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Complex cell culture models such as microphysiological models (MPS) mimicking human liver functionality in
vitro are in the spotlight as alternative to conventional cell culture and animal models. Promising techniques
like microfluidic cell culture or micropatterning by 3D bioprinting are gaining increasing importance for the de-
velopment of MPS to address the needs for more predictivity and cost efficiency. In this context, human induced
pluripotent stem cells (hiPSCs) offer newperspectives for the development of advanced liver-on-chip systems by
recreating an in vivo likemicroenvironment that supports the reliable differentiation of hiPSCs to hepatocyte-like
cells (HLC). In this review we will summarize current protocols of HLC generation and highlight recently
establishedMPS suitable to resemble physiological hepatocyte function in vitro. In addition,we are discussing po-
tential applications of liver MPS for disease modeling related to systemic or direct liver infections and the use of
MPS in testing of new drug candidates.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

The human liver is the largest organ of the body (around 1.5 kg in a
70 kg human) and has amultitude of functions, includingmetabolism of
carbohydrates, proteins and lipids but also clearance of toxins and path-
ogens. Approximately 70%–80% percent of all liver cells are parenchy-
mal cells known as hepatocytes. Non-parenchymal cells (NPC)
account for about 40% of total liver cells and include hepatic stellate
cells, Kupffer cells (KC) and liver sinusoidal endothelial cells (LSEC)
that shield hepatocytes from the bloodstream and blood-borne patho-
gens. Ex vivo it has been shown that NPCs are central modulators of he-
patocyte biology and a prerequisite of a proper hepatocellular function
in vitro [1]. LSEC form the vascular lining of liver sinusoids and represent
15 to 20% of liver cells but only 3% of the total liver volume [2]. LSEC act
as a specialized type of endothelial cells that is characterized by the
presence of fenestrae (small openings) with a diameter up to 100 nm,
making them the most permeable endothelial cells of the mammalian
body.

Under physiological conditions components of the ECM likely pre-
vent a passive diffusion of pathogens into the space of Disse [3]. LSEC
are involved in clearance of endotoxins and bacteria, and control migra-
tion of leukocytes into the liver. The integrity of the endothelial lining of
the liver sinusoid is thus fundamental for a coordinated host defense
during infection [4]. LSEC represent the major cell type responsible for
elimination of connective tissue molecules from the circulation with
the highest endocytic uptake rate in the body [5–7]. In contrast to KC
that function as a large scavenger cell population and phagocytose par-
ticles beyond 200 nm, LSEC are highly efficient for uptake of circulating
antigens [8]. KC function primarily as a large scavenger cell population
that is localized in the liver sinusoids to phagocytose cell and microbial
debris and even gut-derived microbial microorganism that reach the
liver within the bloodstream [9–11]. This scavenger function of myeloid
cells serves as a firewall function to the liver for clearance of bacteria
from the bloodstream that have escaped elimination by gut-associated
myeloid cells [12]. Within the liver, KC represent 15% of total liver
cells and almost 80–90% of all tissue macrophages in the human body
[13]. Macrophages orchestrate acute inflammation, host defense and
resolution of inflammation. In the course of infection macrophages are
a major source of inflammatory cytokines including interleukin (IL)-
1α, tumor necrosis factor (TNF) and IL-6. These cytokinesmediate coor-
dinated changes in the transcriptional activity of hepatocytes to limit
tissue injury and to secrete meditators of host defense [14]. IL-6 acts di-
rectly on hepatocytes and drives acute phase protein production in he-
patocytes [15, 16], but also reduces synthesis and release of albumin,
transferrin, and fibronectin [17]. These changes are counter regulated
by HGF which plays a key role in liver growth and regeneration [18].
However, KC are also involved in maintaining liver tissue homeostasis
and regeneration. KC possess a remarkable functional diversity and
the ability to rapidly respond to changes in the liver microenvironment.
KC activation pattern has been classified in different polarization stages
that represent a transient continuum. In this simplified model, the in-
flammatory M1 polarization and the regenerative M2 polarization
state are the hallmarks of two diametric extremes of macrophage acti-
vation. In general, the M1 polarization of KC is associated with release
of pro-inflammatory cytokines, host defense but also cell death in hepa-
tocytes. In contrast,M2polarization contributes to tissue repair and pro-
motes the re-establishment of tissue homeostasis [1]. Within the
sinusoid blood-borne pathogens are taken up by KC and dendritic cells
(DC) and presented to surrounding subsets of T cells [19]. The cross-pre-
sentation of pathogen derived antigens thereby triggers a complex local
immune response to clear invading microorganisms. Pathogens are de-
tected by pattern recognition receptors (PRRs) such as Toll-like recep-
tors (TLRs) expressed not only by Kupffer cells and hepatic DCs, LSECs,
hepatic stellate cells but also hepatocytes [20–22]. Hepatocytes are
thus also active participants in innate immune response to infection
by either host defense or induction of programmed cell death [23].
The immune system of the liver has the ability of a strong innate im-
mune responsewith a sufficient immune surveillance to clear infectious
microorganisms. Conceptually, a dose dependent tolerance to different
classes of pathogens including of viral [24], protozoan [25, 26] or bacte-
rial origin [27] has been discussed as an important mechanism in pre-
serving fitness of the host during infection [28]. However,
dysregulation of the immune response, i.e. during sepsis, is also associ-
ated with detrimental immune tolerance towards pathogen associated
molecular pattern and adverse effects on pathogen clearance (PAMP)
[29]. In this context, NPC in the liver create a system of checks and bal-
ances that enables maintenance of tissue homeostasis under physiolog-
ical conditions as well as a tailored immune response to clear invading
pathogens during infection. Moreover, acute on-chronic-liver failure, i.
e. the acute deterioration of liver function in a patient with chronic
liver disease, specifically cirrhosis reflects a prime example, how comor-
bidities affect the course of sepsis. A dysregulated host response to in-
fection, in particular a hyperinflammatory reaction is characteristic for
these patients and propagates deterioration of hepatic and extrahepatic
organ dysfunction as well as death [30].

Complex cell culture models mimicking organ physiology and in-
fectious disease related alterations of its microenvironment are in
the spotlight of basic research as alternative to conventional cell cul-
ture and animal models. Promising techniques like microfluidic cell
culture, sophisticated 3D scaffold arrangements or micropatterning
by 3D bioprinting are gaining increasing importance for such models
to address the needs for more predictivity and cost efficiency. These
novel approaches aim to improve the in vitro cellular environment
by providing clues to generate complex microenvironments to re-
semble the human physiology more closely. To resemble liver-spe-
cific function with an accurate emulation of the organ-specific
microenvironment, the source of cells used inMPS has to be carefully
considered.

2. Cell sources for modeling liver function

2.1. Primary human liver cells and hepatic cell lines: Status quo

To date, most of the MPS rely on tissue engineering strategies that
involve the use of immortalized cell lines derived from malignant tu-
mors or primary cells from patients. Primary human liver cells are
regarded as the gold standard. They closely resemble hepatic metabo-
lism i.e. protein synthesis and secretion, carbohydrate turnover, hepatic
transporters activity as well as drug metabolism. A variety of isolation
procedures exists, most of them based on mild collagenase perfusion
with the benefit of a step-wise collection of all cell types from one tissue
sample. However, in vitro primary human hepatocytes (PHH) tend to
rapidly lose their phenotype and functionality. In a two-dimensional
monoculture, primary hepatocytes show a loss in CYP-dependent
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monooxygenases activities [31], significant down-regulation of phase I
and phase II enzymes, stress-related up-regulation of acute-phase-re-
sponse enzymes as well as delocalization of transporter proteins within
24 h of cultivation [32].

This observation could be most likely explained by the oxidative
stress that PHH receive during cell isolation and collagenase treatment
[33]. Additionally, loss of cell-cell and cell-matrix contacts also impairs
hepatocyte polarization [34] and contributes to subsequent cell dedif-
ferentiation. Further, inter-individual donor-related variability of PHH,
that are often additionally primed by preexisting morbidities and med-
ications of the donors, as well as limitations in the availability of suffi-
cient donor material makes it often difficult to source enough cells on
a routine basis. Furthermore, cell isolation from primary tissue requires
complex logistics and well trained personal contributing to high costs
for the supply of PHH.

To overcome these PHH specific limitations, a number of different
human hepatoma-derived cell lines have been established. Major ad-
vantages of hepatoma-derived cell lines are their ease of use, simple lo-
gistics and cost-effective maintenance. However, those benefits are
often outweighed by a number of other limitations. Most cell lines are
derived from carcinoma and are therefore primed in a disease-like
state. Further, cell lines have a limited biological relevance compared
to primary cell types, due to defects in signaling pathways and cellular
dedifferentiation or transformation of cell lines by viruses. For example,
Huh7.5 cells are often used to study Hepatitis C virus (HCV) replication,
but are not ideal to study virus-host interaction due to defects in the
retinoic acid-inducible gene 1 pathway [8]. Even within one cell line,
differences occur due to decades of usage in different settings [35]. Con-
sequently, cell lines are less suitable for disease modeling and pharma-
ceutical screening purposes and data obtained from these cells should
be interpreted with caution.

