effects depending on its inflammatory status. 

The number of MDM cells and the total incubation time (24 h or 48 
h) affected the gene expression pattern of Fa2N-4 cells (Fig. 2). Inde
pendent transcriptome-based pathway analysis of the two different co- 
cultures (CC 15% and CC 50%, respectively) after 24 h revealed the 
activation of an acute phase response mainly in the CC 50% culture 
(Fig. 2 C) which could be confirmed by the phosphorylation of p38 
(Fig. 3). Coulouarn et al. (2004) have shown that the gene expression in 
primary human liver cells correlated with the severity of the acute phase 
response and supporting our data of the transcriptome-based pathway 
analysis in connection with the phosphorylation of p38. 

It is well known that the secretion of various pro-inflammatory cy
tokines (e.g. IL-6, TNF-α, IL-1β) is part of an acute phase reaction 
(Ramadori and Christ, 1999). Therefore, we investigated the time course 
of secreted cytokines (Fig. 4 A) and established a correlation network of 
these cytokines (Fig. 4 B). Similar to the in vivo situation, cytokine 
secretion in co-culture was more complex compared to single cultivated 

cells and did not represent the sum of the Fa2N-4 and MDM dependent 
networks (Fig. 4 B). IL-8 played a central role under co-cultivation 
conditions, as indicated by seven correlations to other cytokines and 
an elevated absolute concentration (Fig. 4). In contrast, the previously 
studied HepG2/THP-1 co-culture systems (Granitzny et al., 2017; Pad
berg et al., 2020; Wewering et al., 2017b) showed only five correlations 
of IL-8 to other cytokines (Fig. 7). 

In vivo correlations between IL-8, IL-6 and IL-1β, that have been 
described in the literature (Table 1), occurred only in the Fa2N-4/MDM 
network and were absent in the HepG2/THP-1 co-culture (using a cut- 
off value of p < 0.05). To validate the in vitro cytokine correlations in 
HepG2/THP-1 and Fa2N-4/MDM networks further, information from 
literature was retrieved. Table 1 compares the two correlation networks 
in focus (Fig. 4 B + Fig. 7) with the data found in the literature. The 
single- and co-cultivation of Fa2N-4 and MDM cells showed more sim
ilarities between in vivo reported correlation networks (c.f. Fig. 4 B) than 
the co-cultivation of HepG2 and THP-1 cells (Fig. 7). However, Fa2N-4/ 
MDM co-cultivation did not mirror all cytokine profiles reported in the 
literature. This might be related to the absence of other hepatic cells 
such as endothelial cells and Ito cells (Brouwer et al., 1988; Gebhardt, 
1992) that are present in healthy liver. Furthermore, the concentrations 
of some cytokines, like TNF-α in Fa2N-4/MDM co-cultures (Table 1 +
Fig. 4 B) and IL-6 in HepG2/THP-1 co-cultivations (Table 1 + Fig. 7), 
were at the lowest level of possible quantification, which also caused the 
absence of respective nodes and edges in the correlation networks. In 
addition, the (statistically) absence of correlations between cytokines in 
the correlation network did not necessarily indicate that there was no 
biological dependence. The absence might be based on the predefined 
cut-off value of p < 0.05, set in the statistical analysis (c.f. Fig. 4 B). This 
in particular includes cytokines that are present at high concentrations, 

Fig. 7. Correlation network analysis of the HepG2/THP-1 co-cultivation reveals additive effects. HepG2 cells were co-cultivated (CC) with PMA-differentiated THP-1 
cells. Physiological (15%) and pro-inflammatory (50%) THP-1 numbers were used. Overall 16 cytokines were measured (given in table S5) at the same time points (0, 
0.5, 1, 2, 4, 8, 16, 24 and 48 h) like the Fa2N-4/MDM co- and single cell cultivation (c.f. Fig. 4). Solid lines (––) indicate that these correlations occur in the co- 
cultivation network and in at least one of the single cultivation networks. Dotted lines (–) identify additional correlations occurring in the respective network. n = 3. 
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but have no correlation to any other cytokine. As already mentioned, IL- 
8 is of particular importance in the Fa2N-4/MDM co-culture and po
tential correlations can be confirmed by the literature (Table 1). 

