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Abstract 

Hepatocytes differentiated from human induced pluripotent stem cells (hiPSC), also 

called hepatocyte-like cells (HLC), provide unprecedented opportunities for cell-based 

therapies and, therefore, the treatment of a wide range of liver diseases. Regrettably, 

more than 15 years of research in the field were insufficient to convert HLC into an 

advanced therapy medicinal product. The immature phenotypes exhibited by these 

cells, the lack of reliable and reproducible protocols for their scalable production and 

the uncertainties regarding their ability to engraft into scaffolds (in vitro and in vivo) are 

some of the reasons that hamper their clinical application. Thus, this thesis aimed to 

develop efficient strategies to generate clinically relevant numbers of functional and 

mature HLC for cell therapy and regenerative medicine applications. To achieve this 

goal, an integrated approach was developed by combining advanced manufacturing 

platforms with nature-inspired strategies, by unveiling the role of human microbiome 

on HLC maturation and function preservation.   

Recapitulating in vitro the physiological liver maturation process is challenging as it 

takes approximately two years after birth and involves the induction of a wide range of 

metabolic and detoxification pathways. Recent insights on liver development revealed 

that the acquisition of adult maturation and function could be strongly associated with 

the establishment and diversification of the intestinal microbiome. 

In Chapter 1, the microbial molecules and the molecular mechanisms underlying this 

crosstalk were revised.  

In Chapter 2, the effects of the secretome of intestinal microbiota on hPSC-HLC 

functionality (or maturation) were investigated. Thus HLC, generated from hESC or 

hiPSC using 2D or 3D culture approaches, were treated with a microbial secretome 

formulated in vitro in the form of a conditioned medium (CM). Our results showed that 

HLC exposed to CM showed higher expression of putative hepatocyte markers (e.g., 

HNF4A, CYP1B1, -3A4, -2C9, -2D6, -2E1, CPS1, PPARA, TLR1, -2, -5, -6, etc.); 

preserved the basal CYP3A4 activity and/or showed inducible -3A4 metabolism; 

showed improved expression of ALB and enhanced secretion of some specific liver-

plasma proteins, ALB and A1AT, when compared to untreated HLC. 
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As cell therapies require relevant cells numbers, scalable bioprocesses for the 

production of HLC as 3D cell aggregates under controlled culture conditions were 

developed in Chapters 3 and 4. 

In Chapter 3, an integrated bioprocess that combines 3D hiPSC expansion and 

hepatic differentiation steps was implemented, using stirred-tank bioreactors (STB) 

operating in perfusion. Using this protocol, hiPSC were able to proliferate as 3D 

aggregates and further differentiate into HLC that expressed typical hepatic markers 

and exhibited functional characteristics of hepatocytes including glycogen storage and 

drug metabolization capacity. Moreover, the incorporation of capacitance sensor in the 

bioreactor system allowed to demonstrate, for the first time, the potential of dielectric 

spectroscopy to monitor in situ hiPSC expansion and differentiation in STB; the results 

obtained showed a good correlation between the cell permittivity measured online and 

the aggregate biovolume measured by standard offline methods. 

Aiming to improve further cell expansion and HLC differentiation yields, in Chapter 4, 

the bioprocess was optimized by controlling the dissolved oxygen concentration at low 

levels (4% O2) during hepatic specification phase. The optimized bioprocess was 

validated for two hiPSC lines enabling higher HLC production yields (up to 3.2×106 

cell/mL) and differentiation efficiencies (> 80% Albumin+ cells) when compared to 

uncontrolled conditions (0.6×106 cell/mL). A detailed transcriptomic analysis of HLC at 

different maturation stages was done, showing that immature and mature hiPSC-HLC 

differed about 35% in their whole transcriptome, and these differences included 

pathways related to cell engraftment. Noteworthily, these differences had implications 

in the cellular ability to engraft into decellularized liver scaffolds, as only mature HLC 

showed the capacity to adhere, proliferate and remain functional after 14 days in 

culture. 

Finally, in Chapter 5 a general discussion of the main achievements and conclusions 

of the work are presented, and future perspectives outlined. 

In conclusion, this thesis represents an important first step towards the generation of 

protocols for production of relevant numbers of HLC with more mature and functional 

features that will hopefully potentiate the development of hepatic stem cell therapies 

for patients with end-stage liver disease. This work also opens a new paradigm into 
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Stem Cell Bioengineering and links it with an unexpected topic, the Human 

Microbiome. 
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Resumen 

Los hepatocitos diferenciados a partir de células madre pluripotentes inducidas 

humanas (hiPSC), también conocidos como hepatocyte-like cells (HLC), proporcionan 

una cantidad sin precedentes de posibilidades para el desarrollo de terapias celulares 

y, con ello, el tratamiento de una gran variedad de enfermedades hepáticas. Sin 

embargo, más de quince años de investigación en este campo han sido insuficientes 

para obtener una terapia médica avanzada a base de HLC. Los fenotipos inmaduros 

que presentan estas células, la falta de protocolos fiables y reproducibles para su 

producción a gran escala, así como la incertidumbre con respecto a su capacidad 

para injertarse en andamios (o scaffolds), tanto in vitro como in vivo, son algunas de 

las razones que dificultan su aplicación clínica. Por lo tanto, el objetivo de esta tesis 

ha sido el desarrollo de estrategias eficientes para generar HLC maduras y 

funcionales en cantidades clínicamente relevantes para su uso en terapia celular y 

medicina regenerativa. Para ello, se ha desarrollado un método integrado que 

combina plataformas de fabricación avanzada con estrategias inspiradas en procesos 

naturales, estudiando el efecto del microbioma intestinal humano en la maduración y 

la preservación de las funciones de las HLC. 

Recapitular in vitro el proceso de maduración fisiológica del hígado supone un gran 

reto, ya que dura aproximadamente dos años desde el nacimiento e implica la 

inducción de una amplia gama de vías metabólicas y de desintoxicación. 

Investigaciones recientes sobre el desarrollo del hígado han revelado que la 

maduración y el desarrollo de la función hepática podrían estar altamente asociados 

con el establecimiento y la diversificación del microbioma intestinal. 

En el Capítulo 1, discutimos las moléculas microbianas y los mecanismos 

moleculares que constituyen esta interacción. 

En el Capítulo 2, investigamos los efectos del secretoma de la microbiota intestinal 

sobre la funcionalidad (o maduración) de las hPSC-HLC mediante el tratamiento de 

estas células, generadas utilizando diferentes estrategias en 2D o 3D, con un 

secretoma microbiano formulado in vitro en forma de medio condicionado. Nuestros 

resultados muestran que las HLC expuestas al medio condicionado presentan una 

mayor expresión de marcadores hepáticos (p.ej. HNF4A, CYP1B1, -3A4, -2C9, -2D6, 
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-2E1, CPS1, PPARA, TLR1, -2, -5, -6, etc.); conservan la actividad basal de CYP3A4 

y/o mostraban metabolismo inducible CYP3A4; mejoran la expresión de ALB; y 

aumentan la secreción de las proteínas hepáticas plasmáticas ALB y A1AT, en 

comparación con HLC no tratadas con el medio condicionado. 

Dado que las terapias celulares requieren una alta producción celular, en los 

Capítulos 3 y 4 desarrollamos bioprocesos escalables para la producción de HLC en 

forma de agregados celulares tridimensionales. 

En el Capítulo 3, implementamos una estrategia integrada para la producción a gran 

escala de hiPSC‐HLC, que combina la expansión y diferenciación en 3D de las hiPSC 

usando biorreactores de tanque agitado en modo de perfusión. Mediante este 

protocolo, las hiPSC son capaces de crecer en agregados 3D y las HLC resultantes 

expresan marcadores hepáticos típicos y exhiben características funcionales de los 

hepatocitos, incluyendo el almacenamiento de glucógeno y la capacidad de 

metabolización de fármacos. Además, la incorporación de un sensor de capacitancia 

en el sistema del biorreactor nos ha permitido demostrar por primera vez el potencial 

de la espectroscopia dieléctrica para monitorizar la expansión y diferenciación de 

hiPSC en los biorreactores de tanque agitado. Los resultados que obtuvimos 

mostraron una buena correlación entre la permitividad celular medida on-line y el 

biovolumen de los agregados medido por métodos estándar off-line.  

Con el objetivo de mejorar la expansión celular y el rendimiento de la diferenciación, 

en el Capítulo 4 optimizamos el bioproceso al mantener la concentración de oxígeno 

disuelto en niveles bajos (4% O2) durante la fase de especificación hepática. Hemos 

validado esta optimización para dos líneas celulares de hiPSC mejorando el 

rendimiento de producción de HLC (hasta 3.2x106 células/mL) y la eficiencia de 

diferenciación (> 80% células Albumina+) en comparación con condiciones no 

controladas (0.6×106 células/mL). Un análisis transcriptómico detallado de las HLC en 

diferentes etapas de maduración muestra que las hiPSC-HLC maduras difieren 

aproximadamente un 35% en su transcriptoma completo con respecto a hiPSC-HCL 

inmaduras. Estas diferencias incluyen vías relacionadas con el injerto celular, 

teniendo implicaciones en la capacidad celular para injertarse en andamios, ya que 

solo las HLC maduras pueden adherirse, proliferar y mantener su funcionalidad 

después de 14 días de cultivo. 
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Por último, en el Capítulo 5, presentamos una discusión general de los logros y 

conclusiones principales del trabajo realizado y delineamos futuras perspectivas a 

investigar. 

En conclusión, este estudio representa un importante primer paso hacia la generación 

de HLC derivadas de hiPSC más maduras y funcionales que, esperamos, harán que 

las terapias con células madre hepáticas sean una realidad tangible para los 

pacientes con enfermedad hepática en etapa terminal. También abre un nuevo 

cambio de paradigma en la bioingeniería de células madre y lo vincula con un campo 

inesperado, el microbioma humano. 
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1. The Human Liver 

1.1. Hepatic function and complexity 

In adult life, the liver is the largest solid internal organ and the biggest gland, 

comprising roughly 2-3% of the total body weight [1]. It is located below the diaphragm 

on the right side of the abdominal cavity and it is morphologically divided into two 

portions, a right and a left lobe as viewed from the front (diaphragmatic) surface, even 

though when seen from the visceral surface two additional lobes may be considered, 

the caudate and the quadrate lobes [2]. An alternative classification, based on liver’s 

functional anatomy, shows it to be divided into eight independent segments, each 

composed by approximately 1000 lobules and endowed with their own blood supply 

and biliary drainage [3,4]. Hepatic lobules, the anatomic units of the liver, are 

organized into irregular polygons demarcated by connective tissue and composed by 

plates of hepatocytes radiating outward from the central vein to the portal triads (i.e., 

hepatic arteriole, portal venule and a bile ductule) at the corners (Figure 1). 

Interestingly, it is estimated that the human liver contains approximately 1 million 

lobules [5] measuring around 1mm in diameter [6]. 

The liver is a unique organ in the sense that it receives a dual blood supply [1]. 

Approximately 75% of the liver's blood corresponds to venous blood that is drained 

from the spleen, gastrointestinal tract and its associated organs, and carried to hepatic 

tissues by the portal vein; the remaining 25% corresponds to oxygenated blood that 

reaches the acinus through the hepatic artery. Within the lobule, mixed arterial and 

venous blood enter the liver by the portal triads, flowing radially inwards towards a 

draining central vein through sinusoids. Bile secreted into canaliculi is directed in the 

opposite direction towards portal regions by specialized hepatocellular microvilli. 

Beyond its remarkable anatomical structure, the liver is a critical hub for numerous 

physiological processes and the most metabolically complex systems in the human 

body. Approximately 1-2 liters of blood bypass the liver per minute, which corresponds 

to one-fourth of the total cardiac output at rest in adults [1]. Its complexity is also 

reflected by recent transcriptomic and proteomic data showing the expression of more 

than 17396 genes, of which 238 genes were identified as liver enrichment genes, [7] 

and encoding more than 72% of all human proteins [8]. Therefore, it is not surprising 

https://www.sciencedirect.com/topics/veterinary-science-and-veterinary-medicine/hepatocyte
https://www.sciencedirect.com/topics/medicine-and-dentistry/microvillus
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that a fully mature liver is able to perform up to 500 different functions [9] such as 

anabolic and catabolic metabolism of macronutrients, detoxification of xenobiotics, bile 

and protein secretion, immune surveillance, among others [10]. 

Hepatocytes are the “metabolic factories” of the liver. They are the most predominant 

parenchymal cell type, accounting for approximately 80% of the adult liver mass [11]. 

They are polygonal, polarized and polyploid cells (20–30% tetraploid and octaploid 

[12,13]), perceived as a crucial adaption for high metabolic demand. However, liver 

functions are not exclusively performed by these cells, and rather result from finely 

tuned interactions between hepatocytes and the multiple non-parenchyma cells (NPC) 

that compose the hepatic tissue (i.e., liver sinusoidal endothelial cells, hepatic stellate 

cells, biliary epithelial cells (or cholangiocytes), kupffer cells (KC) and additional 

immune cell populations). 

Importantly, the liver is not a uniform mass of cells that performs all the above functions 

equally. In fact, most hepatic tasks are non-homogeneously carried out by different 

subsets of hepatocytes, a division of labor that is possible due to its remarkable 

property known as liver zonation. Liver zonation, a fascinating example of evolutionary 

optimization of function, corresponds to the spatial separation of the immense 

spectrum of different metabolic pathways along the acinus resulting into three distinct 

‘zones’ (zone 1, 2, and 3). Each zone possesses very specialized hepatocytes 

exhibiting morphological and metabolic heterogeneity. For instance, hepatocytes 

located in zone 1 (or periportal region) are the first and best perfused as well as the 

ones more devoted to oxidative metabolism (i.e., gluconeogenesis, lipid ß-oxidation, 

ureagenesis, bile and cholesterol synthesis), while pericentral hepatocytes (zone 3) 

are mostly implicated in glycolysis, glutamine synthesis, liponeogenesis, ketogenesis 

and detoxification. Finally, hepatocytes located at zone 2 (i.e., intermediate zone) 

show a mixed phenotype, preferably assuming the functional attributes of zone 1 

hepatocytes in the face of damage or loss of function. Understanding metabolic 

zonation and its regulation has been comprehensively reviewed from time to time 

[14,15], and culminated a little more than a decade ago with the discovery of Wnt/β-

catenin signaling as a master regulator of zonation in the adult liver [16,17]. More 

recently, the cell surface complex RSPO–LGR4/5–ZNF3/RNF43 was shown to direct 

Wnt/β-catenin signaling in this process [18,19]. Beyond the previous master 
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regulators, zonation is also dynamically regulated by various physical parameters like 

the gradient of oxygen [20] or by (patho)physiologic factors, the latter including 

nutrient/hormonal conditions [21], circadian rhythm [22], hepatitis C virus infection and 

systemic metabolic disturbances such as advanced non-alcoholic steatohepatitis 

(NASH) [23]. Interestingly, it has also been shown that several liver diseases have 

zonal preferences [24,25], and that the disturbance of liver zonation and its regulatory 

mechanisms may result in liver pathology and development of metabolic disorders 

[23]. These phenomena are deeply reviewed elsewhere [26]. 

The liver has long been recognized as a key metabolic organ that governs body energy 

status [10,27]. Briefly, during the postprandial phase, the liver converts glucose into 

glycogen and lipids, which provide metabolic fuels during fasting. In the fasted state, 

the liver produces and secretes glucose through both glycogenolysis and 

gluconeogenesis. The liver also converts fatty acids into ketone bodies, which provide 

additional metabolic fuels for extrahepatic tissues during fasting. The metabolic switch 

between the fasted and fed states in the liver is tightly controlled by neuronal and 

hormonal inputs. 

Perhaps the most sophisticated hepatic function is the capacity of metabolizing a wide 

range of xenobiotics, preventing the body from toxicity. Hepatic drug metabolism can 

be briefly defined by a three-phase set of enzymatic reactions that convert lipophilic 

products into more hydrophilic compounds, facilitating their elimination in the urine 

[28,29]. It occurs preferentially in the microsomes, lysosomes and cytosol of zone 3 

hepatocytes. Phase-I biotransformation reactions (also termed as nonsynthetic 

reactions) include oxidations, reductions and hydrolysis and are catalyzed mostly by 

enzymes belonging to the complex cytochrome P450 (CYP450) superfamily. Human 

CYP450 genes comprise more than 115 genes and pseudogenes members and are 

among the most extensively annotated mammalian genes, starting from CYP1A1 and 

ending with CYP51P3 [30]. Even though CYP450 enzymes are distributed throughout 

various tissues and organs in humans, including peripheral blood cells, platelets, 

aorta, adrenal glands, adipose tissues, nasal tissue, vaginal tissues, seminal vesicles, 

brain, lung and kidneys, it is in the liver and small intestine that they have their 

maximum expression. A very detailed meta-analysis reported that among all CYP450 

enzymes present in adult liver, CYP3A4 is the most abundant, followed by CYP2E1 
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and CYP2C9, representing approximately 22.1%, 15.3%, and 14.6% of the total 

CYP450 (based on protein content), respectively [31,32]. Apart from CYP450 

enzymes, other phase I enzymes include flavin-containing monooxygenases, 

monoamine oxidases, molybdenum hydroxylases, alcohol dehydrogenases, aldehyde 

dehydrogenases, aldo-keto reductase, NADPH:quinone reductases, and hydrolytic 

enzymes [28]. In phase-II, drugs or metabolites from phase I pathways are 

enzymatically conjugated with a hydrophilic group by different reactions including 

glucuronidation, sulfation, acetylation, methylation, conjugation with glutathione and 

conjugation with amino acids (e.g., taurine, glutamine, glycine). The UDP-

glucuronosyltransferases (UGTs), sulfotransferases, N-acetyltransferases, 

glutathione S-transferases, thiopurine S-methyltransferases and catechol O-

methyltransferases constitute the enzymes involved in this phase [28]. Finally, during 

phase III the conjugated xenobiotics may be further processed before being 

recognized by efflux transporters and pumped out of cells. ATP-binding cassette 

(ABC) and solute carrier transporters are among the major players in this process [28]. 

The liver intertwines with nearly every system in the body, and so it is prone to many 

multisystemic diseases. Liver failure after partial hepatectomy or the end-stage liver 

disease (ESLD) caused by acute or chronic insults results in decompensation in other 

organs including hepatic encephalopathy, variceal bleeding, kidney impairment, 

ascites, lungs issues, coma and eventually death. Fortunately, the liver is an extremely 

resilient organ and the only visceral tissue that possesses the capacity for 

regeneration. It is known that as much as 51% of the original liver mass can regenerate 

back to its full size [33]. The overall process of liver regeneration includes three 

phases: an initial priming stage where hepatocytes become sensitive to growth factors 

with the aid of some cytokines (e.g., TNF-α and IL-6); a second proliferative phase 

where the previous factors induce hepatocytes to re-enter in G1 phase; and a 

termination phase where hepatocytes will discontinue to proliferate to maintain normal 

liver mass and function. Beyond hepatocytes that contribute for their own 

maintenance, recent studies suggest the presence of both intrahepatic and 

extrahepatic stem/progenitor cell populations also serves to maintain the normal organ 

and to regenerate damaged parenchyma in response to a variety of insults [34]. For a 

better understanding of liver regeneration the reading of [35–37] is strongly 

recommended. 



33 
 

Another recent function attributed to liver is its role in immune system support. 

Immunity has long been attributed exclusively to KC, but hepatocytes are now also 

being acknowledged as key contributors. Zhou Z. and co-authors reviewed the 

proteins secreted by hepatocytes that might activate innate immunity. These proteins 

include bactericidal proteins able to directly kill bacteria, opsonins (e.g. CRP, SAP, 

etc.) that assist in the phagocytosis of foreign bacteria, iron-sequestering proteins (i.e., 

transferrin) capable of blocking iron uptake by bacteria, several soluble factors as 

regulators of lipopolysaccharide (LPS) signaling, interleukins (i.e., IL-6, IL-22, IL-1β 

and TNF-α), complement proteins (C1r/s, C2, C4, C4bp, C3, B, etc.) and the 

coagulation factor fibrinogen [38]. 

As discussed above, the liver is capable of the most extraordinary functions. Others 

like lipid storage, cholesterol and bile acid homeostasis, vitamin metabolism, urea and 

plasma protein synthesis, and even destruction of old or faulty red blood cells, were 

not neglected, just were not revisited here. 

The liver and its processes are well conserved among vertebrates, and when fully 

developed and matured they are imperative for life. But has it always been this way? 

Does a baby born with all these hepatic functions? Will the fetal liver be the same as 

the neonatal liver? And are these very different from an adult liver? While many 

authors have deeply reviewed the development of the liver, giving important insights 

into organ and tissue morphogenesis [39], less is known regarding the acquisition of 

hepatic functions and the mechanisms behind fetal to neonatal to adult liver 

remodeling. Mammalian tissues initially form and begin functioning in the embryo but 

are extensively remodeled after birth to rapidly adapt and perform adult functions. This 

process is especially relevant for the liver. 

 

1.2. The emerging liver 

During the last half of the 20th century, facilitated by an explosion in molecular biology 

techniques, novel imaging strategies and genome-wide bioinformatics, the embryonic 

development of the human liver has been decoded. Understanding its fundamental 

mechanisms was essential for developmental and cell biology, as it laid out the basis 

for stem cell research which ultimately may lead to more valuable therapeutic options 

in regenerative medicine. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/embryogenesis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/embryogenesis
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The embryonic liver development is characterized by a set of orchestrated events that 

enable: i) the proliferation and differentiation of progenitor cells that will constitute the 

main liver cell types; ii) its spatial rearrangement along the acinus and the 

development of hepatic lobules; iii) the generation of a complex network of intra and 

extrahepatic bile ducts; iv) the formation of the gallbladder; v) the onset of a complex 

vasculature and innervation system that, in combination with physiological maturation 

processes occurring throughout gestation, will build a functional tissue [40]. Due to 

ethical concerns, studies with human embryos are few and not always time accurate, 

but recent studies with animal models have shown to be elucidative regarding lineage 

relationships, signaling pathways and transcriptional programs that orchestrate 

hepatogenesis [39,41–43]. 

Briefly, after the commitment of the foregut endoderm, the human liver emerges by 

the 3rd to 4th weeks of gestation as a result of the hepatic diverticulum (or liver bud) 

organogenesis, a process remarkably conserved across vertebrate species (Figure 

1). The hepatic diverticulum is an out-pocket of thickened ventral foregut epithelium 

adjacent to the developing heart and represents the first structure bearing 

morphological signs of the embryonic liver. It will be composed by two distinct parts: i) 

the anterior portion (or pars hepatica) that gives rise to the liver and intrahepatic biliary 

tree; ii) the posterior portion (or pars cystica) which forms the gallbladder and 

extrahepatic bile ducts with no contribution to liver development in humans. By 23-26 

days of gestation (3-4 mm embryo), hepatic endoderm cells that from the hepatic 

diverticulum rapidly grow and invade the adjacent septum transversum mesenchyme 

(STM), allowing hepatic specification of the hepatic diverticulum (Figure 1). Signals 

from STM, such as FGFs and BMPs, are required for this process. Immediately after, 

by 31-56 days of gestation, hepatoblasts (i.e., the bipotential hepatic progenitors) 

proliferate and sinusoids expand, being these events characteristic of the hepatic 

diverticulum outgrowth. Finally, from 56-58 to ~210 days of gestation, hepatoblasts 

differentiate into hepatocytes or cholangiocytes (from the intra or extrahepatic bile 

ducts). Differentiation into hepatocyte lineage requires a core transcription factor 

network that includes HNF1α, FOXA2, HNF4⍺1, HNF6, and LRH-1 [44]. The 

subsequent and final step of hepatocyte maturation requires other factors like 

oncostatin M (OSM), glucocorticoids, HGF and Wnt. A more detailed review of these 

mechanisms can be found at [39,42]. 
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Interestingly, since the termination of hepatic lineage differentiation (by day 210 of 

gestation) till the end of the gestational period (~266-288 days) only ~56-80 days have 

passed, which corresponds to the period of hepatocyte maturation in utero [42]. Is it 

enough time to mature the “metabolic factories” of the liver? Are hepatocytes 

functional during and after gestation? Is the newborn liver capable of supporting life? 

How are hepatic functions acquired? 

During fetal life, the liver takes up a very large portion of fetus’s abdominal cavity. 

Szpinda M. et al., elegantly described the rapid volumetric growth of liver in human 

fetuses, reporting an increase in liver weight from 3.09 ± 0.27 g in fetuses aged 12-13 

weeks to 161.94 ± 37.78 g in fetuses aged 41-42 weeks [45]. During the gestational 

period, fetal liver grows dramatically and becomes a pivotal organ involved in 

fetoplacental metabolism. However, these rapid modifications seem not to follow its 

maturation process. Most hepatic functions that we know from the adult liver, which 

are extremely essential for life, are absent in the fetus. Fetal liver immaturity might be 

related with fetus’s dependency of a maternal body supporting basic fetal functions 

like nutrition and filtration, or simply because the acquisition of liver functions requires 

more time and needs other stimuli different from those present during uterine life. 

However, the fetal liver shows other important functions that are not seen in adults. 

Hematopoiesis, for example, is the main function of the liver during a considerable 

period of mammalian prenatal development. By 5-7th weeks of gestation (10 mm 

embryo), soon after hepatoblasts invade the SPM, the fetal liver is colonized by 

hematopoietic stem cells (HSC) and transiently becomes the major hematopoietic 

organ. By the 2nd trimester of gestation, the hematopoietic activity increases drastically 

and approximately 60-70% of the hepatic parenchyma is populated by HSC, mainly 

due to the optimal hematopoietic environment/niche created by fetal liver hepatic 

progenitors [46] (Figure 1). Interestingly, these HSC appear to be essential for 

hepatocyte maturation as well because they secrete OSM, responsible for several 

hepatic cellular responses. In fetal liver, hematopoiesis has a distinct zonal 

distribution; while the production of erythroid cells is found within the sinusoid (or 

“bessis islands”), myelopoiesis is located mainly around the vascular structures within 

the portal triads [47]. 

https://www.sciencedirect.com/topics/neuroscience/erythropoiesis
https://www.sciencedirect.com/topics/neuroscience/erythropoiesis
https://www.sciencedirect.com/topics/neuroscience/erythropoiesis
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By the 24th week of gestation, hematopoietic activity starts to decrease gradually until 

birth, beginning translocation to the bone marrow. More on hepatic hematopoiesis can 

be found at [48,49]. 

Besides hematopoiesis, the fetal liver ensures blood circulation in the fetus, being 

often described as a “cardiovascular tissue” [50]. Briefly, the fetal liver receives 

oxygen-rich blood from the umbilical vein, shunting it via ductus venosus to the inferior 

vena cava and then to the fetus’s heart, where it is pumped to all tissues. By this time, 

the fetal liver is bi-lobed that seem to function independently with respect on the 

microcirculation [40]. The right side of the liver is perfused with less well-oxygenated 

blood, mainly originated from portal blood, and has a greater role in hematopoiesis, 

while the liver’s left side receives blood mainly from the umbilical vein (Figure 1), 

exhibits a higher content of oxygen-dependent enzymes, and therefore is more active 

in drug metabolism [51]. 
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Figure 1. Human liver development. During embryogenesis, the first sign of human liver development corresponds to the 
formation of the hepatic diverticulum after the commitment of foregut endoderm. Throughout gestation these hepatic progenitor 
cells, known as hepatoblasts, differentiate into hepatocytes or cholangiocytes, which culminates with the development of hepatic 
lobules. The fetal liver also supports hematopoiesis, peaking at the 2nd trimester and declining until birth. The maturation of liver 
cells happens during the last moments before birth, which is not sufficient to establish all hepatic functions that are imperative for 
adult competence. 
 

What about the other liver functions? Is a fetal liver capable of xenobiotics 

detoxification, nutrient metabolism, or even protein production? 

The dogma that considers the placenta as an impenetrable barrier against most drugs 

is now broadly questioned. For some years now it has been shown that nearly all drugs 

administered during pregnancy will enter, to some degree, the fetal circulation via 

passive diffusion. In fact, approximately 75% of umbilical venous blood passes through 

the fetal liver [51]. This contains maternal-derived xenobiotics and drugs that are 

metabolized by the fetal liver, preventing the fetus from cardiac and neuronal toxicity. 

Therefore, it is not surprising the fetal liver might present some drug detoxification 

capacity. Recent studies on human fetal liver biopsies have confirmed these beliefs. 

Enzymatic expression levels of CYP450 were detectable in the fetus’s liver, and its 

expression was relatively stable throughout gestation but represented only ~30% of 

the levels detected in adulthood. These findings are not surprising given their role in 

modulating levels of endogenous substrates involved in fetal homeostasis, growth, 

and differentiation. By 1 year of age, CYP450 reach expression levels comparable to 

those of adults [52,53]. Within the CYP450 superfamily, individual CYP450 enzymes 

demonstrate significant differences in expression and activity in the fetus and neonate 

compared to adults, resulting in vastly different metabolic profiles between neonates 

and adults [28,54]. As an example, CYP3A7 (involved in steroid metabolism) accounts 

for up to 50% of total hepatic fetal CYP450 content, whose expression is replaced by 

CYP3A4 during the first year of life [55]. Others like CYP1A1 and CYP2D6 have also 

been detected in the human fetal liver [55]. Regarding phase-II enzymes, neonates 

show a reduced enzymatic glucuronidation capacity, as demonstrated by their limited 

ability to conjugate bilirubin during early postnatal life, resulting often in 

hyperbilirubinemia. Coughtrie M. W, et al., reported the fetal liver has low expression 

levels of hepatic UGT enzymes, and these developed postnatally reaching about 25% 

of adult levels by 3 months of age [56]. For a detailed revision on fetal hepatic drug 

elimination the following study is suggested [55]. 
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Fetal energy needs are primarily supported by the transplacental transfer of maternal 

glucose to the fetus [57]. Therefore no significant levels of gluconeogenesis by the 

fetus is documented under physiological conditions, even though all the machinery 

necessary for gluconeogenesis is well developed by the eighth week of gestation [58]. 

For example, the hepatic glucose-6-phosphatase activity, the final enzymatic step in 

glycogenolysis and gluconeogenesis, is significantly reduced in the fetus, increasing 

to 10% of adult levels by term and reaching adult levels by 3 days of age [59]. 

Fetal plasma protein synthesis is also dissimilar from those found in adults. The main 

serum protein produced by the fetal liver is alpha-fetoprotein (AFP), whose plasma 

concentration peaks at the end of the first trimester, but its synthesis dramatically 

ceases after birth and is replaced by albumin (ALB) as the most produced plasma 

protein [60]. The role of AFP during prenatal development remains unknown, even 

though it is postulated it could be a carrier protein similar to ALB. Other research 

suggests AFP may also take part in bilirubin metabolism [61] and regulate T cell 

immunity [60]. In mice, AFP has been found to have high affinity to estradiol and so it 

can sequester estrogens found in maternal blood, preventing the female brain from 

high exposure to estrogens and ensuring the male brain is mostly exposed to estradiol 

obtained from testosterone aromatization. AFP is particularly important to imprint 

prenatal brain sexual dimorphism in mice [62], however human AFP has low affinity to 

estrogens [63], raising questions regarding its true purpose in humans. Additionally, 

the synthesis of other plasma proteins, such as coagulation proteins, is only intensified 

following birth. 

The liver is crucial for life but it seems quite immature throughout gestation. 

Surprisingly, during the first weeks of life the liver experiences a wide range of dramatic 

changes that promote its maturation through the performance of various function 

aimed at ensuring newborn survival. But what triggers liver maturation during the early 

postnatal period? 

