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Abstract

Microphysiology systems (MPS), also called organs-on-chips and tissue chips, are miniaturized 

functional units of organs constructed with multiple cell types under a variety of physical and 

biochemical environmental cues that complement animal models as part of a new paradigm 

of drug discovery and development. Biomimetic human liver MPS have evolved from simpler 

2D cell models, spheroids and organoids to address the increasing need to understand patient-

specific mechanisms of complex and rare diseases, the response to therapeutic treatments, and the 

absorption, distribution, metabolism, excretion and toxicity of potential therapeutics. The parallel 

development and application of transdisciplinary technologies, including microfluidic devices, 

bioprinting, engineered matrix materials, defined physiological and pathophysiological media, 

patient-derived primary cells, and pluripotent stem cells as well as synthetic biology to engineer 

cell genes and functions, have created the potential to produce patient-specific, biomimetic MPS 

for detailed mechanistic studies. It is projected that success in the development and maturation 

of patient-derived MPS with known genotypes and fully matured adult phenotypes will lead 

to advanced applications in precision medicine. In this Review, we examine human biomimetic 
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liver MPS that are designed to recapitulate the liver acinus structure and functions to enhance 

our knowledge of the mechanisms of disease progression and of the absorption, distribution, 

metabolism, excretion and toxicity of therapeutic candidates and drugs as well as to evaluate their 

mechanisms of action and their application in precision medicine and preclinical trials.

It has been well documented that data from animal models as well as from simple, human, 

in vitro safety and efficacy experimental models are often not concordant with results from 

human phase II clinical trials. High failure rates in phase II/III clinical trials (up to 80%) 

have been primarily ascribed to the genetic and physiological differences between animals 

and humans as well as to the use of over-simplified in vitro experimental models1–7. The 

primary challenge in phase II/III clinical trials has been the lack of efficacy from the 

investigational drug, yet some safety problems have also been identified1,2,8. Liver-related 

examples include the failure of mouse models to recapitulate aspects of non-alcoholic 

fatty liver disease (NAFLD) progression that are necessary to predict outcomes in phase 

II/III clinical trials3,7,9. Other examples include the failure of a promising farnesoid X 

receptor (FXR) agonist, obeticholic acid, to achieve its efficacy endpoint in a phase III trial 

for non-alcoholic steatohepatitis (NASH)10 and the failure of the once promising type 2 

diabetes drug, fasiglifam, due to idiosyncratic drug-induced liver injury (DILI)11–13, which 

is not always detected in animal and simple human in vitro models or even in early-stage 

clinical trials14–17. These late-stage failures cost substantial time and money, potentially 

exceeding the median cost of a pivotal trial (US$19 million)18 or the cost needed to 

bring a new drug to market (US$1 billion)19, while also placing hundreds to thousands 

of patients at risk without public health benefit, making the drug discovery and development 

process inefficient1,2,20. One promising solution has been the development and application 

of human microphysiology systems (MPS) of the liver and other organs21–26. MPS, also 

called organs-on-chips and tissue chips, are miniaturized functional units of organs (for 

example, liver acinus) constructed from multiple cell types using cell lines, primary cells or 

pluripotent stem cells (PSCs) from human or animal sources (TABLE 1), constructed either 

by self-assembly or supervised placement in 3D within a defined structure. MPS recapitulate 

some key elements of the organ structure and functions, including physical and biochemical 

microenvironmental cues (for example, microfluidic flow, cell–cell communication and 

signalling molecules), as well as responsiveness to therapeutics. Both single organ MPS 

and multiple organ MPS linked by fluidics have been created for high throughput and 

high content applications21,27. Human biomimetic liver MPS (HBL-MPS) are a more 

complex type of MPS designed to maximally recapitulate the liver acinus structure and 

function, including the major cell types as primary or PSC-derived cells (FIG. 1a). They 

harness defined matrix stiffness and biochemistry, normal and disease-specific media, and 

physiological microfluidic flow rates and optimally include zonation, vascularization and an 

ability to image during the experimental time course.

MPS can be combined with quantitative systems pharmacology (QSP), an iterative 

experimental and computational modelling approach that has the potential to improve 

the efficiency of drug discovery and development8,20,28. Here, data derived from an 

experimental model is incorporated into a computational model and used to make a 

prediction that is tested in experimental models. For example, the FDA, in recognition of 
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the potential role of MPS and QSP in enhancing regulatory science and expediting drug 

discovery and development, is currently evaluating computational clinical pharmacology 

models to advance model-informed drug development29. A major element of the FDA 

programme is assessing how MPS can be used to experimentally investigate the mechanisms 

of adverse drug reactions, provide insights into physiology and disease mechanisms, and to 

identify relevant endpoints or biomarkers for clinical trial design. The EMA has shown 

a similar interest in the application of MPS to drug discovery and development, in 

particular recognizing that MPS are rapidly progressing and represent a promising field 

for the replacement, reduction and refinement of animal experimental testing (the three 

‘Rs’ principle)30. A workshop held in 2017 focused on the challenges and opportunities 

for the use of MPS and was specifically aimed at “facilitating the regulatory acceptance 

of innovative non-animal methods in appropriate, defined contexts during the approval of 

medicines”30.

It has been suggested by the partnership between 23 mostly global pharmaceutical 

companies and the National Center for Advancing Translational Sciences of the National 

Institutes of Health that MPS have the potential for driving a paradigm shift in the drug 

discovery and development pipeline by more closely mimicking human physiology and 

pathophysiology than current in vitro and in vivo models, leading to improved clinical 

predictions of disease progression, drug response and pharmacokinetic parameters of 

absorption, distribution, metabolism, excretion and toxicity (ADMET)23. In this Review, 

we summarize the evolution, rationale and key characteristics of HBL-MPS, while exploring 

applications in drug discovery and development. In addition, the further evolution of HBL-

MPS is projected and we discuss the potential of patient-specific HBL-MPS in precision 

medicine and preclinical trials (FIG. 1b).

Evolution of HBL-MPS

MPS have evolved from a long history of valuable animal and human, 2D and 3D 

cell culture models31–35. The evolution from 2D cell culture to 3D models involved 

micropatterned cell arrays36, spheroids35,37,38, organoids39–48, and static or fluidic plate-

based platforms49,50. A range of MPS designs have been applied to ADMET and liver 

disease efficacy studies with increasing sophistication over the past decade (TABLE 

1). All of these in vitro models have and continue to generate important information 

about liver physiology and pathophysiology. For instance, pioneering studies have 

shown that micropatterned co-culture systems of primary human hepatocytes exhibit 

superior human-specific drug metabolism and enable disease modelling for a number 

of human liver pathologies51–53. They also provide ease of engineering and facilitate 

improved physiologically relevant high-throughput screening. It was also demonstrated 

that controlling cellular positioning via micropatterned cultures can improve the functional 

maturity of human inducible PSC (iPSC)-derived hepatocytes54. However, human liver MPS 

have evolved to address the increasing need to understand patient-specific mechanisms 

of complex and rare diseases as well as ADMET for precision medicine, which was not 

possible with the simpler models. In practice, the concept of ‘fit-for-purpose’ validation 

within a clearly defined ‘context of use’23,55 is applied by investigators to select the optimal 

in vitro experimental model to address specific stages in the drug discovery and development 
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pipeline that require particular measurement and analytical characteristics such as high-

throughput screening, high content of mechanistic knowledge or multi-organ physiology. 