2.2. Stem cells provide promising alternatives to primary cells and cell lines

Human stem cells have already been frequently used in in vitro
models and can be divided into embryonic stem cells (ESCs) and hiPSCs
according to their differentiation potential. ESCs are pluripotent cells
with the ability of an unlimited, undifferentiated proliferation capacity
in vitro and that can give rise to tissues of all three germ layers [36].
These characteristics render them favorable tools for basic research
studies as well as translational research, in particular for studies on ge-
netic diseases. However, human ESCs are gained solely by removing the
inner cell mass (ICM) or parts of it from blastocysts which have been
gained through in vitro-fertilization [37–39]. Thesemethods have raised
major ethical concerns, which lead to either restricted usage under
stringent guidelines or prohibition of using hESCs in biomedical
research.

Since the groundbreaking achievement of somatic reprogramming,
hiPSCs have been regarded as ethically acceptable alternative to
hESCs. HiPSCs are generated from already differentiated adults cells
such as fibroblasts through somatic reprogramming by four factors –
namely Oct3/4, SOX2, Klf-4 and c-myc [40]. These cells have the capac-
ity of an unrestricted self-renewal and can give rise to all three germ
layers, thereby combining its unlimited availability with its potential
to differentiate in nearly every cell type. Further, hiPSCs offer promising
options for disease modeling in vitro as well as a patient-specific drug
testing in personalized medicine.

2.3. Differentiation of iPSCs into hepatocytes

HLC generation is highly dependent on the efficiency of endoder-
mal commitment, hepatoblast formation, hepatocyte differentiation
and hepatocyte maturation [41, 42]. Within these processes, two
steps are of major importance: successful and proper definitive endo-
derm (DE) induction and final hepatocyte maturation. Although
proof of lineage commitment is important to generate homogenous
cell populations to avoid bias due to use of cells with inconsistent
fetal cellular stages [43], many studies neglected to proof DE cell com-
mitment [42]. Characterization of HLCs for proper expression of matu-
ration markers i.e. morphology, binucleation, CYP expression, aspartate
aminotransferase and alanine aminotransferase levels, urea and albu-
min secretion, glycogen storage capacity and increase in mitochondrial
mass is thus imperative for standardized diseases modeling, drug
screening and exploration of disease-related and patient-specific ge-
netic backgrounds [44]. Various differentiation strategies were imple-
mented for HLC generation using simple as well as complex multi-
step protocols on colony type, non-colony type (single cell ap-
proaches) and embryoid body (EB) formation. The following section
should give some insight into the complex landscape of different HLC
differentiation strategies.

2.4. Induction of definitive endoderm: Fine-tuned recapitulation of early
embryonal development in vitro

Differentiating hiPSCs towards the hepatic lineage is a prolonged
process performed in multiple stages of cells derived from DE precur-
sors [42, 45, 46]. In murine embryonal development, cells of the ICM
give rise to extraembryonic primitive endoderm (PrE) leading to the
formation of parietal (PE) and visceral endoderm (VE) [47, 48] as
well as ICM cells contribute to embryonic epiblast formation. Within
this early multicellular structure, epiblast cells finally contribute to
embryonic DE after primitive streak formation followed by a
bipotential mesendoderm stage [42, 46, 49] and epithelial-to-mesen-
chymal transition (EMT) [45]. For many years the existence of such a
bipotential precursor of mesoderm and endoderm was regarded as a
speculative concept [46] due to close developmental proximity within
the primitive streak until recent research revealed partial temporal
overlap in mesodermal brachyury (T) and definitive endodermal
FOXA2+/SOX17+ expression [42, 45, 46, 49]. Further DE development
could be restricted to mesodermal cells expressing T (T+ cells) [45,
46] whereas cells that do not express T (T- cells) follow ectodermal
fate [46]. The recapitulation of embryonal developmental stages with
the induction of DE formation as a major critical step in HLC differen-
tiation represents an important factor that has to be carefully moni-
tored for a reliable and homogenous cell differentiation. A proper
discrimination between the different endodermal lineages is neces-
sary, since these cell stages share common markers expressed during
the initial induction process [45], a problem often neglected in HLC
generation [42].

2.5. Definitive endoderm formation in vivo is guided by Activin/Nodal, Wnt,
BMP and FGF signaling pathways

During early embryonal development the formation of the primitive
streak at the epiblast results in defined structureswithin three principle
germ layers. The DE is formed by migration of precursor cells through
the primitive streak that displace the VE and thereby distribute in an an-
terior-posterior fashion. Subsequently, adjacent germ layers contribute
to endodermal anterior-posterior patterning and specify cell fate. The
early anterior VE is known to secrete Nodal to these structures which
relay it back to the anterior of DE. Finally, this cell sheet forms the
three-dimensional gut tube with anterior DE contributing to ventral
gut tube (foregut) which later gives rise to the liver bud [41]. Nodal
and associated Wnt signaling were shown to be crucial for an efficient
hiPSC-derived DE formation in vitro [44, 50–52]. In addition, after final
gut tube formation, foregut tissue is adjacent to cardiac mesoderm
and septum transversum which secrete FGFs and BMPs towards the
foregut [44]. Both pathways are also involved in DE patterning in vitro
[44, 50, 53].

In human iPSC-derived DE formation Nodal, Wnt, BMP-4 (members
of the TGFβ superfamily) and FGF signaling specify cell fate (Fig. 1).
Nodal and BMPs bind to type II receptors like Activin receptor type II



Fig. 1. Signaling pathways involved in DE induction. ActivinA/Nodal and Wnt stimulation trigger a complex and well-orchestrated regulatory network required for DE induction. High
doses of Act A supported by FGF-2 favors DE induction whereas low Act A concentrations yield in mesodermal cells. Wnt supports DE induction by preventing β-Catenin degradation
which enables β-Catenin-depended transcriptional regulation. The small molecule CHIR99021 is a potent inhibitor of GSK3β and even more effective in Wnt signaling induction than
the natural Wnt ligand Wnt3A.
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(ActRII A/B) and type I receptors (ALK4 or ALK2/3/6, respectively) [44]
inducing Smad signaling events and complex formation [44, 54]. Smad
complexes subsequently translocate to the nucleus [44] and induce DE
formation by transcription of the genes FOXA2 and SOX17 [50, 51].
The canonical Wnt signaling pathway has been found to fulfill two im-
portant purposes supporting Nodal signaling. First, Wnt signaling even-
tually leads to GSK3β inhibition which has been shown to improve DE
formation [51, 55]. GSK3β inhibition prevents downstream apoptosis
in hiPSCs and contributes to their proliferation [56]. Second, canonical
Wnt signaling preserves β-Catenin integrity by inhibiting the assembly
of the destruction complex. Subsequently, β-Catenin translocates into
the nucleus and displaces histone deacetylases (HDAC) that act as tran-
scriptional repressors [44]. BMP-4 signaling is further closely associated
to FGF signaling in hiPSC-derived DE. BMP-4 has been shown to modu-
late mesodermal fate towards ectodermal [45, 57] and endodermal
structures since BMP-4 treated cells were unable to express T [50].
However, BMP-4 signaling in interaction with FGF-2 signaling contrib-
utes to differentiation towards mesendoderm [50] as BMP-4 blockage
in presence of FGF-2 induces the expression of DE markers FOXA2 and
SOX17 [58]. Similarly, in combination with Nodal signaling, FOXA2
and SOX17 expression [53] is also induced by BMP-4, that is integrated
in a signaling network with strict control of the complex formation. FGF
signaling acts also synergistic to Nodal but requires upstream TGFβ sig-
naling as it has been shown that FGF alone cannot induce DE formation
and is thus regarded as a supporting factor [57]. FGF signaling also acts
directly on PI3K/AKT signaling, a pathway shown to be important for
proliferation of iPSCs [49, 59]. Suppression of PI3K signaling by low in-
hibitor concentrations or a reduced stimulation by FGF or IGF induces
mesendoderm and DE formation. However, complete inhibition of
PI3K signaling results in high cell death rate through induction of apo-
ptosis [49]. Sumi et al. already highlighted the complex signaling of
Nodal, Wnt and BMPs and the need for their well-balanced interaction
in hiPSC lineage differentiation (Fig. 1) [58]. However, more detailed re-
search will be necessary to fully uncover the spatiotemporal regulation
of inter- and counteraction of these proteins in mesendoderm and DE
formation.
2.6. Strategies for efficient DE formation in vitro