 

1.3. Liver remodeling after birth  

The transition from a fetus to a newborn is the most complex adaptation that occurs in 

human experience [64]. Beyond the rapid adaptations for breathing, the newborn must 

also quickly control its energy metabolism and thermoregulation. The newborn liver 
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must rapidly adapt and mature to face this challenging new life. Here we briefly revisit 

some of the environmental and molecular factors that promote hepatocyte 

differentiation and maturation, as previously identified by Chen et al. [65] (Figure 2). 

 

 

 
Figure 2. Postpartum changes involved in hepatic maturation. Environmental, cellular and molecular factors that play a part 
in postpartum liver maturation. Abbreviations: HMO, human milk oligosaccharide. 
 

1.3.1. Circulation and Oxygenation 

At birth, the placental circulation is abolished, and as the newborn becomes hypoxic 

the lungs expand for the first time, commencing pulmonary function and eliminating 

the need for gas exchange through the placenta. And so, elements that partake in 

hepatic fetal circulation are no longer needed, such as the extra abdominal portion of 

the umbilical vein and the ductus venosus. In utero, liver perfusion is predominantly 

carried out by the umbilical vein branches, with a smaller contribution coming from the 

hepatic artery and portal vein [66]. After birth there is a marked decrease in umbilical 

venous pressure, and within the first days the ductus venosus closes as a 

consequence of intracardiac pressure changes and decreased circulating 

prostaglandins [67]. Interestingly, as a consequence of the fetal blood vessels’ 

degeneration, the remnants of the umbilical vein and ductus venous will give rise to 

the ligamentum teres and ligamentum venosum in the liver, respectively. The neonatal 

liver circulation will now be ensured solely by the hepatic artery and the portal system, 
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the latter representing the greatest contribution of all liver blood flow [68]. In fact, with 

the beginning of the intestinal function portal trunk doubles its caliber within the first 3 

weeks [69]. Since the portal trunk is directed towards the right, the portal circulation 

will preferentially supply blood to the right lobe, as opposed to the umbilical circulation, 

and so this will result in a noticeable postnatal change in liver morphology that favors 

an enhanced growth of the right liver half [69]. 

These dramatic postpartum changes in liver circulation certainly have consequences 

for hepatic function, physiology and maturation, which till date have not yet been fully 

unveiled in the neonate. However, several in vitro studies showed that oxygenation 

increased ALB and urea synthesis in rat hepatocytes [70]. Additionally, oxygen is 

known to regulate metabolic zonation in the normal liver and under pathological 

conditions [20,71], and the shear stress was described to increase function of liver 

parenchymal cells, for example, through polarization [72]. 

 

1.3.2. Nutrition 

After birth the baby no longer receives intravenous fully processed nutrients from the 

mother, and so initiation of the digestive and intestinal functions is essential to acquire 

the necessary nutrients. Birth also imposes dramatic changes upon the newborn diet. 

During pregnancy, the fetus primarily receives glucose and amino acids from maternal 

blood as well as lactate synthesized in the placenta. Even though the human placenta 

is permeable to free fatty acids, the supply of glucose and amino acids is sufficient for 

oxidative metabolism and fetal growth [73]. After birth, the high-carbohydrate low-fat 

diet that characterizes fetal nutrition is replaced by a low-carbohydrate high-fat diet as 

a consequence of suckling. 

As the newborn awaits absorption of the new source of nutrients from the milk, 

glycogen and lipid stores are rapidly exhausted, which briefly leads to hypoglycemia 

[74]. This transient starvation period results in alterations of pancreatic hormone 

levels, namely a decrease in insulin concentration and a rise in glucagon secretion. 

Essentially, this endocrine response to the stress associated with birth will onset 

various metabolic adaptations that prepare the liver for extrauterine life. In particular, 

recovering and maintaining normal glycemia levels requires intensification of glucose 
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production through gluconeogenesis. Lactose is the only carbohydrate present in milk 

and its hydrolysis yields insufficient glucose to cover the newborn’s needs, even when 

galactose is used as a gluconeogenic substrate [73]. Contrary to the fetal liver, the 

neonatal liver readily harnesses the ability to synthesize glucose from lactate, pyruvate 

and amino acids following birth, especially owed to an increase in activity of the 

gluconeogenesis rate-limiting enzyme phosphoenolpyruvate carboxykinase (PEPCK), 

that occurs in response to a shift in insulin/glucagon molar ratio [75]. 

Owing to the high-fat content of milk, newborns must develop ways to cope with a 

much larger amount of free fatty acids, that were practically absent during uterine life. 

This requires coordinated regulation of genes involved in fatty acid catabolism and 

ketogenesis. In fact, postnatal development of fatty acid oxidation and ketone body 

production is closely related with the appearance of the mitochondrial carnitine 

palmitoyltransferase (CPT) system and 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) 

synthase [76]. Neonatal energy metabolism is particularly dependent upon 

peroxisome proliferator-activated receptor-alpha (PPARα) transcriptional regulation. 

In mice, the genes required for lipid catabolism were found to be transcribed before 

birth under PPARα control, as to prompt efficient energy production from lipidic milk 

substrates [77]. Fatty acid catabolism not only yields higher energy amounts, it also 

provides essential co-factors (acetyl-CoA and NADH) to support gluconeogenesis in 

the liver [73]. Interestingly, the balance between glucose production and oxidation is 

insufficient to meet neuronal needs [78], and since fatty acids are unable to cross the 

blood brain barrier, the neonatal liver forcefully has to adapt and provide an additional 

source of metabolic fuels. Such source comes from ketone body production, which is 

vigorously intensified in the neonate with a turnover rate comparable to those found in 

adults after several days of total fasting [79]. 

 

1.3.3. Molecular Regulation 

Hepatocyte identity is controlled by diverse genetic and molecular mechanisms, 

ensuring proper lineage specification, differentiation and maturation. Hepatic 

transcriptional programming is not only regulated by a vast repertoire of transcription 

factors (e.g., C/EBPα, HNF1α, HNF4α, FOXA family, HNF6) [80], but also by post-

translational modifications like alternative splicing (e.g., SRSF3 and ESRP2) able to 
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control hepatocyte hypertrophic growth, polyploidization and postnatal fetal-to-adult 

isoform switch [81,82]. In particular, polyploidization only becomes evident after birth 

[83], and unlike most human cells hepatocytes can become tetraploid (4n) and even 

octoploid (8n). Hepatic polyploidy is typically associated with senescence, terminal 

differentiation and maturation, even though it has been suggested as a way of 

enhancing tissue-specific functions [84], a clear advantage in the liver due to its vast 

catalogue of functions. Besides genome-wide adaptations, gradual decreases in 

membrane fluidity [85] and alterations is extracellular matrix composition [86] also 

seem to contribute for postnatal hepatocyte maturity. 

 

1.3.4. Microbiome 

Efforts in characterizing the composition and functionality of microbial communities in 

the first years of life have undoubtedly elucidated the assembly and maturation of gut 

microbes during this critical time frame is necessary for proper physiological 

development. Although some support prenatal microbial colonization via 

extraembryonic tissues/fluids [87,88], others only detected meaningful traces of 

microbial communities after birth [89]. Notwithstanding, postnatal events such as 

delivery, early feeding practices and environmental exposures are the greatest 

contributors for postnatal gut colonization and progressive functional maturation [90]. 

Among all organs, the liver is likely to receive the greatest amount of macro and 

micronutrients that are actively produced by gut microbes, which is made possible due 

to its proximity to the gut via the portal system.  

The implications of human intestinal microbiome on the acquisition of adult hepatic 

function and maturation are addressed extensively in the following chapters. 
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2. Unraveling the crosstalk between gut and liver 

The term “gut-liver axis”, first described in the 1980s [91,92], refers to the bidirectional 

communication between the gut (with its microbiota) and the liver, in which there is an 

active participation of signals from dietary, genetic and environmental origin (Figure 3 

a). In the past decade, strong evidence from both animal models and clinical studies 

have suggested perturbations to the gut-liver axis influence liver disease progression, 

namely in non-alcoholic fatty liver disease (NAFLD), non-alcoholic steatohepatitis 

(NASH), alcoholic liver disease (ALD), cirrhosis and hepatocellular carcinoma (HCC) 

[93]. The burden of these gastrointestinal-associated liver diseases has, 

consequently, placed the gut-liver axis on the scientific agenda. While much is known 

about its role in disease [94], its physiological contribution to liver development and 

homeostasis is less appreciated. 

The liver and the gut are connected by the biliary tract and the portal venous system. 

The common bile duct joins the pancreatic duct at the anatomical transition from 

foregut to midgut, known as the hepatopancreatic ampulla, where both bile and 

pancreatic enzymes are allowed to enter the major duodenal papilla during the 

postprandial period (Figure 3 b). In particular, the bile contains bile acids that aid lipid 

and fat-soluble vitamin emulsification, solubilization and absorption along the ileum. 

Due to its finger-like evaginations (i.e., villi), the gut is one of the body’s largest 

interfaces, where host, environmental factors, antigens and microorganisms interact 

(Figure 3 c). Among the players involved, bile acids, for instance, can instruct 

enterocytes to produce antimicrobial agents during periods of increased microbial 

exposure, and so mediate gut eubiosis [95]. Most of these bile acids (~ 95%) will return 

to the liver through the portal venous system to be recycled and secreted back to the 

biliary tract, completing the so-called enterohepatic circulation. The portal venous 

system is established early on, between the 4th and 12th weeks of gestation [96,97], 

and is responsible for toxin and nutrient drainage from the gastrointestinal tract to the 

liver. In fact, portal blood flow represents 75% of the total hepatic blood flow, with 

approximately one liter of blood reaching the liver per minute in healthy individuals 

[98]. Apart from reabsorbed bile acids, nutrients and minerals, a vastly rich repertoire 

of microbial metabolites also travels along the portal circulation (Figure 3 d). Once 

they reach the liver, these molecules are sensed by specific hepatocyte receptors and 
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initiate distinct signal transduction pathways that result in multiple cellular responses 

(Figure 3 e, f). Below, we briefly introduce the microbial communities that inhabit the 

gut and enumerate compounds they produce that might reach and influence the liver 

parenchyma. 

 

Figure 3. The gut-liver axis. The bidirectional communication between gut and liver (a) is intensified soon after birth and persists 
throughout life. The liver is anatomically connected with the gut via the hepatopancreatic ampulla (or ampulla of Vater) and 
provides it with bile acids to ease lipidic nutrient digestion and absorption and antimicrobial molecules to prevent bacterial 
overgrowth (b). In turn, microbes inhabiting the gut produce a wide variety of compounds (e.g., short-chain fatty acids, aminoacid 
catabolites, secondary bile acids, vitamins, and small bioactive peptides) that are absorbed across the intestinal lumen (c) and 
reach hepatic sinusoids in the liver via portal vein circulation (d, e). These microbial-derived metabolites are sensed by receptors 
localized at the plasma membrane of hepatocytes, influencing the parenchyma in multiple ways (f). Abbreviations: FXR, farnesoid 
X receptor; GPCRs, G protein-coupled receptors; SCFAs, short-chain fatty acids; TLRs, Toll-like receptor. 

 

2.1. The gut microbiota 

It is estimated that, during a lifetime, around 60 tons of food pass across the gut, along 

with high amounts of environmental toxins and microorganisms. These external inputs 

take part in the development of gastrointestinal’s immunity and establish its unique 
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microbial community, the gut microbiome, which refers to the collection of bacteria 

(bacterial microbiome), archaea (archaeal microbiome), fungi (mycobiome), protists 

(meiofauna) and viruses (virome). The Human Microbiome Project, launched by the 

NIH in 2007, has been providing a comprehensive identification and characterization 

of the human microbiome [99]. There are circa 100 trillion of microorganisms inhabiting 

the human gut, which encompasses more than ~ 10 times the number of human cells 

in the body [100]. Such an ecosystem is unique simply because it allows cooperative 

growth and maturation of many species that exist nowhere else together in nature. 

Some authors even acknowledge the gut microbiome as a ‘forgotten organ’ or ‘hidden 

organ’ [101], since it collectively encodes 500 times more genes than the human 

genome [99,102], and can regulate a complex framework of metabolic activities equal 

to a virtual organ. 

Gut microbes have a remarkable organization along the intestine, which is determined 

by physiological variations along its length such as pH and oxygen gradients, 

antimicrobial concentration, nutrient competition with the host, and the establishment 

of an indirect contact with the intestinal epithelium [103]. The later, are sealed tightly 

together and are protected against microorganisms by a thick layer of mucus, thus 

avoiding local inflammation and systemic translocation. Nonetheless, this barrier is 

selectively permeable to a wide variety of microbial metabolic products, so-called 

postbiotics, that can influence the host in numerous ways not only in the gut but also 

throughout the body, including the liver. 

 

2.2. Microbial molecules from the gut and their effect on 
the liver 

The current knowledge about the composition and organization of microbial 

communities inhabiting us vastly surpasses the knowledge about microbial molecules 

produced by these communities and their importance on human physiology. The gut 

microbial metabolome is complex as nutrient biotransformation requires community-

level interactions in which different microbes and even the host have specific roles 

within each metabolic pathway. 

We currently have only a loose grasp of the full spectrum of the gut microbiome 

metabolome, even though significant efforts have been made to crack the "black-box". 
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Biological function mapping of metagenomic sequences, targeted or/and untargeted 

metabolomics, integrating pathway prediction into the metabolomics workflow and 

even using systems biology approaches have proven robust tools to identify 

physiologically relevant classes of microbial metabolites. Readers are referred to the 

recent article by Donia et al, which reviewed some of the major gut microbiome-

derived metabolites identified to date and the methodologies used to identify those 

molecules [104]. Here, we highlight the key microbial molecules that participate in gut-

liver crosstalk and have proven to play a role in hepatic function. Table 1 

comprehensively presents these metabolites and their hepatic molecular targets 

identified. 

 

2.2.1. Short-chain fatty acids 

Various soluble dietary fibers and resistant starch that escape digestion can be 

fermented by gut saccharolytic microbes, which harbor a broader range of 

carbohydrate-degrading enzymes. Bacterial fermentation of undigestible fibers mainly 

produces short-chain fatty acids (SCFAs) [105], a subset of fatty acids with 6 or less 

carbon atoms in their backbone. Around 500-600 mmol of SCFAs are produced in the 

gut every day [106], depending on dietary fiber consumption, and among these, 

acetate (C2), propionate (C3) and butyrate (C4) account for >95% of intestinal SCFA 

content [105]. 

In the gut, SCFAs maintain intestinal barrier integrity [107], mediate mucus secretion 

[108] and gut immunity [109]. SCFAs also fuel colonocyte metabolism, especially 

butyrate, which provides up to 70% of its energy through β-oxidation [110]. In fact, the 

colonic epithelial layer of germ-free mice is under an energy-deprived state that 

promotes colonocyte autophagy [111]. 

Animal studies using 13C radiolabeling have demonstrated absorbed SCFAs can be 

transported into the portal circulation [112], from where they can reach various organs. 

In humans, portal blood contains on average 258 μM of acetate, 88 μM of propionate 

and 29 μM of butyrate, but these concentrations drop in hepatic venous circulation to 

115 μM, 21 μM and 12 μM, respectively [105]. Peripheral blood concentration is even 

lower and so, compared to other tissues, the liver receives the greatest proportion of 



47 
 

microbial SCFAs. Hepatic gene expression can be regulated by SCFAs, as they 

control various metabolic pathways involved in lipogenesis [112,113], lipolysis or fatty 

acid oxidation [114–119], gluconeogenesis [120,121] and insulin sensitivity [116–118]. 

SCFAs might influence hepatic metabolism via interaction with the G-protein coupled 

receptors GPR43/FFAR2 and GPR41/FFAR3 [122], but also by regulating histone 

deacetylases [113,116] and hormone levels [117,123]. Fluxomics analysis have also 

revealed SCFAs can simply serve as intermediate substrates in de novo lipid 

[112,113], cholesterol [124] and glucose [124,125] synthesis in the liver. 

Besides this, SCFAs have also been reported to influence stem cell fate. It has been 

shown the invaginated architecture of the intestinal epithelium, together with a natural 

limiting gradient imposed by diffusion, allows the majority of butyrate to be absorbed 

by the surface layer of differentiated colonocytes, thus shielding stem/progenitor cells 

from this metabolite that would otherwise suppress their proliferative capacity [126]. In 

turn, acetate is involved in goblet cell differentiation, besides increasing their mucin 

production and its glycosylation [127]. As the liver is a privileged site enriched in SCFA 

content, it is tempting to speculate their role in hepatic commitment and specification, 

similar to what happens in the gut. In vivo data is lacking to support such an 

hypothesis, but in vitro butyrate has shown capable of promoting hepatic endoderm 

specification of human pluripotent stem cells (hPSC) [128,129] and hepatic 

transdifferentiation of human fibroblasts [130]. 

 

2.2.2. Amino acid catabolites 

Unlike some carbohydrates, protein fermentation in the gut can be carried out by the 

host or the microbiome [131], which brings into question the role of the microbiota in 

protein metabolism and renders distinction of the metabolite source more difficult. 

Typically, proteins that escape digestion by host proteases can be taken up by colonic 

bacteria to synthesize microbial proteins or catabolized through different pathways. 

Bacterial metabolites from protein catabolism positively correlate with longer transit 

times, and so only after depletion of carbohydrates occurring in the proximal to the 

distal colon transition causes bacteria to switch from carbohydrate to protein 

metabolism [132]. Protein fermentation can yield a wider range of metabolites, 
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including SCFAs, branched-chain fatty acids (BCFAs), ammonia, amines, hydrogen 

sulfide, phenols and indoles [131]. 

The most striking way microbial protein metabolism impacts the host is via aromatic 

amino acid (AAA) catabolism, which by far yields the more diverse set of metabolites, 

such as indolic and phenolic compounds. The essential amino acid tryptophan is 

catabolized by commensal bacteria resulting in several molecules, such as tryptamine, 

indole, indole-3-acetic acid (IAA), indole-3-propionic acid (IPA) and skatole. Microbiota 

undoubtedly plays a role in systemic tryptophan balance, as corroborated by the fact 

germ-free mice have increased levels of circulating tryptophan [133]. Indole appears 

to be the most abundant microbial tryptophan catabolite in the gut averaging 2.59 mM 

[134], even though other derivates are still present in a μM range [135]. In the gut, 

tryptophan catabolites induce secretion of glucagon-like peptide 1 by enteroendocrine 

cells [136], serve as ligands of the aryl hydrocarbon receptor (AhR) to stimulate 

mucosal defense [137] and decrease intestinal permeability via pregnane X receptor 

(PXR) activation [138]. Nonetheless, tryptophan-derived compounds have been 

detected in human serum (indole: 0.72 μM [139]; IAA: 1.30 μM [140]; IPA: 1.01 μM 

[140]), suggesting a potential systemic effect. Particularly in the liver, these 

metabolites can act via AhR to reduce inflammation [141,142] by modulating the NF-

κB pathway [143,144] and attenuate cytokine-mediated lipogenesis [141,144]. 

Moreover, indole [145–148], IAA [149] and skatole [145,146,150,151] can interact with 

various detoxification enzymes. Besides tryptophan, bacteria can also metabolize 

phenylalanine and tyrosine. The systemic effects of phenylalanine catabolites on host 

physiology are not yet clear, even though phenylacetic acid was found elevated in 

non-diabetic obese women with hepatic steatosis [152]. Tyrosine catabolism mainly 

yields phenolic compounds, in particular p-cresol (or 4-methylphenol), a known uremic 

toxin elevated in chronic kidney disease [153]. p-cresol is metabolized in the liver, 

thereby interacting with various detoxification enzymes and drug transporters 

[149,154,155], and can be traced in urine averaging a concentration of 10.54 μM [156]. 

 

2.2.3. Secondary bile acids 

The bile acid fraction that escapes absorption (~5%) enters the large intestine and is 

metabolized by gut microbes, which transforms primary to secondary bile acids via 
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reactions including deconjugation, 7⍺-dehydroxylation, oxidation, epimerization, 

esterification and desulfation [157]. These transformations ultimately yield over 50 

different secondary bile acids [158], which notably increases the chemical diversity of 

the bile acid pool. As expected, in germ-free mice the bile acid pool is mainly 

composed of primary bile acids [159]. Among secondary bile acids, deoxycholic acid 

(DCA), lithocholic acid (LA) and ursodeoxycholic acid (UDCA), as well as its derivates, 

account for the majority of bile acids present in the cecum, reaching a concentration 

of up to 1 mM [160]. They are then either absorbed by passive diffusion or excreted in 

feces. 

Over the past decades, not only primary but also secondary bile acids have been 

recognized as signaling molecules. Bacterially modified bile acids were shown to 

modulate gene expression as well as alter cell survival and proliferation. Perhaps the 

most well-known example is bile acid synthesis regulation, which is under negative 

feedback control through farnesoid X receptor (FXR) activation. Both DCA and LA 

serve as agonists to the hepatic FXR, resulting in CYP7A1 inhibition, the rate-limiting 

enzyme in bile acid synthesis, thus repressing overall de novo synthesis [161]. Albeit 

to a lesser extent, DCA has proven capable of also inhibiting other enzymes involved 

in bile acid synthesis, such as CYP8B1 [162] and CYP27A1 [163],through FXR-

independent mechanisms [164]. Interestingly, LA has been reported to function mainly 

as a FXR antagonist, inhibiting bile salt export pump (BSEP, encoded by ABCB11) 

that consequently represses bile acid transport to bile canaliculi [165]. Unlike its more 

hydrophobic counterparts, the secondary bile acid UDCA poorly interacts with FXR 

[166]. However, the hydrophobicity of bile acids can be toxic to hepatocytes, and so 

their proper clearance (either excretion or reconjugation) is of utmost importance. In 

particular, LA can activate PXR [167–169] and vitamin D receptor (VDR) [170], which 

induces expression of genes involved in detoxification of xenobiotics. 

Aside from nuclear receptors, bile acids have also been reported to interact with the 

G-protein receptor TGR5 [171] in peripheral tissues, particularly in brown adipose 

tissue, where TGR5 activation increases intracellular cAMP levels to promote energy 

expenditure [172]. Even though TGR5 is solely expressed in hepatic nonparenchymal 

cells [173], secondary bile acids can serve as ligands in mitogen-activated protein 

kinase pathways [174,175] and still be able to regulate hepatic energy metabolism. 
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Dysregulations in gut-liver crosstalk mediated by secondary bile acids may be 

detrimental to hepatocytes, ultimately compromising cell viability and liver function. 

DCA elevations induce apoptosis [176–178] and oxidative stress [177,179,180] in 

hepatocytes, while UDCA is hepatoprotective during liver injury by promoting cell 

survival [181–184] and acting as an antioxidant agent [179,185,186]. Nonetheless, the 

coordinated action of bile acids is critical during tissue- and even organ-level response 

to hepatic injuries, as shown by a reduced liver regrowth following partial hepatectomy 

in FXR-/- mice [187]. This effect is particularly evident for secondary bile acids 

[188,189]. 

 

2.2.4. Vitamins 

Vitamins participate in vital biochemical reactions in almost every cell of the human 

body. Human cells are unable to synthesize them in sufficient quantities to meet their 

needs, so vitamin acquisition is heavily reliant upon diet. Surprisingly, gut bacteria 

regulate both biosynthesis and metabolism of several essential vitamins.  As of the 

establishment of the first germ-free animals, the role of gut microbes as a source of 

vitamins has become evident, since these animals require dietary vitamin 

supplementation [190], especially B and K vitamins, which is not needed by their 

eubiotic conventional counterparts. 

Despite B vitamins being mainly absorbed across the small intestine, there is an 

additional source of B vitamins absorbed along the colon, and these are mainly from 

bacterial origin. A comprehensive study analyzed genome annotations of 256 common 

gut bacteria and revealed an intricate cooperation between bacteria across distinct B 

vitamin biosynthetic pathways [191]. It also became clear that gut-resident bacteria 

cannot provide the host with the daily recommended intake of B vitamins, and even 

those that are produced in higher amounts (e.g., pyridoxine, folate and niacin) are 

possibly taken up by host-competing microbes in order to ensure cooperative 

ecosystem survival. Nonetheless, microbial B vitamins likely impact host health, as 

illustrated by the fact infantile malnutrition has been associated with a gut microbiome 

underrepresented of bacteria involved in niacin/NADP biosynthesis [192]. In fact, B 

vitamins shape the gut environment in numerous ways. For instance, thiamine is 

needed for B cell immunometabolism [193], pyridoxine/folate participate in host-
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microbiome drug co-metabolism [194] and cobalamin influences microbe fitness [195]. 

Notwithstanding, microbial B vitamins can enter systemic circulation and reach 

peripheral tissues. At a cellular level, B vitamins can function as coenzymes in a 

myriad of biological processes, namely those related with carbohydrate [196,197], fatty 

acid [197–199], glucose [198], amino acid [197,200,201] and nucleic acid metabolism 

[201]. When taken up by liver parenchymal cells they can even have additional roles, 

such as to prevent inflammation and oxidative stress [202–207], promote cell survival 

[208–210], reduce lipid accumulation [211–214], control glucose levels [214,215], or 

simply stored [216]. It remains to be elucidated, however, if B vitamins from microbial 

origin have different roles from those of dietary origin in the liver. 

Similar to B vitamins, K vitamins are essential nutrients for host health. The various 

forms of vitamin K are related with the length and degree of saturation of their quione 

ring side-chain. While vitamin K1 (or phylloquione) is obtained exclusively through diet, 

vitamin K2 (or menaquione) can be obtained either from selected foods or from gut 

bacteria. Nonetheless, the proportion of microbial vitamin K2 that enters portal 

circulation is likely low [217], as the majority of vitamin-K2 producing bacteria reside in 

the colon and, due to the fat-soluble nature of K vitamins, their absorption requires bile 

acids that are mainly localized in the small intestine. All forms of vitamin K serve as 

cofactors for enzymes involved in the biosynthesis of anti-coagulant factors, a process 

that primarily takes place in the liver [218,219]. Interestingly, vitamin K2 has shown to 

have a positive impact in in vitro differentiation [220] and maturation [167,220] of 

hPSC-derived hepatocytes, which is associated with PXR activation and increased 

gap junction intracellular communication. This could allude to a potential role of vitamin 

K2 during prenatal and postnatal liver development, with a partial contribution coming 

from the gut microbiome.  

 

2.2.5. Microbial-derived peptides 

Host-microbiome mutualism does not exclusively involve metabolic and nutritional 

aspects, but also includes the interaction between the microbiota and immunity. In 

recent years, numerous studies have revealed the molecular mechanisms 

orchestrating this crosstalk with the immune system and redefined how the 

microbiome can promote health and mediate critical illness [221,222]. In particular, 
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studies on germ-free animals have proved that the gut microbiota is required to 

maintain intestinal crypt integrity and the architecture of intestinal-associated lymphoid 

tissues [223], in order to prevent the surface adhesion of pathogens as well as promote 

the development and maturation of mucosal immunity. 

While most attention has focused on the innate recognition of immune-stimulatory 

bacterial molecules, such as cell wall components, nucleic acids and diet-dependent 

microbial metabolites, the creation of “Mechanism of Action of the Human Microbiome” 

(MAHMI) database changed this paradigm and turned the attention to microbial 

extracellular surface-associated proteins and other small peptides [224]. The MAHMI 

database (http://www.mahmi.org) [225] is an online bioinformatic platform fueled by 

the public Metahit project metagenomes, a vast compilation of the amino acid 

sequence and the predicted bioactivity of peptides encrypted in the human gut 

metaproteome. The immunomodulatory activity of some of these peptides has been 

assessed using the MAHMI pipeline. More specially, 15 out of the 300 million peptides 

contained in this database were synthesized and screened in silico for the ability to 

activate human peripheral blood mononuclear cells (PBMCs). Results showed that the 

bacterial peptides FR-16 and LR-17 had the highest immunomodulation capability 

over PBMCs, increasing Th17 and decreasing Th1 cell responses, together with an 

induction of IL-22 production [226]. Another study identified the bacterial peptides B7 

and B12 as capable of controlling the intestinal cytokine milieu by modulating 

circulating antigen presenting cells, and this immunomodulation was disrupted in 

intestinal bowel disease (IBD) [227]. Several other peptides elicit an immune response 

by the host, namely serine-threonine peptide, serpin (AAN23973) and CHWPR 

peptide, which is comprehensively reviewed elsewhere [228]. 

Gut bacteria can also secrete other peptides like ribosomally synthesized and post-

translationally modified peptides (RiPPs) (i.e. lantibiotics, bacteriocins, microcins and 

TOMMs), however these are essentially associated with competitive and social 

prokaryotic interactions in the gut [104]. Intriguingly, the microbial effects on the 

immune system are not confined to local responses, but are rather associated with 

extra-intestinal organs and integrated with systemic immunity [229]. Studies on germ-

free animals showed a significant reduction in IgA-secreting plasma cells [230] and 

fewer regulatory T cells [231]. Additionally, microbiome composition has been shown 

to be predicative of cancer immunotherapy efficacy in humans, both locally in the gut 
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[232], or systemically [233]. The effect of bacterial derived peptides has been 

increasingly recognized under different healthy and inflammatory scenarios. Although 

their physiological role in other organs remains unveiled. Their absorption and 

transport to the liver through portal blood, and ultimately, their effect in the liver and 

other organs, represent a “black-box” with high discovery potential but still with too 

many unknowns. 
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Table 1. Microbial molecules from the gut and their known/predicted effects on the liver.  
 

Class  Compound Known/predicted 
function in 
liver/hepatocytes 

Molecular targets 
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Acetate  Lipogenesis  • Serves as an intermediate metabolic precursor and is converted into acetyl-CoA for 
de novo lipid synthesis in an ACSS1/2-dependet manner. [112,113]  

• Up-regulates FASN and ACACA in HepG2 hepatocytes [113] and fructose-fed 
mice. [112] 

Anti-lipogenic 
Fatty acid oxidation  

• Reduces triglyceride accumulation in bovine hepatocytes. 

