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Summary. The Immune Avatar consortium was launched to allow for the generation and validation of 

immunocompetent in vitro models of the liver, intestine and adipose tissue crosstalk for drug 

candidate testing, particularly for metabolic diseases. The project thus aimed at tackling a current lack 

of multicellular, human cell-based, metabolically functional and clinically-relevant models that would 

also integrate the crucial and diverse roles of the immune system in disease progression or drug 

response. Due to logistical and technical challenges, we at Charité had to postpone the use of primary 

human material and instead focused on primary mouse cells. Yet, this contingency plan led us to go 

beyond the initial plan in terms of depth of phenotypical analyses and to further explore the versatility 

of the system. By doing so, we were able to demonstrate the liver-on-a-chip (LoC) potential to 

drastically increase the clinical relevance of organ-on-a-chip models as compared to monocellular or 

conventional 3-dimensional (i.e., organoid) cell culture systems. In particular, our LoC could 

recapitulate all hallmarks of acute drug-induced liver injury, including circulating immune cell 

recruitment. Furthermore, we could also model steatosis and demonstrate the potential of drug 

candidates, lanifibranor and resmetirom, in differentially preventing disease onset. This data has been 

published in an original research paper, along with detailed technical procedures allowing other 

institutes to implement the model in their procedures. Overall, we demonstrated the functional 

relevance of the LoC for disease mechanism study and for preclinical drug candidate evaluations. 

Current projects in our department build on these successes and explore further applications as well 

as further optimization of the system to model other conditions. 

Original aims of the project. This project aimed at dissecting the pathological mechanisms involved in 

liver disease initiation and progression, in particular that of metabolic dysfunction-associated steatotic 

liver disease (MASLD). MASLD is a widespread epidemic with a rising incidence and currently affecting 

about 30% of the world’s population (1). MASLD is particularly marked at the histological level by 

hepatocytic lipid deposition, hepatic injury, inflammation, and fibrosis. At the start of this project, no 

suitable in vitro model that could satisfactorily recapitulate hepatocytic injury and metabolism 

together with the changes observed in the immunological and fibrogenic compartments. The Immune 

Avatar project primarily aimed at generating an immunocompetent in vitro platform for pre-clinical 
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therapeutic compound evaluations, and the exploration of potential personalized medicine 

applications. The collaborative team assembled was made of experts on liver, intestine and adipose 

tissue, with particular interest in metabolic diseases. Hence, our group at the Charité took over the 

tasks relative to the validation of an immunocompetent LoC system for the modelling of metabolic 

dysfunction-associated steatotic liver disease (MASLD, formerly known as non-alcoholic fatty liver 

disease or NAFLD). As such and in addition to consortium-wide meetings and exchange of ideas, our 

group at Charité, as originally planned, was particularly involved in two work packages: 

• Arbeitspaket 1 – Leber-on-chip mit humanen Spenderzellen (Charité / UKJ) 

• Arbeitspaket 3 – Etablierung des NASH Modells (UKJ / Charité) 

 

Main deviations from the original study design and justifications. 

• Due to logistical and technical challenges, the implementation of AP1 had to be adjusted along 

the course of the project. Indeed, liver surgical procedures have evolved at a face pace and, 

while improving patient conditions, also resulted in a scarce access to fresh, primary human 

material for subsequent research purposes. Indeed, the large implementation of laparoscopic 

procedures at the Charité Universitätsmedizin Berlin delay the extraction of the (at this time 

already ischemic) tissue from the patients, and implied that liver surgeries do not result in the 

generation of optimally fresh tissues for applications such as cell culture, which rely on 

metabolically active cells.  

• As a contingency plan, we decided to focus on the use of primary mouse liver and blood cells, 

as explained in the interim progress reports. The mouse-based studies were performed at the 

Charité Universitätsmedizin Berlin. This allowed us to accelerate technological development 

by very much increasing the rate at which we could generate and test functional LoC complete 

systems. Noteworthy, we could evidence that, despite not replacing in vivo models, the in vitro 

LoC could recapitulate the main hallmarks of disease onset and thus, has the potential to 

reduce the necessity of conducting steatotic liver disease models on large numbers of animals. 

Noteworthy, all data presented in this report and derived from the LoC system rely on cells 

isolated from healthy adult mice that did not undergo any in vivo treatment beyond regular 

husbandry. At the time of the experiments, mice were exposed to a lethal dose of anaesthesia 

and all procedures were conducted after confirmation of the animal’s death. 