Human liver MPS for high content of mechanistic knowledge (HBL-MPS) are designed 

to maximally recapitulate the human liver sinusoidal structure and functions, including 

immune cell infiltration and zonation56 (FIG. 1a,b).

The continued evolution of MPS has been based on the parallel development and application 

of transdisciplinary MPS technologies, including microfluidic devices, bioprinting, 

engineered matrix materials, physiological and pathophysiological media, patient-derived 

primary cells, and PSCs as well as synthetic biology, to engineer cell genes and 

functions to create the optimal human physiological or pathophysiological experimental 

platform57 (TABLE 2). Current HBL-MPS already exhibit significant physiological and 

pathophysiological characteristics and functions of clinical relevance, yielding mechanistic 

knowledge that is valuable in liver disease therapeutic discovery and ADMET (BOX 1).

Current HBL-MPS

There has been great progress in the development of HBL-MPS platforms for the 

recapitulation of the human liver acinus structure and functions58. Initial efforts primarily 

used human cell lines for hepatocytes and only a limited subset of non-parenchymal cells 

(NPCs) to avoid some of the cost and technical challenges of using primary cells from a 

single patient. However, newer human liver MPS have incorporated at least three cell types 

including combinations of human primary hepatocytes and liver sinusoidal endothelial cells 

(LSECs), sometimes with well-characterized and functional human cell lines for Kupffer 

cells and/or hepatic stellate cells (HSCs)56,59. Furthermore, progress in developing partially 

matured iPSC-derived hepatocytes and NPCs has enabled their use in some MPS46,60,61. 

With respect to ‘fit-for-purpose’, there are advantages and disadvantages in using cell lines, 

primary cells and iPSC-derived cells in MPS (TABLE 3).

Two different approaches have been taken towards developing HBL-MPS platforms: 

models in which the initial physical and cellular structure mimics the organization of 

cells in the liver acinus56,59,62, either by design of the device and manual placement 

of the cells or by 3D bioprinting of cells and matrices to mimic the organization of 

cells in the liver63,64, and models in which organoids are stimulated or engineered to 

self-assemble into liver-like structures40,41,65–67. As a result, HBL-MPS are now evolving 

along two distinct and complementary paths into structured engineered biomimetic MPS 

(Structured-MPS) and organoid engineered biomimetic MPS (Organoid-MPS), both of 

which, along with potential combinations, are expected to recapitulate even more clinically 

relevant characteristics and functions than the current HBL-MPS (Supplementary Table 

1). Organoid-MPS and Structured-MPS that contain patient-derived PSCs will enable the 

highest level of mechanistic investigations in drug discovery and development as well as 

having applications in precision medicine, including in ‘preclinical trials’, where patient-

specific MPS will be used to predict the most appropriate patient cohorts for optimal clinical 

trial design (FIG. 2).
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Epithelial liver organoids.

Liver epithelial organoids have been developed to study specific features of hepatic 

physiology, structure and regenerative function61,68. Despite the limited cell types, 

constrained access to the sinusoidal lumen and the variability of sizes, these epithelial 

liver organoids are being successfully used in early drug discovery, screening and safety 

assessment, in which throughput is often considered more important than mechanistic 

knowledge early in the pipeline of drug discovery69. Although slightly more difficult to 

produce than 2D cell models, epithelial liver organoids have a relative ease of production 

compared to more complex models, show long-term expansion capacity, enable high-

throughput measurements and serve as a source of cells68 (Supplementary Table 1).

Epithelial liver organoids have also shown promise for the modelling of some aspects 

of genetic diseases48,70 and of human liver cancers48,71. However, more advanced liver 

organoids have been developed from different germ layers, such as endoderm and 

mesoderm, that recapitulate the diversity of native liver cell types such as HSCs, Kupffer 

cells and endothelial cells40,41,46,72. The presence of heterotypic cells enables novel 

translational applications to understand cell–cell interactions in disease modelling, such 

as steatohepatitis46, which can inform novel drug discovery. Hepato-biliary-pancreatic 

organoids have also been produced that demonstrate a promising step towards generating 

experimental multi-organ platforms with the ability to model complex human endoderm 

organogenesis73.

Designs of current HBL-MPS.

HBL-MPS primarily harness patient-derived human primary liver cells, sometimes with 

human cell lines for HSCs and Kupffer cells56,59,65,66,74–76 (TABLE 1). Microfluidic 

devices are constructed of glass, plastic and/or polymers to enable temporal and spatial 

confocal microscopic interrogation of the distinct 3D cell layers56, a subset of which might 

contain fluorescence-based protein biosensors of physiological processes such as apoptosis, 

oxidative stress and insulin resistance77. Although polymers such as polydimethylsiloxane 

are still widely used, the use of glass or plastic in the microfluidic device minimizes the 

non-specific binding of hydrophobic molecules8,56,78. In two-channel designs, the hepatic 

chamber is typically separated from the vascular channel by a porous membrane (presently 

polyethylene terephthalate (PET)) to permit the communication between compartments of 

circulatory components such as free fatty acids, gut microbiome products, drugs and cells 

(including immune cells) as well as secretome and metabolic products. The vascular channel 

may also be used as a link to other physically coupled organ MPS models56.

In general, current HBL-MPS models are optimally assembled in a microfluidic device that 

provides connections to microfluidic flow systems and substrates on which to construct the 

liver tissue, while maintaining the model in a controlled environment (TABLE 2, FIG. 2, 

Supplementary Table 1). Microfluidic flow (FIG. 2) can be driven by external or integrated 

mechanical pumps79,80, air pressure81 or gravity50,82–84 in a single pass to provide a 

constant media composition or with recirculation to enable the accumulation of secreted 

factors and metabolites as well as of potential toxic by products8,85. The device (FIG. 2) 
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can be one piece or assembled in layers. Organoid-MPS can be encapsulated in a similar 

microfluidic system31,86,87.

The design of the vascular liver acinus MPS (vLAMPS) model56 serves as an example of 

combining the options above to create an HBL-MPS. In the vLAMPS model, hepatocytes 

are placed on top of a thin extracellular matrix containing HSCs, representing the space 

of Disse, on the hepatic chamber side of the PET membrane (FIG. 2). The microfluidic 

flow in the hepatic chamber mimics the physiological shear stress on the hepatocytes that 

optimizes the hepatocyte physiology and interstitial flow that, in turn, optimizes collection 

of the secretome such as albumin, urea, lactate dehydrogenase (LDH), cytokines and 

glucose56. LSECs, along with Kupffer cells, line the vascular channel side of the PET 

membrane with a separate microfluidic flow that creates the shear stress that stimulates 

the formation and stability of the endothelial cell layer. Oxygen zonation in the vLAMPS 

model is created by hepatocyte oxygen consumption combined with control of the flow 

rate along the ‘sinusoid’ to create physiological zone-specific biochemical, metabolic and 

pathophysiological functions56,58. The vLAMPS model uses in-line sensors for the readout 

of average glucose or lactate, an approach that is also highly desirable for the readout of 

oxygen tension and other physiological parameters88–91. HBL-MPS have been successfully 

applied to pharmacokinetics22,92,93, liver toxicity37,94,95, disease modelling56,65,74 and, 

when coupled with other organ models, ADMET96–98.