• Increases AMPK phosphorylation, and downstream increases the transcriptional 
activity of PPAR⍺ (up-regulates ACO, CPT1, CPT2, L-FABP) and decreases the 
transcriptional activity of SREPB-1c and ChREBP (down-regulates ACCA, FASN, 
SCD1) in bovine hepatocytes. [114] 

Cholesterol 
synthesis  

• Serves as an intermediate metabolic precursor and is converted into acetyl-CoA for 
de novo cholesterol synthesis in mice. [124] 

Epigenetic regulator  • Induces histone 3 acetylations (H3K9, H3K27, H3K56) at FASN and ACACA 
promotor regions in an ACSS1/2-dependent manner in HepG2 hepatocytes. [113] 

Propionate 
 

Gluconeogenesis  
 
 

• Serves as an intermediate metabolic precursor and is converted in succinate for de 
novo glucose synthesis in mice. [124] 

• Increases hepatic pyruvate cycling and pyruvate carboxylase activity in mice. [125] 

• Induces hepatic hyperglycemia via increased secretion of glucagon and FABP4 in 
mice and humans. [123] 

Anti-
gluconeogenesis  

• Binds to hepatic GPR43 and mediates AMPK phosphorylation via Ca2+/CaMKKβ. 
Down-regulates G6Pase and PEPCK in HepG2 hepatocytes. [120] 

Anti-lipogenic  • Reduces triglyceride accumulation and ω6:ω3 ratio in HFD mice and HepG2 
hepatocytes. [115] 

• Down-regulates ACLY, ACAC and SCD1 in HFD mice. [115] 

Butyrate Anti-lipogenic  
Fatty acid oxidation  
 

• Induces GLP-1R expression in HepG2 hepatocytes and prevented its 
downregulation in NAFLD mice, consequently increasing GLP-1 sensitivity. [116] 

• Decreases leptin and adiponectin serum levels in HFD mice. [117] 

• Prevents triglyceride accumulation by activating the hepatic AMPK/ACC pathway in 
HepG2 hepatocytes and NAFLD/HFD mice (reduces steatosis). [116–118] 

• Up-regulates PPAR-Ɣ, FGF21, PGC1-⍺ and FFAR2 and down-regulates 
endotoxin-associated TLR4, CD14, TLR2 and TLR9 in MCD/NAFLD mice. 
[118,119] 

Gluconeogenesis  • Up-regulates PEPCK, G6Pase, FOXO1, PGC-1⍺ and HNF4⍺ in primary mouse 
hepatocytes via cAMP/CREB pathway activation. [121] 

Cholesterol 
synthesis  

• Serves as an intermediate metabolic precursor and is converted into acetyl-CoA for 
de novo cholesterol synthesis. [124] 

Insulin sensitivity  • Up-regulates insulin receptor/IRS-1 pathway in HepG2 hepatocytes and 
NAFLD/HFD mice. [116,117] 

• Increases Akt phosphorylation and GLUT2 up-regulation in HepG2 hepatocytes 
and HFD/NAFLD mice. [117,118] 

Anti-inflammatory  • Decreases pro-inflammatory cytokine (TNF-⍺, IL-1β and MCP-1) levels in 
HFD/NAFLD/MCD [117–119] mice via NF-κB pathway modulation [118]. 

• Down-regulates F4/80 expression in NAFLD/MCD mice. [118,119] 

Mitochondrial 
function  
Antioxidant  

• Promotes mitochondrion fusion and an increase in volume density in HFD mice. 
[117] 

• Increases proton leak in HFD mice. [117] 

• Increases antioxidant enzyme activity (NQO1, GST and higher GSH:GSSG ratio) in 
HFD mice. [117] 

Epigenetic regulator  • Inhibits HDAC2 in HepG2 hepatocytes and in NAFLD mice. [116] 

Hepatic 
Differentiation  

• Promotes hepatic specification (but not by-itself) of definitive endoderm cells 
derived from hESC [128,129], hiPSC [129] and human fibroblasts [130].  

 T
ry

p
to

p
h

a
n

 tryptamine Anti-inflammatory  
 

• Decreases pro-inflammatory cytokine secretion (TNF-⍺ and IL-1β) by RAW 264.7 
murine macrophages. Reduces  RAW 264.7 murine macrophage migration 
towards MCP-1. [141] 
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indole Anti-inflammatory  
 

• Modulates the NF-κB pathway and downstream down-regulates murine pro-
inflammatory genes (Nlrp3, Il-1β  and Il-18) in ex vivo liver slices. [143] 

Cholesterol 
metabolism 
regulation  

• Increases 4β-hydroxycholesterol hepatic levels in HFD mice. [143] 

Xenobiotic 
metabolism  

• Induces CYP2A6 protein expression in pig hepatocytes. [145,146] 

• Metabolized and converted to indoxyl by CYP2E1 [147] and then to indoxyl sulfate 
by SULT1A1 [148] for renal clearance. 

indole-3-
acetate 
indole-3-acetic 
acid 

Anti-inflammatory  • Decreases TNF-⍺ secretion by  RAW 264.7 murine macrophages and its 
recruitment mediated by MCP-1. [141] 

Antioxidant  
 

• Decreases ROS production and increases superoxide dismutase activity in HFD 
mice. [142]  

Anti-lipogenic  
 

• Attenuates cytokine-mediated lipogenesis in AML12 murine hepatocytes in an 
AhR-dependent manner (down-regulates Fasn and SREBP-1c). [141] 

Xenobiotic 
metabolism  

• Interacts and inhibits in a dose-dependent manner drug transporters (OATP1B1 
and OATP1B3). [149] 

indole-3-
propionic acid 

Anti-inflammatory  
 

• Modulates the NF-κB pathway and downstream down-regulates pro-inflammatory 
cytokine levels (TNF-⍺, IL-1β and IL-16) in NAFLD mice. [144] 

Anti-lipogenic  
Anticholesterolemic  

• Decreases triglyceride and cholesterol accumulation and partially reverses 
steatosis in NAFLD mice. [144] 

skatole  
(indole-3-
methyl) 

Xenobiotic 
metabolism  

• Induces CYP2A6 [145,146] and CYP2E1 [150] protein expression in pig 
hepatocytes. 

• Induces up-regulation of CYP1A1, CYP1A2 and CYP1B1 via AhR activation in 
HepG2 and primary human hepatocytes. [151] 

P
h

e
n

y
la

la
n

in
e

 phenylacetic 
acid 

Lipogenesis  • Promotes triglyceride accumulation in primary human hepatocytes (up-regulation of 
lipid metabolism genes LPL and FASN) and in mice (steatosis). [152] 

Insulin resistance  • Reduces insulin uptake in primary human hepatocytes (down-regulation of INSR 
and GLUT2) by inhibiting Akt phosphorylation. [152] 

T
y
ro

s
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e
 

p-cresol 
(4-methylphenol) 

Xenobiotic 
metabolism  

• Metabolized and converted to p-cresol sulphate for renal clearance.  

• Interacts and inhibits in a dose-dependent manner hepatic phase I/II metabolic 
enzymes (CYP2E1, CYP3A4, UGT1A1, UGT1A9, UGT2B7 [154]  and SULT1A1 
[155]) and drug transporters (OATP1B1 and OATP1B3) [149].  

S
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Deoxycholic  
Acid (DCA) 
 
Lithocholic  
Acid (LA) 
 
Ursodeoxycholic 
Acid (UDCA) 
 

Bile acid synthesis 
repression  

DCA 
LA 

• Bind to FXR, down-regulate CYP7A1 and reduce LXR⍺ transactivation 
activity in HepG2 hepatocytes. [161] 

DCA 

• Binds to FXR, reduces HNF4⍺ transactivation activity and downstream 
down-regulates CYP8B1 in HepG2 hepatocytes. [162] 

• Binds to FXR and down-regulates CYP27A1 in HepG2 hepatocytes. HNF4⍺ 
may also be a target for bile acid mediated CYP27A1 repression. [163] 

• Activates JNK and down-regulates Cyp7a1 via an ASM/FAS-dependent 
mechanism in primary mouse hepatocytes. [164] 

 LA • Binds to PXR and down-regulates Cyp7a1 in mice. [168] 

Bile acid transport 
Repression LA 

• Down-regulates BSEP by inactivating FXR in HepG2 hepatocytes. [165] 

Xenobiotic 
metabolism 

LA 

• Binds to PXR and induces CYP3A4 expression in mice. LA serves as a 
substrate for CYP3A4 hydroxylation. [169] 

• Binds to PXR and up-regulates Cyp3a11 and Oatp2 expression in mice. 
[168]  

• Induces PXR activation and up-regulation in hESC-derived and isolated fetal 
hepatocytes. Up-regulates CYP3A4 and CYP2C9. [167] 

• Binds to VDR and induces Cyp3a11 expression in mice (independent of 
PXR activation). [170] 

Energy metabolism 

DCA 

• Activates the ERK1/2 and Akt pathways via a ROS-dependent manner in 
primary mouse hepatocytes; consequently, this inactivates phosphotyrosine 
phosphatases resulting in EGFR activation. [174] 
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DCA 
UDCA 

• Taurine-conjugated DCA, glycine-conjugated DCA and taurine-conjugated 
UDCA activate the ERK1/2 and Akt pathways through S1P2 in primary 
mouse hepatocytes. [175] 

Apoptosis 

DCA 

• Activates in a dose-dependent manner the p53/miR-34a/SIRT1 proapoptotic 
pathway through downstream JNK1 phosphorylation in mice. [176]   

• Activated in a dose-depended manner the miR-21/PDC4 proapoptotic 
pathway by downstream inhibiting NF-κB transcriptional activity in mice. 
[177] 

• Inhibits in a dose-dependent manner the EGFR/Ras/MAPK pathway and 
potentiates FAS-mediated apoptosis in primary mouse and human 
hepatocytes. [178] 

Oxidative stress 
Lipid Peroxidation 
 

DCA 

• Induces oxidative stress and caspase-2 activation in a PIDD-dependent 
manner by inhibiting NF-κB transcriptional activity in mice. [177] 

• Disrupts mitochondrial transmembrane potential through increased ROS 
production, leading to translocation of the apoptosis regulator BAX and 
release of cytochrome c in primary mouse hepatocytes. [179] 

• Inhibits mitochondrial NADH dehydrogenase and NADH:ferricytochrome c 
oxiredutase activities, increasing ROS production in primary mouse 
hepatocytes. [180] 

• Taurine-conjugated DCA increases TBARS production in primary mouse 
hepatocytes. [180] 

Cell Survival 
 

UDCA 

• Suppresses in a dose-dependent manner the p53/miR-34a/SIRT1 
proapoptotic pathway in mice. [181] 

• Protects FAS-ligand-induced apoptosis, without reducing FAS trimerization, 
in mice. [182] 

• Taurine-conjugated UDCA activated the p38/ERK/MAPK and PI3K 
pathways, delaying apoptosis in primary mouse and HepG2 hepatocytes. 
[183] 

• Prevents CYP2B1, CYP2E1, CYP3A2, CYP2C6, CYP2C11 and CYP4A1 
down-regulation in mice with DCA-induced injury. [184] 

Antioxidant 

UDCA 

• Reduced the mitochondrial membrane permeability transition in mice with 
DCA-induced injury. [185] 

• Prevented mitochondrial release of cytochrome c and BAX accumulation in 
mitochondria of primary mouse hepatocytes with DCA-induced injury. [179] 

• Increases GSH and metallothionein levels in primary mouse hepatocytes. 
[186] 

Liver Regeneration 
 

DCA 

• Delays early regeneration in mice after two-thirds PH, due to altered 
expression of cell-cyle markers cyclins A, B, D1 and D3. By day 8 
regeneration is much accelerated, as shown by a 20% increase in hepatic 
mass relative to controls. [188] 

• Promotes cholestatic hepatitis and a damage-induced hepatocyte 
proliferation in mice after 40% PH (SGPT and bilirubin elevations). [189] 

 
UDCA 

• Promotes hepatocellular proliferation without hepatotoxic effects  in mice 
after 40% PH. [189] 
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Thiamine (B1) Coenzyme • Increases (by itself or when transformed into thiamine phosphate) the specific 
activity of branched chain ⍺-ketoacid dehydrogenase in the human liver [196], 

which is necessary for carbohydrate metabolism. 

Riboflavin (B2) Coenzyme • Serves as a substrate for the biosynthesize of FAD in rat liver mitochondria [198], 
which is necessary for acetyl-CoA dehydrogenation in β-oxidation.  

Antioxidant 
Anti-inflammatory  
 

• Protects hepatocytes against ischaemia/reperfusion injury in mice. [202] 

• Protects against oxidative-mediated hepatotoxicity induced by thioacetamide in rats 
(in combination with nicotinamide and vitamin C). [203] 

• Provides protective effects against the risk of cirrhosis in human subjects (in 
combination with vitamin B12). [204] 

Niacin (B3) Antioxidant 
Anti-inflammatory  
 

• Inhibits lipid accumulation and oxidative stress (through DGAT2 and NADPH 
respectively), and reduces the production of IL-8 in HepG2 and human primary 
hepatocytes. [205] 

Anti-lipogenic • Decreases hepatic triglyceride synthesis and subsequent VLDL/LDL secretion by 
directly and noncompetitively inhibiting DGAT2 in HepG2 cells. [211] 

• Inhibits de novo lipogenesis via a GPR109A-mediated PKC–ERK1/2–AMPK 
signalling pathway in HFD mice. [212] 

Pantothenic 
acid (B5) 

Coenzyme • Serves as a substrate for the biosynthesis of coenzyme A and acyl carrier protein 
[199], which are necessary for fatty acid catabolism and sterol metabolism. 

Antioxidant 
Anti-inflammatory  

 

• Shows hepatoprotective and anti-oxidant effects in experimental models of CCl4-
induced toxicity. [206] 

Anti-lipogenic • Decreases hepatic, perinephric, and plasma lipid accumulation in rats fed with 
pantothenic acid free diet and/or under ethanol regimen. [213] 
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Abbreviations: ACAC, acetyl-CoA carboxylase; ACACA/Acc1, acetyl-CoA carboxylase 1; ACCA, acetyl-coenzyme A carboxylase 
carboxyl transferase subunit ⍺; ACLY, ATP citrate lyase; ACO, 1-aminocyclopropane-1-carboxylate oxidase; ACSS1/2, acyl-CoA 
synthetase short chain family member 1/2; AhR, aryl Hydrocarbon Receptor;  Akt (or PKB), protein kinase B;  AMPK/ACC, AMP-
activated protein kinase/acetyl-CoA carboxylase (pathway);  APOB, apolipoprotein B; ASM, acid sphingomyelinase; BAX, Bcl-2-
associated X protein; BSEP, bile salt export pump; Ca2+/CaMKKβ; calcium/calmodulin-dependent protein kinase kinase β; 
cAMP/CREB, cAMP- response element binding protein (pathway); CCl4, carbon tetrachloride; CD14/36, cluster of differentiation 
14/36; CFTR, cystic fibrosis transmembrane conductance regulator; ChREBP, carbohydrate-responsive element-binding protein; 
Cnx32/43, connexin-32/43; CPT1/2, carnitine palmitoyltransferase I/II; CYP, cytochromes P450; DGAT2, diacylglycerol 
acyltransferase 2; EGFR, epidermal growth factor receptor; ERK(1/2), extracellular signal-regulated protein kinase (1/2); FABP4, 
fatty acid-binding protein 4; FAD, flavin adenine dinucleotide;  FASN, fatty acid synthase;  FFAR2, free fatty acid receptor 2; 
FGF21, fibroblast growth factor 21; FOXO1, forkhead box protein O1; FXR, farnesoid X receptor; G6Pase, glucose 6-
phosphatase; GLP-1, glucagon-like peptide-1; GLP-1R, glucagon-like peptide-1 receptor; GLUT2, glucose transporter; GPR43, 
G-protein-coupled receptor 43; GPR109A, hydroxycarboxylic acid receptor 2 (HCA2); GSH, reduced glutathione; GSSG, oxidized 

Pyridoxine (B6) Coenzyme • Serves as a substrate for the biosynthesis of pyridoxal 5’-phosphate in the liver 
[200], which can be transported to other tissues/organs and participate in amino 
acid metabolism. 

Antioxidant • Pyridoxine deficiency increases TBARS production, glutathione peroxidase activity 
and glutathione reductase activity in the rat liver. [207] 

Biotin (B7) Coenzyme  • Serves as a covalently bound coenzyme for various carboxylases (acetyl-CoA 1 
and 2, pyruvate carboxylase, propionyl-CoA carboxylase, 3-methylcrotonyl-CoA 
carboxylase) [197], which are necessary for fatty acid, carbohydrate and amino 
acid metabolism. 

Glucose metabolism • Improves glucose metabolism and protein expression levels of IRS-1, PPAR-γ, and 
NF-κB  in rats (in combination with chromium histidinate). [215] 

Folate (B9) Coenzyme • Serves as a coenzyme and either accepts or donates one-carbon moieties in 
reactions involving amino acid metabolism and purine and pyrimidine biosynthesis. 
[201] 

Anti-glycemic • Chronic folate deficiency reduced the p-Akt/Akt ratio in response to insulin in mice. 
[214] 

Anti-lipogenic • Chronic folate deficiency increases serum triglyceride levels, upregulates Acc1 and 
Fasn, and downregulates Cd36 and ApoB mRNA levels in mice. [214] 

Anti-apoptotic • Protects hyperhomocysteinemia mice from apoptosis via CFTR-activated 
endoplasmic reticulum stress. [208] 

• Attenuates apoptosis caused by arsenic-induced toxicity in Chang human 
hepatocytes [209]. 

• Folate deficiency enhances perturbations in hepatic methionine metabolism and 
DNA damage, besides promoting alcoholic liver injury. [210] 

Cobalamin (B12) 
 

Storage • Stored in liver parenchymal cells, and from there can be transported to the bone 
marrow and other sites where it is involved in nuclear maturation processes [216] 
(serves as a co-factor for methionine synthase in the biosynthesis of purines and 
pyrimidines).    

Vitamin K2 
(menaquinone) 

Anticoagulant factor 
synthesis 

• Serves as an intermediate precursor for the synthesis of the anticoagulant factors 
II, VII, IX and X by parenchymal cells in the human liver. [218,219] 

Hepatic 
Differentiation 

• Increases the expression of plasma proteins (ALB and AAT), genes associated 
with cell-cell communication (Cnx32 and CLDN1), urea cycle (CPS1 and OTC1), 
hepatic phase I (CYP3A4), II (UGT1A1, UGT1AB, UGT1A4 and UGT2B7) and III 
(OATP1B1 and MDR1) metabolic enzymes, and hepatic nuclear receptors (SHIP, 
FXR, LXRA and PPAR⍺) in hESC-derived hepatocytes. [220] 

Hepatic Maturation • Increases albumin secretion, urea production, LDL uptake, triglyceride 
accumulation and glycogen storage in hESC-derived hepatocytes. [167,220] 

• Promotes higher expression of genes involved in PPAR signaling, xenobiotic 
metabolism by CYP450, pentose and glucuronate interconversions, glycine, serine 
and threonine metabolism, and complement and coagulating cascades in hESC-
derived hepatocytes. [220] 

• Induces PXR activation and up-regulation in hESC-derived and isolated fetal 
hepatocytes. Together with LCA, promotes inducible CYP450 activity. [167] 

• Promotes formation and assembly of gap junctions enriched in Cnx32 by inhibiting 
the MAPK/p38 pathway in hESC-derived hepatocytes, thereby increasing gap 
junction intracellular communication. [220] 
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FR-16 
LR-17; 
Peptide B7; 
Peptide B12 
SerineThreonine 
peptide (STp)  
 

Unknown  Unknown 
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glutathione; GST, Glutathione S-transferase; HDAC2, histone deacetylase 2; HNF4⍺, hepatocyte nuclear factor 4⍺; hESC, human 
embryonic stem cells;  HFD, high fat diet;  hiPSC, human induced pluripotent stem cells;  IL-1β/8/16/18, interleukin-1β/8/16/18;  
INSR, insulin receptor; IRS-1, insulin receptor substrate-1; JNK(1), c-Jun N-terminal kinase (1); LDL, low density lipoprotein; L-
FABP, liver-type fatty acid binding protein; LPL, lipoprotein lipase; LPS, lipopolysaccharide; LXR⍺, liver X receptor ⍺; MAPK, 
mitogen-activated protein kinase;  MCD, methionine-choline deficient (diet); MCP-1, monocyte chemoattractant protein-1; miR, 
micro RNA; MRP, multidrug resistance-associated protein; NADH, nicotinamide adenine dinucleotide (NAD) + hydrogen (H); 
NADPH, nicotinamide adenine dinucleotide phosphate; NAFLD, non-alcoholic fatty liver disease; NF-κB, nuclear factor kappa 
light chain enhancer of activated B cells (pathway); Nlrp3, NOD-, LRR- and pyrin domain-containing protein 3; NQO1, NAD(P)H 
dehydrogenase [quinone] 1; NTCP, Na+-taurocholate cotransporting polypeptide; OATP, organo anion transporter; p-Akt, 
phospho-protein kinase B; PDC4, programmed cell death 4; PEPCK, phosphoenolpyruvate carboxykinase; PGC1-⍺, peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha; PH, partial hepatectomy; PI3K, phosphatidyl ionositol 3-kinase; PIDD, 
p53-induced protein with a death domain; PKC, protein kinase C; PPAR⍺/ɣ, peroxisome proliferator-activated receptor ⍺/ɣ; PXR, 
pregnane X receptor; ROS, reactive oxygen species; S1P2, sphingosine-1-phosphate receptor 2; SCD1, stearoyl-CoA 
desaturase-1;  SGPT, serum glutamic pyruvic transaminase; SIRT1, sirtuin 1; SREPB-1c, sterol regulatory element-binding 
protein-1c; SULT, sulfotransferase; TBARS, thiobarbituric acid reactive substances; TNF-⍺, tumor necrosis factor ⍺; TLR2/4/9, 
toll-like receptor-2/4/9; UGT, UDP-glucuronosyltransferase; VDR, vitamin D receptor; VLDL, very low density lipoprotein. 
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3. The evolving microbiome: cues for liver 

maturation, function and homeostasis 

As mentioned earlier, the gut microbiome could be easily compared to a virtual organ, 

containing millions of genes that participate in a myriad of biological processes that 

ultimately expand the host’s metabolic capacity and provides it with a vast catalogue 

of important metabolites. Efforts in characterizing the structure and function of the 

human microbiome have made clear that the presence/absence of microorganisms 

are indispensable, as its absence, has detrimental implications in development and 

health. Sommer et. al previously reviewed the role of the microbiome in health, 

acknowledging its critical role not only for immune system development but also during 

the morphogenesis and postnatal maturation of the gut [234]. In fact, germ-free 

animals have reduced intestinal surface area, reduced regeneration, decreased 

intestinal peristaltic activity, prolonged gastrointestinal transit time, altered intestinal 

barrier integrity with reduced epithelial permeability, among other abnormalities [234]. 

As the liver receives a considerable amount of macro and micronutrients absorbed 

across the intestines, including those produced by microbes, it can be expected that 

the gut microbiome similarly impacts the liver throughout life. In this section, we 

describe how the gut microbiome evolves throughout the various stages of life (Figure 

4), highlighting compelling research that identify it as a key player in liver maturation, 

function and homeostasis. 

 

3.1. Prenatal period 

For nearly a century, it has been thought that placenta acts as a barrier able to prevent 

fetal contamination by maternal toxins and microbes, thus preserving fetal sterility and 

ensuring proper development. Bacterial colonization of the womb was most commonly 

described in the context of clinical infection of the fetal membranes and amniotic fluid, 

preterm birth and/or maternal conditions such as obesity, gestational diabetes mellitus 

(GDM) and preeclampsia. The detection of bacteria and microbial DNA/RNA/and other 

derived products in healthy placental tissue, umbilical cord, and amniotic fluid 

[235,236] challenged the long-held belief of a sterile environment nurturing the 

developing fetus.  
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An elegant study from Aagaard et al., in which 320 healthy placentas were analyzed, 

revealed a unique microbiome mainly composed of non-pathogenic commensal 

bacteria from the Firmicutes, Tenericutes, Proteobacteria, Bacteroidetes, and 

Fusobacteria phyla [87]. At the species level, Lactobacillus spp., Propionibacterium 

spp. and members of Enterobacteriaceae family appear to dominate placental 

microbial communities [235]. While some studies claim that the placental microbiome 

may originate from vertical ascension from the vagina, digestive or urinary tracts, 

Aagaard et al. reported more similarities with the oral microbiome [87], possibly 

acquired by hematogenous route. Besides placental tissue, bacteria were also found 

in the amniotic fluid, even without amniotic sac ruptures, and the work from Jiménez 

et al. revealed  the presence of commensal bacteria (e.g., Enterococcus, 

Streptococcus, Staphylococcus, and Propionibacterium) in the umbilical cord blood of 

healthy full-term neonates [88]. Nevertheless, in a recent well-designed controlled 

study, de Goffau et al. analyzed placental samples collected from 537 women and 

confirmed that the placenta does not contain a reservoir of microbes [89]. Positive 

signals of detected microorganisms were either related to acquisition of bacteria during 

labor and delivery, or due to contaminations of laboratory reagents and equipment 

with bacterial DNA. Only Streptococcus agalactiae was identified in 5% of placental 

tissue, a maternal pathogenic microbe that can undergo intrauterine transmission and 

is associated with neonatal sepsis.  

Even though de Goffau and colleagues presented compelling evidence to dispute the 

existence of a placenta microbiome, it also becomes clear that the womb may not be 

entirely microbe-free during pregnancy, opening several questions whether it would 

be possible for bacteria to bypass the extraembryonic fetal tissues’ barriers and onset 

gut colonization in utero. Studies on neonatal meconium (the first stool after birth) 

showed levels of bacterial DNA and its derived molecules like acetate and propionate, 

further supporting a possible in utero route of colonization. At the phylum level, 

meconium was dominated by Proteobacteria and Firmicutes. Acinetobacter ‐ known 

to be protective against the development of hypersensitivity reactions (allergies) ‐ was 

the most abundant genus, followed by Pelomonas. Interestingly, Ardissone et al. 

reported that more than 50% of bacteria present in meconium also colonized amniotic 

fluid, possibly in part as a consequence of amniotic fluid swallowing during the last 

trimester of pregnancy [237].  
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Despite uncertainties surrounding transfer of microbes from mother to the evolving 

fetus in utero, normal fetal development occurs in symbiosis with the maternal 

microbiome, which could still be an indirect influence on fetal well-being. But what is 

the impact or the role of these maternal microbial communities in the evolving fetus? 

Due to technical and ethical issues, most of existing research is focused on 

longitudinal studies rather than using invasive prenatal diagnostic tools (e.g., 

cordocentesis, amniocentesis, chorionic villus sampling and fetoscopy). This suggests 

that alterations in microbiota composition predisposes to placental pathologies, 

adverse pregnancy outcomes and development of several diseases later in life and 

adulthood, even though the underlying mechanisms are elusive.  

Of note, maternal nutrition has revealed an impact on offspring microbiome 

composition. Ma et al. showed in a primate model that a gestational high fat diet (HFD) 

altered offspring gut microbiome with significant depletion of Proteobacteria and 

selectively favored microbes involved in amino acid, carbohydrate and lipid 

metabolism [238]. Perinatal nutrition is believed to act via epigenetic modifications that 

may persist after birth however its effect on developing organs, such as the liver, is 

still not fully understood. Mice offspring of HFD dams have shown differences in 

methylation or acetylation near promotor regions of key hepatic genes associated with 

metabolism [239], cell cycle [240] and circadian rhythm [241]. These alterations may 

predispose the neonate to develop hepatic steatosis [242], and Wankhade et al. 

observed worse fatty liver phenotype and bile acid metabolism dysregulation in male 

offspring of HFD mice [243]. Maternal obesity and gestational weight gain are also 

relevant factors of dysbiosis in pregnant women, promoting higher abundances of 

Bacteroides and Staphylococcusin spp. [244]. More recently, Soderborg et al. used 

stool microbes from 2-week old human neonates born from obese mothers to colonize 

the gut of germ-free mice, and detected altered bile acid metabolism, increased 

hepatic peri-portal inflammation and impaired macrophage function, all in agreement 

with features of advanced pediatric NAFLD [245]. Additionally, other factors including 

gestational age, GDM status, vaginal infection, periodontitis, pre-/probiotic 

supplementation and antibiotic exposure can also have adverse effects on maternal 

microbial composition [246,247], thus affecting fetal health.  
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Much less is known regarding the physiological role of prenatal microbiome in fetal 

development. Prenatal microbial gut colonization is believed to play a role in immune 

[248,249] and metabolic [238] programming, and potentially, future well-being. 

However, there are still a lot of open questions: What are the mechanisms underlying 

this? Could the fetal gut microbiome modulate organ growth and maturation? Does it 

persist after birth and shape the early neonatal development? In a landmark study, 

Kimura et al. demonstrated in mice that colonic SCFAs reached the embryo via 

maternal liver and bloodstream, and were sufficient to activate the G-protein coupled 

receptors GPR41 and GPR43, thereby promoting sympathetic neuronal, 

enteroendocrine and pancreatic β cell differentiation [250]. Maternal SCFAs, 

especially propionate, shaped the development of energy metabolism, as evidenced 

by the fact offspring of germ-free mothers were more predisposed to metabolic 

syndrome. Even if maternal microbiota is unable to onset fetal gut colonization, with 

the work of Kimura et al. it becomes clear its intermediates are instrumental for proper 

development, rendering metabolomics a powerful tool to correlate microbiota and 

prenatal organ development. Nonetheless, if there are microbial metabolites that 

encourage hepatic differentiation and maturation in utero, that remains to be 

discovered.  

 

3.2. Postnatal period 

The first 1000 days encompassing the period from conception to about 3 years of age, 

represent a critical window of growth and development in the neonate. Although 

bacterial colonization has been proposed to begin in utero, it is widely accepted that, 

only during extrauterine life, there is a meaningful colonization of the neonate’s gut 

and progressive alterations towards establishing a more stable and mature 

microbiome. Stewart et al. [251] described the three different stages of microbiota 

evolution during the postnatal period (Figure 3), which vary according to the dynamics 

of the most abundant phyla and the changes in alpha diversity. For instance, in the 

first phase, or the developmental phase (months 3-14), alpha diversity and phyla 

proportion change significantly with a predominance of Bifidobacterium spp. 

(Actinobacteria phylum). In the second stage, the transitional phase (months 15-30), 

phyla like Bacteroidetes and Proteobacteria continue to develop as continuous 

changes in alpha diversity occur. Finally, in a third phase, or the stable phase (>31 
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months), phyla and alpha diversity remain unchanged, with a predominance of 

Firmicutes. Many factors have been proposed to play a role in these different stages, 

which are reviewed in greater depth elsewhere [252,253]. Here we highlight those that 

might have a more significant influence on neonatal liver development, growth and 

maturation. 

 

3.2.1. Birth 

The mode of delivery is considered the first contributor to establish the early 

colonization patterns of the neonatal microbiome. According to Dominguez-Bello et 

al., vaginally delivered babies acquired bacterial communities resembling their 

mother’s vaginal microbiota, dominated by Lactobacillus, Prevotella or Sneathia spp. 

In contrast, the microbiome of babies born via C-section is not only depleted and 

delayed in the colonization of the Bacteriodes genus, but mainly dominated by 

Staphylococcus, Corynebacterium and Propionibacterium spp. identical to their 

mother’s skin surfaces [254]. Still, exposing C-section delivered newborns to maternal 

vaginal fluids at birth proved successful, if only in part, in enriching the gut, oral and 

skin microbiome with vaginal microbes [255]. Interestingly, Shao et al. noted that, 

besides disrupted transmission of maternal Bacteriodes strains, babies delivered by 

C-section showed higher levels of ESKAPE pathogenic bacteria typical of hospital 

environments (including Enterococcus, Enterobacter and Klebsiella spp.) [256]. The 

abundance of opportunistic ESKAPE strains derived from C-section births positively 

correlated with the number of respiratory infections over the first year of life [257], 

suggesting a possible relation of vaginal delivery-mediated gut colonization and 

neonatal immune priming. Additionally, C-section delivered neonates have a less 

significant representation of bacteria involved in lipopolysaccharide (LPS) 

biosynthesis pathway, therewith demonstrating a reduced immunostimulatory 

potential via secretion of pro-inflammatory cytokines [258]. LPS are some of the 

various endotoxins filtered by the liver, capable of triggering Kupffer cell inflammatory 

response [259] but also inducing hepcidin expression via TLR4 signaling in 

hepatocytes [260] in order to control inflammation-mediated iron homeostasis. 

Coordinated regulation of these functions is crucial in adult life, but it is not clear how 

LPS, or other metabolites that arise from the microbes that colonize the newborn 
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during birth, can onset early hepatic programming. Nevertheless, there is an 

undoubtable relation between the early microbiome composition and liver function, 

since newborns are typically diagnosed with signs of jaundice. Hyperbilirubinemia is 

so common among newborns it is often referred as physiological, showing evidence 

of being protective against endotoxic shock [261] and early-onset of neonatal sepsis 

mediated by Streptococcus agalactiae [262]. The immaturity of gut microbes is 

partially responsible for an inefficient bilirubin excretion, especially for C-section born 

babies with lower abundance of Bifidobacterium pseudolongum [263], indicating 

postpartum functional diversification of the gut microbiome is at least required for 

hepatic homeostasis.  