• As we moved on to elaborate a model of free fatty acid-induced liver injury, we decided to 

implement a model of drug-induced hepatotoxicity to evidence the functional, cellular 

responses associated with acute liver cell damage. For this purpose, we included 

acetaminophen as a typical hepatotoxic compound. 

• Initial functional assessment of primary liver cell survival and metabolic functions led us to re-

evaluate the mode timeline. Initially planned to last 7 days, we decided to reduce the timespan 

of our model to a maximum of 4 days. During that time, the liver cell survival and the 

hepatocyte metabolic activity, were maintained close to the ones of freshly isolated cells. 

• The experimental read-outs were mostly re-defined to focus on the characterization of the 

immune cell response as a key goal of the project, and to further evidence the metabolic 

relevance of the model, since these two aspects were, to our appreciation, the most critical in 

defining a truly innovative in vitro model for tackling current challenges in alternative 

platforms. As such, we implemented multispectral flow cytometry characterization of the 

perfused immune cells, the use of genetically-modified mice for tracking immune cell 

migration from the perfusate to the chip, as well as chromatography and mass spectrometry-

based acetaminophen and free fatty acid metabolite measurements 
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RESULTS 

The results and figures presented here are part of the following publication (2): 

Hanyang Liu, Guo Yin, Marlene Sophia Kohlhepp, Fabian Schumacher, Jana Hundertmark, Mohamed I. 

Abdelwahab Hassan, Felix Heymann, Tobias Puengel, Burkhard Kleuser, Alexander Sandy Mosig, Frank 

Tacke, Adrien Guillot. Dissecting Acute Drug-Induced Hepatotoxicity and Therapeutic Responses of 

Steatotic Liver Disease Using Primary Mouse Liver and Blood Cells in a LoC Model. Advanced Science. 

Online ahead of publication on 13 June 2024. https://doi.org/10.1002/advs.202403516 

 

1/ Primary liver and blood cell isolation and hepatocyte functional evaluations. Here, we firstly aimed 

at optimizing primary liver and blood cell isolation for subsequent culture and functional assays. In a 

procedure detailed in (2), we successfully established a protocol for the simultaneous isolation of 

primary hepatocytes, hepatic stellate cells, liver macrophages and liver endothelial cells, as well as 

blood circulating immune cells. This has been performed through post-mortem liver perfusion and 

sequential centrifugation and magnetic bead-based cell enrichment (Figure 1). For each cell type, cell 

identify was confirmed by microscopic observations for typical morphology, as well as 

immunofluorescence for the expression of typical proteins. 

 

Figure 1: All-from-one primary liver cell isolation (mouse) procedure and multicellular layout of LoC 

model. Primary hepatocytes, HSCs, KCs and LSECs are sequentially isolated from mouse liver using 

centrifugation or MACS methods. CICs are isolated from mouse blood using red blood lysis and 

centrifugation methods. Abbreviations: CIC: circulating immune cell; HSC: hepatic stellate cell; KC: 

Kupffer cell; LSEC: liver sinusoidal cell; MACS: magnetic-activated cell sorting. 

 

Next, we sought to determine the ideal timeline for the study of metabolism-related experiments. 

Indeed, it is well known that primary hepatocytes lose their metabolic capacities early on after 

isolation. By a combination of cell survival assays, acetaminophen metabolite generation 

measurement, and gene and protein expression analyses, we could define a time window that should 

not exceed a total of four days (Figure 2). Next, we sought to evaluate liver cell responses to a well-

known, strong inducer of hepatocyte cell stress. As such, we chose to use acetaminophen (3). 

Noteworthy and as part of our initial testing, we evidenced that the presence of circulating immune 

cells did influence on hepatocyte metabolism by repressing the overall acetaminophen metabolism, 

https://doi.org/10.1002/advs.202403516
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further supporting the need for multicellular models and laying the ground for our following 

experiments (Figure 2F). 