The key characteristics of current HBL-MPS platforms include (1) the ability to 

experimentally combine, exclude and/or engineer the cell types included in a given study 

as well as to alter microenvironmental cues, such as matrix stiffness and biochemistry, 

to define their effect on ADMET and disease models (TABLES 2,3); (2) the ability to 

test potential therapeutics including small molecules, biologic agents and gene editing in a 

controlled platform using a vascular delivery mechanism; and (3) the ability to disassemble 

the platform to extract distinct cell types and matrices for further molecular characterization. 

The same characteristics are also true for next-generation Structured-MPS and Organoid-

MPS (Supplementary Table 1).

Next-generation HBL-MPS

Structured-MPS.

Although HBL-MPS have been shown to provide more physiologically relevant functions 

than simpler 2D and 3D models, there are still differences between the various models that 

could affect functions, including the scaling of cells to media99, construction with mixtures 

of non-isogenic cells, and differences between media and blood composition that could 

affect the physiological microenvironment. An example of a next-generation HBL-MPS 

platform is the Structured-MPS that are being engineered within microfluidic devices to 

optimally recapitulate the liver acinus structure, replacing primary cells predominantly 

used in the current HBL-MPS with iPSC-derived hepatocytes and NPCs from the same 

patient100. The iPSC-derived cells are placed in positions that recapitulate hepatic and 

vascular (sinusoid) channels, linked through a porous membrane that permits the passage 

of molecules and cells8,56. The bioprinting of cells and matrix materials is also evolving as 

an important tool to refine the structure and improve the reproducibility and efficiency of 

Gough et al. Page 6

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2022 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Structured-MPS101 (TABLE 2). Structured-MPS will generate patient-specific mechanistic 

information to drive the selection of molecular targets within computationally identified 

networks of disease progression, to prioritize ‘hits’ in screening, to identify target 

engagement, to create precision medicine experimental models of disease progression, to 

quantify both responses to therapeutics and to ADMET, and to produce platforms for 

the parallel preclinical testing of multiple drugs to optimize patient selection for each 

investigational drug trial. Validation of this approach will be necessary and the predictions 

made in MPS will have to be directly correlated to clinical data obtained in human 

individuals. Although this approach is not currently used in the clinic, there are major 

initiatives in place at the National Institutes of Health and the FDA27 to integrate MPS in the 

drug testing and patient care pipeline.

Organoid-MPS.

Progress in systems and synthetic biology has offered novel genetic approaches to engineer 

a next-generation HBL-MPS based on organoid technologies (Organoid-MPS)41,72,102–104 

(TABLE 2). The opportunity to use genetic manipulation to drive tissue formation has the 

promise to alleviate the need to have a common culturing media or to sequentially add 

a cocktail of growth factors to create organoids. Initial studies applying this approach in 

liver used genetically encoded GATA6 as a regulatory switch to drive the formation of 

a self-vascularized human fetal liver organoid containing hepatocyte-like, endothelial-like 

and stellate-like cells from a single population of human iPSCs without the stepwise 

addition of growth factors41. Organoids with genetically engineered regulatory switches 

offer multicellular type platforms with control over cell state and maturation in time 

and space72,102. The integration of systems biology with genetic engineering has further 

enabled in vitro maturation of the multilineage liver organoids72. These Organoid-MPS that 

are under development integrate stem cell self-organization, synthetic biology and genetic 

engineering technologies in microfluidic devices to closely model normal liver physiology 

and patient-specific disease states as well as ADMET. It is also projected that hybrid 

Structured-MPS and Organoid-MPS will emerge as the field progresses.

HBL-MPS in ADMET and disease models

The human liver performs a broad range of functions that are integrally coupled with 

liver structure (BOX 1, FIG. 1a). For example, ammonia detoxification, gluconeogenesis, 

glycolysis and xenobiotic metabolism predominate in different zones of the liver105. The 

design and evolution of HBL-MPS has been driven by the need for more physiological 

and pathophysiological models that recapitulate the structure–function relationships in the 

human liver, within engineering and biological constraints89,106–108. Although the ideal 

human biomimetic liver MPS would recapitulate the full range of human liver function, 

testing, verifying and validating all of those functions together would be a major task. 

Hence, the present practical approach is to apply ‘fit-for-purpose’ models that are tested and 

validated for the functionality required in specific applications. A wide range of human liver 

cell-MPS platforms has been developed50,56,59,62,75,76,109 and the variety of applications 

continues to expand (TABLE 1). Many of these platforms meet the optimal physiological 

and device requirements for an optimal HBL-MPS (TABLE 2), consistent with their 
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intended applications. Ultimately, we expect that Structured-MPS and/or Organoid-MPS will 

be fully developed and tested over a sufficiently broad range of functions such that they will 

become the standard for patient-specific, mechanistic human liver ADMET studies, disease 

modelling, precision medicine and clinical trial design.

Of the key structural and functional features required for an HBL-MPS, bile ducts, a crucial 

toxicological and therapeutic target in cholangiopathies, have not yet been integrated into 

an HBL-MPS. However, efforts are underway to incorporate these cells as the next step 

in the evolution of HBL-MPS. Bile ducts are required to create a more complete liver 

acinus that will enable, for example, the evaluation of the cholestatic component of liver 

injury from drugs such as troglitazone (withdrawn), leflunomide (black box warning for 

liver injury) and the combination amoxicillin-clavulanate drug augmentin (one of the most 

common medications inducing cholestatic DILI)22,110. As a step in this evolution, bile duct 

organoids developed from human PSC-derived cholangiocytes have been used to model 

cholangiopathies and to screen for and identify potentially therapeutic compounds111 as 

well as to bioengineer bile ducts that were used for experimental reconstructive surgery 

in mice112,113. Another bile duct model, an in vitro mouse cholangiocyte bile duct MPS 

model, designed with access to the apical and basal sides, has demonstrated barrier function, 

transport across the barrier and an apical surface that is more resistant to the bile acid 

glycochenodeoxycholic acid than the basal surface114. These demonstrations of in vitro 

biliary functions suggest the potential of integration of cholangiocytes and bile ducts into 

current HBL-MPS and ultimately into Structured-MPS and Organoid-MPS.

Although HBL-MPS can be constructed using some patient PSC-derived cells54,74,75,115, 

there are still many challenges to producing MPS in which all cells are derived from a 

single donor and in which all cells exhibit a fully mature phenotype and genotype (TABLE 

4, Supplementary Table 2). Culturing partially matured cells in the more physiological 

environment of the HBL-MPS is expected to contribute to the final maturation of the cells, 

as they integrate a multicellular, multi-dimensional tissue microenvironment. Full maturation 

of the differentiated liver cells remains a major challenge to producing next-generation 

Organoid-MPS and/or Structured-MPS (TABLE 4).

Current HBL-MPS ADMET models.