Birth also imposes remarkable adaptations upon the hepatic circulation and 

oxygenation. In utero oxygenated blood flows through the umbilical recess directly into 

the main portal vein branches. With the beginning of intestinal function, portal vein 

trunk markedly dilates to allow a more considerable blood flow volume [69]. It remains 

elusive as to whether this physiological adaptation modulates microbiome acquisition 

and hepatic functional maturation after birth through intermediates that originate from 

the first colonic microbes. 

 

3.2.2. Early feeding practices 

Early life feeding practices are one of the greatest contributors for the development of 

the gut microbiome in the neonate. Evidence suggests that around 25–30% of the 

neonatal intestinal microbes are originated during the lactation period due to prebiotic 

effects of the colostrum and breast milk. Breastfed babies showed dominance of 

Bifidobacterium and Lactobacillus spp. [264], while the microbiota of formula-fed 

counterparts is enriched with anaerobic organisms such as Bacteroides and 

Clostridium [265,266]. Breast milk contains various immunomodulatory factors, 

including maternal antibodies (e.g., IgA), lactoferrin and defensins [267], which are 

believed to be protective against pediatric diseases such as viral gastroenteritis [268] 

and allergic asthma [269]. In fact, during the first 4 months of life, the assembly of the 

gut virome in breastfeeding neonates was delayed compared to formula-fed 

counterparts [270]. After birth, there is a decrease in gut alpha diversity [271], probably 

due to the selective pressure of milk substrates, and the neonatal gut microbiome will 
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remain very similar over the next 6 months, or as long as the only food intake is milk. 

During this stage, the selective pressure of maternal milk boosts gut mucosal and 

systemic immunity, as gut microbiota promote regulatory T cell generation [272,273], 

shape T helper cell immunity [274], encourage Peyer’s patch development [275], and 

maturation of lymphoid follicles via TLR activation [276]. Another recent study showed 

that maternal betaine supplementation modulated Akkermansia abundance in 

neonates and was associated with decreased adiposity, improved glucose metabolism 

and long-term metabolic health throughout adulthood [277]. But how can milk intake 

help shape the development of other organs? Besides its role in microbe-dependent 

immune priming, could maternal milk also stimulate neonatal liver growth and 

maturation? 

The neonatal microbiota substantially reorganizes after birth, with recognizable enteric 

functional specification within 6 weeks (e.g., LPS biosynthesis, bile acid 

deconjugation, metabolism of cofactors and vitamins, among others) [278]. This early 

microbial inoculum supports critical metabolic processes throughout the body. In fact, 

within hours after birth the liver parenchymal cells readily uptake vitamin K2 to 

synthesize various anticoagulant factors [218,219]. Nevertheless, how the 

chronological and orchestrated changes to the gut microbial communities and its 

intermediates affects the developing neonatal organs is poorly understood, even 

though it is widely accepted they can have early physiological effects. Both vitamin K2 

and the secondary bile acid LCA were able to upregulate the phase-I drug metabolism 

enzymes CYP3A4 and CYP2C9 in hPSC-hepatocytes in isolated fetal hepatocytes 

[167]. In germ-free mice, CYP4A enzymes, which participate in fatty acid and 

prostaglandin hydroxylation, are aberrantly upregulated at neonatal stages [279]. 

Collectively, this data suggests that both microbial composition and microbial-derived 

nutrients that arise after birth are linked to postpartum maturation of CYP450, 

participating both in xenobiotic and energy metabolism programming.  

Additionally, indigestible milk glycans, also known as human milk oligosaccharides 

(HMOs), can be properly metabolized when reaching the gut by Bifidobacterium 

strains [280] and are likely to modulate the severity of certain diseases, such as 

necrotizing enterocolitis [281] and neonatal rotavirus infections [282]. The main 

products of HMO catabolism are SCFAs [283], and to a lesser extent BCFAs, which 

fuel intestinal metabolism but can also reach the liver via portal circulation. 
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Charbonneau et al. recently described in a cohort of stunted infants, sialylated HMOs 

are less represented in their mothers’ milk [284]. Germ-free mice and piglets colonized 

with these infants’ gut microbes, and only when supplemented with dietary sialylated 

oligosaccharides, presented higher increment of hepatic acylcarnitines and long-chain 

fatty acyl CoA species between the fed and fasted states, indicating an increased 

metabolic flexibility and suggesting a potential role of HMO-derived microbial 

metabolites in driving postnatal liver energy metabolism.  

Prebiotic oligosaccharides are routinely added to infant formula milk in order to 

promote breastfed-like flora however, Baumann-Dudenhoeffer et al. predicted distinct 

functional pathways between breastfed and formula fed neonates [285]. In fact, 

exclusively breastfed infants are more prone to have higher proportions of colonic 

SCFAs, especially acetate [286]. These differences are likely to influence neonatal 

hepatic development, as shown by an increase in CYP7A1 expression in formula-fed 

piglets relatively to their breastfed counterparts, a consequence of reduced bile acid 

metabolism by the gut microbiome and associated reductions in bile acid recirculation 

[287]. Formula feeding also appears to increase the biotransformation of caffeine and 

dextromethorphan by promoting an accelerated maturation of CYP1A2 and CYP3A4 

[288], even though it remains elusive if differences in breastmilk composition (free fatty 

acids, lipase activity, among others) and/or alterations in the availability of certain 

microbial intermediates could explain these variations. Among probiotics, 

Lactobacillus spp. are popular microbes that are included in formulas, and similarly to 

prebiotic HMOs, their inclusion is aimed at promoting a microbiome similar to those 

found in breastfed newborns. Lactobacillus reuteri DSM 17938 has been used to 

attenuate infantile colic and bowel disorders [289]. In neonatal mice, its 

supplementation exerted changes on the plasma metabolome, upregulating microbial 

amino acid metabolites used in the urea, tricarboxylic acid (TCA) and methionine 

cycles, identified as important antioxidants in the liver as well as substrates for 

anabolism [290]. In contrast, Lactobacillus ingluviei promoted an increase in mice 

hepatic mass, upregulated CYP2E1 and accelerated metabolism [291].  

Taken all together, the massive lipid burst associated with milk feeding [292,293] and 

its nutritional richness, in conjugation with early selective pressure imposed by gut 

microbes, likely helps setting the first cues for fatty acid oxidation, ketogenesis, 
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cholesterol/bile acid metabolism and mitochondrial bioenergetic maturation within the 

hepatic niche, alongside with noteworthy CYP450 specification. 

 

3.2.3. Weaning, solid food intake and antibiotics 

The last phase in neonatal gut microbial colonization is the weaning period and the 

introduction of solid food which results in an adult-like complex microbiome dominated 

by the phyla Bacteroidetes and also Firmicutes, that is believed to continue until 3 

years of age (Figure 3) [294]. Interestingly, Bäckhed et al. found the cessation of 

breastfeeding enriched the infant gut microbiota with Clostridia spp. similar to those in 

adults, such as Roseburia, Clostrium, and Anaerostipes [295]. In turn, breastfed 12-

month-old infants still present Bifidobacterium and Lactobacillus spp. as the dominant 

gut microbiota strains. Bäckhed et al. also noted that microbiota adapts to the 

availability of substrates, by first promoting bacterial functions vital for early 

development, such as biosynthesis of vitamins and transport of essential amino acids, 

and later on by supporting carbohydrate degradation. Indeed, with the start of 

solid/semisolid food intake the gut microbiota environment becomes less oxidative, 

encouraging pyruvate utilization and complex sugar and starch metabolism [295], the 

latter yielding mainly SCFAs that can be further used as an energy substrate in the 

liver. 

Owing to the high-fat low carbohydrate composition of milk, fatty acid oxidation 

and ketone body production are the main functions of the newborn liver, along with 

gluconeogenesis due to an inadequate glucose production from absorbed lactate. The 

dietary transition of weaning brings higher abundance of carbohydrates, with a marked 

increase in lipogenesis [296]. Naemi et al. showed in mice that the normal expression 

levels of hepatic enzymes involved in lipid and carbohydrate metabolism was only 

reached around the weaning period [297]. Moreover, early weaning disturbed the 

programming of hepatic enzymes, causing elevations in genes associated with fatty 

acid metabolism, and resulted in longer weaning periods. Early introduction of 

solid/semisolid foods (i.e., at or before 3 months) has also proved to be associated 

with alterations of the infant gut microbiome, promoting higher concentrations of the 

SCFA butyrate [298]. Although it is not clear how gut microbiota encourages metabolic 
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changes in the liver of weaning neonates, the relationship between their coordinated 

functional maturation merits investigation. 

The weaning period not only changes the neonate’s energy metabolism, it is 

equally instrumental for hepatic immune priming. Gola et al. recently demonstrated the 

enrichment of myeloid and lymphoid cells in the liver, including Kupffer cells, towards 

the periportal regions of the lobule, a process that is triggered around weaning in mice 

[299]. Underlying this asymmetrical organization is a sustained sensing of commensal 

bacteria products (e.g., LPS) by liver sinusoidal cells in a MYD88-dependent manner 

that in turn tightly regulates the composition of glycocalyx to establish chemokine 

gradients. Even though bacterial products that illicit an immune response are often 

associated with hepatic inflammation and disease, during postnatal development the 

gut microbiome seems to work alongside the host to establish immune zonation in the 

liver as a lifelong preventive barrier against pathogens that can inflict damage on the 

parenchyma. 

Environmental insults during this period, especially suboptimal feeding or even 

malnutrition, may contribute to lifelong and intergenerational deficits in growth and 

development. Undernutrition in weaning piglets decreased Lactobacillus spp. 

abundance, which increased secondary bile acid synthesis and suppressed CYP7A1 

expression [300]. Beyond dysbiosis, infantile malnutrition is associated with a highly 

immature microbiota depleted of age-discriminatory taxa [301], that when transplanted 

into germ-free mice or piglets recapitulates abnormal juvenile development patterns 

[192,302], such as reduced weight and length prior to weaning, besides neuronal, 

metabolic and immune dysfunctions. Interestingly, Schwarzer et al. showed germ-free 

mice have a reduced activity of the somatotropic axis caused by an impaired signaling 

of growth hormone (GH), that instructs the liver to produce insulin-like growth factor-1 

(IGF-1)  [303]. During undernutrition germ-free mice became severely stunted, and 

this was partially reversed when colonized with strains of Lactobacillus plantarum, 

demonstrating gut microbes support systemic growth. As it happens, microbial SCFAs 

are recognized as sufficient to induce IGF-1 secretion [304]. IGF-1 plays a role beyond 

those associated to mitogenic hormones, being capable of regulating extrahepatic 

tissue metabolism and insulin sensitivity [305,306]. Thus, it is likely that the interplay 
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between IGF-1 and the gut microbiota is also required to drive liver energy metabolism 

programming in early life. 

Another relevant insult during weaning is antibiotic exposure, that decreases the 

overall alpha diversity and was shown to delay microbial maturation during months 6 

to 12 [271]. These findings are particularly concerning for hospitalized preterm infants, 

who often are exposed to antibiotics for extended periods of time due to their increased 

vulnerability to bacterial infections. Preterm perturbations by antibiotics enriches the 

gut antibiotic resistome and selects for multidrug-resistant Enterobacteriaceae spp. 

[307], which could predispose preterm neonates for numerous diseases. However, 

adverse hepatic reactions associated with drug intake at neonatal stages are low, 

possibly as a result of reduced persistent exposure and xenobiotic metabolism 

immaturity that in some cases may offer increased resistance (e.g., predominance of 

sulfation over glucuronidation is protective against acetaminophen toxicity) [308]. 

Nonetheless, consumption of dysbiotic drugs like antibiotics in neonatal piglets has 

shown to suppress microbial amino acid catabolism and reduce hepatic ureagenesis 

[309], but also downregulate CYP1A2 expression as well as other genes that regulate 

fatty acid oxidation and amino acid biosynthesis [310]. Moreover, subtherapeutic 

antibiotic treatment in weaning mice selected gut microbiota fit to overharvest calories 

from complex carbohydrates, yielding higher proportion of intraluminal intestinal 

SCFAs that exacerbated hepatic lipogenesis, cholesterol and triglyceride metabolism 

[311]. Antibiotic treatment even prior to weaning similarly impacts the liver in mice, and 

despite reestablishment of the gut microbiome following cessation of antibiotics, the 

metabolic sequalae are lasting [312]. Such phenomena raise sensible questions 

whether postnatal antibiotic exposure can significantly impact liver development, and 

if it can possibly correlate with metabolic syndrome later in life. 

 

3.3. Transition to adult microbiome  

3.3.1. Infancy  

Besides identifying three major phases of gut microbiome acquisition and 

diversification during the postnatal period, Stewart and colleagues demonstrated that 

the microbiome becomes relatively stable and adult-like from year 3 onwards [251]. 
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However, other cohorts with longitudinal sampling over extended periods of time 

revealed children, either during early [313] or late childhood [314], still present a 

distinct microbiome from those found in adults, supporting the idea gut microbiome 

development may take longer than expected. Hollister et. al not only concluded school-

aged pre-adolescent children (aged 7-12 years) harbor a less diverse microbiome with 

Bacteroides spp. abundances below those of adults, but also revealed there are 

significant differences in microbial functional pathways between children and adults 

[314]. While children have higher enrichment of genes involved in vitamin synthesis 

(e.g., B12 and de novo synthesis of folate) needed to support ongoing development, 

the adult microbiome is more oxidative and pro-inflammatory (e.g., TCA cycle, 

oxidative phosphorylation, LPS biosynthesis). Of note, early-life pre-school events, 

particularly the duration of breastfeeding, have been associated with differential 

microbiome composition among children [315]. Even perinatal factors, such as 

gestational age and mode of delivery, can have a noteworthy impact in progressive 

maturation of gut microbes in the first 4 years of life [316]. Nonetheless, a child’s 

microbiome gradually evolves, becoming more competent in processing complex 

nutrients and adapting to environmental insults. 

After 2 years of age, it is acknowledged that the infant has a fully mature liver, capable 

of performing all its function at levels comparable to those of adults [317]. Nonetheless, 

pediatric pharmacokinetics and pharmacodynamics differ from adults in several ways. 

For instance, adult-like activity of CYP2D6 is reached by 3-5 years, CYP2C9 and 

CYP3A4 activities may exceed adult levels during childhood, and most strikingly, 

UGT1A6 activity reaches adult levels only after 10 years of age [318]. Gut microbial 

intermediates are thought to participate in postpartum CYP450 maturation, but beyond 

neonatal stages its influence has not been documented. 

A more obvious way gut microbes influence hepatic function in pediatric populations 

is through diet. A child’s diet is nutritionally equivalent to an adult diet, and undoubtedly 

shapes flora composition. Wu et al. showed gut enterotypes correlate with long-term 

diet style [319]. While Bacteroides genra is associated with animal fat and protein-rich 

diets, Prevotella genra is more commonly related with carbohydrate-rich diets. HFDs 

are linked to obesity and gut dysbiosis, in turn predisposing to liver diseases such as 

NAFLD, that may affect even children [320]. In fact, Belei et al. predicted obese 
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children with small intestine bacterial overgrowth (or intestinal dysbiosis) have 

increased risk for developing NAFLD [321]. Even if the contribution of gut microbes to 

fully attain hepatic adult competence during infancy is currently debatable, it seems 

undeniable that a ‘healthy’ microbiome is vital for proper liver function. 

 

3.3.2. Puberty 

During puberty a substantial rise in circulating steroid sex hormones, mainly 

testosterone in males and the estrogen estradiol in females, stimulates profound 

physiological changes in the body to achieve reproductive competence. Agans et al. 

reported adolescents have significantly higher abundances of genra Bifidobacterium 

and Clostridium, even though the overall number of species is similar to adults [322], 

suggesting a potential hormonal impact on the gut microbiome. The microbiome 

composition is by itself a hallmark of sexual maturity, as transfer of gut microbes from 

adult male mice to immature female mice changed the recipient’s gut microbiome and 

resulted in testosterone elevations [323]. Besides gonadal and bodily changes, 

puberty onsets various sex-specific organ adaptations, including to the cardiovascular 

system, brain, kidneys and liver. So, could these sexual dimorphic adaptations be 

associated with the transition of the microbiome towards an adult configuration? 

Particularly in the liver, do gut microbes have an influence in defining its sex-specific 

roles? 

The liver has, in fact, been acknowledged for a long time as one of the most sexually 

dimorphic organs, and recent transcriptomic and proteomic data indicates about 72% 

of its genes are expressed in a sex-specific way [324]. Hepatic sexual dimorphism is 

thought to be consequence of the gonadal-hypothalamus-pituitary-liver axis action 

[325]. Perinatal exposure to testosterone imprints a sex-dependent pulsatile pituitary 

GH secretion, which later on will appear during puberty and result in several organs’ 

sexual dimorphism that is maintained throughout adulthood. In contrast to the male 

liver, the female liver has increased capacity for fatty acid uptake, esterification, 

triglyceride synthesis and VLDL output, and less for fatty acid oxidation, 

gluconeogenesis and glycogen storage [326–328]. These differences confer an 

evolutionary advantage under food scarcity but are mainly physiological and related 

with a required metabolic adaptation during pregnancy, as it allows the mother to spare 
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glucose and amino acids for the developing neonate and rely on lipid oxidation for 

herself. Sex biased expression of xenobiotic enzymes (e.g., CYP3A4, CYP2B6, 

CYP2A6, CYP1A2, CYP2E1, sulfotransferases, glutathione S-transferases, UDP-

glucuronosyltransferases) is also evident between males and females [329]. 

Interestingly, CYP3A enzymes were upregulated during pregnancy in mice possibly 

due to increases in placental growth hormone and estrogen plasma concentrations 

[330], suggesting female hormonal inputs may be sufficient to selectively program 

CYP450 expression for additional detoxification of fetal products. 

It has become clear pubertal liver ‘masculinization’ or ‘feminization’ is required both 

for hepatic metabolism and reproductive competency later in life, so perturbations 

during this period could dampen sexual dimorphism. In fact, the reproductive function 

of germ-free mice is inferior to their conventionally raised counterparts [331], therefore 

it is pertinent to wonder if gut microbes are linked to sexual maturation of the liver. In 

a recent study, Weger et al. showed germ-free mice have perturbed sexual 

dimorphism and sex-specific rhythmicity, with noticeable alterations in hepatic gene 

and metabolite signatures belonging to sexually dimorphic pathways such as lipid and 

xenobiotic metabolism [332]. The resulting male liver feminization and female liver 

masculinization of germ-free animals is possibly related with altered sexual maturation 

(perturbed action of testosterone and estradiol) and GH secretion, alongside with 

dissimilar activation of xenobiotic receptors, in which microbial metabolites can be 

instrumental to regulate their collective action. Therefore, the gut microbiome appears 

to be a relevant player in the transition from a ‘metabolic mature’ towards a ‘sexually 

mature’ liver, and future studies may allow to uncover ways to control it in order to 

manage sex-specific susceptibility in developing metabolic syndromes in adulthood. 

 

3.3.3. Adulthood 

The adult gut microbiome has been acknowledged as relatively stable. Faith et al. 

analyzed fecal samples from 37 healthy adults and observed 60% of strains resided 

in the subject’s gut over the course of 5 years, even though they could potentially 

remain there for decades [333]. Among the thousands of resident microbes, the ones 

belonging to the Firmicutes and Bacteriodetes phyla are by far the most abundant [99], 

but bacteria from the Actinobacteria, Proteobacteria and Verrucomicrobia phyla are 
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present nonetheless. A mature gut microbiome is expected to have a high alpha 

diversity and gene richness [99], which cannot be objectively characterized owed to 

significant inter-individual variations. This diversity can be attributed to many factors, 

including host genetics [334], environment [335] and diet [319,336]. Despite this, a 

fully mature gut microbiome is incredibly plastic and capable of appropriately 

responding to insults. For example, short-term consumption of either animal-based or 

plant-based diets can alter the gut microbial communities as to facilitate nutrient 

harvest in each dietary lifestyle [336]. Antibiotic insults can equally change the 

composition of the gut microbiome, lowering its overall diversity, which can be 

reversed back to its initial state after a recovery period [337]. The microbiome persists 

and adapts throughout life, regardless of the severity of the challenges imposed upon 

it, and so it is expected its close connection with the liver to be maintained in adulthood, 

especially as a sort of frontline against extrinsic and intrinsic insults. 

Perhaps the most sophisticated way the liver safeguards homeostasis is via xenobiotic 

metabolism that prevents the body from toxicity. Variations in xenobiotic metabolizing 

enzyme activity profiles throughout life cannot only be attributed to ontology, but also 

result from a dissimilar exposure to environmental factors and drugs. Due to a higher 

consumption of exogenous compounds during adulthood, their efficient detoxification 

prior to entering systemic circulation is heavy reliant upon first-pass metabolism by the 

gut and liver, organs that harbor a vast repertoire of CYP450 enzymes. Nonetheless, 

the bioavailability, efficacy and toxicity of certain drugs is also undeniably influenced 

by gut microbes. An anecdotal case is prontosil, an agent with no antibacterial activity 

against Streptococci in vitro and effective only in vivo, due to the fact gut bacteria 

cleave its azo bond giving rise to the active component sulfanilamide [338]. 

Spanogiannopoulos et al. has comprehensively detailed known direct modifications 

microorganisms can perform on pharmaceuticals, such as activation (e.g., 

sulfanilamide), inactivation (e.g., digoxin) or toxification (e.g., irinotecan), and even 

how postbiotics can indirectly affect therapeutic outcome (e.g., simvastatin and 

secondary bile acid levels are positively correlated, and acetaminophen competes with 

p-cresol for the host sulfotransferase SULT1A1) [339]. More recently, Zimmermann et 

al. designed a large-scale experiment that assessed the ability of 76 gut-resident 

bacterial strains to metabolize 271 drugs, and noticed 176 of those drugs underwent 

considerable chemical transformations, including oxidation, reduction, acetylation, 
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deacetylation, hydrogenation, hydroxylation and propionylation [340]. Microbial-

encoded enzymes appear to be an essential component of first-pass metabolism, 

even though, for most drugs, they remain unidentified and are often neglected during 

the drug development pipeline. It comes as no surprise that the absence of gut 

microbes is capable of changing how the liver processes exogenous drugs. In fact, 

germ-free or antibiotic treated animals are more efficient at metabolizing the anesthetic 

pentobarbital [341] and have an attenuated analgesic tolerance to the opioid morphine 

[342]. These differences are primarily associated with a dissimilar expression of 

hepatic xenobiotic receptors and phase I/II/III enzymes [341,343,344]. As an example, 

the antibiotic ciprofloxacin reduces levels of LCA-producing bacteria in the gut, leading 

to a decreased activation of PXR and reduced expression of the PXR target gene 

Cyp3a11 (CYP3A4 in humans) [345]. Furthermore, the microbiome has rhythmic 

oscillation patterns of biogeographical localization and metabolite secretion in the gut, 

that programs and couples with the host’s circadian clock to maintain normal diurnal 

activity in hepatic drug metabolism [346]. The chronopharmacology of acetaminophen 

is mediated by variations of the microbial metabolite 1-phenyl-1,2-propanedione, 

whose higher nocturnal concentration detrimentally depletes hepatic glutathione levels 

and explains diurnal variations of acetaminophen overdose [347]. There is a growing 

appreciation of how the gut microbiome interacts with the host’s hepatic drug 

metabolism, but further research is required to uncover the mechanisms behind this 

interaction and whether it could be manipulated for the host’s benefit. 

As a pivotal organ in detoxification, the liver is prone to damage, that if left unrepaired 

could result in liver disease and catastrophic multisystemic failure. The incredible 

regenerative capacity of the liver, following acute injury and partial hepatectomy, is 

well known, with as much as 51% of the original liver mass that can regenerate back 

to its full size in adults [33]. This is a complex and dynamic process, with different cell 

types intervening and specific intra and extracellular regulatory signals driving tissue 

repair. Interestingly, liver regeneration is substantially depressed in germ-free, athymic 

and LPS-resistant mice after 2/3 partial hepatectomy [348], suggesting the gut 

microbiome has a role to play. Liu et al. demonstrated a correlation between hepatic 

gene expression profiles and the shift in bacterial community composition throughout 

critical phases of liver regeneration in mice, namely during hepatocyte priming and 

proliferation [349]. In particular, the concentration of hydrophobic secondary bile acids 
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(e.g., DCA and LCA) and hepatic genes involved in bile acid metabolism were directly 

correlated with the transient abundance of certain microbial taxa. As mentioned above, 

bile acids are critical during hepatic tissue repair. If partial hepatectomy is 

accompanied by ileal resection, which presumably influences bile acid reabsorption, 

mice have a reduced liver regeneration due to lower mitosis events in hepatocytes 

[350]. A shift in bacterial composition seems to also stimulate an immune response, 

namely through the sensing of LPS produced by Gram-negative bacteria that expand 

after partial hepatectomy [349]. LPS represent another bacterial product that 

stimulates liver regrowth, as LPS-resistant mice have lower hepatic DNA synthesis 

[348]. Many other postbiotics may cooperate with host factors during regeneration, 

and their precise identification could well mean a way to aid recovery after liver injury 

and avoid irreversible loss of this unique ability.  
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Figure 4. Proposed role of the gut microbiome in shaping liver maturation, function and homeostasis. Postpartum 
hepatocytes are highly immature, and it takes about 2 years to achieve a mature vitamin, energy and xenobiotic metabolism (and 
possibly others, not represented due to lack of current evidence correlating with the gut microbiome). The establishment and 
diversification of the gut microbiome is believed to be shaped by many factors, that ultimately contribute for intestinal phylum 
specification and functional maturation (as schematically represented by the various phyla abundance and associated metabolic 
pathways along the time, based on studies referenced in the text). Despite uncertainties regarding placental and amniotic fluid 
sterility, maternal gut microbial nutrients such as short-chain fatty acids (SCFAs) can still influence embryonic differentiation. 
Extrauterine gut colonization mediated by mode of delivery and neonatal feeding practices provide the first microbial nutrients 
used as substrates for vitamin and energy metabolism. The development of such pathways is accompanied by cytochrome P450 
(CYP450) maturation, in which both gut microbial composition and nutrients play a role. Carbohydrate metabolism in the neonatal 
liver intensifies with the introduction to solid food during weaning, which is associated with a shift in microbiome diversity and 
increased capacity by gut microbes to metabolize complex sugars and starch. Dysbiotic insults such as antibiotics can significantly 
alter hepatic function at neonatal stages, with unclear developmental and long-term repercussions. As diet diversifies with age, 
the microbiome gradually changes towards and adult-like state. During puberty, gut microbiota is influenced by sex hormones, 
and is thought to be implicated in establishing liver sexual dimorphism that persist throughout adulthood. The adult microbiome 
is more complex and stable, even though dietary inputs, antibiotics, environmental factors and host genetics can disrupt hepatic 
homeostasis and promote disease onset. Abbreviations: LPS, liposaccharide; HMO, human milk oligosaccharide. 
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4. Scope of the Thesis 

The overall aim of this thesis was to develop novel and robust strategies to generate 

clinically relevant numbers of mature HLC for regenerative medicine applications. To 

address that, we combined advanced manufacturing platforms with nature-inspired 

strategies, by unveiling the role of human microbiome on HLC maturation and function 

preservation, thus recapitulating more closely the physiological liver development. The 

specific aims of each chapter of this thesis are summarized in Figure 5. 

Briefly, Chapter 1 provides a comprehensive overview of an adult liver, comparing it 

to its immature and mostly hematopoietic fetal form. Furthermore, it briefly describes 

hepatic organogenesis, giving extensive insights into the acquisition of function and 

maturity during the early postnatal period. In particular, this Chapter aims to pinpoint 

key microbial molecules that have known effects on the liver and to discuss how the 

microbiome evolves from the perinatal period into adulthood providing evidence that 

the events that determine microbiome diversification and transformation are potentially 

linked to the acquisition of hepatic maturation. Therefore, Chapter 2 was focused on 

investigating, for the first time, the implications of a microbial secretome, in the function 

of HLC. Two microbial secretomes (designated as conditioned media) were formulated 

in vitro and, after being characterized for their content in bile acids, vitamins and short-

chain fatty acids, they were evaluated for their impact on the maturation and function 

of HLC generated from hESC and hiPSC, using either 2D or 3D cell culture systems. 

Chapter 3 and 4 focused on the establishment of a scalable protocol for generation 

of HLC as 3D aggregates under controlled culture conditions. In Chapter 3 an 

integrated bioprocess that combines 3D hiPSC expansion and hepatic differentiation 

steps was developed, using stirred-tank bioreactor technology, to improve HLC yields 

when compared to standard 2D monolayer cultures.  Since monitoring cell quality 

attributes is a critical step for any biologic manufacturing process but remains a 

challenge in 3D culturing approaches, the potential of dielectric spectroscopy for in 

situ monitoring of 3D hiPSC growth and differentiation status was assessed by 

incorporating a capacitance sensor in the bioreactor. The modest 

expansion/differentiation yields observed in 3D culture in bioreactors, motivated to 

investigate whether alterations in dissolved oxygen concentration at specific stages of 
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the process would improve further cell proliferation and HLC enrichment. Therefore, 

in Chapter 4 the bioprocess was intensified by controlling dissolved oxygen 

concentration at low levels during hepatic specification. The transcriptome of HLC 

along differentiation phase was characterized by RNA-Seq analysis, aiming at 

investigating whether the cell maturation level modulates the “machinery” that 

mediates cell engraftment and identifying a suitable HLC maturation stage that 

ensures efficient recellularization of acellular liver scaffolds. 

The main achievements obtained in the previous chapters were outlined in Chapter 

5. 
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Figure 5. Schematic representation of the major aims of the thesis throughout the different chapters. 
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2. Introduction 

Approximately two million people die from liver disease annually. Decompensated 

cirrhosis and hepatocellular carcinoma are the leading causes of death and together 

represent 3.5% of global mortality [1]. Epidemiological studies indicate that liver 

disease is also associated with increased morbidity, low quality of life and high 

economic costs [2], and its etiology (i.e., viral hepatitis, alcohol-related and non-

alcoholic fatty liver diseases, etc.) varies according to the region [1]. Regardless, the 

natural loss of hepatic function is related to poor clinical prognosis and is usually 

proceeded by systemic organ decompensation, coma and eventually, death. 

Liver transplantation (LT) has been perceived as the ultimate treatment option for 

these patients but although the liver is the second most common organ transplanted, 

less than 10% of global transplantation needs are met. According to the Organ 

Procurement and Transplantation Network, only 8,906 livers were transplanted in 

2020, and approximately 20% of patients on the LT waiting list die or become too ill to 

be transplanted [3]. The sobering prevalence of liver disease, the increasing 

indications for LT and the consequent shortage of donor organs highlight the need for 

alternative therapeutic solutions for these patients. 

Owing to the exciting preclinical observations [4–8], transplantation of primary human 

hepatocytes (PHH), derived from unused or deemed unsuitable organs for 

transplantation, has made the transition from bench to bedside [9–14]. Although 

significant accomplishments have been made, there are still some clinical limitations 

regarding PHH transplantation. To our knowledge, there is no evidence of metabolic 

disease patients (except for acute liver failure patients) that have been completely 

cured of the long-term symptoms of their disease by PHH transplantation only. Also, 

PHH are limited in supply, vary in their metabolic activity between donors, showed 

limited engraftment capacities and loss of long-term functionality in vitro [15,16]. 