Figure 2: In vitro investigations on primary hepatocyte culture with cultivation and gene expression 

alterations in the presence of CICs. (A) Relative cell amount of in-vitro cultivated mouse primary 

hepatocytes was measured at 0, 24, 48, 72, 96 and 120 h after isolation and seeding. (B) Relative cell 

death levels (7-AAD+) of in-vitro cultivated mouse primary hepatocytes was measured at 0, 24, 48, 72, 

96 and 120 h. (C) Metabolism-related gene expressions were assessed. (D) 7-AAD staining was 

performed upon APAP treatment. (E) CYP2E1 expression was evaluated by immunofluorescence on 

untreated hepatocytes and hepatocytes + CICs. (F) Remaining APAP concentration was measured in 

the culture of hepatocytes and hepatocytes + CICs under APAP treatment for 24 h. Sample size: (B-F) 

n = 4 per group. Abbreviations: Alb: albumin; APAP: acetaminophen; CIC: circulating immune cells; 

Cyp2e1: cytochrome P450 family 2 subfamily E member 1; G6pc1: glucose-6-phosphatase catalytic 

subunit 1; Ppar: peroxisome proliferator activated receptor; Srebf: sterol regulatory element-binding 

transcription factor; Veh: vehicle. One-way ANOVA and Tukey’s multiple comparison were performed. 

*p<0.05 as indicated. 

 

In line, we further evidenced that hepatocyte inflammation-gene related gene expression was 

drastically increased when exposed to acetaminophen (Figure 3). The presence of circulating immune 

cells in the culture together with hepatocytes varyingly prevented, potentiated or had no effect on 

inflammation-related gene expression. 
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Figure 3: Inflammation-related gene 

expressions in primary hepatocyte 

cultures exposed to acetaminophen. 

Gene expression analysis of 

conventional culture systems 

combining CICs with hepatocytes for 

24 h. Sample size: n = 4 per group. 

Abbreviations: APAP: 

acetaminophen; Ccl: chemokine (C-C 

motif) ligand; CIC: circulating immune 

cells; Fasl: FAS ligand; Il: interleukin; 

Ifn: interferon; Nlrp3: NLR family 

pyrin domain containing 3; Tnfa: 

tumor necrosis factor-alpha; Veh: 

vehicle. One-way ANOVA and Tukey’s 

multiple comparison were 

performed. *p 

 

2/ Setting-up the LoC for acute drug-

induced liver injury. As we validated 

the isolation protocol and accumulated proof of both the viability and metabolic capacities of the 

relevant cells, we next designed a LoC-based experiment to further evaluate the relevance of this 

multicellular system in well controlled conditions. As shown in Figure 4A-B, we firstly visualized that all 

cells of interest could be isolated and seeded in the system. Due to technical constrains and in 

particular, the need of several hours for primary liver cells to attach to the membrane from the LoC, 

our isolation procedure had to be adjusted and, as a result, cell isolation was performed on consecutive 

days with distinct littermates for the upper and lower chambers, as illustrated in Figure 4C. In Figure 

4D-J, we demonstrate that the LoC recapitulates all major hallmarks of in vivo acetaminophen-induced 

liver injury, with in particular increased hepatocyte cell death, immune cell recruitment, fibrogenic cell 

activation and an overall fibrogenic and inflammatory gene expression increase. 

 

Figure 4: Designing and validating a microfluidically perfused LoC for acute liver injury modeling. A) 

Schematic view of the liver and circulating cells isolated prior to LoC seeding. B) LoC set-up depicting 

liver cell organization into the LoC during CIC perfusion. The upper image depicts the biochip used in 

this model. The lower left photograph shows the experimental set-up within the cell culture incubator, 

including a peristaltic pump. The lower right microscopy images show the two layers of cells, staining 

by immunocytochemistry for the indicated markers. C) Experimental outline of the acute APAP injury 

model in the LoC. Fluorescence microscopy was used to visualize D) cell death (parenchymal layer), E) 

labelled CIC attachment to the membrane (vascular layer), and F) collagen 1A1 expression 

(parenchymal layer); quantitation is shown in (G–I), respectively. J) Total mRNA was extracted from 

the membrane at the end of the experiments, and gene expression was analyzed. Data shows the 

relative gene expression in APAP-treated LoC as compared to vehicle. Sample sizes: B–J) n = 4 per 

group. Abbreviations: APAP: acetaminophen; CICs: circulating immune cells; Ccl: Chemokine (C-C 

motif) ligand; COL1A1: collagen, type I, alpha 1; GM-CSF: granulocyte-macrophage colony-stimulating 

factor; HSC: hepatic stellate cell; IL: interleukin; IFN: interferon; KC: Kupffer cell; LSEC: liver sinusoidal 
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endothelial cell; Tnfa: tumor necrosis factor-alpha; Veh: vehicle. Paired student’s t-tests were 

performed. *p < 0.05 as compared to vehicle. 