In general, IL-8 and the corresponding receptor C-X-C motif che
mokine receptor 1 (CXCR1) are responsible for the recruitment of 
macrophages and neutrophils (Ishida et al., 2006). We investigated the 
role of IL-8 in our co-culture system by using the neutralising antibody 
αIL-8 (Fig. 5 A). The heatmap (Fig. 5 A) showed that the concentration of 
IL-8 decreased in the presence of αIL-8, as expected. Some correlations 
predicted by the correlation network were confirmed. A decrease in IL-8 
resulted in a reduced secretion of FGF in single cultured Fa2N-4 cells, 
supporting the prediction that both are positive correlated (Fig. 4 B). In 
MDM cells, the decrease of IL-8 resulted in an increased secretion of FGF, 
supporting the predicted negative correlation. Furthermore, the corre
lation network (Fig. 4 B) indicated that MCP-1 correlates positively with 
IL-8 in co-cultures and in single cultivated MDMs. Reduction of IL-8 by 
the treatment with αIL-8 resulted in a decrease of MCP-1 in co-cultures 
and single-cultivated MDM cells (Fig. 5 A). This positive correlation 
could be supported by expression data from the literature. An increase in 
the gene expression of MCP-1 and IL-8 has been previously shown in co- 
cultures of HepaRG cells with PBMCs (Beringer et al., 2019). 

The depletion of IL-8 also resulted in some unexpected findings, 
which did not match the predictions of the correlation network. A pos
itive correlation existed between IL-8 and CCL20 in FA2N-4 single cul
tures (Fig. 4 B). Despite this positive correlation, the CCL20 
concentration increased after lowering the level of IL-8 (Fig. 5 A). 

Besides the influence of IL-8 we investigated the effect of TNF-α on 
cytokine secretion using AMB. AMB is a monoclonal TNF-α neutralising 
IgG1 antibody used for the treatment of patients with rheumatoid 
arthritis (French et al., 2016). It is capable of inducing DILI (Ghabril 
et al., 2013) and thus has been listed in the DILIrank dataset (Chen et al., 
2016). 

Treatment with AMB resulted in several changes of the cytokine 

concentrations. Obviously, IL-6 was reduced in co-culture after treat
ment with AMB (Fig. 5 B). The connection between IL-6 and TNF-α has 
been described before: In a mouse model, TNF-α in the serum peaked at 
1.5 h and IL-6 after 4 h after LPS injection (Hong et al., 2009). This 
temporal relationship of TNF-α and IL-6 after LPS treatment was also 
shown in cultured rat hepatocytes (Saad et al., 1995). Furthermore, a 
positive correlation between IL-6 and TGF-β1 is likely, since murine fi
broblasts showed an IL-6 induced expression of TGF-β1 (Luckett-Chas
tain and Gallucci (2009)). Therefore, the predictions of the correlation 
network are supported by literature. The negative correlation of CCL20 
and IL-6 in the single culture of MDM cells was confirmed, since an in
crease of IL-6 increased resulted in a decrease of TGF- β1 (Fig. 4 B). In 
addition, the positive correlation of TGF-β1 and FGF in single cultured 
Fa2N-4 cells (Fig. 4 B) was confirmed, since both decreased after the 
AMB induced reduction of TNF-α (Fig. 5 B). Similar to the αIL-8 treat
ments, not all correlations of the cytokine network could be validated via 
an AMB induced decrease of TNF-α. A reduction of the FGF concentra
tion in single culture of Fa2N-4 cells should lead to a reduction of MCP-1 
concentration according to the correlation network (Fig. 4 B). However, 
this MCP-1 reduction did not occur after AMB treatment (Fig. 5 B). 

After 24 h of AMB treatment (Fig. 5 B) three additional positive 
correlations could be verified in co-culture with regard to FGF levels 
(with CCL20, IL-1β and GM-CSF, c.f.Fig. 4 B). In summary, we could 
confirm several correlation predictions. With regard to the effect of 
AMB, the secretion of FGF and IL-6 led to changes in other associated 
cytokine secretions exclusively under co-cultivation condition. 