Stem-cell therapies using either liver-derived or human pluripotent stem cells (hPSC) 

have been proposed as alternatives to PHH. The latter consists of human embryonic 

stem cells (hESC) and human induced pluripotent stem cells (hiPSC) and are 

characterized by their ability to indefinitely self-renew, the capacity to differentiate into 

multiple lineages and donor/patient specificity. 
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The past decade has witnessed significant advances in hPSC technology, and 

although hPSC-derived hepatocytes (known as hepatocyte-like cells, HLC) can be 

now successfully differentiated in vitro [17,18], their functionality was still more 

comparable to fetal than adult counterparts [19]. A more recent study claimed the 

opposite [20]; however, there is still limited consensus regarding what defines the state 

of “cell maturation” [21]. 

As HLC showing genomic instability and traits of fetal-adult origin, alternative 

strategies to improve cell maturation and function have been described [22]. These 

include, immortalization methods [23]; co-culture with nonparenchymal cells [24–27]; 

bioprinting  techniques [28–30], more sophisticated culture systems [31–34]. Although 

promising, these approaches showed only modest improvements and are far from 

resembling nature. 

Understanding how cells physiologically mature and get specialized in different tasks 

is of great importance as it will allow the development of more biological relevant 

strategies that ultimately will harness the potential of HLC. 

Lessons from developmental biology revealed that the liver matures in a 2-year 

process mediated by events occurring at the environmental and cellular levels during 

the postnatal period. Among these events, the establishment and diversification of the 

microbiome in the gut has been extensively associated with acquisition of maturity. 

This association has been attributed to microbial molecules that are secreted by 

intestinal bacteria and reach the liver through the portal vein [35]. At the hepatic level, 

these postbiotics interact with specific membrane and nuclear receptors [36,37], 

induce transcriptional gene expression via epigenetic modulation [38,39] and have 

anti-lipogenic, anti-oxidant and anti-inflammatory effects which, ultimately, lead to cell 

survival and even tissue regeneration [40]. Studies on germ-free animals supported 

this hypothesis by reporting a dissimilar xenobiotic enzyme profile [41] and an impaired 

liver regeneration after partial hepatectomy [42] when compared to conventional 

counterparts. 

The potential of microbiome as a biotechnological tool to produce more functional and 

mature HLC was still not addressed. 
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3. Aim 

In this study, we investigated the effect of human intestinal microbiome on the 

functionality of HLC differentiated from three hPSC lines. 

To address that, we formulated two microbial secretomes (hereafter designated as 

conditioned medium, CM) using a protocol that mimics the human digestion in vitro 

[43], using stools from an adult donor before and after treatment with antibiotics 

(hereafter designated as CM A and CM A+abx, respectively). To ensure their correct 

preparation, both CMs were characterized for their content in bile acids (BA), short-

chain fatty acids (SCFA) and vitamins and immediately after formulation. 

To evaluate their impact on the hPSC-HLC functionality, both 2D monolayers and 3D 

aggregates of HLC were treated, for additional 6 days, with CM A or CM A+abx and 

their phenotype and functionality were compared with untreated counterparts. 
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4. Materials and methods 

4.1. Microbial secretome 

4.1.1. Formulation 

Microbial secretomes, in the form of conditioned media (CMs), were formulated in vitro 

using a static model of human digestion [43].  

In brief, gastric phase was simulated through the digestion of commercial baby food 

(NESTLE, Naturnes Selección), previously dissolved in sterile Milli-Q water, with 

pepsin (0.4mg/mL) under acidic pH (incubation parameters: 150 rpm, pH~2.88, 37ºC). 

Two hours later, simulated gastric fluid (SGF) was neutralized (pH~6.87) and 

incubated with pancreatin (25.000 U) (incubation parameters: 150 rpm, 2h at 37°C). 

To recapitulate the intestinal phase, SGF (or chyme) was incubated with different 

human stools. Thus, conditioned medium adult (CM A) was prepared with feces from 

a healthy adult while CM adult+antibiotics (CM A+abx) was formulated using feces 

from the same donor after a treatment with antibiotics*. Bacterial fermentation 

occurred under anaerobic conditions (incubation parameters: 150 rpm, overnight (ON) 

at 37ºC).  

In the next day, simulated intestinal fluid (SIF) was ultracentrifuged twice (6000 rpm, 

4°C, 8min); and the supernatants (CMs) were filtered (Merck, CLS430521) and used 

to treat different hPSC-HLC models.  

*Human stools: stool samples were collected from a 25 years old healthy female and 

from the same female under a 10 weeks-cycle antibiotic treatment (Clindamycin 

(600mg/day) and Rifampicin (600mg/day)) for hidradenitis suppurativa [44]. 

 

4.1.2. Chemical characterization 

Conditioned media were characterized using sophisticated chemical analytic 

techniques, a service provided by Creative Proteomics (USA). 

Thereby, bile acids (n=66 kinds), vitamins and vitamin-like compounds (n=35) were 

quantified by ultra-performance liquid chromatography-multiple reaction monitoring 

mass spectrometry (UPLC/MRM-MS), while short-chain fatty acids (n=7) were 

measured by gas chromatography-mass spectrometry (GC-MS) using the 

methodologies implemented by this company. 
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4.2. The effect of CMs in hPSC-HLC 

4.2.1. The first hepatic model: hESC-HLC 

4.2.1.1. Expansion of hESC and differentiation into HLC 

In this study, we used the human ESC line ES4. This line was kindly provided by Banco 

Nacional de Líneas Celulares del Instituto de Salud Carlos III and approved by the 

regional authority, Comisión de Garantías del Instituto de Salud Carlos III. 

Colonies of hESC were routinely expanded in feeder-free Matrigel® coated 6-well 

plates using mTeSR1TM (StemCell Technologies, 85850) and daily medium changes. 

Plates were coated with 2.5% v/v Matrigel (Corning, 354234) in KnockOut DMEM 

(Gibco,10829018) for 1h at room temperature (RT). When reaching 70% confluence, 

cells were passed 1:6-1:15 using ReLeSR (StemCell Technologies, 05872) between 

the 20th and 40th passage.  

Differentiation of hESC into HLC was based on an adapted protocol from Mallanna et 

al. that applies sequential addition of growth factors to recapitulate the critical 

developmental events occurring during in vivo hepatogenesis [45] (Fig. 1). 

To initiate the differentiation process, hESC were cultured to 80% confluence. 

Cells were detached with Accutase (Sigma, A6964), seeded at a density of 125.000 

cells/well in 48-well plates (Biolite, 130187), and cultured in mTeSR1TM supplemented 

with 2 μM Thiazovivin (Tocris, 3485) in a 4% O2 incubator. In the day after, 

corresponding to the 1st day of differentiation, hESC were cultured in adv. RPMI 

medium (Gibco, 12633), containing 1% v/v L-Glutamine (Sigma, G7513) and 1% v/v 

P/S (Sigma, P0781) and supplemented with 2% v/v B27 without insulin (Gibco, 

A1895601), 100 ng/mL Activin A (Peprotech, 120-14P), 10 ng/mL BMP4 (Peprotech, 

120-05ET), and 20 ng/mL FGF2 (Peprotech, 100-18B). During these two first days of 

differentiation, medium was changed daily, and cells were cultured at 37°C in 20% O2 

and 5% CO2. From days 3 to 5 of differentiation, cells were cultured in adv. RPMI 

(+1% v/v L-Glutamine and 1% v/v P/S) containing 2% v/v B27 without insulin and 100 

ng/mL Activin A. Culture medium was changed daily, and cells were cultured at 37 °C 

in 20% O2 and 5% CO2. Definitive endoderm (DE) appeared by this day. From the 6-

10th of differentiation, cells were cultured in adv. RPMI (+ 1% v/v L-Glutamine and 1% 

v/v P/S) supplemented with 2% v/v B27 with insulin (Gibco, 17504044), 20 ng/mL 

BMP4 and 10 ng/mL FGF2. Cells were cultured with daily medium changes for a total 
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of 5-days at 37°C, 4% O2 and 5% CO2. Hepatic progenitors (or hepatoblasts) 

emerged after this step. From days 11-15th of differentiation, hepatoblasts were 

cultured in adv. RPMI (+ 1% v/v L-Glutamine and 1% v/v P/S) supplemented with 2% 

v/v B27 (with insulin) and 20 ng/mL HGF (Peprotech, 100-39). Medium was changed 

daily, and cells were kept at 37 °C, 4% O2 and 5% CO2. HLC, in their immature form, 

appeared by this day. From days 16-20th, immature HLC (imHLC) were cultured in 

hepatocyte maintenance medium (HMM)** consisting of adv. RPMI (+1% v/v L-

Glutamine and 1% v/v P/S) supplemented with 2% v/v B27 (with insulin), 20 ng/mL 

HGF, 20 ng/mL EGF (Peprotech, AF-100-15), 0.1 µM Dexamethasone (Sigma-

Aldrich, D4902), and 20 ng/mL Oncostatin M (Peprotech, 300-10H). Daily medium 

changes were performed; cells were cultured at 37 °C, ambient O2 / 5% CO2. Mature 

HLC (mHLC) appeared at the end of differentiation. 

**Note: The Clonetics™ Human Hepatocyte Cell Systems (Lonza, CC-3198), used 

from days 16-20th by Mallanna et al., was replaced by the HMM (section 4.2.1.1), 

avoiding the use of a commercial and undefined medium. 

 

 

Figure 1. Protocol used to differentiate hESC in HLC. 

 

During hESC differentiation, the commitment of hESC to HLC was monitored by 

observation of cell morphology and shifts in the transcriptome. HLC obtained at the 

end of the protocol were characterized and a threshold of >80% Albumin (ALB) 

positive cells was defined before treatment with microbiome secretome. 

 

4.2.1.2. Treatment of hESC-HLC with CM A or bacterial-derived 

metabolites 

At the end of differentiation, HLC were cultured for 6 additional days with: CM A diluted 

in HMM (dilution of 1:100); 10 ng/µL lithocholic acid (LA) (Sigma-Aldrich, L6250) and 

10 ng/µL vitamin K2 (Vit.K2) (Sigma-Aldrich, V9378) or their vehicle dimethyl sulfoxide 

(DMSO) (Sigma-Aldrich, D8418) in HMM; or HMM only. After these 6-days of 
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treatment, both phenotype and/or functionality of treated HLC were analysed and 

compared to untreated counterparts. 

 

4.2.1.3. RNA Isolation, cDNA Synthesis, and RT-PCR  

Cells from days 1, 3, 6, 11, 16, 21 of differentiation and HLC treated with CM A; LA+ 

Vit.K2; DMSO or untreated HLC were analysed by RT-PCR. 

In brief, cells were lysed with TRIzol Reagent (Invitrogen, 15596026) and passed 

through a 25G needle (Braun, 300600). RNA was separated from DNA, lipids and 

proteins using chloroform, precipitated using isopropanol and washed using 75% v/v 

EtOH. Possible DNA contamination was digested by a DNAse treatment (Thermo 

Scientific, 89836) after which RNA was further purified with an extra phenol/chloroform 

separation step. The amount of RNA was quantified using the NanoDrop 2000/2000c 

Spectrophotometer (Thermo Scientific, ND-2000) and 150-250 ng of RNA were 

reverse transcribed into cDNA using the All-in-One cDNA Synthesis SuperMix 

(Biotool, B24408). cDNA was subsequently used in a three-step PCR reaction 

according to the 2 x PCR Super Master Mix (Biotool, B46018) and the primers listed 

in Table 1. RT-PCR amplicons were run on a 2 % w/v agarose (Invitrogen, 15510-027) 

gels and visualized using 2 % SYBR Safe (Invitrogen, s33102) in the Bio-Rad Gel 

Doc™ EZ imager. Expression levels were quantified by the mean pixel intensity of 

“PCR bands” measured with Image J software and normalized for the housekeeping 

gene, GAPDH. 

 
  Table 1. Primer information 

Gene Symbol Gene Name Primer sequence Annealing temperature (°C) 

POU5F1 
(OCT4) 

POU Class 5 
Homeobox 1 

FW-GTGTTCAGCCAAAAGACCATCT 
RV-GGCCTGCATGAGGGTTTCT 

60 

FOXA2 Forkhead Box A2 FW-CACCACTACGCCTTCAACC 
RV-GGTAGTAGGAGGTATCTGCGG 

62 

GATA4 GATA Binding Protein 
4 

FW-CCACAAGGCTATGCGTCTC 
RV-CTTCTTTGCTATCCTCCAAGTC 

56 

HNF4A Hepatocyte Nuclear 
Factor 4 Alpha 

FW-GTACTCCTGCAGATTTAGCC 
RV-CTGTCCTCATAGCTTGACCT 

56 

AFP Alpha Fetoprotein FW-GATGAAACATATGTCCCTCCTG 
RV-ATGAGAAACTCTTGCTTCATCG 

60 

ALB Albumin FW-AGTGGGCAGCAAATGTTGTAAAC 
RV-TCAGGACCACGGATAGATAGTCTTC 

60 

CYP3A4 Cytochrome P450 
Family 3 Subfamily A 

Member 4 

FW-TGATGGTCAACAGCCTGTGCTGG 
RV-CCACTGGACCAAAAGGCCTCCG 

60 

CYP2C9 Cytochrome P450 
Family 2 Subfamily C 

Member 9 

FW-TGAAAGCTTGGAAAACACTGCA 
RV-GCATATCTCAGGGTTGTGCTTG 

60 

SULT Sulfotransferase 
Family 

FW-CCAGTTATTCCCCAAGTCTTTCT 
RV-AAACATCTCTGGGATTTCTCATGAG 

60 
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4.2.1.4. Immunostaining of Albumin and Alpha-fetoprotein 

After treatment, HLC were stained for albumin (ALB) and alpha-fetoprotein (AFP). 

Briefly, HLC monolayers were fixed in 4 % v/v formaldehyde for 20 min at RT. After 3 

washes with DPBS (Gibco, 14190144) of 5 min each, cells were incubated with 1M 

NH4Cl (Sigma-Aldrich, A9434) to reduce possible autofluorescence. Cells were 

incubated with the “blocking/permeabilization solution” consisting of DAKO protein 

block (DAKO®, X0909) and 0.1 % v/v saponin (Sigma-Aldrich, 47036-50G-F) 

(incubation parameters: 1 h at RT). The primary antibodies, goat anti-human ALB 

(Santa Cruz, sc-46293) and rabbit anti-human AFP (Invitrogen, PA5-16658) in a 

dilution of 1:250 in DAKO and 0.1% v/v saponin, were added (incubation parameters: 

4°C, ON). In the following day, cells were washed and sequentially incubated with the 

secondary antibodies. The antibody donkey anti-goat 488 (Thermo Fisher, A-11055), 

at a dilution of 1:200, was added first and incubated for 1 h at 4°C, protected from light. 

Three washes were followed and the antibody goat anti-rabbit 568 (Thermo Fisher, A-

11011) (diluted 1:200) was added and incubated as previously described.  Lastly, 

nuclei were stained with DAPI (Sigma-Aldrich, D9542) (at 1:1000 dilution) for 5 min 

and mounted in antifade mounting medium (Vector Labs, H-1400). Cells were 

visualized using the Olympus IX81 inverted fluorescence microscope. 

 

4.2.1.5. Additional characterization of HLC obtained at the end of 

differentiation 

The presence of ALB in HLC was quantified by flow cytometry. In brief, HLC were 

detached from the plates with Accutase (Sigma, A6964). Approximately 100.000 cells 

(per condition) were incubated with a LIVE/DEAD® fixable dead cell stain for 30 min 

and fixed using 4% v/v formaldehyde for 15 min. After 3 washes with DPBS, cells were 

GAPDH Glyceraldehyde-3-
Phosphate 

Dehydrogenase 

FW-CTCTCTGCTCCTCCTGTTCG 
RV-ACGACCAAATCCGTTGACTC 

64 

TLR1 Toll Like Receptor 1 FW-CAGGCCCTCTTCCTCGTTAGA 
RV-TTCCTAAAGGTAGAAGCTGTTCTTCA 

60 

TLR2 Toll Like Receptor 2 FW-CTCTCGGTGTCGGAAT 
RV-CCCGCTCACTGTAAGAA 

60 

TLR4 Toll Like Receptor 4 FW-TCTTGGTGGAAGTTGAACG 
RV-GCCACACCGGGAATAA 

60 

TLR5 Toll Like Receptor 5 FW-GTACCCTGACTCGTTCT 
RV-TTCTGCACCCATGTGA 

60 

TLR6 Toll Like Receptor 6 FW-AGTGGACCCAGACTCG 
RV-AGTTCGTAATGGCACC 

60 
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incubated with goat anti-human ALB (Santa Cruz, sc-46293) 1:50 diluted in DPBS with 

2% v/v FBS and 0.1% v/v saponin (30 min at 4°C). After, cells were washed and 

incubated with the secondary antibody, donkey anti-goat 488 (Thermo Fisher, A-

11055) for 30 min. Cells were acquired on the BD Facs Aria™ III cell sorter and 

analysed using the Flow Jo version X 10.0.7r2. 

Furthermore, HLC were also stained for the epithelial cell adhesion molecule (Epcam) 

using the protocol described in section 4.2.1.4. As primary antibody, we used the 

mouse anti-Epcam (Santa Cruz, sc-25308) diluted 1:250, and the goat anti-mouse 

(Molecular Probes, A11029) as secondary antibody. 

Finally, the glycogen content o HLC was visualized by the Periodic acid–schiff (PAS) 

staining, a procedure carried out by the Histology Unit of IIS-Aragón. 

 

4.2.2. The second hepatic cell model: hiPSC-HLC, as 2D 

monolayers, in static culture systems 

4.2.2.1. Expansion of hiPSC and differentiation in HLC 

The hiPSC line Cellartis human iPS Cell Line 18 (ChiPSC18) (Takara Bio Europe, 

Y00300) was differentiated in HLC. This line was chosen for this work as it 

demonstrated higher differentiation efficacy when compared to other lines [46]. 

Cells were routinely propagated in static adherent culture systems (T-flasks) coated 

with Synthemax® (Corning, 3535), in Cellartis® DEF-CS™ Xeno-Free Culture Medium 

(Takara Bio Europe AB, Y30040/Y30045), and were placed at 37º C in a humidified 

atmosphere with 5% CO2. At 80% of cell confluence, cells were detached from the T-

flasks by rinsing with DPBS, adding Versene solution (Gibco, 15040066), and 

incubating the cells for 8 min at 37ºC. Cells were detached with cell scrapers (Sarstedt, 

83.3950), resuspended in fresh Cellartis® DEF-CS™ Xeno-Free culture medium and 

counted using Trypan Blue exclusion method to determine cell number and viability, 

as described elsewhere [47]. 

Hepatocyte differentiation as 2D monolayer in static culture systems was carried out 

using Cellartis iPS Cell to Hepatocyte Differentiation System (Takara BioEurope AB, 

Y30055), as described by the manufacturer and published in the literature [46]. 
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Differentiation of hiPSC in HLC occurred for 21 days and was monitored by 

observation of cell morphology by light-microscopy. A threshold of >80% ALB positive 

cells was defined before the treatment with microbiome secretome. 

 

4.2.2.2. Treatment of hiPSC-HLC with CMs 

At the end of differentiation, the culture of HLC was extended for 6 additional days. 

During these days, HLC were exposed to CM A or CM A+abx (in a dilution of 1:100 in 

HMM) or cultured in HMM only. 

 

4.2.2.3. Analysis of pluripotency, Sox17, ALB and AFP by flow-cytometry 

Before differentiation, pluripotency and the early differentiation maker, Sox17, were 

assessed by flow cytometry. Likewise, ALB and AFP were analysed after 

differentiation and before the treatment with CMs. 

Briefly, cells were detached from 2D monolayers using with TrypLE Select, (Gibco, 

12563011). For detection of cell-surface epitopes (i.e., TRA-1-60, SSEA-4, and TRA-

1-81), cells were resuspended in washing buffer (WB) solution (5% v/v FBS in DPBS), 

centrifuged at 300 x g for 5 min and incubated with the respective antibodies. The 

antibodies, mouse anti-human TRA-1-60 (Santa Cruz, sc-21705), mouse anti-human 

SSEA-4 (560126, BD) and TRA-1-81 (Santa Cruz, sc-21706), and respective isotype 

controls (IgM or IgG3) were diluted in WB (according to supplier instructions) and 

incubated for 1 h at 4°C. For the intracellular epitopes Sox17, ALB and AFP, cells were 

washed with WB, fixed, permeabilized using BDCytofix/CytopermTM, (BD 

Biosciences, 554722) and stained as described in Chapter 4 section XX. Stained cell 

suspensions were analysed using CyFlowH space (Sysmex PartecGmbH, Görlitz, 

Germany) instrument. At least ten thousand events were registered per sample. 

Analysis was performed with FlowJo software (FlowJo LLC, http://www.flowjo.com/). 

 

4.2.2.4. Transcriptomic analysis 

The effect of CMs on HLC’s transcriptome were analysed by reverse transcription-

quantitative real-time PCR (RT-qPCR). RNA was isolated using the High Pure RNA 

Isolation Kit (Roche, 11828665001) and quantified by optical density with NanoDrop 

http://www.flowjo.com/
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2000c spectrophotometer. 200ng of RNA were reverse transcribed into cDNA using 

the Transcriptor First Strand cDNA Synthesis Kit (Roche, 5081963001). mRNA 

abundance of the selected genes was measured by RT-qPCR using TaqMan probe 

technology (LightCycler® 480 Probes Master, Roche, 04887301001) and validated 

primers (Table 2). Relative gene expression was calculated using 2-ΔΔCT method and 

normalized to the housekeeping gene GAPDH. 

 

      Table 2. Primer information used for RT-qPCR assay 

 

 

 

 

 

 

 

4.2.3. The third hepatic cell model: hiPSC-HLC generated, as 

3D cell aggregates, in bioreactors 

4.2.3.1. Expansion and differentiation of hiPSC in HLC in STBR 

The hiPSC lines PH1-Fib-hiPSC4F1 and ChiPSC18, henceforth termed hiPSC-1 and 

hiPSC-2, were used in this work and derived as previously described [46,48]. 

Before differentiation, hiPSC were routinely propagated in static adherent culture 

systems (T-flasks) in the Cellartis DEF-CS 500 Xeno-Free Culture Medium w/o 

antibiotics (Cat. No. Y30045, Takara BioEurope AB, SE) as described in greater depth 

elsewhere [49,50].  

Differentiation of hiPSC in HLC as 3D aggregates was done in stirred-tank bioreactor 

(STBR) using and integrated strategy combining hiPSC expansion and hepatocyte 

differentiation steps, as described extensively in the Chapter 4. 

 

4.2.3.2. Treatment of hiPSC-HLC with CMs 

At day 21 of differentiation, HLC were harvested from STBR and transferred to 

different 2D systems according to the analysis. HLC were treated for 6 days, with CM 

A or CM A+abx (diluted 1:100 in HMM) or cultured in HMM only. Daily media changes 

were performed during treatment. 

Gene Symbol Gene Name Assay ID 

FOXA2 Forkhead Box A2 Hs05036278_s1 

HNF4A Hepatocyte Nuclear Factor 4 Alpha Hs00230853_m1 

AFP Alpha Fetoprotein Hs00173490_m1 

ALB Albumin Hs00910225_m1 

CYP3A4 Cytochrome P450 Family 3 Subfamily A Member 4 Hs00604506_m1 

CYP2C9 Cytochrome P450 Family 2 Subfamily C Member 9 Hs02383631_s1 
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4.2.3.3. Cell viability and whole mounting 

To assess cell viability and quantify the expression of ALB and AFP by flow-cytometry 

and immunofluorescence whole mounting, HLC, at a concentration of 1x106 cell/mL, 

were transferred and cultured in 24-well ultra-low attachment plates (Corning, 3473). 

Protocols are described in detailed in Chapters 3 and 4. 

 

4.2.3.4. Transcriptomic analysis, secretion of ALB and AFP, release of 

indocyanine green and activity of CYP3A4 

The expression of hepatic specific genes, the quantification of ALB and AFP secreted 

by HLC, the release of indocyanine green (ICG) and the activity of CYP3A4 are 

detailed in Chapters 3 and 4. For that, HLC, were seeded in 24w-plate coated with 

Matrigel (Corning) or in 48w-plate and let to adhere during 24h. After that, HLC were 

treated with CMs as described. 

 

4.3. Animal models 

All animal studies were performed in accordance with portuguese regulations and 

approved by the Instituto Gulbenkian de Ciência (IGC) ethics committee and Direcção-

Geral da Alimentação e Veterinária (the official national entity for regulation of 

laboratory animal usage). Male C57BL/6 mice with 8 to 12 weeks age, obtained from 

IGC, were bred and housed under specific pathogen-free (SPF) or germ-free (GF) 

conditions with 12 h light/dark cycle, humidity 50%–60%, ambient temperature 22 ± 

2°C and food and water ad libitum. Animals were euthanized with CO2 and livers were 

harvested and analysed by RT-qPCR. 

 

4.3.1. RNA Isolation, cDNA Synthesis, and RT-qPCR 

For RNA isolation, liver lobes (~50 mg) were homogenized in 500 mL TRIzol™ 

Reagent (Thermo Fisher Scientific, 15596026) using a Tissue Lyser II. Homogenates 

were then centrifuged at 20000 x g for 3 min at 4°C and 500 mL of supernatant were 

used for RNA extraction with RNeasy Plus Mini Kit (Quiagen, 74134). Extraction was 

performed with 100 mL chloroform and the aqueous layer was transferred to a RNeasy 
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mini spin column. RNA purification was performed according to the manufacturer’s 

instructions including one step of in-column DNase treatment. RNA was quantified in 

Nanodrop, and 1 mg total RNA was used to synthesize cDNA using SuperScript™ II 

Reverse Transcriptase (ThermoFisher Scientific, 18064022) and Oligo(dT)12-18 

Primer (ThermoFisher Scientific, 18418012). Real-time quantitative PCR was 

performed using SybrGreen reagent (iTaq™ Universal SYBR® Green Supermix, Bio-

Rad) and ABI QuantStudio 7 equipment. Relative gene expression is reported as 2-

ΔΔCT relative to a control gene (Gapdh). A list of the oligonucleotide sequences used 

can be found in Table 3. 

 

                                             Table 3. List of primers used in section 4.3.1. 

 
 
 
 
 
 

  

 

 

4.4. Statistical analysis 

Statistical analysis could not be performed as the results were obtained from 

experiments performed up to 2 times, in the case of the first and second hepatic 

models. For the hiPSC-HLC 3D model, statistical analysis could also not be performed 

as 2 results showed biological duplicates only. The last model using animals was 

analysed with the Mann-Whitney test. P values are reported for two-tailed tests with a 

95% confidence interval, and differences with P <0.05 were considered significant for 

all statistical tests. 

Gene Primers 

Alb FW-CAAGAGTGAGATCGCCCATCG 
RV-TTACTTCCTGCACTAATTTGGCA 

Cyp2c38 FW-CACGGCCCATTGTTGTATTGC 
RV-TGAGTGTGAAACGTCTTGTCTCT 

Cyp2d9 FW-GCTGAAAGATGAGTCTGTCTGG 
RV-TGGTCTCGTACCACAGCACA 

Cyp2e1 FW-CATCACCGTTGCCTTGCTTG 
RV-GGGGCAGGTTCCAACTTCT 

Gapdh FW- AACTTTGGCATTGTGGAAGG 
RV- ACACATTGGGGGTAGGAACA 
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5. Results 

5.1. CMs were successfully formulated and were 

enriched in different organic compounds 

To investigate the effect of postbiotics on hepatic function, we formulated two different 

CMs using stools from a healthy donor which allowed us to simulate a “healthy 

microbial secretome” and stools from the same donors under a Abx treatment (CM 

A+abx), allowing us to investigate the effect of a secretome modulated by these drugs 

(Sup. Fig 2A). Both formulations as well as the basal medium used for HLC culture 

(HMM) were characterized for their content in BA, vitamins and SCFA. 

By UPLC/MRM-MS analysis, a total of 23 BA was identified in CMs, but none could 

be detected in HMM (Fig. 2A and Sup. Fig. 2B). When comparing both CMs, CM A 

showed a higher BA diversity than CM A+abx; 8 BA (i.e., dehydrocholic acid; apocholic 

acid; beta-muricholic acid; taurocholic acid; tauroursodeoxycholic acid; tauro-alpha-

muricholic acid; tauro-beta-muricholic acid and tauro-omega-muricholic acid) were 

only present in CM A while other 2 (chenodeoxycholic acid and glycoursodeoxycholic 

acid) were exclusive of CM A+abx. 

Besides that, CMs showed differences in which regards BA concentration. More 

specifically, 7 BA (i.e., cholic acid; deoxycholic acid, dehydrolithocholic acid; 7-

ketodeoxycholic acid; 7-ketolithocholic acid; nordeoxycholic and ursocholic acid) were 

enriched in CM A, while 6 others (i.e., lithocholic acid; allocholic acid; dioxolithocholic 

acid; isolithocholic acid; omega-muricholic acid and norcholic acid) predominated in 

CM A+abx (Sup. Fig. 2B). Cholic acid was the most enriched BA and its concentration 

was >80 times higher than CM A+abx. A similar trend was observed for 7-

ketodeoxycholic acid and deoxycholic acid, the second and third most enriched BA 

(Fig. 2A). 

Short chain fatty acids were also quantified using GC-MS methodologies. A total of 7 

(i.e., acetic acid; propionic acid; isobutyric acid; butyric acid; isovaleric acid; valeric 

acid and hexanic acid) were identified in both CMs (Fig. 2B) and poorly detected in 

HMM (Sup. Fig. 2C). 
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Surprisingly, the CM A+abx was much more enriched in almost all SCFA than CM A, 

except for acetic acid (Fig. 2B and Sup. Fig. 2C). 

Finally, water and fat-soluble vitamins-like were also measured by UPLC/MRM-MS.  

Out of the 33 vitamins analysed, 15 were identified in CMs and 20 were found in HMM 

(Sup. Fig. 2D). In particular, the higher variations between CMs and HMM were in the 

content of vitamin B3-nicotinic acid, B6-pyridoxine and vitamin B1-Thiamine-

phosphate (Fig. 2C). 

When comparing both CMs, 8 vitamins (i.e., vitamin B1 thiamine; vitamin B2; 

vitaminB1-thiamine-pyrophosphate; vitamin B-like-lipoic acid; vitamin A-retinal; 

vitamin D3-cholecalciferol; vitamin E-alfa-tocopherol; vitamin K2-menaquinone) were 

enriched, and 7 (i.e., vitamin B3-nicotinamide; vitamin B6-pyridoxamine; vitamin B6-

pyridoxine; vitamin B1-Thiamine-phosphate; vitamin B2-riboflavin-5min-phosphate; 

vitamin B3-nicotinic acid and vitamin B5-pantothenic acid) were decreased in CM A 

compared to CM A+abx (Sup. Fig. 2D). 

Finally, as intestinal bacteria have been shown to secrete proteins and other small 

peptides, we quantified the total protein content using the commercial BCA Protein Kit. 

As showed, both CM formulations were enriched in proteins, which was slightly higher 

in the CM A (12.2 mg/mL and 10.4 mg/mL for CM A and CM A+abx, respectively) (Fig. 

2D and Sup. Fig. 2E). Further experiments are needed to identify the nature of these 

peptides. 