 

3/ Adapting the LoC for the study of free fatty acid-induced liver injury. In the next set of experiments, 

we seeded the liver cells as described in Figure 5A and perfused the system with free fatty acids as well 

as the drug candidate lanifibranor from day 3. We firstly evidenced lipid accumulation in hepatocytes, 

increased cell death and inflammation when the LoC was exposed to free fatty acids (Figure 5 B-K). 

Importantly, our data shows that lanifibranor effectively reduced cell death and immune cell 

recruitment in this system, arguing in favour of the LoC potential for the pre-clinical investigation of 

drug candidates. 

 

Figure 5: The LoC for modeling key features of MASLD and therapeutic effects of lanifibranor. A) 

Experimental outline of the FFA-induced MASLD model in the LoC. B) Lipid vesicle accumulation in LoC 

hepatocytes was verified by BODIPY and Oil Red O staining. C) Cell death was visualized by 7-AAD and 

Apopxin staining, D) immune cell recruitment by using reporter CICs, and E) collagen accumulation by 
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immunostaining. B–E) Parenchymal layer. F–I) Staining quantitation from the staining displayed in 

panels (B–E). Relative gene expression was assessed from the LoC membrane, and is displayed either 

as J) FFA-treated relative to vehicle, or K) FFA plus lanifibranor relative to FFA plus vehicle. Sample 

sizes: B–K) n = 4 per group. Abbreviations: COL1A1: collagen, type I, alpha 1; CICs: circulating immune 

cells; F or FFA: free-fatty acid treated; FL or FFAs + Lanif: free fatty acid plus lanifibranor; V or Veh: 

vehicle. Paired student’s t-tests were performed. *p < 0.05 as indicated or as compared to vehicle. 

 

4/ Extending the analytical readouts to the perfused medium: additional evidence for the LoC 

relevance and functional validity. The data shown above elaborates on readings obtained from 

membrane-bound cells. In the datasets below, we will explore findings from the perfused medium, 

another key component of the LoC (Figure 6A). Firstly, we show that acetaminophen of free fatty acid 

treatment induced an increase in aspartate aminotransferase (AST) in the circulating medium (Figure 

6B), and that free fatty acid-induced AST increase could be repressed by lanifibranor. Besides, both 

LoC systems exhibited, at varying degrees, an increased release of pro-inflammatory cytokines in the 

perfusate (Figure 6D, E). Besides, multispectral flow cytometry analysis performed on the remaining 

circulating immune cells found in the perfusate at the end of the experiment, suggested a broad range 

of immune cells are recruited to the LoC upon injury, which to some extent reflect the in vivo situation. 

Next, we sought to demonstrate that the cells seeded into the LoC were effectively metabolizing 

acetaminophen and free fatty acids. For this, we performed liquid chromatography followed by mass 

spectrometry on the perfused medium, and detected the metabolites of the respective compounds 

(Figure 7). Overall, Figures 6 and 7 demonstrate that the perfused medium is another compartment of 

interest for the evaluation of the LoC relevance, which to some extent mirrors in vivo metabolic and 

inflammatory parameters. 

Lastly, we further evidence that resmetirom had similar protective effects in the free fatty acid-treated 

LoC (data shown in (2)). 

 

Figure 6: Lanifibranor treatment reduces 

hepatocyte injury, inflammatory cytokine, 

and circulating immune cell recruitment in 

the LoC. A) Wild-type CICs were perfused for 

30 min into the LoC after APAP-, FFA-, or FFA 

and lanifibranor treatment, and the 

remaining cells from the perfusate were 

analyzed by multispectral flow cytometry. 

The dynamically perfused culture medium 

may be collected at the end of the 

experiment and used for further 

measurements including cytokine and 

transaminase measurement. AST activity 

was measured in the LoC exposed to B) 

acetaminophen, or C) FFAs and lanifibranor. 

Circulating cytokine levels measured in the 

perfusate from the LoC exposed to D) 

acetaminophen, or E) FFAs and lanifibranor. 