Besides the general neutralisation of TNF-α, AMB is known as a po
tential DILI inducing substance (Frider et al., 2013). Another DILI 
inducing substance is DCN (Boelsterli, 2003), although the structure and 
mode of action are completely different. Fig. 6 A gives an overview of 
the changed cytokine secretion as a result of DCN treatment depending 
on the cultivation set-up. The simulation of a healthy cell ratio (CC 15%) 
leads to a reduction of most cytokine secretion after DCN treatment 

Table 1 
Comparison of the established correlation network analyses of the co-cultures with literature data. Correlation network analyses of co-cultivations (CC) of Fa2N-4 
cells with monocyte derived macrophages (MDMs) and HepG2 cells with PMA-differentiated THP-1 cells (c.f.Fig. 4 B + 7) were compared with inflammatory 
cytokine profiles from the literature. The literature data shown here were based on liver-associated cell types in an inflammatory state (e.g. virus infections, exposure 
to lipopolysaccharide, thioacetamide, carbon tetrachloride or ethanol). Shown were either complete agreement (✓) or at least one agreement ((✓)) of the direct 
correlations with the cytokine profiles found in the literature. (Denaes et al., 2016; Dong et al., 2019; Dou et al., 2019; Hosel et al., 2009; Mandrekar et al., 2011; 
Meng et al., 2012; Qin et al., 2012; Seki et al., 2001; Shrivastava et al., 2013; Yang et al., 2010) 
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when compared to control. This confirms the known anti-inflammatory 
effect of DCN (Skoutakis et al., 1988). Another more differentiated 
cytokine secretion pattern was present in the pro-inflammatory CC 50%. 
The down-regulated cytokine secretion of IL-8, MCP-1 and GM-CSF in 
particular follows the postulated positive correlation based upon 
network analyses (Fig. 4 B). The detectable upregulation of TGF-β1 and 
FGF secretion in the CC 50% after DCN treatment compared to the 
control was also predicted by the network analyses. However, DCN 
treatment can also show that other measured cytokines such as HGF and 
TGF-α play a role in co-cultivation although they do not show de
pendencies in the correlation networks. The reason for this is the 
generally low secretion of these cytokines in the absence of stimulating 
drugs or xenobiotics. 

To investigate the induction of the cytokine secretion in more detail, 
cultures were treated with LPS (Fig. 6 B). Especially the pro- 
inflammatory CC 50% responded to LPS treatment with an increased 
secretion of IL-12, IL-10, IL-8, IL-6, HGF, CCL3, FGF, GM-CSF and TGF- 
β1 compared to the untreated control (Fig. 6 B). Most of these cytokines 
are mapped in the correlation network. In general, secretion of cytokines 
in the LPS-treated pro-inflammatory CC 50% system is known from the 
early and late response of monocytes and macrophages. IL-6, IL-8 and IL- 
12 can be attributed to the early response (up to 6 h after treatment) and 
IL-10, TGF-β1 and GM-CSF (up to 24 h after treatment) are known from 
the late response (Rossol et al., 2011). Furthermore, an increase in the 
HGF concentration in the supernatant of the CC 50% is detectable after 
the LPS treatment. In a rat model, HGF is known to prevent LPS-induced 
liver failure (Kaido et al., 1997). This indicates that our co-culture sys
tem shows a response to LPS and, in addition, supports the reported 
protective effect of HGF. 

In summary, reduction of TNF-α by AMB treatment and the reduction 
of IL-8 by αIL-8 treatment (Fig. 5) resulted in decreases of several 
correlated cytokines, indicating the validity of the network (Fig. 4 B). 
The treatment with DCN or LPS shows, that the ratio of MDMs affects the 
amount of cytokines released. The data demonstrate that co-cultivation 
of Fa2N-4 and MDMs creates a complex cytokine correlation network. 
This novel Fa2N-4/MDM co-culture shows a high similarity to published 
in vivo data. 

5. Conclusion 

A successful co-cultivation of an immortalised hepatic cell line 
(Fa2N-4) with monocyte derived macrophages (MDMs) was established. 
This resulted in the release of pro-inflammatory cytokines. It triggers 
pathways such as an acute phase response and the complement system. 
The concentrations of the cytokines released differed between co- and 
individually cultured cells as well as between a corresponding model 
consisting of HepG2 and differentiated THP-1 cells. A network of cyto
kine interactions showed that IL-8 plays a central role in the network. 
Changes in the IL-8 level affected numerous other cytokines, which 
allowed to validate the central role of IL-8. In addition, treatment with 
the TNF-α neutralising antibody (AMB), DCN and LPS showed that the 
resulting changes in cytokine secretion could be partially predicted by 
the correlation network. Especially the treatment of DCN and LPS 
proved that the CC 50% simulates a pro-inflammatory status with an 
further increase of cytokine secretion. During the AMB exposure FGF, 
likewise to IL-6, was an important soluble factor. 
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