Initially, Nodal signaling was found to be a major inducer in DE for-
mation. Consequently, early protocols focused on stimulating this path-
way. Activin A (ActA), another TGFβ family member, binds receptors
specific for Nodal, except its co-receptor cripto [45], and showed suffi-
cient efficiency in early studies in Xenopus to induce endoderm [60,
61]. This characteristic has been used, in presence of very low serum
concentrations, as a first strategy to guide hESC towards DE formation
[45, 46, 62]. High ActA concentrations of 100 ng/ml specify endodermal
cell fate whereas low ActA concentrations favor mesodermal cell fate
(Fig. 1) [46]. This protocol was quickly adapted as standard procedure
for DE formation but is also associated with accumulating numbers of
dead cells, especially in murine cultures [42, 63]. This observation
might be related to undefined serum factor concentrations i.e. high
FGF or IGF levels triggering augmented PI3K suppression [49]. Subse-
quently, strategies directing higher DE formation efficiency have been
elucidated. Activation of Wnt pathway via Wnt3a ligand parallel to
ActA signaling increased mesendodermal cell fate and induced subse-
quent DE commitment through inhibition of GSK3β that is associated
with a higher rate of viable cells [44, 56, 62]. CHIR99021, a selective
GSK3β inhibitor, has been shown to favor DE lineage more efficiently
than ActA/Wnt3a when applied at low concentrations of 3 μM [51] or
5 μM within a short treatment regime of one day [55]. Interestingly,
seeding densities have a profound impact on final DE induction effi-
ciency. Initial low seeding densities of 2 × 104 cm−2 (approx. 10%
starting confluency) specified hiPS cell fate with highest efficiency to-
wards DE whereas of 8 × 104 cm−2 (approx. 30% starting confluency)
showed a dramatic reduction in FOXA2 and SOX17 expression [51]. Fur-
ther, in most studies differentiation was initiated on colony-type cul-
tured cells which restricts the efficiency of how molecular triggers are
able to access the cells. It has been proposed to use non-colony type cul-
ture strategies for more efficient differentiation [64]. This may explain
some contradictory or divergent results found in the literature and
points towards comparative studies to establish a single standard proto-
col for DE induction in hiPSC cultures.



Fig. 2.HLCDifferentiation protocols. Differentiation of iPSCs toHLCs involves four differentiation steps guided by several regulatory factors. The protocol is based onmethods developed by
Kajiwara et al. [76] and Peters et al. [77]. Seeding of single cell suspensions treated with Y-27632 at lower cell densities promotes Act A depended DE induction. Subsequently FGF-2 and
BMP-4 shift cells in the DE stage towards hepatoblast formation. Hepatocyte differentiation is induced by the application of HGF. Immature hepatocytesmaturate to iPSC-derived HLCs in
media supporting hepatocyte culture supplemented with HGF, Oncostatin M (OSM) and Dexamethasone (DXM).
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Single cell culture of hiPSCs is often associated with increased cell
death. E-Cadherin mediated cell-cell contacts are necessary in hiPSC
culture to prevent Rho-associated kinase (ROCK) triggered myosin hy-
peractivation resulting in membrane blebbing and apoptosis [65]. Fur-
ther, Wnt induces ROCK activity via the non-canonical planar cell
polarity pathway [66] and could trigger increased cell death even in
colony-type culture, i.e. in response to Wnt3a or CHIR99021 treatment.
Watanabe et al. recently showed in hESC promising results for Y27632
treatment, is a highly potent ROCK-I inhibitor [67], that prevented cell
death and maintained cell pluripotency in long-term culture with a
treatment concentration of 10 μM [68]. Other studies confirmed these
results with various treatment times of Y27632 prior to DE induction
and demonstrated a significant increase in gene expression of T,
MIXL1, FOXA2 and SOX17 [69]. Y27632 can thus not only preserve
cell viability but also prime hiPSCs towards mesendoderm and EMT
stage promoting DE lineage commitment. Additional efforts have
been made to streamline costs in differentiation associated with ActA
guided DE induction, as peptide production/ purification is cost and
time consuming. The small molecules inducer of definitive endoderm
(IDE) 1 and IDE2 have been established [54] that act as TGFβ analogs
and induce Nodal/ActA signaling [50]. However, DE induction by
IDE1/2 stimulation falls below the efficiency observed for ActA treat-
ment [54].

Nevertheless, small molecules have further been useful to guide
mESCs towards skeletal muscle via Wnt activation and sonic hedgehog
inhibition, where so far, no comparable strategy existed [70]. Addition-
ally, sodium butyrate (NaB) is a thriving candidate of small molecules
supporting in vitro hepatocyte differentiation. Early studies suggested
a beneficial effect onmaintaining the differentiated state of mature, pri-
mary hepatocytes and on the attenuation to acquire fetal characteristics,
signs of dedifferentiation [71]. Moreover, NaB has been reported to sup-
port hepatocyte differentiation from mESCs [72, 73] and contributes to
pure hepatocyte enrichment of up to 70% in presence of ActA [42].
NaB acts as HDAC inhibitor and is associated with cell growth arrest fa-
cilitating differentiation, contributing to hepatic phenotype by regula-
tion of different HNFs, induction of CYP expression and stimulation of
liver-specific genes [74]. Chemically synthesized compounds thus
have the potential for a directmanipulation of signaling targets to deter-
mine the cell fate of choice [75].

Based on the available strategies, we propose DE induction through
high dose ActA treatment (100 ng/ml) supported by 3 μM CHIR99021-
mediated GSK3β inhibition, low millimolar NaB supplementation and
initial short-term (24 h) ROCK inhibition through 10 μM Y27632 appli-
cation in RPMI medium with xeno-free B27 supplementation (Fig. 2).
Moreover, these defined, serum free conditions help to reduce bias of
undefined, serum-derived compounds [51] and facilitate the translation
of HLC into appropriate disease and drug testing models.
2.7. Strategies for hiPSC purification and maturation to HLC

HLC maturation and its purification from remaining fetal cell popu-
lations are of major importance for subsequent applications in in vitro
models. The 3D microenvironment of the target tissue could also sup-
port final maturation in vitro. To date, past DE induction most sophis-
ticated protocols follow the same hepatic specification and maturation
strategies applying FGF-2 and BMP-4 [76–78] or DMSO, Oncostatin M
(OSM) and hepatocyte growth factor (HGF) [42, 63, 76–80], respec-
tively, as they are required for hepatocyte differentiation from endo-
dermal cells [81]. Some protocols rely on the application of serum
with unspecified factor composition during hepatic specification
phase [42, 76], most likely fulfilling FGF-2 and BMP-4 signaling. How-
ever, use of undefined serum with varying composition that relies on
its source and the provider could potentially contribute to bias in cell
differentiation and might restrict the reliability of already established
protocols. During early liver development, FGF signaling is crucial
and secreted by the cardiac mesoderm [44]. It has been shown that
FGF signaling is induced in cardiac mesoderm precisely by the time
of hepatogenesis from ventral foregut endoderm. FGF-2 signaling in-
duces serum albumin mRNA and AFP mRNA, early hepatic lineage
markers of hepatoblast stage, within sharp concentration thresholds
and in a tissue-specific manner [82]. Likewise, BMPs are secreted
from the septum transversum during liver bud formation [44, 83].
BMP-4 could successfully initiate hepatic specification from mESC-de-
rived DE cells [83]. Further, BMP-4 primes cell fate decision and ren-
ders the ventral foregut endoderm susceptible to FGF-2 via GATA-4
transcription factor increase. This concerted program is required to
also downregulate pancreatic gene expression which is assumed to
be the default developmental program of ventral foregut endoderm
[84, 85]. Liver maturation has been shown to be dependent on OSM
and HGF availability. Both factors are able to induce albumin produc-
tion and glycogen accumulation within fetal hepatic cells. OSM induces
late fetal liver development, whereas HGF predominantly occurs in
neonatal liver and induces post-natal liver maturation [86]. Neverthe-
less, many studies show less mature hepatocytes and HLC remaining at
fetal stages with low expression of maturation markers, protein secre-
tion levels and metabolite formation [42, 43, 77, 78]. Expression of
fetal markers and their decline is often infrequently thoroughly ad-
dressed. In the course of HLC differentiation, fetal AFP expression
should peak during hepatoblast stage followed by a significant decline
when hepatocytes become mature [42]. In addition, the decline of
CYP3A7 expression in early hepatoblast cells represents another valu-
able checkpoint for HLC maturation [80]. Kajiwara et al. recently
highlighted donor-dependent variations in hepatic differentiation po-
tential of hiPSCs [76]. These variations likely contribute to frequently
observed varying efficiencies in the cell differentiation process. Thus,



Fig. 3.HLC differentiation markers and purification strategies. iPSC-derived HLC differentiation results in mixed populations with different cell differentiation stages. Various enrichment
strategies were proposed to allow purification of differentiated HLCs. Early DE stage enrichment via mesendodermal T expression combined with MIXL1 and GSCmay still yield inmixed
populations withmesodermal specifications [88]. CXCR4 positive selection in combination with E-Cadherin expression at final DE induction was shown to generate populationswith 90%
HLCs and may represent the most efficient method to produce large HLC populations (framed with dashed lines) [63, 87]. Subsequent hepatoblast stage expresses AFP at high levels
representing another marker for HLC enrichment. However, defined AFP expression thresholds have to be established to exclude undifferentiated cells and cells of other lineages since
AFP is expressed in all iPSC differentiation stages of the hepatocyte lineage [42, 78]. ASGPR1 enrichment during HLC differentiation is discussed to yield in highly specified hepatocytes.
Yet, ASGPR1 expression is reported to be sensitive to changes of the surrounding temperature and the marker is expressed only in small cell populations (b30% of differentiated cells)
[79, 89].
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purification of cell populations obtained during differentiation should
be performed.