Altogether, these findings suggest that HLC treated with CM A were exposed to a 

greater BA variety and an overall higher BA concentration compared to cells treated 

with CM A+abx. Since HMM was free of BA, cells kept in this media only were not 

exposed to any BA. Moreover, HLC treated with any of the two CMs were exposed to 

significantly higher SCFA concentrations and to an overall equal amount of vitamins 

than their untreated counterparts. 

Once confirmed that CMs were enriched in various organic compounds, we tested 

whether these secretomes were biologically active and could therefore modulate 

hepatic function. 
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Thus, we treated HLC, derived from 3 different hPSC lines (1 hESC and 2 hiPSC lines) 

using different differentiation protocols, with CMs and compared their phenotype or 

functionality to untreated counterparts, as described in the following subsections. 
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Figure 2. hPSC-HLC treated with CM A or CM A+abx were exposed to greater diversity and concentration of BA and SCFA and a similar 
concentration of vitamins compared to untreated counterparts. Different hPSC-HLC were cultured for 6 days in HMM supplemented with CM 
(CM dilution of 1:100 in 500µl final volume). Before treatment, CMs and HMM were also characterized using different analytical chemistry 
techniques. (A) Concentration of BA (nmol/L) sensed by HLC considering the dilution and volume mentioned previously. Fold increase in the 
concentration of (B) SCFA and (C) vitamins sensed by HLC treated with CMs vs untreated cells. (D) Quantification of total protein in CMA and CM 
A+abx by Pierce BCA Protein Assay Kit. Abbreviations: BA, bile acids; CM, conditioned media; CM A, conditioned media from a healthy adult; CM 
A+abx, conditioned media from an adult under antibiotic treatment; FC, fold change; hPSC, human pluripotent stem cells; HLC, hepatocyte-like 
cells; HMM, hepatocyte maintenance media; SCFA, short-chain fatty acids. 
.  
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A 
 
 
 
 
B 

Bile Acid (nmol/L)/Sample CM A CM A+abx HMM 

Cholic acid 8.535 5.285 0 

Deoxycholic acid 24.57 7.553 0 

Lithocholic acid 0.525 0.9247 0 

Allocholic acid 0.9485 1.707 0 

Chenodeoxycholic acid 0 0.2187 0 

Dehydrocholic acid 1.871 0 0 

12-Ketolithocholic acid 0 0 0 

Dehydrolithocholic acid 0.1691 0.1651 0 

7-Ketodeoxycholic acid 25.8 1.628 0 

7-Ketolithocholic acid 3.6 2.627 0 

Alloisolithocholic acid 0 0 0 

Apocholic acid 0.2206 0 0 

Hyodeoxycholic acid 0 0 0 

Murocholic acid 0 0 0 

Ursodeoxycholic acid 0 0 0 

Dioxolithocholic acid 1.925 11.25 0 

Isolithocholic acid 0.6429 1.456 0 

Isodeoxycholic acid 0 0 0 

12-Ketochenodeoxycholic acid 0 0 0 

Nordeoxycholic acid 0.119 0.056 0 

3-Oxocholic acid 0 0 0 

6,7-Diketolithocholic acid 0 0 0 

alpha-Muricholic acid 0 0 0 

beta-Muricholic acid 0.2521 0 0 

lamda-muricholic acid 0 0 0 

omega-muricholic acid 1.731 3.083 0 

Glycochenodeoxycholic acid 0 0 0 

Glycocholic acid 0 0 0 

Glyco-beta-Muricholic acid 0 0 0 

Glycodehydrocholic acid 0 0 0 

Glycodeoxycholic acid 0 0 0 

Glycohyodeoxycholic acid 0 0 0 

Glycoursodeoxycholic acid 0 0.1111 0 

Glycolithocholic acid 0 0 0 

Glycohyocholic acid 0 0 0 

Taurodeoxycholic acid 0 0 0 

Taurochenodexycholic acid 0 0 0 

Taurocholic acid 0.6829 0 0 

Taurodehydrocholic acid 0 0 0 

Taurolithocholic acid 0 0 0 

Tauroursodexycholic acid 0.1292 0 0 

Taurohyocholic acid 0 0 0 

Tauro-alpha-muricholic acid 0.1484 0 0 

Tauro-beta-muricholic acid 0.7281 0 0 

Tauro-omega-muricholic acid 0.8008 0 0 

Ursocholic acid 2.972 1.164 0 

Norursodeoxycholic acid 0 0 0 

Norcholic acid 1.227 1.914 0 

3beta-OH-5-cholestenoic acid 0 0 0 

3beta, 7alpha-diOH-5-cholestenoic acid 0 0 0 

7alpha-OH-3-oxo-4-cholestenoic acid 0 0 0 

DHCA 0 0 0 

THCA 0 0 0 

lithocholic acid-3-glucuronide 0 0 0 

lithocholic acid-24-glucuronide 0 0 0 

deoxycholic acid-3-glucuronide 0 0 0 

deoxycholic acid-24-glucuronide 0 0 0 

chenodeoxycholic acid-3-glucuronide 0 0 0 

chenodeoxycholic acid-24-glucuronide 0 0 0 

Hdeoxycholic acid-3-glucuronide 0 0 0 

ursodeoxycholic acid-3-glucuronide 0 0 0 

ursodeoxycholic acid-24-glucuronide 0 0 0 

lithocholic acid-3-sulfate 0 0 0 

deoxycholic acid-3-sulfate 0 0 0 

chenodeoxycholic acid-3-sulfate 0 0 0 

Hyodeoxycholic acid-3-sulfate 0 0 0 

ursodeoxycholic acid-3-sulfate 0 0 0 

cholic acid-3-sulfate 0 0 0 

Allocholic acid-3-sulfate 0 0 0 

   

Simulated Gastric fluid 
 

Commercial baby food was diluted  
In Milli-Q H2O and incubate with  

pepsin (0.4 mg/mL) for 2h at 37ºC  
and150rpm under acidic pH 

 
 

Microbial Secretome* 
 

SIF was ultra-centrifugated and 
filtered. The supernatant (CM) was 
stored and used to treat different 

models of hPSC -HLC 
Microbial secretome: conditioned media (CM) 

 

Simulated Intestinal fluid 

 
 SGF was neutralized and incubated with 

pancreatin (2000U/mL). Two hs after, SIGF 
was incubated ON with human stools* at 

37ºC under anaerobic conditions 
 *Human stools: CM A: adult healthy stools 

CM A+abx: stools from an adult under antibiotic treatment 
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beta-Muricholic acid-3-sulfate 0 0 0 

Glycolithocholic acid-3-sulfate 0 0 0 

Glycodeoxycholic acid-3-sulfate 0 0 0 

Glycochenodeoxycholic acid-3-sulfate 0 0 0 

Glycoursodeoxycholic acid-3-sulfate 0 0 0 

Glycohyodeoxycholic acid-3-sulfate 0 0 0 

Glycocholic acid-3-sulfate 0 0 0 

Taurolithocholic acid-3-sulfate 0 0 0 

Taurodeoxycholic acid-3-sulfate 0 0 0 

Taurochenodeoxycholic acid-3-sulfate 0 0 0 

Tauroursodeoxycholic acid-3-sulfate 0 0 0 

C 
SCFA (µg/mL)/Sample CM A CM A+abx HMM 

Acetic acid 3655.35 2480.42 6.693 
Propionic acid 33.701 66.563 0.004 
Isobutyric acid 0.847 1.408 0.002 

Butyric acid 19.362 37.914 0.087 
Isovaleric acid 1.016 2.251 0.002 

Valeric acid 1.174 1.951 0.015 
Hexanic acid 0.427 0.858 0.007 

D 
Vitamins (nmol/L)/Sample CM A CM A+abx HMM 

  
  
  
  

  
  

  
W

a
te

r-
s

o
lu

b
le

 

VitaminB9 Folate 0 0 14563.04 
VitaminB1 Thiamine 40.28 25.61 6661.58 

VitaminB12  0 0 294.37 

VitaminB2  6210.37 4749.1 925.94 

VitaminB3 Nicotinamide 183.17 206.46 7184.37 
VitaminB6 Pyridoxamine 28.91 30.03 289.51 

VitaminB6 Pyridoxine 60.04 131.59 2.01 

VitaminB1-Thiamine-pyrophosphate 1727.6 1182.96 1678.76 

VitaminB1-Thiamine-phosphate 6290.04 10573.6 312.16 
VitaminB2-Riboflavin-5min-phosphate 250.85 319.15 34.65 

VitaminB3-Nicotinic acid 14394.3 18896.1 95.88 

VitaminB-like-Lipoic acid 26.74 18.61 12.41 

VitaminB5-Pantothenic acid 1466.6 1643.17 2417.76 
VitaminB6-Pyridoxal 0 0 13539.9 

VitaminB6-Pyridoxal-phosphate 0 0 0 

VitaminB7-Biotin 0 0 1993.68 

 VitaminK3 0 0 0 

  
  
  
  

  
  

  
  

  
 F

a
t-

s
o
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b

le
 

VitaminA-Retinal 1.4711 0 0.8768 

VitaminA-Retinoic acid 0 0 2.525 

VitaminA-Retinol 0 0 0 

VitaminD2-Ergocalciferol 0 0 0 
VitaminD3-Cholecalciferol 0.6414 0.4217 44.733 

VitaminE-alfa-tocopherol 48.4667 30.7638 92.0593 

VitaminE-beta/gamma-tocopherol  0 0 0 

VitaminE-delta-tocopherol 0 0 0 
VitaminE-alfa-tocotrienol 0 0 0 

VitaminE-delta-tocotrienol 0 0 0 

VitaminK1-Phylloquinone 0 0 0 

VitaminK2-Menaquinone 0.1324 0.1247 0.2066 
VitaminE-beta/gamma-tocotrienol 0 0 0 

4-Aminbenzoic acid 0 0 0 

4-Pyridoic acid 0 0 0 

VitaminB12 Cyanocobalamin 0 0 0 

E 

 

 
 
 
 
 
  
 
 
 
Supporting Figure 2. Secretomes of human intestinal microbiota were successfully formulated in vitro and contained different organic 
compounds. In this study, two CMs were formulated using a protocol that mimics human digestion in vitro. CM A and CM A+abx were prepared 
similarly, varying only the bacterial source. Thus, CM A used stools from a healthy adult while CM A+abx used stools from an adult under antibiotic 
treatment. Before treat hPSC-HLC with CM, both CMs and HMM were characterized using different analytical chemistry techniques at Creative 
Proteomics. (A) Protocol used to formulate CMs. (B) Quantitative measurement of BA (nmol/L) by UPLC/MRM-MS; (C) Analysis of SCFA (μg/mL) 
by GC-MS; (D) Quantification of water and fat-soluble vitamins (nmol/L) by UPLC/MRM-MS; (E) Total protein detection by Coomassie Protein Gel 
Imaging. Abbreviations: BA, bile acids; CM, conditioned media; CM A, conditioned media from a healthy adult; CM A+abx, conditioned media from 

an adult under antibiotic treatment; GS-MS, Gas chromatography mass spectrometry; HMM, hepatocyte maintenance media; LC-MS, liquid 
chromatography–mass spectrometry; ON, overnight; SCFA, short-chain fatty acids; UPLC/MRM-MS, ultraperformance liquid chromatography-
multiple reaction monitoring-multi-stage/mass spectrometry. 
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5.2. hESC-HLC treated with CM A formed ALB+ hepatic 

cords and showed an increased expression of 

hepatic specific markers 

In the first hepatic model, we used HLC differentiated from hESC.  

During differentiation, light microscopy analysis showed alterations in cell morphology 

from the typical stem binucleated round-shape towards an epithelial-like monolayer 

(Sup. Fig. 3A). These observations were accompanied by transcriptional shifts that 

included an initial loss of pluripotency (OCT-4) and the consequent activation of 

hepatic-specific markers (HNF4A, AFP, ALB, CYP3A4, CYP2C9 and SULT) (Sup. Fig. 

3B). 

HLC obtained at the end of differentiation exhibited irregular polygonal shape and 

expressed ALB (>90% ALB+) and accumulated glycogen (Sup. Fig. 3C a-d), 

resembling PHH. 

Considering these results, the generated hESC-HLC were cultured for 6 additional 

days with: i) CM A diluted in HMM (HLC+CM A); ii) the microbial products vitamin K2 

and lithocholic acid (HLC+Vit.K2+LA) or iii) its vehicle DMSO (HLC+DMSO) diluted in 

HMM; and iv) HMM only (HLC) (Fig. 3A). 

Although HLC+CM A still conserved traits of fetal origin (i.e., AFP) (Fig. 3C), they 

formed unique “structures”, that by staining for ALB, we believe being hepatic cords 

(or niches). Interestingly, these “cords” were not observed in HLC kept in HMM only 

(Fig. 3C). 

Moreover, HLC+CM A showed an increased expression of HNF4A and CYP2C9 

compared to untreated HLC or even to HLC exposed to the positive inducers Vit.K2 

and LA (Fig. 3D). The increased expression observed for transcripts of TLR1, .-2, .-5, 

and .-6 in HLC+CM A suggests a possible signalling transduction pathway mediated 

by TLR receptors although further experiments will be needed to validate this 

hypothesis. 
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Figure 3. Treatment with CM A led to the formation of ALB+ hepatic cords and to an increased expression of hepatic markers. In this 
model, HLC were differentiated from hESC and exposed to CM A; Vit.K2+LA or DMSO (its vehicle) or kept in HMM only for 6 days. (A) Schematic 
representation of the model. (B) Light microscopy images of untreated HLC and HLC+CM A. Magnifications are indicated on pictures. (C) Staining 
of ALB and AFP visualized by fluorescence immunocytochemistry after treatment with microbiome. All images were taken with 200x magnification. 
(D) Expression of HNF4A, CYPC29, TLR1, -2, -5, -6 after treatment with microbiome. Gene expression is represented as FC to untreated HLC. No 
statistical analysis could be performed on quantitative measurements, as the data reported represents single experiments. Abbreviations: CM A, 
conditioned media from a healthy adult; DE, definitive endoderm; DMSO, dimethyl sulfoxide; FC, fold change; hESC, human embryonic stem cells; 
HLC, untreated HLC; HLC+CM A, HLC treated with CM A; HLC+Vit.K2+LA, HLC exposed to Vit.K2 and LA; HLC+DMSO, HLC exposed to DMSO; 
HMM, hepatocyte maintenance media; imHLC, immature HLC; mHLC, mature HLC.  
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5.3. Treatment of hiPSC-HLC with CM A increased the 

expression of hepatic specific genes in contrast to 

CM A+abx formulation 

The influence of CMs on hepatic function was evaluated in a second hPSC model 

consisting of HLC derived from a hiPSC line. As described above (section 4.2.2), the 

hiPSC line ChiPSC18 was differentiated in HLC, as 2D monolayers, using the serum- 

and feeder-free protocol “Cellartis® iPS Cell to Hepatocyte Differentiation Kit” 

commercialized by Takara Bio Europe-Cellartis AB. 

Prior to differentiation, pluripotency was confirmed by the presence of TRA-1-60, 

SSEA-4 and TRA-1-81 and the absence of the endodermal marker, SOX17 (Sup. Fig. 

4A). 

Morphological changes during differentiation confirmed that hepatic differentiation 

occurred as expected (Sup. Fig.4B). 

Although HLC displayed the typical PHH morphology with irregular polygonal shape 

and one or two prominent nucleoli, HLC showed a hybrid fetal-adult phenotype 

(~79.6%AFP and ~63%ALB) (Sup. Fig. 4C). The accuracy of this analysis was 

questionable due to technical challenges faced while detaching HLC from the plates, 

which resulted in poor cell recovery yields and loss of viability (data not shown). 

After differentiation, HLC were cultured for six additional days in i) CM A diluted in 

HMM (HLC+CM A); ii) CM A+abx diluted in HMM (HLC+CM A+abx), or iii) HMM only 

(HLC) (Fig. 4A). 

Our results showed that, only HLC that were treated with CM A displayed an increase 

in the expression of hepatic-specific markers namely, HNF4A, AFP, CYP3A4 and 

CYP2C9. Curiously, none of the formulations improved the transcription of ALB (Fig. 

4C). 
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Figure 4. Although both CM formulations were sensed by hiPSC-HLC only CM A led to an increased in the expression of putative 
hepatocyte markers. In this model, HLC were differentiated from hiPSC and exposed to CM A; CM A+abx or kept in HMM only for 6 days. (A) 
Schematic representation of the second hepatic cell model. (B) Light microscopy images of untreated HLC, HLC+CM A and HLC+CM A. Scale bar: 
200µm. (C) Expression of FOXA2, HNF4A, AFP, ALB, CYP2C9 and CYP3A4 after treatment with microbiome. Graphs represent the FC expression 
relative to untreated HLC. Since only two independent experiments were performed, no statistical analysis could be performed. Abbreviations: CM 
A, conditioned media from a healthy adult; DE, definitive endoderm; DMSO, dimethyl sulfoxide; FC, fold change; hiPSC, human induced pluripotent 
stem cells; HLC, untreated HLC; HLC+CM A, HLC treated with CM A; HLC+CM A+abx, HLC treated with conditioned media from an adult under 
antibiotic treatment; HMM, hepatocyte maintenance media; imHLC, immature HLC; mHLC, mature HLC. 
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5.4. Secretomes of intestinal microbiota preserved the 

function of 3D aggregates of hiPSC-HLC in 2D 

culture 

In this model, we used hiPSC-HLC generated using a scalable bioprocess described 

by our group (Chapter 4). Two different hiPSC lines (hiPSC-1 and hiPSC-2) were 

differentiated in HLC, as 3D cell aggregates, in STBR operating in perfusion. 

After 3-4 days of cell expansion and further 21 days of differentiation HLC were 

harvested and treated for 6 days in static culture systems with i) CM A diluted in HMM 

(HLC+CM A); ii) CM A+abx diluted in HMM (HLC+CM A+abx) or iii) in HMM only (HLC) 

(Fig. 5A). 

The commitment of hiPSC in HLC and a comprehensive characterization of generated 

HLC can be found in Chapter 4. 

Herein, we firstly demonstrated that transferring cells from 3D dynamic culture 

conditions to 2D static systems did not compromise cell viability as in all conditions 

tested HLC remained viable after 6 days of culture (Fig. 5B). 

Then, we investigated whether CMs impact HLC by analysing cell phenotype and their 

ability to perform critical functions of the human liver. 

First, we analysed the metabolism of xenobiotics which is carried out mainly by the 

P450 cytochrome family. We showed that the expression of adult cyp. isoforms (i.e.  

CYP1B1, -3A4, -2C9, -2D6 and -2E1) was overall increased in HLC+CM A compared 

to untreated HLC. The same was not that evident for HLC+CM A+abx. Nevertheless, 

the fetal cyp. isoform, CYP3A7, was still transcribed (Fig. 5C-a).  

Gene expression analysis was only partially corroborated by function analysis. 

Although HLC+CM A, derived from both hiPSC lines, showed a higher basal and 

inducible CYP3A4 metabolism than untreated counterparts, exposure to CM A+abx 

also improved CYP3A4 metabolism, in contrast to what was demonstrated before by 

its lower basal expression (Fig. 5C-b). 
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Next, we analysed the capacity of HLC to express and secrete the liver specific-

plasma proteins AFP, ALB and A1AT. HLC treated with both CMs showed higher ALB 

expression than HLC kept in HMM only (Fig. 5D-b). These mRNA levels were 

translated in a higher percentage of cells expressing ALB (i.e., 88.8%ALB+ cells in 

HLC+CM A; 81.4%ALB+ cells in HLC+CM A+abx vs 66.5%ALB+ cells in HLC) and in 

overall higher ALB secretion (Fig. 5D a-c). Whole mounting immunofluorescence 

microscopy of HLC+CM A and HLC confirmed these findings (Fig. 5D-d).  

Interestingly, the gene expression levels of AFP (Fig. 5D-b) and the percentage of 

AFP+ cells (Fig. 5D-a) in HLC+CM A were superior to HLC, contrary to what was 

observed in ELISA (Fig. 5D-c) and whole mounting assay (Fig. 5D-d). Although the 

expression of AFP was slightly higher in HLC+CM A+abx than HLC, these were not 

translated into higher secretion of AFP. 

Finally, the expression and secretion of A1AT were superior in HLC+CM A for HLC 

derived from hiPSC-1 only (Fig. 5D-b-c).  

ICG uptake by hepatocytes has been recently used to assess the in vitro function of 

stem-cell-derived hepatocytes (refs 6, 7). By light-microscopy analysis, we observed 

that all HLC conditions could uptake ICG. HLC+CM A showed a higher ICG release 

during the first 5 h post-uptake. This tendency was maintained till 24h, but the highest 

release was observed for HLC+CM A+abx (Fig.5 E a-b). 

Finally, we analysed the expression of other hepatic specific markers. HLC+CM A 

showed an overall increased expression of the transcriptional factors HNF4A, PPARA 

and FXR than untreated counterparts. Likewise, the expression of CPS1, the master 

regulator of the urea cycle, and ABCB1 involved in drug detoxification showed a similar 

tendency. The same results were not observed in HLC+CM A+abx. 

Interestingly, the expression of plasma membrane receptors TLR1, .-2, .-6 were also 

elevated in HLC+CM A, corroborating the results obtained with other models (Fig. 5F). 
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Figure 5. hiPSC-HLC treated with CM A preserved hepatic functionally in vitro. In this model, HLC were differentiated from two hiPSC lines in 
STBR and exposed to CM A; CM A+abx or kept in HMM only for 6 days. After treatment, the phenotype and functionality of both untreated and 
treated HLC were analysed. (A) Schematic representation of the experimental design. (B) Light microscopy analysis of HLC culture viability after 
exposure to CM. Live cells internalized FDA and represented as green spheres, whereas death ones stained for TO‐PRO™‐3 and were identified 
with red colour. Scale bar: 200 µm. (C) Analysis of xenobiotic metabolism: (a) Relative expression of different Cyps by RT-qPCR. mRNA levels 
were normalized for GAPDH and data are represented as FC to untreated HLC. Gene expression values for hiPSC-1 are represented as black dots 
while white dots represent hiPSC-2; (b) Basal and inducible metabolism CYP3A4 measured 48h after treatment. n=1 experiment for hiPSC-1 and 
hiPSC-2. (D) Analysis of liver-specific plasma proteins: (a) ALB and AFP analysis by flow-cytometry; (b) Relative expression of AFP, ALB and A1AT 
by RT-qPCR. (c) Secretion of AFP, ALB and A1AT quantified by ELISA. Concentrations levels were normalized for DNA levels. N=1 experiment 
per hiPSC-line; (d) Whole-mounting immunofluorescence images of untreated HLC and HLC+CMA A. Scale bar: 50 µm. (E) ICG release: (a) 
Representative images of HLC after uptake (1 h) and release (24 h) of ICG. Scale bars: 100 μm.; (b) profile of ICG release by HLC after treatment; 
(F) Expression of HNF4A, PPARA, FXR, PXR, CPSI, ABCB1, TLR-1., -2 and -6 by gene expression. mRNA levels were normalized for GAPDH 
and data are represented as FC to untreated HLC. Gene expression values for hiPSC-1 are represented as black dots while white dots represent 
hiPSC-2. Abbreviations: ALB, albumin; AFP, alpha-fetoprotein; DAPI, 4′,6-diamidino-2-phenylindole; CM A, conditioned media from a healthy adult; 
CM A+abx, conditioned media from an adult under antibiotic treatment; DE, definitive endoderm; FC, fold change; hiPSC, human induced pluripotent 
stem cells; HLC, hepatocyte-like cells; HMM, hepatocyte maintance media; ICG, indocyanine green; STBR, stirred-tank bioreactor. Gene 
nomenclature description can be found in Chapter 4. 
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6. Discussion 

Motivated by the concepts explored in our Seminar [51] and our preliminary results 

that showed a clear correlation between the presence of intestinal microbiota and the 

expression of critical hepatic markers (Appendix, Fig.6), in this Chapter, we 

investigated the potential of microbiome to produce more functional hPSC-HLC that 

will ultimately harness their potential for cell-therapies. 

Altogether our results showed that the secretome from “healthy” bacteria (CM A) could 

preserve the functionality and phenotype of different hPSC-HLC cultured in vitro. 

The use of microbial compounds in the culture of PHH or hPSC-HLC is not new. In 

2015, Avior et al. treated hPSC-HLC and fetal hepatocytes with LA and Vit.K2 and 

reported an inducible CYP450 activity, accurate toxicological response, and significant 

albumin production, comparable to PHH [52]. Five years later, Takeishi et al. used 

ursodeoxycholic acid (UDCA), among other factors, to promote HLC maturation before 

their recellularization into mini-liver grafts and subsequent transplantation in mice [53].  

Although promising, the use of one/two postbiotics could not reflect the complexity of 

the whole bacterial secretome and the possible synergistic effects between them. 

Thus, in this study we investigated, for the first time, the effects of the whole microbiota 

secretome that grew in our in vitro culture conditions, on the functionality of different 

hPSC-HLC models. 

As described, microbiota’s secretomes (CMs) were formulated using an adapted 

protocol that simulates the human digestion in vitro and characterized using 

sophisticated chemical analytical tools. Worthy of note, to get a more realistic 

approximation to bacterial secretome itself, we decided not to include a bile acid 

extract, in contrast to more complex models of human digestion [54]. 

Beyond the conventional healthy secretome (CM A), we prepared a secretome 

modulated by antibiotics (CM A+abx). 

Although both CM formulations contained BA, SCFA, vitamins and proteins, their 

concentrations were considerably different. While CM A showed great diversity and 
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concentration of BA, CM A+abx was enriched in SCFA (except acetic acid). In addition, 

the content of proteins was also slightly higher in CM A, but vitamins were not different 

between both CMs (Sup. Fig 2). 

When cross-referencing the content of our CMs to what is “expected” to be found in 

nature [51], we identified 4 compounds that were remarkably decreased in CM A+abx 

when compared to the healthy formulation.  

These compounds included: deoxycholic acid (DCA) (24.57 nmol/L in CM A vs 7.553 

nmol/L in CM A+abx); acetic acid (3655.35 µg/mL in CM A vs 2480.42 µg/mL CM 

A+abx); vitamin-B1 Thiamine (40.28 nmol/L in CM A vs and 25.61 nmol/L in CM 

A+abx) and vitamin-B2 (6210.37 nmol/L in CM A vs 4749.1 nmol/L in CM A+abx). 

DCA, one of most enriched BA in the caecum [55], was 3.3 times reduced in CM A+abx 

compared to CM A. Likewise, acetic acid (or acetate), a highly prevalent  SCFA in 

human portal blood [56], was also 1.5 times decreased in CM A+abx. Finally, the 

vitamins B1 and B2, were reduced 1.6 and 1.3 times respectively in CM A+abx when 

compared to CM A. These findings suggest that the combination of the broad-

spectrum antibiotics, clindamycin and rifampicin, to treat hidradenitis suppurativa, 

affected intestinal microbiota, which was reflected in its altered secretome. 

Once it proved that CMs were successfully formulated and enriched in different 

organic compounds, we tested whether these two CM formulations could impact liver 

function. For that, we cultured hPSC-HLC obtained with different culture systems, with 

CMs diluted in HMM for 6 days. 

As described, hESC-HLC monolayers treated with CM A formed ALB+ hepatic cords, 

showed an increased expression of different hepatic specific markers and a possible 

activation of TLR signaling pathway, compared to untreated HLC (Fig. 3). These 

observations were partially validated using hiPSC-HLC. We reported that HLC treated 

with CM A showed upregulated levels of HNF4A, CYP2C9 and CYP3A4 when 

compared to HLC treated with CM A+abx and untreated counterparts (Fig. 4). 

However, more experiments are needed to validate these results and to perform 

statistical analysis. 
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We also tested the effects of CMs in hiPSC-HLC obtained using a scalable bioprocess 

described by our group (Chapter 3 and 4). With superior HLC yields, we could 

investigate the impact of CMs in some functions that characterize the human liver. Our 

results showed that the functionality (i.e., the activity of CP3A4, secretion and 

expression of ALB, ICG release) of HLC was preserved when cells were treated with 

CM A (Fig. 5). These findings were not that clear for HLC exposed to CM A+abx, but 

the variability observed between hiPSC lines, makes it difficult to take more assertive 

conclusions. 

Altogether our results show that supplementation with CM A might improve the 

expression of some putative hepatocyte markers and preserve the functionality of HLC 

in vitro. Whether it can promote cell maturation needs still needs to be carefully 

analysed [21]. 

Although promising, this study showed some conceptual and technical limitations.  

Before exposing HLC to CM, a more comprehensive studies should have been 

conducted to discover the optimal CM dilution to be used. Although an initial study was 

performed testing different conditions of CM (i.e., 1:10; 1:100; 1:1000; 1:10 000; 1:100 

000 and 1:1000 000) (data not shown), this study only assessed cell viability by trypan 

blue assay and microscopic observation. With this preliminary study, only a dilution of 

1:10 proved to be toxic and compromised cell viability (data not shown). As so, we 

chose a CM dilution of 1:100, but more comprehensive studies assessing cellular 

stress (i.e., ROS and LDH production) or evaluation of apoptotic mediators (e.g., 

Caspase 3) would be beneficial. 

In addition, due to the lack of preliminary results using HLC obtained in 3D, we used 

the same dilution as 2D, neglecting that these cells were cultured as aggregates and 

CM might not diffuse adequately. 

Regarding the formulation of microbiota secretomes, they should have been prepared 

with a pool of stools from different donors. Furthermore, stool microorganisms should 

have been separated from the rest of fecal material using a procedure with a 

Nycodenz® density gradient as described [57]. After isolation and incubation with the 

SIF, fecal bacteria could have been identified by 16S rRNA gene sequencing after 

bacterial DNA isolation with commercially available kits (e.g., Stool DNA Isolation Kit 
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(NORGEN, Cat. 27600). This would have allowed cross-referencing the species of 

bacteria and the possible postbiotics found in the CM. This is currently being done at 

Baptista´s Lab, collecting pools of faeces from 1, 8-9 months-old and adult donors. In 

addition, new analytical methods, including peptidomics, could have been used, as it 

would have helped decode CM and reveal novel peptide postbiotics. 

Finally, this study brings new opportunities to preserve the functionality hPSC-HLC in 

vitro and ultimately will harness their potential for cell-therapies. 
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8. Supporting Figures 

A 

 

 

 

 

 

 

 

 

 

 

 

B         C 

 

 

 

 

 

 

 
Supporting Figure 3. HLC were successfully generated in vitro and exhibited morphology and functional attributes of PHH. The hESC line 
ES-4 was differentiated in HLC, as 2D cell monolayers, according to Mallanna’s et al. To recapitulate the human hepatogenesis in vitro, cells were 
cultured in adv. RPMI supplemented with a cocktail of different growth factors and exposed to distinct oxygen conditions. Immediately after the 
critical development phases (at days 1, 3, 6, 16, 21) cells were harvested for further analysis. At the end of differentiation, HLC were characterized 
in a more comprehensive. (A) Schematic representation of media formulations and culture conditions used throughout hepatic differentiation; and 
morphological changes observed in cells differentiated from hES to DE (5 days of differentiation), to hepatic progenitors (10 days of differentiation), 
and finally towards imHLC (15 days of differentiation) and more mature cells (mHLC) (20 days of differentiation). All images were acquired 200x 
magnification. (B) Transcriptomic analysis during differentiation by RT-PCR. (C) Characterization of HLC obtained at the end of differentiation: (a) 
Bright-field microscopy image of HLC (400x magnification); (b) EpCAM and DAPI fluorescence immunocytochemistry staining (400x magnification); 
(c) Glycogen accumulation (PAS staining); (d) Quantification of ALB by flow cytometry. Abbreviations: A, adult liver; ACT A, activin A; ALB, albumin; 
BMP4, Bone morphogenetic protein 4; CM A, conditioned media from a healthy adult; DE, definitive endoderm; DEX, dexamethasone; EGF, 
epidermal growth factor; F, fetal liver; FGF2, fibroblast growth factor 2 precursor; hESC, human embryonic stem cells; HGF, hepatocyte growth 
factor; HLC, hepatocyte-like cells; HLC+CM A, HLC treated with CM A; HMM, hepatocyte maintenance media; imHLC, immature HLC; mHLC, 
mature HLC; OSM, oncostatin M; O2, oxygen. Pas, periodic acid–Schiff stain. Gene nomenclature can be found in Table 1. 
 