Although the pharmaceutical industry has developed panels of assays to predict ADMET 

endpoints and human pharmacokinetics, current in vivo models lack species specificity 

and traditional in vitro models lack organ physiology97. In the liver, a key ADMET 

parameter is clearance, which is important in the determination of optimal dose, route of 

administration and drug formulation, collectively forming the basis for risk management 

in clinical trials. Primary hepatocytes have been the gold standard for measuring clearance 

but, in simple in vitro models, hepatocytes rapidly lose metabolic function94,116,117. HBL-

MPS provide a more physiological and pathophysiological environment, with demonstrated 

stabilities of 2–4 weeks62,76,118, enabling more accurate predictions of pharmacokinetic 

models. Furthermore, HBL-MPS can be linked to other organ MPS to construct a more 

sophisticated multi-organ or even a whole body ADMET model (discussed later)97. HBL-
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MPS have the potential to experimentally model the key parameters required to build 

reliable pharmacokinetic and pharmacodynamic models36,63,96,97,119–121.

During drug development, toxicology studies are performed to identify and deprioritize 

compounds having either on-target or off-target toxic liabilities. Although HBL-MPS 

models are anticipated to be superior with respect to translatability, ethical considerations 

and cost compared to current in vivo protocols, acceptance by drug and environmental 

regulators as well as by the pharmaceutical, chemical and cosmetic industries requires 

evidence-based results demonstrating that the models are better than, or at least as 

good as, current animal models21–23. Comparative studies are being pursued within the 

pharmaceutical industry and regulatory agencies.

DILI is a major reason for the termination of drug development projects. ‘Black box 

warnings’ and, particularly, the withdrawal of marketed drugs are clear indications that 

the existing in vitro models and preclinical animal models are not always adequate to detect 

DILI. HBL-MPS with a broad range of mechanistic metrics have been shown to provide 

reliable indications of potential liver toxicity and, in some cases, provide a path to mitigate 

toxicity59,62,94,95,122–124. In one liver toxicity study, a species-specific biomimetic MPS 

comprised of four liver cell types from rat, dog or humans measured multiple phenotypes, 

including hepatocellular injury, steatosis, cholestasis and fibrosis, leading to mechanistic 

profiles that were found to be concordant with some species-specific mechanisms for known 

drugs75. Multispecies studies such as this might also be useful in developing computational 

models that improve the translation of preclinical animal study results to human clinical 

trials. For example, in one study, 14 drugs with varying degrees of liver toxicity were 

mechanistically profiled in the liver acinus MPS59,125. The profiles were compared with the 

normalized adverse event frequencies (number of liver-specific adverse events per number 

of prescriptions) in the Microphysiology Systems Database (MPS-Db)125,126. The rank 

order of the mechanistic profiles showed excellent concordance with the rank order of the 

normalized adverse event frequencies from the MPS-Db125. The value of the HBL-MPS 

for mechanistic analysis was further demonstrated in a study comparing the mechanistic 

profiles of two antiviral drugs with different DILI phenotypes39,124. Evaluating liver toxicity 

and DILI in HBL-MPS constructed with PSC-derived cells from patients of varying health 

(for example, those at different disease stages or those with the presence of comorbidities) 

as well as varying genetic backgrounds has the potential advantage of identifying patient-

specific toxic liabilities127,128.

A review of the performance of a wide range of in vitro liver experimental models, including 

current HBL-MPS, for the identification of liver toxicity, concluded that the development of 

MPS has enhanced the general prediction capability but that adoption of liver MPS requires 

the implementation of standards and data from a set of prototypical liver toxins with diverse 

mechanisms123. TABLE 5 outlines some suggested standard drugs that could be evaluated 

in liver MPS for pharmacokinetics, known liver toxicity and DILI38. Collectively, a set 

of standards for a wide range of genetic backgrounds and liver diseases would provide a 

useful test set to evaluate model performance and to direct the development of the optimal 

Structured-MPS and Organoid-MPS. When choosing and applying a human liver MPS, 

it is important to consider the potential effect of microenvironmental conditions on liver 
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toxicity. For example, toxicity can be associated with an immune cell response62,94,129 

or be zone specific56,59,130. Oxygen zonation is a key feature of the liver acinus, which 

induces a metabolic gradient that can affect drug toxicity56,58,59,89,131,132. Although a 

critical microenvironmental factor in the liver, oxygen tension and other gradients are often 

overlooked in MPS models, highlighting the need for integrated oxygen sensors in MPS 

models56,59,90,133.

HBL-MPS for NAFLD and metabolic syndrome models.

Multiple organs, including the liver, pancreatic islets, heart, adipose tissue, intestines and 

striated muscle, are involved in the metabolic syndrome that can lead to serious illness 

and death. Hepatic insulin resistance is a common patient characteristic in NAFLD and our 

current understanding is that NAFLD represents a hepatic manifestation of the metabolic 

syndrome7,134. The liver-specific pathophysiology of metabolic syndrome can be induced in 

stand-alone HBL-MPS and/or through coupling with organ models (as described later) and 

analysed using well-established phenotypic, genomic and functional metrics (Supplementary 

Table 3).

NAFLD is a spectrum of pathological conditions that can progress from non-alcoholic fatty 

liver to NASH and then cirrhosis, a major risk factor for hepatocellular carcinoma and/or 

liver failure135. In 2020, the term metabolic (dysfunction) associated fatty liver disease 

(MAFLD) has been recommended to replace NAFLD to more accurately characterize this 

heterogeneous disease that can include multiple components of the metabolic syndrome136. 

Currently, no approved therapies for NAFLD or MAFLD exist based on the use of simple 

in vitro experimental models and animal models3,137. The progression of NAFLD involves 

the interplay of genetic and environmental factors with complex mechanisms involved 

in immune and inflammatory responses, oxidative stress, autophagy, DNA damage, and 

communication between multiple cell types and factors from other organs138–141. The 

disease state can be induced in HBL-MPS using patient-derived primary disease cells, iPSC-

derived cells, molecular drivers of disease (for example, free fatty acids (FFAs), glucose, 

cytokines, immune cells and cancer cells)65,66,142 and/or by coupling key organ MPS (for 

example, intestine, adipose tissue and liver)66. HBL-MPS disease models have already 

made important early contributions to the exploration of potential therapeutic targets and 

phenotypic profiles, not only in hepatocytes but also in the NPCs and infiltrating immune 

cells3,65,66,143–146. In one HBL-MPS that incorporates hepatic sinusoidal flow, transport and 

lipotoxic molecular drivers, 0.5 μM obeticholic acid promoted a healthy lipidomic signature, 

reducing inflammatory and fibrotic secreted factors in agreement with early clinical trial 

data, but also showed an increase in ApoB secretion, suggesting a potential adverse effect on 

lipoprotein metabolism65.