Several markers have emerged as appropriate candidates for HLC
enrichment in the process of its differentiation and maturation. Kubo
et al. reported that upon the initiation of hepatic differentiation only T
+ cells commit to DE (expression of FOXA2 and SOX17) and subse-
quently contribute to hepatic lineage (further albumin expression).
This was already observed after a few days of differentiation [46].
Thus, T represents a suitable early selection marker to enrich cell popu-
lations (Fig. 3). However, complementary markers should be analyzed
in addition to T at later HLC differentiation stages, as T expression is
transient during mesendodermal stage [51] and it is further described
also as a panmesodermal marker [87]. Nevertheless, its expression to-
getherwith othermesodermmarkers likeMIXL1or GSCprior or parallel
to upcoming endodermal markers should be closely monitored to guar-
antee a guided differentiation throughmesendodermal stage and to dis-
tinguishmesodermal T(+) cells from endodermal T(+) cells [88]. After
mesendoderm and DE induction hepatic lineage commitment is detect-
able in the hepatoblast cell. At this stage alpha-1-fetoprotein (AFP) can
be used as a reliable marker that is increasingly expressed at
hepatoblast stage, but expressed at low levels in undifferentiated hiPSCs
and mature liver cells [42, 78]. Although the analysis of additional
hepatoblast markers such as CYP3A7 [42, 80] and FOXA2 [78] has
been suggested, monitoring of AFP expression offers the advantage of
being continuously detectable during the whole HLC differentiation
process. For an enrichment of HLC at later differentiation stages detec-
tion of ASGPR1 expression has been proposed [77, 79]. Cells sorted by
ASGPR1 selection showed gene expression profiles similar to PHH, but
only 26% of finally differentiated cells were found positive for ASGPR1
expression [79]. Further, analysis of this protein should be performed
with caution, as its surface expression has been reported to be temper-
ature-dependent and to change within minutes [89]. Most promising
results for HLC enrichment have been shown by selection of CXCR4+
cells at early DE stage [45, 49, 55, 63, 87, 90]. CXCR4 is expressed in de-
veloping DE and mesoderm, but not in VE or PrE [91] and has been also
used for cell selection inmESCs and hESCs [45, 87]. Several in vitro stud-
ies showed high correlation of CXCR4 andDEmarker expression in up to
90% of cells of the DE population [45, 49, 90]. Cells selected for CXCR4
expression have been shown to successfully differentiate very effi-
ciently to the hepatic lineage [87]. Notably, two studies reported com-
plementary selection for E-Cadherin expression to be beneficial for a
stringent DE selection [63, 87].
2.8. Novel hiPSC-derived hepatocyte maturation strategies: Recreating the
in vivo microenvironment

In most of the studies published so far, HLC differentiation remained
at fetal stages due to still insufficient differentiation strategies. The in
vivo microenvironment of differentiating stem cells is comprising nu-
merous soluble factors for guidance of embryogenesis and early differ-
entiation. In contrast, reductionistic approaches of cell differentiation
in vitro currently rely on the stimulation with isolated growth factors
under artificial cell culture conditions. It is very likely, also other param-
eters of the microenvironment, i.e. substrate elasticity or mechanical
forces will influence cell differentiation [92]. In accordance with this as-
sumption, undifferentiated hiPSCs have been shown to respond to me-
chanical stimulation with cytoskeleton rearrangements, expression of
cell adhesion molecules and activation of specific signaling pathways
[93]. Substrate stiffness, 3D matrices, cell-cell interactions, mechanical
strain and shear stress might support maintenance of pluripotency
and contribute to cell differentiation in a spatio-temporalmanner. How-
ever, the underlying mechanisms for endodermal cells such as the he-
patic lineage still need to be elucidated, as most of the research
conducted so far has been done with focus on ectoderm andmesoderm
differentiation [92, 94].
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2.8.1. Cellular cross-talk mediates hepatocyte maturation
Cellular cross-talk plays an important role in regulating cellular dif-

ferentiation and adaption to the microenvironment. NPC have been
shown to stabilize hepatocyte differentiation by improving their meta-
bolic function and maintaining the hepatocyte phenotype [95–97]. A
recent study demonstrated that HSC form a liver-resident mesenchy-
mal stem cell population that contributes to liver regeneration in by
forming mesenchymal tissue, progenitor cells, hepatocytes, and
cholangiocytes [98]. The importance of NPC co-culture for preservation
of hepatocyte phenotype and function was further recently proofed in
vitro by Esch et al. demonstrating improved albumin and urea secretion
by PHH co-cultures with fibroblasts, HSC and KCs [99]. Hence, ad-
vanced co-culture approaches emerge a favorable strategy to also im-
prove hiPSC-derived hepatocyte differentiation. In this context
immobilized signalingmolecules such as HGF, bFGF and BMP4 involved
in HLC differentiation showed superior improvement of DE-commit-
ment compared to soluble factors [100]. Cell substrates of HGF mixed
in a matrix with fibronectin and collagen as well as ECM proteins de-
rived from co-culture of HLC with mESC colonies were found to im-
prove HLC differentiation [100]. Furthermore, hepatoblasts co-
cultured with hiPSC-derived LSEC have been shown to mediate an in-
crease of hepatic enzyme expression compared to HLC mono cell cul-
tures [101]. In this study, the combination of HGF, FGFs and BMPs
secreted through LSEC with the use of ECM-matrix proteins as cell sub-
strate was shown to be a successful approach to further improve HLC
differentiation and its function. Interestingly, also mesenchymal stem
cells (MSCs) show a comparable potential for supporting hepatocyte
differentiation. Tagaki et al. showed positive effects of MSC co-culture
on hiPSC-derived hepatoblast maturation with an increased protein se-
cretion rate and improved CYP3A4 enzyme activity [102]. Kadota et al.
generated a whole-liver graft with enhanced hepatic functions of pri-
mary hepatocytes in co-culture with MSCs and successfully implanted
it into rats [103]. MSCs improved tight hepatocyte parenchyma forma-
tion by the secretion of laminin and other ECM-derived proteins. These
studies highlight the importance of cell-cell communication, endoge-
nous secretion of growth factors and composition of the cell substrate
for hepatocyte maturation in vitro.

2.8.2. ECM-derived factors further support hepatocyte maturation in 3D
arrangements

The interaction of cells with the surrounding ECM is an important
regulator of cellular adhesion, proliferation, migration and differentia-
tion. Primary hepatocyte function was found to be remarkably im-
proved by 3D co-culture strategies [104]. Nanofibers made of gelatin
and poly lactic acid (PLA) that were coated with Matrigel© improved
DE induction in hiPSC-based cultures by facilitating the cellular growth
in a 3D arrangement [54]. However, it was also shown that nanofibrous
PLA scaffolds are less effective in preserving albumin secretion and CYP
activities in HLC compared to ex vivo ECM scaffolds derived from
decellularized liver tissue [105]. Human HLC maintained in scaffold-
free embryonic bodies (EB) have also been reported to improve the dif-
ferentiation andmaturation potential associatedwith increased CYP ex-
pression levels compared to 2D monolayer cultures [106, 107].
However, EB-based differentiation resulted in heterogeneous cell popu-
lations due to gradient formation of nutritional components and did not
reach metabolic capacity of PHH [106].

Hepatocyte culture might be further supported by co-culture with
HSC that provide an actively secreted ECM scaffold. Micropatterning
of different cell types represents a promising approach to control
cell-cell and cell-matrix interactions of HLCs with NPCs in defined ar-
rangements. Micropatterned co-cultures of HLCs with swiss 3T3-J2
murine embryonic fibroblasts in an ECM sandwich scaffold have been
shown to significantly improve hepatocyte maturation and to stabilize
its phenotype [108]. The precise arrangement with 3T3-J2 cells in con-
tact with HLCs resulted in increased expression levels of various genes
involved in drug metabolism, improved metabolic activity and the
elevated synthesis of albumin for several weeks [108]. Swiss 3T3 mu-
rine embryonic fibroblasts secrete considerable amounts of collagen-I
supporting hepatocyte maturation. Nagamoto et al. overlaid HLC cul-
tures after differentiation with 3T3 fibroblast cell sheets to improve
HLC gene expression of various proteins, i.e. CYP enzymes [104]. In an
approach termed RAFT (real architecture for 3D tissue) Gieseck et al.
arranged HLC in 3D collagen constructs, which increased albumin se-
cretion and CYP3A4 activity for several weeks compared to 2D cell cul-
ture [109]. Furthermore, canalicular structures, cell polarity and cell-
cell contacts longevity of HLC were preserved by this cell culture tech-
nique. Another interesting approach combines NPC co-culture of HLC
with ECM scaffolds arranged in a bioinspired setting. The microana-
tomical structures were recreated by bioprinting of the ECM matrix
to enable the development of a 3D biomimetic liver model that recapit-
ulates the liver module architecture and supports hepatocyte matura-
tion [110].
2.9. hiPSC-derived LSEC and immune cells

Most of the publications in the field of generating hiPSC-derived
liver cells focused almost exclusively on hepatocytes. Although hepato-
cytes are the predominant cell type of the liver, NPC including LSECs, KC
and HSC are essential to maintain hepatic metabolic activities in addi-
tion to handling other functions that are not covered by hepatocytes
[111]. Thus, generation of these cell types from hiPSCs would offer the
option of generating a genetically matched liver models comprising
HLCs aswell as NPCs. However, only a few studies are available that de-
scribe the generation of hiPSC-derived NPCs. Du et al. obtained hepato-
cytes and endothelial cells in parallel by differentiating hiPSCs, resulting
in a construct which contained genetically identical endothelial cells
and HLC. Endothelial cells co-cultured on a hydrogel scaffold with HLC
significantly improved hepatocyte function and facilitated vasculariza-
tion of the scaffold when implanted in a mouse partial hepatectomy
model [112]. Recently, Koui et al. published a study inwhich the authors
demonstrated the differentiation of LSEC and HSC from hiPSCs. In the
co-culture, both cell types promoted self-renewal of hiPSC-derived
liver progenitor cells over the long term in a two-dimensional culture
system without addition of exogenous cytokines and hepatic matura-
tion factors [101].