OCT4 

FOXA2 

GATA4 

HNF4A 

AFP 

ALB 

CYP3A4 

CYP2C9 

SULT 

GAPDH 

A     F    1     3     6   16    21 
 a                                  b 
  
 
 
 
c                                     d 



152 
 

A 

 

 

 

 

 

B 

 

 

 

  

 

 

 

 

C 

 

 

 

 

 

 
Supporting Figure 4. HLC were successfully differentiated in vitro but preserved the fetal marker, AFP. (A) Analysis of pluripotent (TRA-1-
60, SSEA-4, TRA-1-80) and the endodermal marker (SOX17) before differentiation by flow cytometry. (B) Light microscopy analysis of cell during 
differentiation: d0, hiPSC; d7, DE; d18, imHLC; d21, mHLC. Scale bar: 200µm. (C) ALB and AFP quantification in HLC generated after differentiation 
(day 21 of differentiation) by flow-cytometry. 
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9. Appendix 

5.4. Preliminary Results: Germ-free mice showed 

reduced expression of hepatic genes when 

compared to conventional raised animals 

With this animal model, we aim to investigate whether the liver function is improved 

with the administration of CM. To assess that, we firstly analysed if the expression of 

specific hepatic genes varies in mice colonized by bacteria (SPF) when compared to 

counterparts that lack intestinal microbes (GF mice) (Fig. 6A). 

We showed that GF mice showed reduced expression of Alb, Cyp2c38, Cyp2e1 and 

Cyp2C9 compared to SPF (Fig. 6B). Hence, we want to test if administration with CM 

could improve GF hepatic levels to the same levels found in SFP animals. If so, we 

plan to inject CM in models of acute and chronic liver failure and evaluate if it can 

restore hepatic functionality. 

 

A 
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Figure 6. Germ-free animals showed reduced expression of key hepatic markers compared to SPF animals. (A) Livers from SPF or GF mice 

(n=8) were analysed for the expression of Alb, Cyp2c38, Cyp2e1 and Cyp2d9 by RT-qPCR (B). Data are presented as mean ± SD. Where *p ≤ 

0.05; **p ≤ 0.01; ***p ≤ 0.001; and ns – nonsignificant (p > 0.05). 
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Chapter3 

TOWARDS MASSIVE PRODUCTION OF 

HIPSC-HLC FOR APPLICATION IN 

REGENERATIVE MEDICINE 
 
 
 
 
 

This chapter is adapted from the manuscript: 

Isidro, I. A., Vicente, P., Pais, D. A. M., Almeida, J.I., Domingues, M., Abecasis, B., 
Zapata‐Linares, N., Rodriguez‐Madoz, J. R., Prosper, F., Aspegren, A., Alves, P. M., 
Serra, M. Online monitoring of hiPSC expansion and hepatic differentiation in 3D 
culture by dielectric spectroscopy. 2021. Biotechnology and Bioengineering, 1–8. doi: 
10.1002/bit.27751. https://doi.org/10.1002/bit.27751 
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2. Introduction 

Hepatocyte-like cells derived from hiPSC (hiPSC-HLC) hold great promise as an 

unlimited source of hepatocytes for in vitro disease modelling, preclinical drug 

development and regenerative medicine applications [1]. In the last decade, these 

cells have been successfully generated as two-dimensional (2D) monolayers 

exhibiting morphological and functional features of primary human hepatocytes [2,3]. 

More recently, these protocols have been transferred from standard planar 2D cultures 

to more physiologic and parameter-controlled 3D cell culturing approaches, allowing 

the generation of relevant yields of hiPSC-HLC, compatible with both preclinical 

research and clinical applications [4]. 

Different bioreactor systems have already been reported for generation of hiPSC-HLC, 

including a rotary cell culture system [5], stirred-tank [6] and 3D perfused bioreactors 

[7]. 

As production technology and process knowledge advances, the opportunity to 

implement process intensification likewise increases. Indeed, the combination of stem 

cell expansion and differentiation/maturation steps in an integrated bioprocess 

enables the biomanufacturing process to be streamlined and automated in a fully 

enclosed bioreactor system.  

Previous work in neuronal and cardiac differentiation of human stem cell in stirred-

tank bioreactors (STBR) already demonstrated the advantages of integrated 

bioprocesses over multi-step approaches including higher robustness and scalability 

and reduced costs (reviewed in [8]). 

Monitoring cell quality attributes is a critical step for any biologic manufacturing 

process but remains a challenge in 3D culturing approaches. In fact, the conventional 

assessment of cell viability requires aggressive enzymatic treatments to disrupt cell 

spheroids which is a laborious and time-consuming step, often resulting in sparse and 

biased, imprecise, or even incorrect measurements. 
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Finding process analytical technologies (PAT) that enable in situ monitoring of stem 

cell growth and differentiation status in 3D culture, thus minimizing contamination 

risks, would have an enormous impact in stem cell bioprocessing. 

Dielectric spectroscopy has already been shown to successfully monitor viable cell 

concentration in single-cell suspension culture systems [9,10] but there are still few 

published applications in 3D cultures [11,12]. 

Herein, we established an integrated bioprocess that combines 3D hiPSC expansion 

and hepatic differentiation steps in STBR operating in perfusion and, for the first time, 

assessed the potential of dielectric spectroscopy for the in situ monitoring of hiPSC 

growth and differentiation status. 

  



163 
 

3. Materials and Methods 

 

3.1. hiPSC Culture 

The hiPSC PBL-PH1 clone 2.4 was derived from peripheral blood lymphocytes (PBL) 

obtained from a PH1-diagnosed patient with a p.I244T [13]. The cell line, registered at 

the Spanish National Cell Bank, was provided by Dr. Juan R. Rodriguez-Madoz (Area 

of Cell Therapy, Clínica Universidad de Navarra, Spain), within the scope of 

ERAdicatPH project. 

Human iPSCs were routinely propagated in static culture conditions (T-flasks or 6-well 

plates (Falcon™)), using the Cellartis® DEF-CS 100 Culture System (Cat. No. Y30020, 

Takara BioEurope AB, Göteborg, Sweden) and were placed at 37°C in a humidified 

atmosphere with 5 % (v/v) CO2, according to manufacturer’s recommendations. 

Briefly, hiPSC were seeded at 4-6 x 104 cell/cm2 and sub-cultured every 3-4 days; 

culture medium was replaced daily. At 80 % cell confluence, hiPSC were detached 

from the T-flasks by rinsing with Dulbecco phosphate-buffered saline (DPBS, Thermo 

Fisher Scientific, Waltham, Massachusetts, EUA) and incubating with Versene 

(Thermo Fisher Scientific, Waltham, Massachusetts, EUA) for 8 min at 37°C. Cells 

were resuspended in Cellartis® DEF-CS culture medium and counted using Trypan 

Blue exclusion method to determine cell number and viability, as described elsewhere 

[14]. 

 

3.2. hiPSC expansion and hepatocyte differentiation in 

STBR 

hiPSC were expanded and differentiated into HLC in STBR (DasGip cellferm-pro 

bioreactor system, Eppendorf AG, Hamburg, Germany) operated in perfusion (200 mL 

working volume). Flat bottom bioreactor vessels equipped with trapezoid shaped 

paddle impellers with long arms were used (Fig. 1) based on their mixing performance 

as reported in previous publications from our group [14–16]. Cells were cultured under 

defined and controlled conditions of temperature, CO2, pO2, aeration, stirring and 

perfusion rates, as described below. 
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Data acquisition and process control were performed using DASGIP® Control 

Software 4.0 (Eppendorf AG). Sensors and pumps were calibrated as described by 

the manufacturer’s instructions. 

 

3.2.1. Expansion of hiPSC as 3D culture 

3D hiPSC expansion in bioreactors was performed as described previously by our 

group [14]. Briefly, hiPSCs single cell suspensions were prepared by harvesting cells 

from static monolayer cultures with TrypLETM Select (Gibco Life Technologies), during 

5 minutes at 37°C and inoculated at a density of 2.5 x105 cell/mL in STBR in 150 mL 

of Cellartis® DEF-CSTM Xeno-Free 3D Spheroid Culture Medium (Cat. No. Y30047, 

Takara BioEurope AB, Göteborg, Sweden). During expansion step (duration of 5 days, 

identified as day -5 to day 0), cells were cultured under defined and controlled 

conditions (temperature: 37°C; surface aeration rate: 0.1 volumes per volume of 

medium (vvm); pO2: 4%). The stirring rate was set to 80 rpm for the first 6 h and then 

increased to 90 rpm. Perfusion was initiated 24h after inoculation, with dilution rate of 

1.3 day-1, according to the protocol developed by our group [14]. 

 

3.2.2. Hepatocyte differentiation of hiPSC in 3D culture 

Differentiation was performed using hepatocyte suspension differentiation protocol 

(Cat. No. Y11111, Y11112, Y11132-37 and Y30051, Takara BioEurope AB, Göteborg, 

Sweden). Endoderm differentiation was initiated 5 days after inoculation (day 0), when 

cell concentration reached 1x106 cell/mL and the average size of aggregates was 150 

µm, approximately. During the differentiation step (duration of 28 days, identified as 

day 0 to day 28, Fig. 1A), cells were cultured under defined and controlled conditions 

(temperature: 37°C; surface aeration rate: 0.1 vvm; CO2: 5% (v/v)). Stirring rate was 

set to 90 rpm until day 4 and increased to 100 rpm from day 4 onwards. At day 0, 

perfusion was interrupted, and the expansion media was replaced by Definitive 

Endoderm Day 1 Medium (Basal Medium for Definitive Endoderm Differentiation Cat. 

No. Y11135, concentrate Day 1 Cat. No. Y11132, Takara BioEurope AB, Göteborg, 

Sweden). Complete media exchanges were then performed at days 1 (Basal Medium 

for Definitive Endoderm Differentiation Cat. No. Y11135, concentrate Day 1 Cat. No. 

Y11133, Takara BioEurope AB, Göteborg, Sweden), 2 (Basal Medium for Definitive 

Endoderm Differentiation Cat. No. Y11135, concentrate Day 3&4 Cat. No. Y11134, 
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Takara BioEurope AB, Göteborg, Sweden), 4 (Basal Medium for Progenitor 

Differentiation Cat. No. Y11136, Hepatocyte Progenitor Medium Concentrate Cat. No. 

Y11111, Takara BioEurope AB, Göteborg, Sweden), 9 (Basal Medium for Hepatocyte 

Differentiation Cat. No. Y11137, Hepatocyte Differentiation Medium Concentrate Cat. 

No. Y11112, Takara BioEurope AB, Göteborg, Sweden) and 14 (Cellartis Hepatocyte 

Maintenance Medium Cat. No. Y30051, Takara BioEurope, Göteborg, Sweden). 

Perfusion was operated at defined dilution rates according to the manufacturer’s 

instructions; the values used for dilution rate were indicated in Fig. 1A. 

 

3.3. Hepatocyte differentiation of hiPSC in 2D static 

culture systems 

Hepatocyte differentiation in monolayer static culture conditions was carried out using 

Cellartis® iPS Cell to Hepatocyte Differentiation System (Cat. No. Y30055, Takara 

BioEurope AB, Göteborg, Sweden), as described elsewhere [17]. 

 

3.3.1. Culture characterization 
 

3.3.1.1. Cell viability, concentration and aggregate diameter  

Cell viability: For viability assessment two methods were used: (i) the enzyme 

substrate fluorescein diacetate (Sigma-Aldrich) and TO-PRO®-3 dye (0.5 µM; Thermo 

Fisher Scientific) and (ii) the Trypan blue (Thermo Fischer Scientific) exclusion 

method, as previously described [14,18]. For the first method, direct staining of the 

aggregates was performed followed by observation at the inverted fluorescence 

microscope (DMI6000, Leica, Wetzlar, Germany), as described elsewhere [18]. 

Representative images were taken using a digital camera (Leica DFC 360 FX). For 

the latter method, aggregates were centrifuged at 100 x g for 5 min, resuspended in 

DPBS and again centrifuged at 100 x g for 5 min. Supernatants were removed before 

adding the TrypLE Select for 5 min incubation at 37°C with agitation using a 

thermomixer (Eppendorf). Viable cells were quantified by Trypan Blue exclusion, as 

described elsewhere [18]. 

Aggregate size and concentration: Aggregate samples harvested from the bioreactor 

were distributed in wells of a 96-well plate (100 µL/well) and counted using an inverted 
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microscope (CKX31, Olympus). Images of cell aggregates were collected (Leica DFC 

360 FX) and analysed in Image J open source software (Rasband, WS, ImageJ, U. S. 

National Institutes of Health, Bethesda, MD, USA, http://imagej.nih.gov/ij/, 1997–2012) 

for estimation of aggregate size, as described elsewhere [14]. 

 

3.3.1.2. Immunocytochemistry of hiPSC-HLC aggregates 

Whole Mount Immunofluorescence Microscopy: Cell aggregates harvested from the 

bioreactor were fixed in 4% (w/v) paraformaldehyde (PFA) in phosphate-buffered 

saline (PBS) for 1 hour at RT. Fixed cells were washed with DPBS and 

permeabilized/blocked in DPBS containing 0.1% (v/v) Triton X-100 and 0.2% (v/v) 

gelatine from cold water fish skin for 20 min at RT. Subsequently, cells were washed 

three times with DPBS and incubated, for 2h at RT, with the primary antibodies 

Albumin (Abcam) and AFP (Sigma) diluted in 0.125% FSG+0.1%Triton X-100 

according to supplier instructions. Cells were washed with DPBS and incubated in the 

dark, with the secondary antibodies Alexa Flour 594 (Invitrogen) and Alexa Fluor 488 

(Invitrogen) (diluted 1:1000 in 0.125%FSG+0.1% Triton X-100), for 1h at RT. Finally, 

aggregates were washed as previously and mounted in ProLong™ Gold Antifade 

Mount (Invitrogen), containing 40,6-diamidino-2-phenylindole (DAPI), in ibidi® 

chambers. Cells were visualized under a confocal miscrossope (SP5, Leica). 

 

3.3.1.3. Gene expression analysis 

Cells from static culture, dissociated with TrypLETM Select (Gibco Life Technologies) 

for 5 min at 37°C, and aggregates collected from the bioreactor were centrifuged at 

300 x g for 5 min. These pellets were washed with DPBS, snap-freezed with liquid 

nitrogen and kept at -80°C. mRNA was extracted using the High Pure RNA Isolation 

kit (Roche) according to manufacturer’s instructions. mRNA was quantified in a 

NanoDrop 2000c spectophotometer (Thermo Scientific) and cDNA synthesized with 

200 ng RNA per sample, using the Transcriptor High Fidality cDNA Synthesis Kit 

(Roche). RT-qPCR reactions of 10 μL included 2 μL of cDNA (diluted 1:2 in RNase 

free water), 0.5 μL of forward and reverse primers (5 μM) (Table S1) and 5 μL of 

LightCycler 480 SYBR Green I Master Kit (Roche) and 2 μL of RNase free water were 

analyzed in the LightCycler 480 Instrument II-384-well block (Roche). The thermal 

cycle had an initial pre-incubation step for 10 min at 95°C; 45 cycles of amplification 
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with denaturation at 95°C for 10 s and annealing at 62°C for 10 s; extension at 72°C 

for 15 s. Each sample was run in triplicate and data analyzed in LightCycler 480 

Software v1.5.0 (Roche). Relative expression levels were calculated using the 2-ΔΔCt 

method [19] and normalized to housekeeping gene GAPDH1 expression and 

represented relative to a control sample (set at 1). 

        Table 1.Primers used for RT-qPCR analysis. 

 

 

 

 

 

3.3.1.4. Albumin secretion 

Samples collected from the bioreactor and static cultures, at days 21 and 25 

respectively, were centrifuged (300 x g, 5 min) and supernatants kept at -20 °C prior 

to analysis. The concentration of secreted albumin in the supernatant was quantified 

by enzyme-linked immunosorbent assay (ELISA) kit (Bethyl, Montgomery, TX, USA) 

according to the manufacturer’s instructions. Albumin synthesis rate of hiPSC-HLC 

aggregates was calculated according to the general mass balance equation for a 

continuous system: q = (ΔC/Δt – D × (Cin – Cout))/XV average, where q is the specific 

rate of albumin synthesis, ΔC/Δt is the rate of change of the albumin in the 

supernatant, D is the dilution rate, Cin and Cout are the inlet and outlet concentrations 

of albumin, and XV average is the average of viable cell concentrations during the time 

period Δt. For static culture system, the specific rate of albumin synthesis was 

estimated as q = ΔC/(Δt. XV). Results were expressed as ng.10-6 cells.day-1. 

 

3.3.1.5. Indocyanine green uptake and clearance  

A stock solution (5mg/mL) of indocyanine green (Cardiogreen, Sigma-Aldrich) was 

prepared in ddH20. Then, the working solution (1 mg/mL) was done in hepatocyte 

maintenance medium at 37°C to dissolve the powder completely. For analysis of 

indocyanine green (ICG) uptake and clearance, hiPSC-HLC 3D aggregates harvested 

Gene Symbol Forward primer (5’-3’) sequence Reverse primer (5’-3’) sequence 

GAPDH1 AATGAAGGGGTCATTGATGG AAGGTGAAGGTCGGAGTCAA 

A1AT CACCCACGATATCATCACCA CCCCATTGCTGAAGACCTTA 

SOX17 GAATCCAGACCTGCACAACG CTCTGCCTCCTCCACGAAG 

FOXA2 CACTCGGCTTCCAGTATGCT GTTCATGTTGCTCACGGAGG 

AGXT GAGATCATGGGTGGCCTTG GTCACGCGGTCCACATTCT 

AFP TTTGGGCTGCTCGCTATGAC TTGCTGCCTTTGTTTGGAAGC 

CYP3A4 AAGTCGCCTCGAAGATACACA AAGGAGAGAACACTGCTCGTG 

ALB ACACAAGCCCAAGGCAACAA TATCGTCAGCCTTGCAGCAC 

HNF4α AGAGCAGGAATGGGAAGGAT GCAGTGGCTTCAACATGAGA 
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at day 25 were seeded at a density of 2 X 106 cell/well in 24-well plates (Falcon™), 

coated with growth factor reduced (GFR) Matrigel®, Phenol Red Free (BD 

Biosciences). hiPSC-HLC cultured as 2D monolayers in 24-well plates were also used 

at day 25 of differentiation. Both 3D and 2D hiPSC-HLC were incubated in hepatocyte 

maintenance medium supplemented with 1 mg/mL ICG for 1 h, at 37oC in a humidified 

atmosphere with 5 % (v/v) CO2. Cells were washed tree times with DPBS and then 

cultured in hepatocyte maintenance medium for additional 23 h. To determine ICG 

uptake and release profiles, supernatants from both cultures were collected at specific 

time points (30 min, and 1, 2 and 24 h) and analyzed by spectrophotometry in Tecan 

Infinite 200 PRO NanoQuant, microplate reader, at optical density 820 nm (OD820). 

Cells were visualized using inverted phase contrast microscopy (Leica DMIRB, Leica 

Microsystems GmbH). Representative pictures were obtained using Leica DFC 295 

digital camera. 

 

3.3.1.6. Histological assessment: H&E, MT and PAS staining  

hiPSC-HLC aggregates were fixed, overnight, in 10 % (v/v) buffered formalin at RT 

and added to 1 % (w/v) agarose (Lonza) in DPBS. Spheroids were subsequently 

processed and included in paraffin-blocks. Transversal sections, with 3 µm of 

thickness, were stained for hematoxylin and eosin (H&E, Sigma-Aldrich), Periodic 

acid–Schiff (PAS, Sigma-Aldrich) and Masson's trichrome (MT, Sigma-Aldrich) 

according to the protocol established at the Histopathology Facility at the Instituto 

Gulbenkian de Ciência (Oeiras, Portugal). Images were analyzed using NDP.view2 

software. 

 

3.4. Dielectric spectroscopy data analysis and 

calibration 

Online dielectric spectroscopy data, acquired every 10 min throughout the bioreactor 

culture, included measurements of permittivity both at a fixed frequency and as a scan 

over a range of frequencies. 

 

3.4.1. Calibration of biovolume estimator 

Offline measurements were used to calculate the reference culture biovolume along 

the bioprocess. Biovolume represents the volume occupied by the cell aggregates per 
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bulk culture volume and was estimated from the average aggregate concentration and 

diameter, assuming a spherical geometry (Eq. 1).  

𝐵𝑖𝑜𝑣𝑜𝑙𝑢𝑚𝑒 = (𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛) ×
4

3
𝜋(𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 𝑚𝑒𝑎𝑛 𝑟𝑎𝑑𝑖𝑢𝑠)3   (Eq. 1) 

A capacitance-based biovolume estimator was established by using a linear 

regression model between the online fixed frequency permittivity and the offline 

biovolume reference data. Bioprocess stages where electrical properties of the cell 

culture media were highly different from the remaining, and led to high shifts in the 

permittivity signal, were not used for calibration. 

 

3.4.2. β-dispersion curve analysis 

The frequency scan data was used to plot the characteristic β-dispersion curve for 

each time point. To enable comparison of β-dispersion plots at different culture phases 

and with different cell culture media, each time point was normalized between 0 and 

1, by subtracting the minimum value and dividing by the range. The characteristic 

frequency was calculated automatically by the ArcView 265 software (Hamilton, Reno, 

USA). 
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4. Results and discussion 

We inoculated hiPSC as single cells in STBR (working volume: 200mL) and cultured 

for 5 days in a defined xeno-free culture medium under controlled conditions of 

dissolved oxygen (DO, 4% O2) and perfusion (D = 1.3 day-1), according to the protocol 

optimized by our group [14] (Fig. 1A). 

 
Figure 1. Integrated bioprocess for hiPSC expansion and hepatic differentiation in a STBR system. (a) Schematic representation of the 
sequential steps used to differentiate hiPSC to HLC as 3D aggregates. The cell type and operation conditions of dissolved oxygen (pO2) and 
perfusion are indicated for each step. (b) Illustration of DasGip bioreactor culture setup used for hiPSC expansion and hepatocyte differentiation, 
operated under perfusion mode. (c) Representation of fixed‐frequency permittivity measurement (Δε) and β‐dispersion curve (blue line) with 

respective characteristic frequency (fc). Abbreviations: 3D, three dimensional; hiPSC, human‐induced pluripotent stem cells; HLC, hepatocyte‐like 

cells; STBR, stirred-tank bioreactor. 

Cells were able to aggregate (Fig. 2A) and proliferate (Fig. 2B) showing a growth 

kinetics (specific growth rate of 0.8±0.1 day-1), an aggregate size distribution (Fig. 2C) 

and concentration (Fig. 2D) similar to those reported for other hiPSC lines [14]. The 

hepatocyte differentiation step was integrated after 5 days (designated by day 0, Fig. 

1A), when the cell concentration exceeded 1 x 106 cell/mL (Fig. 2B) and aggregate 

diameter was around 150 μm (Fig. 2C); since it has been demonstrated that this 

average size resulted in higher HLC productivity and differentiation efficiency [6]. The 

differentiation was induced by addition of different levels of key soluble factors to 
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generate populations successively enriched for definitive endoderm, hepatoblasts, 

hepatocyte progenitors and HLC (Fig. 1A), and perfusion rates were estimated 

considering preliminary data generated by our group (data not shown) and the protocol 

described previously [17]. Four days after differentiation induction, a drop in viable cell 

concentration was observed (Fig.  2B) while the concentration of aggregates and 

average size maintained constant from this time point onwards (Fig. 2C, D). 

Bioreactor culture was monitored with a capacitance sensor to assess the potential of 

dielectric spectroscopy to estimate viable cell concentration throughout the process. 

Our results show a delay between changes in cell concentration and in the permittivity, 

signal measured by the probe. Nevertheless, a good correlation between the 

biovolume calculated by offline methods and the permittivity signal (R2 = 0.84) was 

observed (Fig.  2B), showing the usefulness of this method to monitor cell aggregation 

in a non-invasive manner. These observations show that cell number expansion 

requires a few days to result in an increase of the aggregate biovolume and that each 

cell aggregate behaves as one overall inducible dipole. This relation was previously 

reported by Heileman and Tabrizian, stating that each cell in an aggregate contributes 

to increase the permittivity signal and that the aggregate polarization depends on the 

net contribution of their cells [12]. 

Differences in the cell culture medium electrical properties, as the conductivity (Fig. 

2E), for sequential differentiation steps might also affect the measured cell permittivity 

leading to shifts and possibly drifts in the signal (Fig. 2B, stage IV). In future work this 

can be at least partially corrected by measuring baseline electrical properties for each 

culture medium (without cells) prior to the expansion and differentiation process. 



173 
 

 
Figure 2. Characterization of hiPSC expansion and hepatic differentiation in stirred‐tank bioreactors. (a) Viability analysis of hiPSC stained 
with fluorescein diacetate (FDA) (live cells, green) and TO‐PRO™‐3 Iodide (dead cells, red). Scale bar: 200 μm. (b) Cell concentration and 

biovolume profiles for cell expansion (I—cell aggregation and expansion, gray) and sequential differentiation stages (II—definitive endoderm, red; 
III—hepatocyte progenitors, yellow; IV—hepatocyte differentiation, green; V—maintenance and maturation, blue). (c) Average aggregate diameter 
estimated in each time point (n > 30). (d) Average aggregate concentration profile. (e) Electrical conductivity of the cell culture measured online. 
hiPSC, human‐induced pluripotent stem cells. 
 

Gene expression analysis of 3D aggregates along differentiation in STBR showed a 

coexpression of the fetal alpha fetoprotein (AFP) marker with mature hepatic markers, 

such as hepatocyte nuclear factor 4α (HNF4a), alanine‐glyoxylate and serine‐pyruvate 

aminotransferase (AGXT), albumin (ALB), α‐1 antitrypsin (A1AT), and cytochrome 

P450 subunit 3A4 (CYP3A4) (Fig. 3a). This heterogeneity in the aggregates 

maturation can be associated with the dispersion in aggregate size observed in culture 

(Fig. 2C) that was reported to influence the hepatic differentiation efficiency [20]. To 

overcome this, the use of controlled methods, such as force aggregation or micro-

contact patterning and the optimization of stirring rate profile in STBR [21], may be 

considered in future to modulate cell aggregate size and morphology while minimizing 
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heterogeneity. Nevertheless, expression of mature hepatic markers AGXT, A1AT and 

CYP3A4 at day 21 in 3D aggregates closely resembles the hepatoma-derived 

immortalized cell line HepaRG, used as a positive control (Fig. 3A).  

  

Figure 3. Gene expression and permittivity profile of hiPSC during hepatic differentiation in bioreactors. (a) Relative 
expression of hepatic specific markers, alpha fetoprotein (AFP), hepatocyte nuclear factor 4α (HNF4a), alanine‐glyoxylate and 
serine‐pyruvate aminotransferase (AGXT), albumin (ALB), α‐1 antitrypsin (A1AT), and cytochrome P450 subunit 3A4 (CYP3A4) 
by qRT‐PCR quantified using the 2‐ΔΔCT method relatively to day 0 of differentiation and normalized for GAPDH housekeeping 

gene, from hiPSC‐HLC (blue bars) and from HepaRG cells (gray bars). (b) Normalized β‐dispersion curve for several timepoints 
throughout the expansion and differentiation processes. The stages of the process are highlighted: Expansion and aggregation 
(gray), definitive endoderm (red), hepatocyte progenitors (yellow), hepatocyte differentiation (green), and maintenance and 
maturation (blue). (c) Characteristic frequency (fc) estimated from normalized β‐dispersion curve over culture time. GAPDH, 
glyceraldehyde 3‐phosphate dehydrogenase; HepaRG, hepatoma‐derived immortalized cell line; hiPSC‐HLC, hepatocyte‐like 
cells derived from human‐induced pluripotent stem cells; qRT‐PCR, quantitative reverse‐transcription polymerase chain reaction. 

 

In addition to the monitoring of the culture biovolume, dielectric spectroscopy could 

also be used to follow differentiation progression. The β-dispersion curve, obtained by 

reading permittivity over a range of frequencies at each time point, changes over 

culture time (Fig. 3C) with a characteristic frequency peak at day 21 (Fig. 3B) which is 

coincident with the higher expression of hepatic markers (Fig. 3A). 
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Morphological characteristics that change during hiPSC hepatic differentiation, namely 

cell shape and size, and their heterogeneity within the cell population, are known to 

influence the shape of the β-dispersion curve [22]. Because aggregates behave as 

large dipoles, permittivity measurements at lower frequencies would be necessary to 

ensure full polarization and trace the low frequency plateau of the β-dispersion curve 

(Fig. 3C). Nevertheless, these results suggest that permittivity signal can also be an 

indicator for differentiation progression and thus support the potential of dielectric 

spectroscopy to monitor complex stem cell differentiation processes in stirred cultures. 

The 3D hiPSC-HLC aggregates were harvested at day 21, when a peak in the 

expression of hepatic genes was attained (Fig. 3A), and characterized in terms of 

morphology, phenotype and functionality. 

Noteworthy, hiPSC-HLC showed no expression of SOX17 and FOXA2 endoderm 

markers and the expression of hepatic specific markers and albumin synthesis 

significantly improved in the 3D culture strategy compared with the equivalent 2D 

monolayer protocol [17] that was run in parallel (Fig. 4A, B). The improved functionality 

features of HLC in 3D culture approaches were already observed by other authors 

showing the positive effect of cell-cell interaction in 3D conformation for hepatic 

specification (Subramanian et al., 2014). Additionally, hiPSC-HLC aggregates were 

able to uptake and release indocyanine green (ICG) compound (Fig. 4C, D), indicating 

drug metabolization capacity, and the histological assessment shows phenotypic 

features of hepatocytes within the aggregate. Cells exhibit polygonal shape (Fig. 4E), 

glycogen storage (Fig. 4E) and positive staining for albumin and AFP markers (Fig. 

4F). 
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Figure 4. Characterization of hiPSC‐HLC phenotype and functionality after expansion and 21 days of differentiation in 
bioreactors. (a) qRT‐PCR‐based analysis of the mRNA expression of hepatic differentiation markers of hiPSC‐HLC from 3D 
bioreactor (blue bars) and 2D monolayers (gray bars) culture. (b) Albumin synthesis by hiPSC‐HLC generated from 3D bioreactor 
(blue bar) and 2D monolayers (gray bar) analyzed in the culture medium by enzyme‐linked immunosorbent assay (ELISA). (c) 

Profile of indocyanine green (ICG) release by hiPSC‐HLC generated by 3D (blue line) and 2D (gray line) culture. (d) 
Representative images of hiPSC‐HLC generated in 3D (left panel) and 2D (right panel) after uptake (1 h) and release (24 h) of 
ICG. Scale bars: 100 μm (3D) and 50 μm (2D). (e) Hematoxylin and eosin (H&E) staining of hiPSC‐HLC sections, hiPSC‐HLC 
show glycogen storage by periodic acid–Schiff (PAS) staining, and collagen deposition by Masson Trychome (MT) staining. Scale 
bars: 100 μm (left panel) and 25 μm (right panel). (f) Immunofluorescence microscopy images demonstrating expression of 
albumin (ALB) and alpha‐fetoprotein (AFP) hepatic markers in hiPSC‐HLC whole aggregate. Scale bar: 50 μm. Multiple t test 

(FDR: 0.05) compared between hiPSC‐HLC from 3D bioreactor and 2D monolayers, **p < 0.01, ****p < 0.0001. 2D, two 
dimensional; hiPSC‐HLC, hepatocyte‐like cells derived from human‐induced pluripotent stem cells; mRNA, messenger RNA; 
qRT‐PCR, quantitative reverse‐transcription polymerase chain reaction. 