In a second HBL-MPS NASH model, primary human hepatocytes, Kupffer cells and 

HSCs were co-cultured in physiological ratios in a perfused MPS66. These microtissues 

displayed a NASH-like phenotype in response to FFA in the media, including hepatic fat 

accumulation, the production of inflammatory cytokines and the expression of profibrotic 

markers, which was enhanced with the addition of lipopolysaccharide66. This study further 

demonstrated some attenuation of these responses following treatment with obeticholic acid, 
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a NAFLD drug candidate that showed some efficacy in clinical trials but was recently 

rejected for NASH treatment by the FDA due to the risk of side effects10. The NASH 

phenotype was enhanced when the model was constructed with HSCs carrying the major 

genetic variant associated with NAFLD progression, the I148M PNPLA3 mutation, which 

induced a substantial increase in IL-6 secretion66. This HBL-MPS NASH model was 

evaluated for cytokine production and gene expression but lacked LSECs and image-based 

spatial relationships and, therefore, some key signalling functions were missing. Deeper 

profiling of the disease genotypes and phenotypes is required to further evaluate drug 

safety and efficacy. However, patient-specific Structured-MPS and Organoid-MPS based on 

patient-derived PSCs are also needed to fully define the mechanisms responsible for this 

complex disease progression and the patient specific responses, which will lead to precision 

medicine strategies for drug discovery and development.

In a third study, 11 different healthy and diseased PSC lines were used to construct an 

organoid-based HBL-MPS composed of hepatocyte-like, HSC-like and Kupffer cell-like 

cells that exhibited transcriptomic and functional resemblance to in vivo-derived tissues46. 

FFA treatment induced key features of NAFLD progression in the organoids, including 

steatosis, inflammation and fibrosis. Interestingly, organoids from patients with genetic 

dysfunction of lysosomal acid lipase phenocopied severe steatohepatitis and were rescued 

by an FXR agonist46. In another human liver MPS, immune cell infiltration and control 

of oxygen zonation were shown to recapitulate functional zonation in the liver. The liver 

microenvironment had a substantial effect on NAFLD-associated phenotypes, including 

steatosis, emphasizing the need to control oxygen zonation in HBL-MPS56.

HBL-MPS for human cancer models.

Cancer mortality is often a result of metastases and the liver is a common metastasis 

site, with the formation of a pro-metastatic niche further promoting the recruitment 

of metastatic cells and regulating their evolution147–150. A better understanding of the 

role of the microenvironment in liver cancers, both primary and metastases, is required 

since it is critical to identifying the biomarkers linked to metastatic disease and the 

targetable tumour dependencies that can inform novel therapeutic strategies150,151, for 

example, stromal cell modulation in solid tumours152. The deciphering this coevolution of 

tumours and their microenvironments is aided by HBL–MPS and, in the future, Structured-

MPS and/or Organoid-MPS, as these latter models will enable iPSC-derived cells and 

microenvironmental components to be further controlled to recapitulate, for example, the 

emergence of clinically relevant drug resistance.

HBL-MPS offer important opportunities to understand the liver as a cancer niche and 

to develop therapeutic strategies. In one study, a metastatic breast cancer niche was 

developed in an HBL-MPS, where it was observed that breast cancer cells engineered 

to express different oestrogen receptor-α (ERα) mutations that are selected in the clinic 

during oestrogen deprivation therapy and found to be enriched in metastases that include 

liver, exhibited different oxygen-dependent growth and drug resistance phenotypes that 

varied with the tumour microenvironment150. In another metastatic breast cancer liver niche 

HBL-MPS153, an analysis of the effect of microenvironmental factors on the dormancy 
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and emergence of breast cancer cells and of their relationship to drug efficacy identified 

potential blood protein clinical biomarkers that could be used to identify the metastatic 

stage109,154. Using the same model, it was further demonstrated that statins might be an 

effective long-term treatment to attenuate the outgrowth of breast cancer metastases in the 

liver155.

The liver in coupled organ MPS

Key advances have been made in constructing coupled human organ MPS27,85,156,157. These 

multi-organ MPS are valuable for integrating the effect of multiple organs on toxicology, 

pharmacokinetics, pharmacodynamics, drug efficacy, and disease initiation and progression 

by enabling factors from one organ MPS to be delivered to another organ MPS as occurs in 

vivo (Supplementary Figure 1).

Although most multi-organ MPS for ADMET and for liver diseases include a liver, 

the liver component in most published multi-organ systems varies from simple 2D 

monolayer hepatocyte cell lines, to co-cultured spheroids and to primary hepatocytes 

with one or two NPCs96,98,158,159. Most of the early multi-organ MPS included the liver 

primarily as a compound metabolism engine83–85,160–163. However, successes in evaluating 

pharmacokinetics in multi-organ systems based on HBL-MPS have been reported, including 

the permeability and metabolic clearance of diclofenac and hydrocortisone in a liver–

intestine MPS164; the organ-specific metabolism of vitamin D3, trimethylamine and 

terfenadine in a functionally coupled MPS model of the jejunum intestine, liver, vascularized 

kidney proximal tubule and blood–brain barrier98; diclofenac and tolcapone metabolism 

through a seven organ MPS model96; and diclofenac metabolism in another seven coupled 

organs, including MPS models for the intestine, liver and endometrium and simple 2D 

models of the heart, brain, lung and rat pancreatic islets165.

To date, there are very limited examples of multi-organ MPS disease models that 

recapitulate the structural organization of the cells in the liver creating an HBL-MPS. A liver 

MPS can include different sources of liver cells, including animals, humans and cell lines, 

and consist of hepatocytes alone or with some number of NPCs in plate and/or microfluidic 

platforms. By contrast, HBL-MPS exhibit more requirements, including multiple human 

cells in a 3D structure with many liver acinus functions and under flow stimulation. TABLE 

2 lists many of the human biomimetic liver requirements that have been implemented or are 

under development. One example of the use of an HBL-MPS in a multi-organ MPS disease 

model is the study of fluorescent human colon cancer cells migrating from a hydrogel-

fabricated gut to a downstream liver MPS modelling a common route of metastasis156. In 

another example, a type 2 diabetes mellitus MPS model has been reported that coupled 

human pancreatic islet tissues with human liver spheroids consisting of HepaRG cells (a 

carcinoma cell line for hepatocytes) and primary human HSCs163. Although not involving 

an HBL-MPS for liver as defined here (TABLE 2), this study demonstrated that the insulin 

released from the pancreatic islet chip promoted glucose uptake by the liver spheroid 

chip163. The extension of this type of multi-organ model to involve HBL-MPS with a human 

biomimetic pancreatic islet MPS would enable more detailed mechanistic studies on the 

crosstalk between the liver and pancreatic islets.
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There are also the issues of ‘context of use’ and ‘fit-for-purpose’ for multi-organ MPS. 

By practical necessity, most of the multi-organ MPS simplify one or more of the organ 

MPS components and create limited functionality (fit-for-purpose) in some of the organs 

(for example, including the liver as only a metabolic engine) to meet the experimental 

design (context of use). One important solution is to create multi-organ biomimetic MPS 

with the minimum number of component organs to gain the mechanistic capability while 

harnessing multi-organ communication (for example, liver–pancreatic islets and intestine–

liver–kidney). Alternatively, for liver diseases, the application of molecular drivers into the 

vascular channel of HBL-MPSs and next-generation Structured-MPS and Organoid-MPS 

can simplify the development of liver disease models without physically coupling to other 

organ MPS56. The challenges in linking multiple organ MPS are identical to those for 

HBL-MPS (TABLE 2) with the added complexity of the physiological scaling between 

the various organ MPS as well as fluid volumes and fluid flow rates within each organ 

MPS85,99,108,157.