In addition to NPC, also lymphocytes and myeloid cells of the
blood are central players of the immune response at the liver sinusoid.
A significant progress has also been made towards generating func-
tional immune cells from hiPSC lines. Generation of functional DC-
like cells has been first described by Zhan et al. [113]. Functional
DC-like cell with the ability of phagocytosis and antigen presentation
ability to T cells have also generated by others [114]. Recently also T
cells have been generated from hiPSCs [115–117] as well as functional
NK cells [118–120] that express NK cell-associated inhibitory and acti-
vating receptors, exhibit cytolytic function and cytokine production
[121], and that exhibit in-vivo anti-tumor response [122]. Further,
the generation of macrophages from hiPSCs has been shown by a cou-
ple of groups [123–125]. In one of these studies, Yeung et al. described
an approach using macrophages derived from hiPSCs (iPSdMph) to
study macrophage–Chlamydia interactions in vitro. The authors could
demonstrate, that iPSdMph are able to support the full infectious life
cycle of C. trachomatis in a manner that mimics the infection of
human blood-derived macrophages [126]. In addition, also
granulocytes have been differentiated from hiPSCs and shown to suit-
able for disease-modeling studies [127]. These studies demonstrate
that besides the generation of HLC, also other cell of the human liver
can be reliable differentiated from hiPSC lines. This exiting work
paves the way for new options in personalized medicine as novel
tools for disease-modeling and drug screening by generation of liver
tissues incorporating all major cell types of the liver derived from
one patient-specific genetic background.
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3. Perfusion systems for emulation of the human liver in vitro

3.1. Scaffolds supporting cell growth and differentiation

Soft lithography and replica molding using polydimethylsiloxane
(PDMS) are often used as microfabrication techniques for manufactur-
ing biochips that allow a precise control of cell growth and intercellular
interaction, fluid flow rates and compound exposures. PDMS is widely
available through commercial sources and allows the generation of
solid chip deviceswith transparent properties that allow for on-chip im-
aging of integrated cell layers [128]. PDMS has quickly become themost
prevalent substrate for biological microfabricated devices as a result of
its low cost, low cytotoxicity, and ease of processing ([129]). Despite
the many favorable properties, PDMS has significant limitations. Most
importantly, due to the hydrophobic nature of thematerial small hydro-
phobic molecules are efficiently adsorbed at the surface [130]. Further
issues occur when considering the material permeability, as PDMS al-
lows exchange of gas and water evaporation which limits its ability to
maintain constant environmental conditions within cell culture devices
[128]. Further, remaining non-crosslinked PDMS monomers have been
shown to negatively affect cellular behavior [131]. Due to the aforemen-
tioned reasons, other biomaterials already established in cell culture for
decades, such as polystyrene or polycarbonate are incorporated into
MPS platforms. 3D bioprinting methods allow for inclusion of suitable
cell culture scaffolds that provide structural support and integrity for
the developing liver tissue in vitro. The substrate must possess the ade-
quate mechanical strength to support the cells but also provide appro-
priate porosity to allow growth factor diffusion and cell growth. Most
important, the scaffold needs to be biocompatible with no toxic effects
to the cells. Ideally, the substrate does not only provide biochemical
but also mechanical stimulation to influence cellular differentiation
and function. Among various mechanical factors, matrix elasticity has
a crucial role in the induction of cellular responses and cell fate includ-
ing proliferation, differentiation, migration, adhesion, and maturation
[132]. Mechanical properties of the scaffold further determine the ca-
pacity of the tissue to resist to shear force during perfusion. Matrices
such as hydrogels aim to recapitulate the composition, structure, and
function of the extracellular matrix (ECM) that normally surrounds
liver cells. These hydrogels offer the possibility to enrich the cell substrate
with growth factors and other supplements required to regulate cell dif-
ferentiation and maturation. Matrices of recombinant ECM proteins
have been shown to improve hepatocyte phenotype and maturation in
2D and 3D platforms [111]. Current biomaterials have proven to be
cost-effective and highly reproducible to significantly reduce batch varia-
tion. Cell encapsulation by hydrogels can be used for controlling themat-
uration, size and microenvironment of developing tissue [133]. Natural
materials such as laminins or alginate [134, 135] as well as synthetic ma-
terials i.e. polyvinyl alcohol (PVA), polylactide-co-glycolide (PLG), poly [2-
(methacryloyloxy) ethyl dimethyl-(3-sulfopropyl) ammonium hydrox-
ide] (PMEDSAH) or poly (caprolactone) (PCL) have also been used as
cell substrates with good results in supporting maintenance of the cell
phenotype [136, 137].

3.2. Microphysiological models of the human liver

Microphysiological systems (MPS) of the liver (often termed as liver-
on-chip) aim at recapitulating a microphysiological liver environment by
3D cell culture. MPS represent valuable tools for the identification of mo-
lecular targets and the testing of tailored treatment strategies under phys-
iological conditions in vitro. SeveralMPS emulating the liver function have
been described in the recent years. However, most of these models were
intended to be used for studies on adsorption, distribution, metabolism,
elimination and toxicity (ADMET), and pharmacokinetics studies of
drugs. Typically, microfluidic perfused biochips made of biocompatible
polymeric and transparentmaterial serve as cell culture devices for hepa-
tocytes that are often co-cultured with NPC. These devices enable
physiological growth and tissue differentiation by regulation of cellular
positioning, i.e. through cell patterning and 3D bioprinting [138–140],
regulation of shear stress and related mechanical forces [2, 141–144].
They further act as scaffold to provide cell–cell and cell–matrix interac-
tions in a biomimetic microenvironment [145, 146]. In the recent years
microfluidics and biochip technology have overcome many limitations
of traditional static cell culture platforms [147]. The technology provides
a precise spatiotemporal control of growth and differentiation niches
through accurate delivery of exogenous factors such as oxygen or nutri-
tion. Perfusion of the biochips also provides an efficient method for re-
moval of cellular waste products that enables a sustained tissue
homeostasis. Biochip platforms for MPS culture typically allow imaging
of cellswith variousmicroscopy techniques and could integrate advanced
sensors for continuousmonitoring of central cell culture parameters such
as cell viability (e.g., transepithelial/transendothelial electrical resistance
(TEER)), oxygen and pH, and even allow in-line analyses of chemokines
and metabolite formation [148–151]. A continuous monitoring and ad-
justment of these parameters provides the basis tomaintain a biomimetic
niche that supports growth and differentiation of hiPSCs. It was demon-
strated that perfusion of premature HLC in microfluidic biochips triggers
upregulation of several pathways related to cellular reorganization, stress
response anddrugmetabolism.However, a direct perfusion ofHLC causes
the upregulation of genes related to endothelial biliary cells differentia-
tion and resulted in dedifferentiation to a fibroblast-like phenotype
[152] (Fig. 4).

In vivo, hepatocytes are not subject to direct flow as they are
protected from shear stress by the sinusoidal endothelial lining and
the space of Disse. This might explain the fact that also HLCs are
highly sensitive to direct shear stress and react with a decreased
growth rate and increased cell death numbers at high perfusion flow
rates [153]. The integration of a physiological barrier resembling the
function of the endothelial lining would thus be a more a suitable per-
fusion setting [149]. A few systems integrating such a bioinspired bar-
rier were described for perfusion of hESC- or hiPSC-derived HLCs [106,
154–156].