CIC depletion (migration score) from the LoC 
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perfusate after F) APAP or G) FFA with or without lanifibranor treatment is shown for the respective 

immune cell types. Cell gating strategy is described in (2). Relative changes in absolute cell numbers as 

compared to the appropriate vehicle conditions. Sample sizes: B–E) n = 4 per group, F, G) n = 3 per 

group. Abbreviations: A or APAP: acetaminophen; AST: aspartate aminotransferase; CCL2: Chemokine 

(C-C motif) ligand 2; CICs: circulating immune cells; DCs: dendritic cells; F or FFAs: free fatty acids; FL 

or FFAs + Lanif: free fatty acids plus lanifibranor; FACS: fluorescence-activated cell sorting; GM-CSF: 

granulocyte-macrophage colony-stimulating factor; HSCs: hepatic stellate cells; IFN: interferon; IL: 

interleukin; IU: international units; KCs: Kupffer cells; LSECs: liver sinusoidal endothelial cells; NK: 

natural killer; TNF-𝛼: tumor necrosis factor-alpha; V or Veh: vehicle. One-way ANOVA followed by 

Tukey’s multiple comparison test and paired student’s t-tests were performed. *p < 0.05 as indicated 

or as compared to vehicle. 

 

Figure 7: Lanifibranor 

moderately affects 

sphingolipid 

metabolism and 

release in vitro. A) 

HPLC-ESI(+)-HRMS was 

used to measure APAP 

metabolites on B) 2D 

hepatocyte culture and 

LoC. C) HPLC-ESI-

MS/MS was used to 

measure FFA 

metabolites. 

Sphingolipids were 

measured on D) LoC 

perfusate, and E) 

conventional primary 

hepatocyte culture 

supernatant. Sample 

sizes: B,D,E) n = 4 per 

group. Abbreviations: 

APAP: acetaminophen; 

CYP: cytochrome P450; 

EIC: extracted ion 

chromatogram; F: free-

fatty acid treated; FL: 

free fatty acids plus 

lanifibranor treated; 

GST: glutathione S-

transferase; HPLC-ESI-

HRMS: high-

performance liquid 

chromatography-electrospray ionization high-resolution mass spectrometry; HPLC-ESI-MS/MS: high-

performance liquid chromatography-electrospray ionization tandem-mass spectrometry; S1P: 
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sphingosine-1-phosphate; V: vehicle. Paired student’s t-tests were performed. *p < 0.05 as indicated 

or as compared to vehicle. 

 

Conclusions. We successfully established a liver-on-a-chip model with distinct features that, to our 

knowledge, remain unique in a primary liver cell-based system:  

- multicellular: including hepatocytes, hepatic stellate cells, liver endothelial cells, liver 

macrophages and blood circulating immune cells 

- immune competent: with demonstrated response to injury inducers such as cytokine release 

in the culture medium and recruitment of circulating immune cells 

- sign of early fibrogenesis: we could detect signs of an early fibrogenesis, notably with 

increased fibrogenesis-related gene expressions 

- metabolically functional: with the production of measurable levels of acetaminophen and 

free fatty acid metabolites in the perfused culture medium 

- suitable for preclinical drug testing: we used the LoC to validate the therapeutic potential of 

lanifibranor and resmetirom, two leading molecules tested for the treatment of steatotic liver diseases 

 

 

Future perspectives. The adaptation of the mouse-based LoC to human cells is still a major need in the 

field and within our department. Ongoing efforts aim at finding suitable solutions, such as the use of 

organoid- or induced pluripotent stem cells or potentially commercial providers as the source of liver 

cells (4). One key motivation to us to use primary mouse hepatocytes was to maintain their metabolic 

functions. It appears solutions are emerging to, at least partially, circumvent the relative lack of key 

hepatocyte enzymes such as cytochromes (reviewed in (5). Nonetheless, this project led to the 

publication of an original research manuscript that, in addition to demonstrating the relevance of the 

LoC for drug candidate exploration, provides extensive technical details on the procedures involved. 

Our sincere hope is that this publication is well integrated in the current trend of developing in vitro 

alternative approaches, and that other groups will test this approach in their own projects and 

participate in the global advancement of in vitro approaches for liver disease modelling. In line, a 

number of alternative approaches have recently been published, each of them possessing specific 

features and peculiarities one must balance to choose the most appropriate approach for specific aims 

(reviewed in (6, 7)). Besides and based on our own newly acquired expertise, a follow-up project aims 

at designing a similar model for the study of other liver conditions, in particular cholangiopathies with 

the addition of biliary epithelial cells to the systems. Preliminary data (not shown) encouragingly 

evidence the versatility of the LoC for this purpose. Thus, we are confident further developments will 

follow in the near future, from us and from other institutions. 
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