HBL-MPS for precision medicine

Chronic, complex and heterogeneous liver-involved diseases, such as NAFLD3,7, type 2 

diabetes mellitus166, liver metastases and rare congenital diseases caused by a defect 

in a single enzyme or transport protein167, impose distinct challenges for therapeutic 

development and the optimization of clinical trial design. The implementation of a QSP 

platform8,20 can address these challenges by revealing the pathogenic mechanisms in 

individual patients who, in turn, inform the rational development of biomarkers, novel drugs 

and drug repurposing, therapeutic combinations, and the optimization of clinical trial design. 

Intrinsic to QSP is the integration of advanced technologies that support the steps required 

for precision medicine8 (FIGS 1b,3). Here, we discuss the prospective use of Structured-

MPS and/or Organoid-MPS as a component of QSP for experimental and computational 

modelling of NAFLD or MAFLD and two liver-related rare diseases, phenylketonuria and 

α1-antitrypsin deficiency (AATD). Clinically relevant biomarkers are critical in clinical 

trials and Structured-MPS and Organoid-MPS have the potential to identify both genetic and 

secreted molecules as potential biomarkers in preclinical trials (Supplementary Table 4).

Application of HBL-MPS to NAFLD therapies.

Despite an alarmingly high disease prevalence168 as well as an associated and increasing 

economic169 and health-care burden170–172, to date, no effective therapy for NAFLD has 

been approved3,7,141. About 40% of undiagnosed patients with NAFLD progress over 

decades to cirrhosis141, whereas, by contrast, approximately 20% of patients progress 

over months to years to an advanced fibrotic stage173,174. This heterogeneity intrinsic to 

NAFLD reflects the diverse but convergent effects and interplay between the environment, 

microbiome, metabolism, comorbidities and genetic factors141,175. Thus, it is expected that 

the pathogenic drivers and their relative contribution to disease progression would vary 

among individual patients3,7,176. A corollary of this diversity in disease mechanisms is 

that pharmacodynamic markers of drug target engagement would not necessarily correlate 

with predictive markers of clinical benefit. Thus, although evidence from clinical trials, 

which includes decreased liver steatosis, stiffness and plasma alanine aminotransaminase 
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levels177, suggests that features of NAFLD are pharmacologically responsive, only 20–

40% of patients in these trials have shown benefit from a single therapy, precluding 

regulatory approval3,7,10,176. Appropriately, the field is moving towards combination 

therapy178. However, combination therapy per se might not be sufficient for improving 

clinical trial design and might not demonstrate sufficient benefit for approval. Disease sub-

classification that could elucidate the genetic and other factors mechanistically linked to the 

pathophysiology and thereby lead to a more accurate prediction of disease progression and 

drug response in individual patients will also be required3,175. To this end, next-generation 

Structured-MPS and Organoid-MPS represent a novel approach to precision medicine for 

NAFLD.

HBL-MPS as a precision medicine platform.

Traditional plasma-derived static markers, such as cytokine profiles and extracellular 

matrix remodelling indicators, along with consensus molecular signatures and advanced 

imaging modalities have value for the clinical diagnosis and staging of NAFLD3,7. 

Studies65,66 support the tenable hypothesis that patient-specific Organoid-MPS and 

Structured-MPS can serve in a complementary manner to these traditional markers to 

capture, on a weekly timescale, key aspects of the spatiotemporal dynamics of the 

disease phenotypes (Supplementary Table 3) that could more efficiently predict disease 

progression. We envisage that, for patients identified with hepatic steatosis through non-

invasive imaging, patient-specific Structured-MPS and/or Organoid-MPS based on iPSCs 

could be implemented to predict rates of progression and enable the early identification of 

patients (~20%) who are at high risk of rapidly progressing to advanced fibrosis; the early 

detection of NASH in these patients is critical. For example, compared to the incidence 

in other liver diseases, a large percentage (35–50%) of hepatocellular carcinomas that 

arise in NASH occur before patients develop cirrhosis and routine cancer screening is 

conducted141,172,179,180. Consequently, these tumours tend to be larger and less amenable to 

therapies than those with other aetiologies141,180.

The next-generation Structured-MPS and/or Organoid-MPS derived from patient cells are 

inherently non-invasive as the patient-derived cells can be generated from blood cells or 

superficial skin cell collection. In addition, they are amenable to the controlled variation 

of experimental parameters (for example, time and pathogenic drivers) and therefore 

complementary to patient-derived, tissue-based ex vivo studies. In conjunction with the 

extensive use of diverse imaging modalities, metabolomics and a wide array of real-time cell 

function readouts (Supplementary Table 3), MPS-derived information can be potentially 

correlated with disease progression to enable the identification and validation of non-

invasive prognostic markers3,66,123,181–185 (Supplementary Table 3). It is anticipated that 

this cross-validation of accumulating Structured-MPS and Organoid-MPS and clinical data, 

managed through the MPS-Db125,126,186, will lead to a refined sub-classification of complex 

heterogeneous diseases such as NAFLD or MAFLD, with important implications for clinical 

trial design and drug development.

Patient-specific Structured-MPS and/or Organoid-MPS based on patient-specific 

iPSCs187,188 could be used to address the conundrum of high-risk patients being enrolled in 
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large prolonged studies with a likelihood of failure, while simultaneously being disqualified 

from other potentially beneficial studies or treatments. The individual patient-specific MPS 

can be ‘enrolled’ in a preclinical trial for parallel testing of multiple single drugs and/or 

combinations27. The cohort of patients whose corresponding MPS indicate a therapeutic 

response to the same investigational treatment could then be enrolled in an actual trial. 

This MPS-driven preclinical trial could optimize patient selection, leading to an improved 

clinical trial design and reduce the diversity of pharmacological responses and the effect 

of confounding disease heterogeneity, thereby increasing the probability of drug approval. 

Given the participation of many groups worldwide making steady technical progress towards 

meeting this objective, we project that MPS-driven preclinical trials will achieve clinically 

significant validation over the next 5 years to support its use as an integral component 

for clinical trial design. However, there are important functions of adult, PSC-derived 

Structured-MPS and Organoid-MPS that must be demonstrated for these to be considered 

physiologically and clinically relevant (Supplementary Table 2).

HBL-MPS for effective drug combinations.

Coupling this precision medicine approach to a more comprehensive and unbiased QSP 

strategy could take advantage of extensive molecular and cellular datasets available from 

each Structured-MPS or Organoid-MPS and leverage systems biology to predict novel 

combinations3,8. For example, consistent changes in the liver transcriptomic pathways 

associated with NASH and their response to one drug could also uncover the unaffected 

pathways that would benefit from a second complementary drug3. Furthermore, as was 

found for Huntington disease189, connecting the canonical drug mode of action to the 

identification of effective drug combinations could identify emergent disease-specific 

pathway crosstalk that could in turn lead to novel therapeutic strategies.