Zeilinger et al. used a polyurethane housing containing three bun-
dles of interwoven hollow fibers serving as cell substrates that enable
the microfiltration and supply of nutrition and oxygenation. The biore-
actor design was re-scaled from a large 800 ml bioreactor design ini-
tially intended for use in pilot studies to support liver function in
patients to a 2ml bioreactor for in vitro studieswith a good performance
inmaintaining PHH function for up to threeweeks [157]. This bioreactor
system was recently also used to differentiate and maturate hiPSCs to
HLCs [106, 155, 156]. The differentiation protocols from Miki et al.
[155] and Sivertsson et al. [154] have been used to differentiate non-dif-
ferentiated cells, DE-derived cells, cells from hepatic progenitors as
wells as hepatoblast cells to HLCs. These studies allowed an interesting
insight into 3D perfusion supported differentiation and demonstrated
that the stage of the starting cell material did not greatly influence the
outcome of differentiation.Moreover, it was demonstrated that indirect
perfusion strategies of 3D cell cultures enable a superior nutrient and
gas exchange which allowed for an improved HLC differentiation com-
pared to conventional 2D strategies. HLCs in a perfused 3D microenvi-
ronment showed increased steroid hormone synthesis, xenobiotic and
lipoprotein metabolism reflectingmain functions of mature liver tissue.
In addition, enhanced CYP expression, albumin and urea synthesis by
HLCs has been demonstrated [155]. However, in the bioreactor model
hESC-derived hepatocytes contained also fractions of cells with
heterogonous differentiation stages. Only 30% of HLC expressed
ASGPR1 and cells further showed less pronounced expression pattern
of CYP enzymes compared to PHH [154]with some cell fractions still ex-
pressing fetal CYP3A7 [155]. Enhanced expression of HNF4a and CYP
was also shown by Meier et al. in HLCs cultured in the 3D bioreactor
[106]. Further, in the study by Freyer et al. the formation of bile duct
like structures and improved albumin and urea production has been re-
ported in 3D perfusion systems [156].



Fig. 4. Emulation of liver function in vitro. A) HLC co-cultured with 3 T3-J2 fibroblastes co-cultured as MPCC in a 24-well standard tissue culture polystyrene plate [108]. B) Setup of a
miniaturized bioreactor connected to a computer controlled microfluidic switchboard. The system allows electrochemical measurements of glucose and lactate in metabolic studies of
oxidative phosphorylation and anaerobic glycolysis in perfused hepatocyte cultures [176]. C) Perfused multiwell with an array of 12 liver-on-chip bioreactors. Multiwells contain built-
in connectors and pneumatic lines distributing air pressure to individual valves and pump chambers for perfusion of hepatocytes [167]. D) Liver-on-chip model in MOTiF biochips. The
liver model is composed of non-parenchymal cells (endothelial cells (HUVEC), macrophages, stellate cells) and hepatocytes. Cells are cultured in two layers separated by a membrane
that are perfused with circulating immune cells through michrochannels resembling parts of the blood immune system [149, 182].
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In the liver, hepatocytes are separated and protected by shear stress
by the endothelial lining of the sinusoids. To recreate this endothelial–
epithelial interface, microfluidic devices with microfabricated barriers
were created that separate cultured hepatocytes from fluid flow [158].
Hepatocyte co-culture with additional cell types is a widely used ap-
proach to enhance hepatocyte activity. Bhatia and Khetani established
micropatterned co-cultures (MPCC) by seeding hepatocytes and 3T3 fi-
broblasts on bioprinted collagen structures in 24-well plates [159]. In
MPPC models hepatocytes were layered on a fibroblast feeder layer
[160]. In both approaches hepatocyte function was found enhanced, in-
cluding increased albumin synthesis and secretion, urea synthesis, and
glycogen storage. Other studies reported MPCC platforms with im-
proved hepatocyte function by co-culture with endothelial cells [112]
and HSCs [161, 162]. MPCCs have also been applied for infection studies
with several pathogens, such as hepatitis B virus ([163]), hepatitis C
virus [164], and malaria [165].

The efficiency of MPCCs was further improved by perfusion in
microfluidic devices.

Sivaraman et al. perfused hepatic aggregates adhering to the colla-
gen-coatedwalls with an array ofmicrochannels, resulting in higher he-
patic functions compared to static conditions [166]. In a follow up study,
the system was further improved by co-culture of rat hepatocytes with
LSECs [167]. Co-cultures of hepatocytes with endothelial cells have also
been established in other systems, however, due to their limited avail-
ability not always with LSECs. In a biochip bovine aortic endothelial
cells were separated from hepatocytes with either an extracellular ma-
trix (ECM) protein layer or a microporous membrane. The system
allowed maintenance of hepatocyte function for up to 30 days [168]
and was also used to analyze viral replication for hepatotropic hepatitis
B virus [168]. Kasuya et al. induced the formation of capillary-like struc-
tures by bovine pulmonary microcapillary endothelial cells in a layered
model with HSC and hepatocytes [169]. Another liver sinusoid model
used two microfluidic chambers separated by a porous membrane
that could be maintained for 28 days [170]. Weng et al. established a
scaffold-free co-culture model of primary rat hepatocytes and HSC per-
fusedwith radial flow [171]. Enhanced hepatocyte functionwas also re-
ported for primary rat hepatocytes co-cultured with 3T3-J2 fibroblasts
under medium and oxygen perfusion [139]. A microfluidic platform
was further used for culture of PHH monolayers [172], and co-cultures
of PHHs and NPCs [173]. In addition, perfused co-culture systems have
been established for spheroidal tissue models [174, 175].

For real-time measurement of metabolic changes biosensors have
been integrated in biochips for MPS. We recently described the integra-
tion of luminescence-emitting sensor spots in biochips for real-time
measurement of oxygen consumption by a multilayered co-culture
model of endothelial cells, LX-2 stellate cells, primary macrophages
and HepaRG hepatocytes [149]. Bavli et al. developed a biochip with a
computer-controlled microfluidic switchboard that can simultaneously
monitor mitochondrial respiration, glucose, and lactate in HepG2/C3A
aggregates and that allows the monitoring of the shift from oxidative
mitochondrial respiration to glycolysis in response to treatment with
two hepatotoxins [176]. Even though hepatocytes in the liver are
protected from flow induced shear stress by the endothelial lining,
blood circulationwithin the sinusoid creates gradients of oxygen, nutri-
ents, and hormones, which have been shown to lead to a phenomenon
termed zonation that consists in the distribution of hepatocytes with i.e.
defined CYP450 expression pattern across the length of the sinusoid.
This differentiation pattern is induced andmaintained by oxygen gradi-
ents [177]. The liver sinusoid is functionally divided into three zones
based upon oxygen tension. The periportal zone (PPZ) rings the portal
tracts, where the oxygenated blood from hepatic arteries enters and
mixes in the sinusoid with blood from the portal vein. The perivenous
zone (PVZ) is located around the central vein, where oxygen tension
is much lower, and the intermediate zone (IMZ) is located in between
PPZ and PVZ. Hepatocytes of the PPZ and PVZ can be distinguished
based on its metabolic capacity, with increased CYP expression and
drug metabolism in hepatocytes of the PVZ. Further, anaerobic glycoly-
sis is performed in areas with limited oxygen availability,
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predominantly in perivenous hepatocytes that express the key glyco-
lytic enzyme glucokinase (GK). In contrast, gluconeogenesis by phos-
phoenolpyruvate carboxy-kinase 1 (PEPCK1) is preferentially carried
out in the PPZ of the liver sinusoid. The expression levels of those en-
zymes further depend on the nutritional status and changes in hormone
concentrations of insulin and glucagon [178, 179]. Enzymes involved in
ureagenesis and beta oxidation of fatty acids are more active in hepato-
cytes of the PPZ, whereas enzymes involved in glutamine synthesis and
lipogenesis show higher expression rates in hepatocytes located at the
PVZ of the liver sinusoid [111]. To mimic zonation pattern in vitro,
Allen et al. generated oxygen gradients in a bioreactor across rat hepa-
tocyte/fibroblast co-cultures by cell-mediated depletion of oxygen dis-
solved in the culture medium [61]. Similar to in vivo conditions, the
oxygen gradient led to higher expression of CYP450s in the hepatocytes
subjected to the low-oxygen regions compared to the high-oxygen re-
gions. A biochip providing a continuous oxygen gradient to cultured
mouse hepatocyteswas also described by Sato et al. [62].Microenviron-
ments of the PVZ and PPZ have also beenmodeled in a livermodel com-
prising endothelial cells, LX-2 cells, PHH and monocyte-derived
macrophages embedded in a microfluidic biochip device using compu-
tational modeling of oxygen tension [180]. Finally, Weng et al. demon-
strate the creation of spatially-controlled metabolic zonation of rat
hepatocyte cultures by concentration gradients of exogenous insulin
and glucagon in a microfluidic device [181].

4. In vitro models of infection-related liver dysfunction

4.1. Inflammation-related liver dysfunction

In recent years our knowledge about the pathophysiological pro-
cesses in the course of liver infections and its sequelae has largely ex-
panded. However, the lack of suitable models able to reflect the
complex communication processes within the human liver hampered
the development of new drugs as elucidation of cellular and molecular
host-pathogen interaction still need to be fully unraveled. We recently
developed a microfluidic biochip, that allows the perfusion and long-
term cultivation of bioengineered three-dimensional liver tissue [149].
The multilayered tissue comprises endothelial cells and monocytes-de-
rived macrophages co-cultured in an endothelial cell layer that is sepa-
rated by a scaffold membrane mimicking the space of Disse from
hepatocytes and stellate cells forming the hepatic cell layer that is co-
cultured opposite to the endothelial cell layer [149].Monocyteswere in-
tegrated into the endothelial perfusion circuit to emulate essential com-
ponents of the innate immune system [182]. In thisMPSwewere able to
resemble central aspects of inflammation-related liver dysfunction in
response to PAMP stimulation. The immune response and the related
cytokine profile was highly specific to the TLR agonist and resulted in
typical disease-related alteration of hepatocellular function, such as im-
pairment of MRP2 dependent bile secretion, decreased expression of
tight and adherence junction proteins and depressed secretion of albu-
min and urea [182]. However, upon integration of circulating mono-
cytes the activation pattern of tissue resident macrophages was
rendered by invading monocytes that induced tissue remodeling with
full recovery of metabolic function of the liver model after acute phase
inflammation [182]. The liver-on-chipmodel is thus capable of mimick-
ing disease processes as well as recovery from liver-dysfunction.

While true infections of the liver are relatively rare and most often
are viral, development of liver dysfunction disrupts metabolic and im-
munological homeostasis in the critically ill patient with bacterial infec-
tion and frequently promotes progression to multiple organ failure.
Accordingly, pre-existing liver disease is a risk factor for the progression
of bacterial infections to sepsis with increased odds ratios for hospitali-
zation, ICU admission, and death [183]. Similarly, patients with septic
complications in the presence of chronic liver disease, most notably cir-
rhosis, have a poor prognosis due to development of acute-on-chronic
liver failure (ACLF) [184].
The liver is highly sensitive to “septic” infections due to its central
role in metabolism and detoxification. The excretory machinery of he-
patocytes is particularly vulnerable to systemic inflammation and pneu-
monia reflects the second most frequent cause of jaundice in
hospitalized patients only surpassed by malignancy of the head of pan-
creas [185]. Hepatocellular excretory failure secondary to sepsis is me-
diated predominantly through phosphoinositid-3-kinase (PI3K) [186].
Inhibition of this central signaling cascade in a host with life-threaten-
ing infection has significant limitations as recruitment of the ‘first line
of defense’ against bacterial infection, i.e. granulocytes, explicitly de-
pends on intact PI3Kγmediated chemotaxis [187] (Fig. 5). As such, inhi-
bition of PI3Kγ represents a promising strategy to prevent sepsis-
associated hepatic dysfunction if off-target effects on the immune system
can be avoided. An efficient and cell-specific delivery into hepatocytes
(while deliberately avoiding uptake into immune cells) of inhibiting
nanoparticle-based strategies underlines the potential of the organ-on-
chip technology to evaluate such strategies. Screening of different carriers
and functionalizing strategies depends on a microphysiological milieu in
which the concurrent uptake can be studied between different cells
underflowconditions [188–190]. Uptake characteristics of the nanostruc-
tures as well as their cellular effects can be investigated in MPS compris-
ing target (hepatocytes) and off-target cell types (macrophages,
endothelial and stellate cells) that are located in liver lobule in close
vicinity.

4.2. Hepatic infection

Stem cell-derived hepatocytes have proved useful in delivering
models for studying the lifecycle of hepatotropic viruses. Most frequent
infection of the liver include viral infections with hepatitis viruses type
A (HAV), B (HBV), C (HCV) and E (HEV); but also, bacterial and fungal
infections as well as parasite infections with Plasmodium spp. causing
malaria [163, 191–194]. The following section should provide a brief
overview of viral and microbial infection diseases affecting liver func-
tion. These infections and the related alterations at the molecular and
cellular level might be efficiently emulated in more detail in complex
human cell culture models such as liver MPS to identify suitable targets
for novel treatment strategies.

4.2.1. Viral infections
Hepatitis A virus (HAV) and hepatitis E virus (HEV) are food-borne

pathogens that traverse the gut epithelial cell layer to reach the liver
via the blood stream. Although HAV is able to replicate in different cell
types in vitro, in vivo its replication is limited to the liver [195]. It has
been proposed that HAV-specific IgA antibodies produced in the intesti-
nal mucosa bind to circulatingHAV and can serve as carriers of the virus
to the liver. Fcα receptor expressed by KC is than binding to IgA–HAV
complexes and supports transfer of the virus to hepatocytes. However,
this infection model remains elusive and needs further investigation
[196]. Infections with the hepatitis E virus (HEV) are particularly life
threatening in pregnant women and may cause a chronic infection
with increased risk of cirrhosis in immunocompromised individuals
[197]. However, up to date no specific antiviral drug treatment is avail-
able. Recently infection and replication of primary isolates of HEV was
investigated in HLCs derived from hESC. CRISPR-Cas9 has been used to
disrupt the peptidylprolyl isomerase A gene, encoding cyclophilin A
(CYPA), a protein that inhibits replication of cell culture-adapted HEV.
In addition, hESC were modified to rescue expression of CYPA before
terminal differentiation to HLCs and infection with HEV. It has been
shown that the cells are permissive for infection by HEV and exhibited
a replication-dependent type III interferon response. Thus, HLC provide
a suitable tool to study HEV infection and replication in vitro and might
offer new options for the development of antiviral drug candidates.

Recently, NTCP has been identified as amajor receptor for HBV infec-
tions and blocking of the receptor–virus interaction might be a promis-
ing strategy for HBV infection treatment [198]. Further, binding of the



Fig. 5. Excretory dysfunction of the liver in systemic infection depends on PI3Kγ. The localized hepatic inflammatorymilieu resulting from systemic infection/sepsis depends on paracrine
and autocrine effects of hepatocytes and sinusoidal lining cells in response to PAMPs and circulating inflammatorymediators, where kinase-dependent and kinase-independent (through
scaffolding of Phosphodiesterase 3B, PDE3B) activities of PI3Kγ play a significant role inmediating hepatocellular excretory failure. This phenotype is characterized by loss of brush borders
(microvilli) that are reversibly incorporated into the hepatocyte to form subapical vesicles. Among the many important functions of PI3Kγ in the context of infection, recruitment of
neutrophils is exquisitely dependent on this signaling pathway.
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virus to highly sulphated HSPG appears to be required for infection
[199]. It's worth noting, that already very low numbers of HBV particles
(b10) are sufficient for effective infection of hepatocytes [200, 201]. Re-
cent works indicates that scavenging of the virus by LSEC and
transcytosismight play a role in helping the virus to cross the sinusoidal
barrier. A mandatory initial step of LSEC by HBV might also explain the
discrepancies between the high efficiency in liver targeting and the in-
efficient uptake of virus by cultured hepatocytes [199, 201, 202].

Hepatitis C virus (HCV) belongs to the most frequent diseases with
up to 103 million people infected worldwide [203]. Chronic HCV infec-
tion causes jaundice-like symptoms and could result in the develop-
ment of liver cirrhosis and hepatocellular carcinoma (HCC), which is
one of the most prevalent primary malignant tumors that accounts for
about 90% of all primary liver cancers. Despite the availability of effec-
tive newdirect-acting antiviral drugs (DAA's), observedHCC recurrence
rate still remains challenging [204]. Due to the lack of suitable models,
our understanding of how hepatotropic viruses target the liver in vivo is
less detailed. HCV attaches to HSPGs and subsequently interacts in a coor-
dinatedmulti-step process to host cell receptors including low-density li-
poprotein (LDL) receptor, scavenger receptor B1, CD81 and epidermal
growth factor receptor (EGFR) on the hepatocyte surface, but also binds
tight junction proteins claudin 1 and occludin before being endocytosed
[205–210]. However, also for HCV it remains still unclear how the virus
is specifically targeting the liver, as none of these receptors is expressed
exclusively by hepatocytes. Within the host cell HCV envelope proteins
E1 and E2 are known to form complexes with lipoproteins as part of the
virus replication cycle. These “lipoviroparticles” are then subsequently re-
leased from infected cells as new HCV particles [211]. Viral infection of
HCV was recently established in HLCs. Detection of HCV genome and
HCV protease activity could confirmed an ongoing replication of the
virus along with an innate immune response during infection that was
not observed in carcinogenic cell lines [191]. Similarly, infection of HBV
was supported by HLCs at late stage differentiation and could be main-
tained for several weeks with an innate immune response inhibitor
[163]. Yoshida et al. recently showed that HLCs infected with adenovirus
expressing SOX17, HEX and HNF4alpha are expressing all receptors
required for virus entry and were permissive to pseudoparticles [212].
These findings were confirmed by two other studies in which HLCs sup-
ported the entire HCV viral replication cycle [191, 213].