The preclinical testing of multiple drugs using these patient-specific HBL-MPS enables 

drugs to be studied and compared under treatment-naive conditions, thereby circumventing 

the confounding challenges intrinsic in adaptive clinical trial design, particularly those 

involving cancer patients190. The potential of Structured-MPS or Organoid-MPS to 

recapitulate critical aspects of the tumour microenvironment150 will facilitate the 

identification of those clinically relevant mechanisms of drug resistance that are likely to 

emerge from a given treatment regimen, thereby proactively informing a more durable 

and robust therapeutic strategy (TABLE 6). However, the clinical validation of these MPS 

platforms to accurately recapitulate and thereby predict drug resistance in individual patients 

will be required to gain support from both the broader translational research community and 

the regulatory agencies.

HBL-MPS for congenital liver diseases.

For the diverse class of congenital liver diseases resulting from errors of metabolism167, 

compensating for loss of function or modulating pathogenic gains of function have, in 

general, proven challenging (TABLE 6). Although individually rare, monogenic liver 

diseases (for example, phenylketonuria, Wilson disease, AATD, tyrosinaemia, hereditary 

haemochromatosis or glycogen storage disease), each caused by a single distinct gene 

mutation, collectively affect 1% of births191. Monogenic diseases encompass a diverse set 
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of mutations but can be grouped according to whether the mutation results in damage to the 

liver parenchyma or to specific liver expression that has extrahepatic effects. In many cases, 

the only therapeutic option is transplantation of the liver and potentially of other organs 

in the case of extrahepatic damage191. In one study, organoids derived from patients with 

AATD or Alagille syndrome were shown to mirror the in vivo pathology, demonstrating the 

potential use of HBL-MPS for experimental disease modelling, ADMET studies and gene 

therapy for monogenic diseases68.

As an example, for phenylketonuria, a genetic disease characterized by the inability of 

the liver to metabolize phenylalanine, resulting in elevated plasma levels that lead to 

neurotoxicity, a synthetic biology approach involving the colonization of the gut with 

Escherichia coli Nissle (SYNB1618) engineered to metabolize toxic levels of phenylalanine 

was demonstrated in mice and cynomolgus monkeys192. This approach is currently being 

tested in the clinic (NCT03516487). We envisage that patient-derived Structured-MPS 

and/or Organoid-MPS coupling the gut and the liver will facilitate the testing of novel 

strategies in a human system, expediting the optimization and clinical development of 

synthetic biologic agents such as SYNB1618 (REF.192) for other diseases in this class. 

Another example is the case of AATD, where mutations in the gene encoding α1-antitrypsin 

(AAT) result in its aggregation, impaired secretion, or function and in subsequent hepatocyte 

damage193. Approaches that reduce AAT expression through RNAi194 or promote its 

autophagic degradation with small molecules such as carbamazepine195 are in clinical 

trials (for example, NCT02363946 or NCT01379469). An alternative approach involves 

the development of small molecule chaperones (for example, VX-864; NCT04474197) 

that cannot only correct mutant AAT misfolding196,but also preserve its function as a 

protease regulator. Although the development of these ‘correctors’ has advantages, its 

mechanistic nuances require optimization in patient-relevant and even in patient-specific 

systems that recapitulate the critical aspects of the complex liver architecture and function, 

in both normal and AAT-deficient disease states. iPSC-derived hepatocytes from patients 

with AATD have been demonstrated to model personalized variations in liver disease197. 

In this regard, we anticipate an important role for patient-specific Structured-MPS and/or 

Organoid-MPS in facilitating preclinical development and informing optimal clinical trial 

design with more precise and timely predictions of disease susceptibility. Thus, the 

portability of Structured-MPS or Organoid-MPS models is expected to help address the 

logistical challenge of conducting preclinical and clinical studies across multiple centres, 

facilitating the execution and statistical analysis of mechanistic studies, especially for rare 

diseases198,199.

Conclusions

Various designs of human in vitro liver experimental models serve ‘fit-for-purpose’ 

applications in basic biomedical research and in the drug discovery and development 

pipeline to address specific ‘contexts of use’ such as the need for throughput of 

experimentation, content of information, functional biological complexity and/or the 

clinically relevant recapitulation of disease progression. HBL-MPS have evolved from 

simpler 2D and 3D models to recapitulate several key elements of the liver acinus structure 

and functions, including physical and biochemical environmental cues, to maximize the 
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physiological or pathophysiological relevance required to understand the mechanisms of 

disease progression, identify the biomarkers linked to these mechanisms, and to predict 

drug response and ADMET. There are multiple designs of liver MPS to serve ‘fit-for-

purpose’ applications but we have focused on HBL-MPS, which are designed to optimally 

recapitulate the liver acinus either as stand-alone liver models or coupled with other organs. 

Current HBL-MPS models have demonstrated the ability to explore the multicellular and 

temporal-spatial physiological and pathophysiological heterogeneity within the liver acinus 

using primary liver cells, sometimes with one or two well-characterized human cell lines. 

Important mechanisms of disease progression associated with NAFLD, type 2 diabetes and 

liver metastasis have been explored with these MPS models. The critical step and current 

challenge to fully realizing the potential power of HBL-MPS is the construction of the MPS 

with fully matured liver acinus cells derived from patient-specific iPSCs. The latter either 

undergo self-organization and differentiation as Organoid-MPS or are differentiated into 

distinct autologous liver cell types and then carefully positioned or bioprinted as Structured-

MPS within microfluidic devices. Success here will enable the use of Organoid-MPS and/or 

Structured-MPS in applications for precision medicine. For example, preclinical trials using 

patient-specific MPS for parallel drug testing have the potential to predict clinical response, 

thereby enabling the optimized selection of patient cohorts for clinical trials by addressing 

heterogeneity in patient populations.

Although MPS made f rom multilineage patient-specific iPSC-derived cells are likely to 

have a major effect on the future of precision medicine, substantial hurdles remain. For 

example, the efficiency of lineage differentiation is still variable between donor lines or 

individual experiments and could lead to varying populations of multiple cell types that arise 

spontaneously. Nevertheless, given the rate of technical advances and the development of 

well-designed clinical validation studies, we believe that patient-specific MPS will become 

an integral component of translational research and precision medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Absorption, distribution, metabolism, excretion and toxicity (ADMET).

Studies conducted during the drug discovery, lead optimization and preclinical 

development phases to provide information for characterization and ranking of 

compounds based on their properties and to predict their fate after administration into 

the human body.

Micropatterned cell arrays

Methodologies, often based on nanofabrication, to fix one or more cell types on a 

substrate with precisely controlled spatial distributions.

Spheroids

In vitro 3D spherical aggregates of cells of either a single cell type or a combination of 

cells generated by a variety of 3D culturing methods.

Organoids

3D multicellular systems produced primarily from patient-specific stem cells and their 

progenies via in situ differentiation, cell sorting and self-organization processes.

Plate-based platforms

Platforms designed around microplate standards from the Society of Biomolecular 

Sciences, available in 6–1,536-well formats.

Fit-for-purpose

A drug development tool that has been accepted for use in a specific application based on 

thorough evaluation of the information provided.

Synthetic biology

An interdisciplinary area of science focused on the (re) design and construction of 

biological systems in a bottom-up fashion, often through the engineering of well-

characterized genetic components, modules and devices to attain new functions or to 

correct dysregulated ones.

Secretome

A set of proteins expressed by cells (organs) and secreted into the extracellular space, 

including cytokines, growth factors, extracellular matrix proteins mediating autocrine, 

paracrine, endocrine (via circulation) and/or exocrine (via ducts) physiological regulation 

or pathophysiological dysregulation.