4.2.2. Bacterial and fungal infection
Staphylococcus (S.) aureus bacteremia is one of themost common se-

rious bacterial infections worldwide. In the United States of America, S.
aureus was the most common bacterial isolate and accounts for 23% of
all blood stream infections [214]. Most bacteria that reach the liver
through the blood stream are recognized and efficiently cleared by tis-
sue resident KC to prevent them from accessing hepatocytes under
physiological conditions. However, at the liver sinusoid the pathogen
causes formation of neutrophil extracellular traps (NET) that are associ-
ated with profound liver injury [215]. After crossing the sinusoidal bar-
rier of the parenchymal compartment the pathogen is more difficult to
eradicate and may even be facilitated in its persistence through the im-
mune tolerogenic properties of the local microenvironment [195]. In an
effort to prevent chronic inflammation caused by bacterial components
of commensals from the gut, the liver favors a tolerogenic response to-
wards incoming antigens [68, 69]. Consequently, KC respond to bacte-
rial stimuli by secretion of anti-inflammatory cytokines [216], a
phenomenon termed portal vein tolerance [217, 218]. Deregulation of
an adapted immune response of the liver during systemic infection
with S. aureus contributes to a rapid enrichment of bacteria within the
liver. It has been recently shown, that a specific macrophage subset,
liver capsular macrophages (LCM) replenished from blood monocytes,
is an important regulator of granulocyte recruitment required for effi-
cient clearance of pathogens during bacterial infections. Depletion of
LCM in the liver decreased neutrophil recruitment and increased liver
pathogen load [219]. However, due to the lack of suitable models a de-
tailed analysis of the spatiotemporal regulation of cell recruitment in
the course of infection and the factors involved in adherence andmigra-
tion of circulating immune cells remain elusive. Although bacterial per-
sistence within the liver is rather a rare event, liver infections are
reported frommycobacteria and Listeria spp. that can establish granulo-
mas [220, 221]. Mycobacteria could cause granuloma by infection of



Fig. 6. Life cycle of Plamodium spp. infection in the liver. (1) A sporozoite enters the sinusoid, adheres to the sinusoidal endothelium and (2) glides to the next Kupffer cell. (3) It passes
through the Kupffer cell and enters a hepatocyte. (4) After transmigrating through several hepatocytes, the sporozoite settles down in one final hepatocyte. The young liver stage parasite
begins to grow, gradually displacing the organelles of the host hepatocyte. Infected hepatocytes eventually rupture and releasemerozoites into the sinusoid. (5) Subsequentlymerozoites
can infect erythrocytes.
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macrophages and secretion of bacterial proteins that induce the expres-
sion of matrix metalloproteinase 9 (MMP9) and subsequent tissue re-
modeling required for granuloma formation [222, 223]. It has been
observed that granulomas could also provide a distinct anatomical com-
partment within the liver that supports the survival of bacteria. Granu-
loma can create a unique environment that is separated from the
surrounding non-infected tissue and that acts as reservoir for dissemi-
nation virulent bacteria [220, 223]. Also Francisella (F.) tularensis, a
gram-negative bacterium causing the zoonotic disease tularemia
[224], has been shown to effect liver function upon infection. The bacte-
ria primarily infects and persists within macrophages to evade primary
immune detection [225] and several morphological alterations of the
liver tissue have been observed in the progression of tularemia [226].
In a co-culture model comprisingmacrophages, hepatocytes and leuko-
cytes we could recently show that F. tularensis replication in macro-
phages does not only prevent detection by immune cells but also
facilitates subsequent infection of hepatocytes [227].

Fungal infections of the liver aremost commonly caused by Candida
spp. and often occur in immunocompromised patients. Themain origin
ofCandidadissemination is thought tobecolonizationof thegastrointes-
tinal tract. Invasive candidiasis,mainly causedbyCandida (C.)albicans, is
the sixth leading cause of nosocomial bloodstream infections in Europe
[228]andassociatedwithamortalityN40%despite theuseofpotentanti-
fungal therapy [229]. In the courseof infection,C. albicans is cleared from
liver and spleen,whereas the fungal burden in the kidney increases. The
ability to switch from yeast to hyphal growth forms (filamentation) is
thought tobeanessential aspectofC.albicansvirulence as it renders fun-
gal adhesion, invasion, escape fromphagocytes, tissue damage and dis-
semination. However, the molecular mechanisms and enabling an
adaption of fungi to the organ-specific environment are not fully under-
stood. LiverMPSwould offer a new approach to characterize virulence
factors required for entry of the pathogen into the host cells and could
provide new insight into themetabolic adaptions of the pathogens that
enables its persistencewithin liver cells. Cellular targets could be identi-
fied and alterations of host cell signaling pathways investigated inmore
detail to allow the establishment of tailored cell targeting strategies, i.e.
for cell type specific delivery of antibiotics to infected cells by encapsula-
tionwithin functionalized nanocarriers [230–232].

4.2.3. Malaria
Plasmodium spp. infections have been intensively studied in the re-

cent years. However, the invasionmechanismsmalaria sporozoites use
from themosquito bite site to the final hepatocyte are not well under-
stood. It is known, thatparasitesaredelivered into theskinbyamosquito
bite and avoid clearance by phagocytic cells through the rapidmigration
of sporozoites that enter lymphatics and blood vessels. The sporozoites
than rapidly reach the liver and adhere to heparan sulphate proteogly-
cans (HSPGs) in the liver sinusoids. Tolerance induction to sporozoite
antigens helps explain the poor, short-lasting protective immune re-
sponseagainst liver stagemalaria.Recent studies indicate that thesporo-
zoites subsequently infiltrate phagocytic KC to overcome the sinusoidal
barrier [233] and ultimately infect hepatocytes [234, 235].Whereas it is
known that KC passage occurs inside a vacuole [236] and sporozoite
transmigration involves breaching of the hepatocyte membrane [237],
entry into the final hepatocyte is a poorly documented step. Inside the
finalhepatocyte, theparasitesdevelop intomerozoitesthatareable to in-
fect erythrocytes after rupture of the host cell [238] (Fig. 6).

Plasmodium infection was already modeled in HLC. In general, the
cells weremore susceptible to infectionwith increasing state of cell dif-
ferentiation [194]. Late stage differentiated HLC were able to maintain
sporozoite infection and expressed sufficient levels of cytochrom P450
enzymes to enable drug metabolism of i.e. primaquine, a drug fre-
quently used to prevent persistence and replication of the parasite.
The number of HLCs infected with Plasmodium varied between 10 and
60%. However, infection of erythrocytes from merozoites released
from the HLCs cultures has not yet been demonstrated. Further, a stable
long-term expression of host factors required for efficient infection and
replication of the pathogens such as CD81, SRB1 (Plasmodia spp.) [194],
or CLDN1 and NTCP (HCV, HBV infections) [163, 191] is still remains a
challenge in hiPSC-derived liver tissues. Complex in vitromodels, emu-
lating all major cell types and tissues affected during journey of the par-
asite into the liver are required to gain a deeper insight into cell type and
tissue specific pathways that are involved in the infection process. MPS
would enable the investigation of the whole infection process by emu-
lating the blood compartment, including immune cells and erythro-
cytes, in combination with hiPSC-derived liver tissues.

5. Conclusions and further perspectives

So far, hiPSC-derived cells of the liver have not been broadly
employed for disease modeling in MPS. In fact, there is only one system
we are aware of, a heart-liver-vascular platform (HeLiVa), operating
with multiple co-cultures and perfusion [239]. In a matrix supported
microchannel architecture vascularized by endothelial cells this system
combines iPSC-derived cardiomyocytes with either PHH or iPSC-de-
rived hepatocytes. Microtissue droplets were formed from HLCs co-cul-
tured with fibroblasts and embedded in photopolymerized hydrogels
assembled around an artificial vasculature. The application of multi-
organ-on-chip platforms will certainly be the next important step in in
vitro research on infectious diseases. Due to the increasing problem of
multi-resistant bacteria able to cause infection to the liver [240] and
emerging new pathogens causing metastatic infections to the liver
such as Streptococcus bovis [241] and Klebsiella pneumoniae [242] due
to systemic spread, more complex and reliable in vitro models emulat-
ing also systemic interactions of the liver with other organs are urgently
needed. Firstmulti organ-on-a-chipmodelswere already described that
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model the interaction of the liver with the lung and fat tissue to allow
the investigation of drug biodistribution by microfluidic flow linkage
[243]. The interaction between gut and liver was also mimicked by
Esch et al. that constructed a liver-intestine biochip [244]. Bricks et al.
also emulated the gut-liver axis by interconnecting cell-culture inserts
inmicrofluidic biochips containingHepG2/C3A and Caco-2 cells, respec-
tively [245]. In addition to the intestine, interaction of the liver with
other organs such as kidney [246], neural cells [247] and skin has also
been modeled [248].

Manymolecular and cellular pathways involved in pathogen entry
into the host cell of different organs, themechanisms supporting patho-
gen persistence, and triggers required for the induction of post-infective
organ regeneration still need to be uncovered. These questions could
also be effectively addressed in complex in vitromodels such asMPS to
elucidate the underlying pathophysiology and to develop novel treat-
ment options for critically ill patients. With the broader availability of
more reliable in vitro systemswewill also be able to further reduce the
number of required animal experimentations in infection research. Sev-
eral concernswere raised regarding thereliabilityof animal-testedprod-
ucts on humans which imposed ethical and economic pressures on
pharmaceutical industries to amend their drug development methods
[249]. MPS represent a powerful alternative to complement animal
modelsaspartof a tailoredresearchstrategiesandcouldcontribute tore-
duce animal numbers in biomedical research. Further, these systems can
contribute to speed up the translation process in drug research from the
nonclinical phase to clinical testing. MPS can even contribute to make
translational research safer for the patient by using patient-specific
stem cells and tissue derived therefrom to detect, i.e. idiosyncratic drug
reactions in the context of a personalizedmedicine.
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