Clearance

The collection of processes by which the body removes a drug, generally categorized as 

metabolism or elimination.

Pharmacokinetic models

Quantitative models that predict how an organism influences the absorption, distribution, 

metabolism and excretion of a drug.
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Pharmacodynamic models

A quantitative integration of pharmacokinetics, pharmacological systems and (patho-) 

physiological processes to understand the intensity and time course of drug effects on the 

body.
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Key points

• Liver in vitro experimental models have a long history involving the use of 

2D and 3D models that continue to have valuable roles in our understanding 

of liver physiology and pathophysiology.

• Human microphysiology systems (MPS) have evolved from simple cell-based 

experimental models and have the potential to meet the need for human 

experimental models for basic biomedical research and the development of 

therapeutics.

• Human biomimetic liver MPS (HBL-MPS) aim to improve the efficiency 

of developing biomarkers, repurposed drugs and novel therapeutics by 

maximally recapitulating the structure and functions of the liver acinus.

• HBL-MPS are evolving based either on liver organoids derived from patient 

cells that self-assemble and differentiate or on the directed assembly or 

bioprinting of matrix materials and cells into microfluidic devices.

• Organoid-derived MPS and structured MPS are next-generation HBL-MPS 

that are projected to enable applications of precision medicine, including 

preclinical trials, either as stand-alone liver models or as coupled, multi-organ 

MPS.
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Box 1 |

Measured functions and responses in selected human liver MPS

• Physiology and pathophysiology that can generally be maintained in 

multicellular microphysiology systems (MPS) for up to 1 month.

• Establishment of oxygen zonation and zone-specific hepatocyte functions 

(for example, CYP450 activities, steatosis, oxidative phosphorylation, glucose 

metabolism).

• Normal and stress-induced secretion from hepatocytes and non-parenchymal 

cells of key elements of the secretome (for example, albumin, urea, LDH, 

cytokines, transcription factors, chemokines and exosomes).

• Flow-stimulated functions (for example, increased levels of secretome 

components).

• Molecular driver EGF-induced and TGFβ-induced activation of liver 

sinusoidal endothelial cells lining the vascular channel (sinusoid).

• Binding of polymorphonuclear leukocytes to activated liver sinusoidal 

endothelial cells followed by their infiltration across the space of Disse to 

the hepatocyte chamber.

• Molecular diver-induced and drug-induced activation of hepatic stellate cells 

(expression of αSMA) in the space of Disse followed by fibrosis (production 

of collagen), shape change and proliferation.

• Molecular driver-induced and drug-induced activation of Kupffer cells in the 

vascular channel (secretion of TNF).

• Insulin regulated glucose uptake and release.

• Molecular driver-induced, drug-induced and engineered cell-induced liver 

disease phenotypes (for example, steatosis, immune infiltration, fibrosis, bile 

efflux, insulin resistance).

• Cell physiology (for example, biosensors of apoptosis and reactive oxygen 

species).

• Inhibition or induction of CYP450 activity (for example, mass spectrometry 

analysis of metabolic probes).

• Mechanisms of toxicity.

• Address challenge of drug-induced liver injury.

• RNA sequencing comparison of patient data with disease phenotype MPS.

REFS56,59,62,65,66,74–76,94,109.
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Fig. 1 |. Human liver acinus structure and organization.
a | The liver sinusoid is created by the combined entry of blood from the nutrient-rich, 

oxygen-poor portal vein and the oxygen-rich, nutrient-poor hepatic arteriole. The sinusoid 

is lined with liver sinusoidal endothelial cells that do not form tight junctions, allowing 

the passage of xenobiotics, nutrients, plasma proteins, lipoproteins, gases, viruses and 

exosomes across the space of Disse, a thin matrix containing stellate cells, to reach 

cords of hepatocytes. Resident macrophages (Kupffer cells) are normally in the sinusoid. 

The sinusoids flow into central veins. The hepatocytes lining the space of Disse are 

polarized with the basal lateral surface against liver sinusoidal endothelial cells and the 

apical surfaces forming a network of bile canalicular spaces that link to the cholangiocytes 

forming the bile ducts that carry the bile produced in the hepatocytes through the biliary 

track and into the duodenum. A gradient of oxygen tension from high (~15–18% zone 

1) to low (~5–6% zone 3) is created along the acinus due to the high rate of oxygen 

consumption by healthy hepatocytes. Gradients of other factors include the hormones insulin 

and glucagon, cytokines, and transcriptional regulators. b | The goal of one aspect of 

developing liver microphysiology systems (MPS) is to fully recapitulate the human liver 

acinus depicted in panel a. This Review discusses the evolution of the technologies and 

physiological cues required to make human biomimetic liver MPS based on patient-specific, 

stem cell-derived organoids (Organoid-MPS) and manually or bioprinted 3D structures of 

patient-specific stem cells and matrices (Structured-MPS). These next-generation human 

biomimetic liver MPS have the potential to positively affect patient-specific absorption, 

distribution, metabolism, excretion and toxicity (ADMET), experimental disease models for 
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therapeutic discovery and development, precision medicine, preclinical trials, and coupled 

organ MPS. Although not in the scope of this Review, the knowledge gained from Organoid-

MPS and Structured-MPS will also lead to the development of advanced human liver tissue 

derived from stem cells to create regenerative medicine treatments.
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Fig. 2 |. Illustration of one design of a current HBL-MPS.
The essential components of a human biomimetic liver microphysiology system (HBL-

MPS) are illustrated here as an assembled, self-contained unit with pumps for flow-

through or recirculation modes, reservoirs, and a microfluidic device that can be placed 

in incubators243. In one design, the microfluidic device is a layered assembly with three 

layers (A1–A3) forming two flow channels separated by a porous membrane filling an 

opening in the central layer (A2). Cells and extracellular matrix can be layered on the 

two sides of the membrane to recapitulate the liver acinus as illustrated. Alternatively, 

cells and matrices can be bioprinted on both sides of the membrane or organoids could be 

deposited on the membrane. The initial assembly of cells and matrices on two sides of a 

permeable membrane recapitulates the layered, 3D organization of cells in the liver acinus, 

which then matures over time as channel flows stimulate cells to establish contacts and 

communications, while zonation is established56. LECM, liver extracellular matrix; LSEC, 

human liver sinusoidal endothelial cells; PET, polyethylene terephthalate.
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Fig. 3 |. Organoid-MPS and Structured-MPS are platforms for advancing precision medicine.
Organoid engineered biomimetic microphysiology systems (Organoid-MPS) and/or 

structured engineered biomimetic microphysiology systems (Structured-MPS) are dynamic 

devices capturing key aspects of the spatiotemporal changes in disease phenotypes and 

genotypes to identify biomarkers and predict both disease progression and response to 

drugs in individual patients. Organoid-MPS and/or Structured-MPS-driven preclinical study 

design could address the confounding effect of patient heterogeneity, informing a clinical 

trial design with more optimal patient selection, reducing the diversity of pharmacological 

responses and thereby increasing the probability of drug approvals. iPSC, inducible 

pluripotent stem cell.
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