 

In this study, we successfully developed an integrated bioprocess for hiPSC expansion 

and hepatic differentiation as 3D aggregates using STB operated in perfusion. The 3D 

differentiation improved hepatic features of differentiated HLC compared with 2D 
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monolayer culture while the bioreactor and perfusion system potentiate process 

automation and higher cell productivities [23]. Indeed, a 3.5-fold improvement in the 

final cell yield was obtained when compared to static 2D cultures, yielding 3.5 x 105 

cell/mL.  

Additionally, this work provides for the first time a demonstration of dielectric 

spectroscopy tools, measured with an in situ capacitance sensor, to monitor an 

expansion and differentiation bioprocess of hiPSC aggregates in STB.  

This PAT tool has the potential to improve bioprocess understanding, reduce the costs 

and maximize product quality consistency, that are extremely important for the 

application of hiPSC-HLC in preclinical research and regenerative medicine. 
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2. Introduction  
The global prevalence of people suffering from end-stage liver disease with clinical 

indications for liver transplantation is sobering [1]. Even though the liver accounts for 

the second most common solid organ transplanted after kidney, less than 10% of 

global organ transplantation needs are met, given the current transplantation rates [2]. 

Allogeneic transplantation of primary human hepatocytes (PHH) isolated from either 

unused or deemed unsuitable livers for transplantation have shown encouraging 

preclinical [3,4] and clinical prognosis [5–7]. However, their limited availability and 

often marginal quality, the low engraftment levels and rapid declining functionality 

during in vitro culture [8,9] have led to the search for a more powerful cell source. 

Human pluripotent stem cells (hPSC), including embryonic (hESC) and induced 

pluripotent (hiPSC) stem cells, provide unprecedented opportunities for cell-based 

therapies due to their unlimited self-renewal ability, capacity to differentiate into 

different lineages and donor/patient specificity [10,11]. 

In the past 15 years, the successful generation of functional hepatocytes from hPSC, 

usually referred to as hepatocyte-like cells (HLC), has raised the hopes for treating 

poor prognostic liver disorders [12,13,22,14–21].Regrettably, the lack of reliable and 

reproducible protocols to generate the numbers of functional cells needed for 

transplantation (i.e. ~2.41x108 hepatocytes [23,24]) impairs the use of HLC in clinical 

practice. 

In more recent years, different strategies that include hollow-fiber bioreactors (BR) 

[25–30], spinner-flasks [31–34], rotatory culture system [35] to more sophisticated 

parameter controlled stirred-tanks BR (STBR) [36] have been described to improve 

the manufacturing production of HLC (Appendix Table 1). Although some had showed 

encouraging results, all these studies are exclusively focused on scaling-up HLC 

production and accomplishing “mature” phenotypes, neglecting the ability of HLC to 

engraft into tissues. To our knowledge, the few papers that assessed the engraftment 

ability of HLC only used cells generated with 2D-monolayer protocols [37]. 

A successful cell engraftment lays the basis of any cell therapy, and if for PHH 

transplantation this remains a challenge [9,38], for hPSC-HLC there are even more 

open questions. It is critical to not only confirm if scalable culture systems provide the 
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key environmental cues for the proper HLC commitment but also to understand the 

machinery behind cell engraftment in order to identify the optimal 

differentiation/maturation stage that would lead to efficient cell engraftment into tissues 

while preserving cell viability and function. 
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3. Aim 

In this study, we generated 3D aggregates of HLC from hiPSC using an optimized 

bioprocess in STBR, and decoded the transcriptome of HLC, by RNA-Seq analysis, 

along differentiation phase. We investigated, for the first time, whether the cell 

maturation level modulate the “machinery” that mediate cell engraftment and identified 

a suitable HLC maturation stage that ensures efficient repopulation of acellular liver 

scaffolds with preservation of hepatic functionality for up to 14 days of culture. 

  



190 
 

 

  



191 
 

4. Materials and Methods 
4.1. Human iPSC culture 

The hiPSC lines PH1-Fib-hiPSC4F1 and ChiPSC18, henceforth termed hiPSC-1 and 

hiPSC-2, were used in this work and derived as described below. The hiPSC-1 was 

derived from peripheral blood lymphocytes (PBL) obtained from a patient diagnosed 

with primary hyperoxaluria type 1 with a p.I244T (c.731T>C) mutation in the AGXT 

gene [39], and the hiPSC-2 was derived from human skin fibroblasts from healthy 

patients [40]. 

Before differentiation, hiPSC were routinely propagated in static adherent culture 

systems (T-flasks) in the Cellartis DEF-CS 500 Xeno-Free Culture Medium w/o 

antibiotics (Takara BioEurope AB, Y30045) as described in greater depth elsewhere 

[36,41]. 

 

4.1.1. Expansion and differentiation of hiPSC in HLC using 

STBR 

hiPSC-1 and hiPSC-2 were expanded and differentiated into HLC, as 3D cellular 

aggregates, using STBR operated in perfusion, as previously described by our group 

[36]. 

In short, STBR (DASGIP ® Bioblock bioreactor system, Eppendorf AG), with 200 mL 

working volume, were inoculated with 2.5x105 hiPSC/mL in Cellartis® DEF-CS 500 

Xeno-Free 3D Spheroid Culture Medium (Takara Bio Europe AB, Y30047). hiPSC 

were then expanded under defined and controlled conditions (Table 1), and the 

hepatocyte differentiation was induced after 3-4 days when cell concentration reached 

1x106 cell/mL and the average of aggregate size was approximately 200 μm. hiPSC 

were then differentiated in definitive endoderm (DE), for 4 days, by daily media 

exchanges. DE specification into hepatic lineage occurred from days 5 to 9 by 

continuous perfusion of Hepatocyte Progenitor Medium and low O2 conditions (pO2: 

4% O2). Likewise, hepatocyte differentiation (days 10-14) occurred at low O2 

conditions and was preceded by maturation that ended by day 21. 

Culture media description and the bioprocess parameters used in this work are 

extensively detailed in Supplementary Table S1. A continuous perfusion feeding 
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regimen was used along the integrated bioprocess, except when daily medium 

exchanges were required. 

 
Table 1. Media and culture parameters used during hiPSC expansion and differentiation in HLC. 

 

Abbreviations: DR, dilution rate; pO2, oxygen partial pressure; SAR, Surface aeration rate; T, Temperature. 

 

4.2. Cell culture characterization 
 

4.2.1. Cell viability, concentration and size distribution of 3D 

cell aggregates 

To monitor cell viability, cells were harvested from STBR at days 0, 4, 9, 14 and 21 of 

differentiation, by aseptic sampling. Cells were directly stained with 5 µg/mL 

Fluorescein diacetate (FDA) (Sigma-Aldrich, 596-09-8) and 0.5 µM TO-PRO-3 Stain 

(Thermo Fisher Scientific, T3605) and visualized under an inverted fluorescence 

microscope (DMI6000, Leica). Representative images were taken using a digital 

camera (Leica DFC 360 FX). 

Using the same images, the diameter of aggregates was calculated using the Ferret 

diameter measurement algorithm from ImageJ.  

Day of culture Media (Cat. No.) Culture conditions 

-4 - 0 Cellartis DEF-CS 500 Xeno-Free 3D Spheroid Culture 
Medium w/o Antibiotics (Cat. No. Y30047) 

pO2: 4% O2 

T: 37 ºC 

CO2: 5% (v/v) 

SAR: 0.1 vvm  

DR:1.3 day-1 

1 Definitive Endoderm Differentiation Concentrate Day 1 
(Y11132) 

Definitive Endoderm Differentiation Basal Medium (Y11135) 

 

pO2: uncontrolled 

(95% air; 5%CO2) 

SAR: 0.1 vvm  
T: 37 ºC 

 

2 Definitive Endoderm Day 2 (Y11133) 

Differentiation Basal Medium (Y11135) 

3 & 4 Definitive Endoderm Differentiation Concentrate Day 3/4 
(Y11134) 

Definitive Endoderm Differentiation Basal Mediµm (Y11135) 

5-9 Progenitor Medium Concentrate (Y11111) 

Hepatocyte Progenitor Medium (Y11111 + Y11135) 

pO2: 4% O2 

SAR: 0.1 vvm  

T: 37 ºC 

DR: 0.6 day-1 

10-14 Hepatocyte Differentiation Medium Concentrate (Y11112) 

Medium for Hepatocyte Differentiation in Suspension 
(Y11137) 

pO2: 4% O2 

SAR: 0.1 vvm  

T: 37 ºC 

DR: 0.2 day-1 

 

15-21 

 

Hepatocyte Maintenance Medium (Y30051) 

pO2: uncontrolled 

(95% air; 5%CO2) 

SAR: 0.1 vvm  

T: 37 ºC 

DR: 0.43 day-1 
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Cell concentration was measured by Trypan Blue (Gibco, 15250061) Exclusion Test 

after enzymatic dissociation of aggregates, as described in [42,43]. 

 

4.2.2. Transcriptomic analysis by RT-qPCR 

The commitment of hiPSC to HLC was monitored by RT-qPCR following standard 

procedures. Firstly, RNA from cells along culture in STBR (days 0, 4, 9, 14 and 21) 

was isolated using the High Pure RNA Isolation Kit (Roche, 11828665001). RNA was 

quantified by optical density with NanoDrop 2000c spectrophotometer, and 200ng of 

it were reverse transcribed into cDNA using the Transcriptor First Strand cDNA 

Synthesis Kit (Roche, 5081963001). mRNA abundance of the selected genes was 

measured by RT-qPCR using TaqMan probe technology (LightCycler® 480 Probes 

Master, Roche, 04887301001) and validated primers (Table 2). Relative gene 

expression was calculated using 2-ΔΔCT method and normalized to the housekeeping 

gene GAPDH.  

 

 Table 2. Primer list. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

4.2.3. RNA Sequencing 

Gene Symbol Gene Name Assay ID 

ABCB1 ATP binding cassette subfamily B member 1 Hs00184500_m1 

AFP Alpha fetoprotein Hs00173490_m1 

ALB Albµmin Hs00910225_m1 

CDH1 Cadherin 1 Hs01023895_m1 

CPS1 Carbamoyl-phosphate synthase 1 Hs00157048_m1 

CYP1B1 Cytochrome P450 family 1 subfamily B member 1 Hs00164383_m1 

CYP2C9 Cytochrome P450 family 2 subfamily C member 9 Hs02383631_s1 

CP2D6 Cytochrome P450 family 2 subfamily D member 6 Hs04931916_gH 

CYP2E1 Cytochrome P450 family 2 subfamily E member 1 Hs00559367_m1 

CYP3A4 Cytochrome P450 family 3 subfamily A member 4 Hs00604506_m1 

CYP3A7 cytochrome P450 family 3 subfamily A member 7 Hs00426361_m1 

FOXA2 Forkhead box A2 Hs05036278_s1 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase Hs99999905_m1 

HNF4A Hepatocyte nuclear factor 4 alpha Hs00230853_m1 

KRT19 Keratin 19 Hs00761767_s1 

NANOG Nanog homeobox Hs02387400_g1 

OCLN Occludin Hs05465837_g1 

POU5F1 POU class 5 homeobox 1 Hs00999632_g1 

PPARA Peroxisome proliferator activated receptor alpha Hs00947536_m1 

SERPINA1(A1AT) Serpin family A member 1 Hs00165475_m1 

SOX17 SRY-box 17 Hs00751752_s1 



194 
 

RNA from HLC harvested at day 14 and 21 of differentiation was isolated using 

RNeasy Mini Kit (Quiagen, 74104 ) according to the manufacturer’s instructions. RNA 

sequencing was carried out by Maren Calleja and Juan R. Rodriguez-Madoz from the 

Instituto de Investigación Sanitaria de Navarra (Spain).  

RNA sequencing reads were demultiplexed using Illumina’s bcl2fastqsoftware 

(version 1.2.4) and the quality was assessed using FastQC. Illumina adapters, polyA 

tails and short reads (less than 20 bases) were trimmed with Cutadapt [44]. Processed 

reads were aligned to the human genome (GRCh38) using STAR (2.6.1) [45] and 

mapped genes were quantified using the feature Counts function within the Subread 

package [46]. Minimal gene expression was established at 5cpm, and genes with 

lower levels of expression in more than 20% of samples from at least one sample 

group were removed for increased consistency.  

Differential gene expression analysis was performed using the DESeq function within 

the R package DESeq2 (1.32.0) [47]. Genes with a fold change difference of ±2 and 

a Benjamini–Hochberg (BH) adjusted p-value < 0.05 were considered significantly 

differentially expressed (DE), unless otherwise stated.  

For principal component analysis (PCA) and visualization of expression heatmaps, 

counts were normalized using the variance stabilizing transformation option (vst-

normalization) of the package. The R package biomaRt (2.48.3) [48,49] was utilized 

to annotate DE genes.  

To determine if gene ontology (GO) and/or Kyoto Encyclopedia of Genes and 

Genomes (KEGG) terms were overrepresented in genes found to be differentially 

expressed, the R package WebGestaltR (0.4.4) [50] was used. Terms were 

considered differentially enriched with an FDR < 0.05. Heatmaps were plotted with the 

R package pheatmap (1.0.12) (ref), all other plots were made using the R packages 

ggplot2 (3.3.5) and ggpubr (0.4.0). Data was processed using Remove Batch Effect 

function from Limma analysis package for data visualization purposes. 

 

4.2.4. Flow cytometry 

Cells as aggregates were harvested from STBR at days 0, 4 and 21 of differentiation 

and dissociated with TrypLE Select (Gibco, 12563011). Single-cell suspensions were 

stained as described in Section 4.2.2.3, Chapter 2 [36,41]. Pluripotency was confirmed 

by the antibodies: TRA-1-60, mouse anti-human, unlabelled, (Santa Cruz, sc-21705); 
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SSEA-4 FITC, mouse anti-human, FITC (BD, 560126) and SSEA-1, mouse anti- 

human FITC (BD, 560127). Endodermal cells were identified with the antibodies: 

Sox17, mouse anti-human, unlabelled, clone P7-969 (BD, 561590) and Epcam, 

mouse anti-human, unlabelled, EGP40/826/837/1110/1120 (BD, ab216136). As 

secondary antibodies, we used: Alexa 488 anti-mouse IgG1 (Invitrogen, A-11001); 

Alexa 488 anti-mouse IgM (Invitrogen, A-21042); ALB Sheep anti-human, unlabelled 

(Abcam ab8940) and AFP Mouse anti-human (Abcam, A8452,) (as described in 

Chapter 2). Stained cell suspensions were analysed using BD FACSCelesta™ Cell 

Analyzer (BD) and the data acquired with DIVAsoftware (BD). At least ten thousand 

events were registered per sample. Analysis was performed with FlowJo Software 

(FlowJo LLC, http://www.flowjo.com/). 

 

4.2.5. Histology analysis  

HLC aggregates harvested at day 21 of differentiation were fixed ON in 10 % (v/v) 

buffered formalin at RT and added to 1 % (w/v) agarose (Lonza) in DPBS. Spheroids 

were subsequently processed and included in paraffin-blocks. Transversal sequential 

sections, with 3 µm of thickness, were stained for H&E, PAS, MT and Oil O Red, as 

described in Section 3.3.1.6. Chapter 3. 

 

4.3. Recellularization of hiPSC in acellular liver 

scaffolds 
 

4.3.1. Preparation of acellular liver scaffolds  

Acellular liver scaffolds were obtained from decellularized porcine livers [51] as 

previously described [52]. Briefly, decellularized liver lobes were cut into small lobes, 

embedded into optimal cutting temperature (OCT) compound in Tissue-Tek® 

Cryomold® Molds (Sakura Finetek) and flash-frozen with liquid nitrogen. Sections of 

300 µm thickness were cut using a cryotome (Leica CM3050S). Scaffolds in the form 

of discs were obtained by punching these sections with a 6-mm-diameter biopsy 

punch. The scaffolds were placed in 96-wells plate and air-dried for 2h at RT. Lastly, 

scaffolds were washed with DPBS -/- (3 washes of 15min each) and sterilized for 2h 

under UV light. 

4.3.2. Recellularization of acellular liver scaffolds with HLC 

http://www.flowjo.com/
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Recellularization of acellular liver scaffolds with HLC was adapted from [24,52]. Firstly, 

cell aggregates, harvested at day 14 or day 21 of differentiation, were mechanically 

disrupted into small fragments by up-down pipette aspiration movements in a solution 

containing 0.01 µM of ROCK Inhibitor Y-27632 (StemCell Technologies, 72302) and 

0.03 µM of Chir99021 (StemCell Technologies, 72052) and passed through a 250 µm 

nylon mesh (Labopolis). The cell viability, ultrastructure and size of fragments were 

evaluated by FDA/TOPRO-3 staining and SEM analysis prior to seeding. 

A volume of 10µl containing 1x106 fragments in Hepatocyte Maintenance Medium 

(HMM) was used for recellularization. Initially, scaffolds were seeded with 5µl of this 

suspension and incubated for 15 minutes at 37ºC. The remaining 5ul was added to 

scaffolds and incubated for 1h30 at 37°C. After incubation, 200ul of HMM was gently 

added to the scaffolds. HLC were cultured in the scaffolds for up to 14 days, and 

medium changes were performed every two days. 

 

4.3.3. Scanning Electron Microscopy 

Decellularized and recellularized liver scaffolds, HLC aggregates and fragments were 

fixed with 2.5% buffered glutaraldehyde (Sigma-Aldrich) for 2h at RT. Samples were 

washed with DPBS and dehydrated using graded series of ethanol solutions for 5 

minutes each (50%, 70%, 80%, 95% and 100% absolute ethanol) as described [53]. 

Samples were dried on adhesive carbon tabs (12 mm, Agar Scientific) and sputter-

coated with a 30 nm iridium film using a Quorum Q150TES (Quorum Technologies, 

UK). A Hitachi Regulus 8220 (Hitachi Corporation, JP) operated in SE mode with an 

accelerating voltage of 1 keV was used to analyse the samples. 

 

4.3.4. Atomic Force Microscopy 

Atomic force microscopy (AFM) characterization was performed to assess the 

microscale mechanical behaviour of decellularized and recellularized liver scaffolds. 

Force-indentation (F−δ) curves were recorded with an Asylum Research MFP-3D 

Standalone system (Oxford Instruments, UK) using cantilevers with a polystyrene 

microsphere of 4.5 μm in diameter attached to their ends (k = 0.03 N/m; Novascan, 

USA). Prior to microsphere attachment, these cantilevers were calibrated by their 

manufacturer using the thermal noise method. Liver scaffolds were physically 
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immobilized on top of microscopy glass slides and F−δ curve acquisition was done 

while the sample was immersed in PBS buffer at room temperature. For each 

condition, a minimum of 86 F−δ curves were recorded from at least 3 scaffolds and 

each scaffold was probed on at least 2 regions. No F−δ curves were generated from 

points less than 5 μm from a previously indented point. Young’s modulus (E) was 

determined by fitting the F−δ unload curve with the Hertz contact model in Asylum 

Research's IGOR Pro software package while assuming a Poisson's ratio of 0.5 [54]. 

 

4.3.5. Histology analysis 

As previously described, longitudinal or transversal 3-µm sections of decellularized 

and recellularized liver scaffolds were stained with H&E, PAS, and MT. Histological 

sections were analysed using NDP.view2 software. 

 

4.3.6. Biochemical analysis: DNA, Collagen and 

Glycosaminoglycans quantification assays 

Enzymatic digestion of dECM and rECM was performed using papain (Sigma, P3125) 

according to the protocol developed in our laboratory [53]. Scaffolds were digested 

and incubated at 60ºC at 650 rpm for 20h in a ThermoMixer® (Eppendorf). DNA 

quantification was performed immediately after stopping the digestion, using Quant-

iT™ PicoGreen ® dsDNA Reagent and Kit (Invitrogen, P7589). For the composition of 

the ECM, sulfated glycosaminoglycans (s-GAGs) content was quantified, by the 

Blyscan™ Glycosaminoglycan Assay (Biocolor, 054B1000), and total collagen content 

results from the sum of soluble collagen (Sircol™ Soluble Collagen Assay, Biocolor, 

054S1000) and insoluble (Sircol™ Insoluble Collagen Assay, Biocolor, 054S2000). 

TECAN Infinite M200 PRO with the i-control software 1.10 was used for analysis. 

Results were normalized by mg of wet scaffold. 

 

4.3.7. Quantification of ALB, AFP and A1AT  

The functionality of HLC in the scaffolds was quantified by the concentration of ALB 

(Bethyl laboratories, E88-129), AFP (Abcam, ab108838) and A1AT (Abcam, 

ab108799) present in the culture media. The proteins secretion rates of rECM (q) were 
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calculated according to equation (1):  

𝑞 =
∆𝐶

∆𝑡×𝑊𝑊𝑇
  (1) 

where ∆C (ng/ µl) is the variation of protein concentration during the time period ∆t 

(day) and WWT is the weight of wet tissue (mg). Results were normalized for the DNA 

(isolated with the kit Allprep DNA/RNA Micro Kit (Qiagen, 50980284) and are 

expressed as ng.day-1 / ng.µl-1 DNA.TECAN Infinite M200 PRO with the i-control 

software 1.10 was used for analysis.  

 

4.4. Statistical Analysis 

GraphPad Prism6 software (GraphPad Software, La Jolla, CA) was used for statistical 

analysis. According to the nature of the data, one-way ANOVA analysis of variance 

with Tukey's correction were used. P values are reported for two-tailed tests with a 

95% confidence interval, and differences with P <0.05 were considered significant for 

all statistical tests. 
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5. Results 
 

5.1. Two populations of hiPSC-HLC, corresponding to 

distinct maturation stages, were generated in STBR 

In this study, hiPSC were successfully differentiated into HLC as 3D cell aggregates 

according to an optimized version of our integrated bioprocess described in Chapter 

3. 

Preliminary work from our group showed that controlling the dissolved oxygen 

concentration at 4%O2 between the 4th and the 14th day of differentiation, i.e. during 

hepatic specification (hereafter designated as BR-Hypoxia) (Appendix Fig. 1A-C), 

improved the production and enrichment of HLC when compared to the standard 

protocol (hereafter designated as BR-Normoxia). As showed in Appendix Figure 1, in 

both conditions, hiPSC display high cell viability along culture time (Appendix Fig. 1D) 

and, at the end of the process (day 21 of differentiation), higher numbers of HLC were 

attained in BR-Hypoxia (2x106cell/mL) compared with BR-Normoxia (0.6x106 cell/mL) 

(Appendix Fig. 1E), corresponding to a 3.3-fold improvement in HLC yields. In addition, 

more than 85% of HLC generated under hypoxic conditions, expressed ALB (vs 43% 

ALB+ cells from BR-Normoxia; Appendix Fig. 2B) and showed increased expression 

of the hepatocyte specific markers HNF4A, ALB, A1AT and CYP3A4 (Appendix Fig. 

2A). Considering these findings, BR-Hypoxia was the most efficient strategy for 

production of HLC. The next step was to validate the protocol for four independent 

bioreactor cultures using 2 different hiPSC lines (Fig. 1A). 

Light microscopy images of cell aggregates stained with FDA and TO-PRO-3 dyes 

showed high cell viability throughout differentiation process for both hiPSC lines (Fig. 

1B). At the start of differentiation, i.e., 3-4 days after hiPSC expansion in STBR, 

stemness was confirmed by the transcripts of POU5F1 (OCT4) and NANOG2 (Fig. 

1C), and by the presence of cells expressing TRA-1-60 and SSEA-4 (i.e., 99.9% and 

94.4% of TRA-1-60 and 92.4% and 82.0% SSEA-4 positive cells for hiPSC-1 and 

hiPSC-2, respectively), and the absence of SSEA-1 positive cells (< 1% for both 

hiPSC-lines; Sup. Fig. 1A). On day 4, the presence of SOX17 confirmed hiPSC 

differentiation into definitive endoderm (DE) germinative line (Fig. 1C and Sup. Fig. 

1B). The resulting DE cells were also EpCAM positive (99.7% and 97% EpCAM 
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positive cells for hiPSC-1 and hiPSC-2, respectively), suggesting a high ability to 

proliferate and differentiate (Sup. Fig. 1B). From day 4 onwards, up-regulated mRNA 

levels of CDH1 and OCLN confirmed DE polarization and epithelialization, possibly 

mediated by FOXA2 that appeared on the same day (Fig.1C). The bipotent stem cells, 

hepatoblasts (or hepatic progenitors), emerged on day 9 and were identified by the 

simultaneous expression of biliary epithelial cell marker KRT19 and the liver-enriched 

transcription factor, HNF4a (Fig. 1C). Differentiation of progenitors into hepatocytes 

was confirmed by the decreasing expression of KRT19, and by the increasing 

expression of PPARA. Likewise, the increasing transcription of CYP1B1, -3A4, -2C9, 

-2D6, -2E1 and ABCB1 involved in xenobiotic metabolism; the appearance of the 

ureogenic enzyme (CPSI) and genes encoding for liver plasma proteins (AFP, 

SERPINA1 (A1AT) and ALB) over time (Fig. 1C) allowed us to distinguish between 

two HLC populations: an immature population that emerged at day 14 (hereafter 

designated as imHLC) and a more mature population that appeared 7 days later 

(hereafter designated as mHLC). 

Mature HLC were also identified by the expression of ALB (71.1% and 82.2% ALB 

positive cells for hiPSC-1 and hiPSC-2, respectively; Sup. Fig. 1B) and the synthesis 

and accumulation of glycogen, collagen, and lipids (Sup. Fig. 1D b-d), hallmarks of 

PHH. Finally, the proper differentiation efficacies obtained for both hiPSC lines (5.04 

and 15.30 HLC /input hiPSC) and the high numbers of mHLC obtained at the end of 

differentiation (1.22x106 and 3.19x106 cell/mL for hiPSC-1 and hiPSC-2, respectively) 

confirmed the potential of our protocol for the manufacturing production of hiPSC-HLC 

(Sup. Fig. 1E).  
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Figure 1. hiPSC were successfully differentiated in HLC with different levels of maturation. In this study, hiPSC-1 and hiPSC-2 were 
differentiated into HLC as cell aggregates for 21 days using STBR. Cells were harvested at critical differentiation time points (days 0, 4, 9, 14 and 
21) to monitor culture viability and differentiation status. (A) Schematic representation of our integrated bioprocess. (B) Light microscopy analysis 
of culture viability during differentiation. Live cells internalized FDA and are represented as green spheres, whereas death ones stained for TO‐
PRO‐3 and are identified with red colour. Scale bar: 200 µm. (C) Differentiation of hiPSC into HLC. Transcriptomic analysis by RT-qPCR of hiPSC 

commitment into HLC. Data are normalized for GAPDH and are represented as FC increase to d0. Gene expression values for hiPSC-1 are 
represented as black dots while grey dots represent hiPSC-2. In total, 4 independent STBR were performed, and red bars indicate mean values. 
Abbreviations: DE, definitive endoderm; FC, fold change; hiPSC, hµman induced pluripotent stem cells; HLC, hepatocyte-like cells; imHLC, 
immature HLC; mHLC, mature HLC; STBR, stirred-tank bioreactors. Gene nomenclature is described in Table 2. 
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Supporting Figure 1. Production of relevant yields of mHLC in STBR. In this study, hiPSC-1 and hiPSC-2 were differentiated into HLC using 

STBR. Cells were harvested at critical differentiation time points (days 0, 4 and 21) to monitor differentiation status by flow cytometry: (A) analysis 

of pluripotency markers (TRA-1-60, SSEA-4) and SSEA-1; (B) analysis of SOX17 and EpCAM; (C) quantification of hepatic markers (AFP and 

ALB). (D) Histological analysis of mHLC with the stainings of (a) H&E; (b) PAS; (c) MT and (d) Oil O Red. Scale bar: 50 µm. (E) Concentration of 

HLC obtained at day 21 of differentiation (white bars) and efficacy of differentiation measured by ratio between the nµmber of HLC generated by 

the input of hiPSC (black bars). Abbreviations: H&E, hematoxylin and eosin; HLC, hepatocyte-like cells; MT, Masson's trichrome; PAS, periodic 

acid–schiff; STBR, stirred-tank bioreactors.  
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5.2. The maturation levels of HLC modulated the 

transcriptome that sustains cell engraftment 

We analyzed, by RNA-Seq, the transcriptome of HLC harvested at days 14 (imHLC) 

and 21 (mHLC) of differentiation to investigate whether dynamic suspension cultures 

provided HLC with the critical environmental factors to activate and develop the 

“engraftment machinery”.  Additionally, we explored whether the maturation level 

influences these pathways and, therefore, the ability of HLC to repopulate liver 

extracellular matrix. 

Principal component analysis (PCA) of vst-normalized counts revealed that the 

transcriptome of imHLC and mHLC differed about 35%. Although these states 

separate clearly on PC2, the primary source of variability was owed to biological 

differences between the hiPSC lines used that were derived from different donors (Fig. 

2A). 

Next, we performed differential expression analysis to identify differences in the gene 

expression between the two HLC populations. From this analysis, we identified a total 

of 368 statistically significant upregulated genes and 269 statistically significant 

downregulated when comparing mHLC to imHLC (Fig. 2B). To unveil the underlying 

mechanisms of such genes and the nature of the pathways upregulated in mHLC, we 

performed pathway enrichment analysis by evaluating if specific terms (GO and kegg) 

were significantly over-represented in such genes. Interestingly, 136 enriched terms 

were found and 24 of those were associated with cell engraftment. As illustrated in 

Fig. 2C, these pathways included focal adhesion, cell-substrate adhesion (mediated 

by integrins), glycosaminoglycan binding, sulfur compound binding and extracellular 

matrix organization. Additional pathways implicated in cell growth, metabolism, 

survival, and proliferation, possibly mediated by the signaling pathway PI3K-Akt (also 

increased), were upregulated in mHLC. Pathways associated with stem cell 

differentiation, pattern specification, morphogenesis of an epithelium/connective 

tissue development were also increased. Lasty, cell-to-cell communication or even 

response to oxygen were found enriched in mHLC (Fig. 2C).   

Of these pathways, we calculated the z-score for genes that were found differentially 

expressed and generated 4 heat maps to show their expression pattern (Fig. 2D). As 
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illustrated, many genes associated with cell engraftment namely CEACAM6, ICAM1, 

ITGA2, -4, -7, -8, CX3CL1, CD34, GPC4, etc.) were upregulated in mHLC and not in 

imHLC. Similar tendency was observed for WNT5A (regulator of cell fate and 

patterning during embryogenesis); CDKN1A (a cyclin-dependent kinase inhibitor 

involved in cell cycle progression); CCN2 (involved in cell adhesion) and many others 

(Fig. 2D).  

Overall, this set of results suggests that the maturation profile of HLC is associated 

with different transcriptomic signatures, mainly in pathways involved not only in cell 

growth and proliferation but also in cell engraftment in tissues. 
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Figure 2. Mature HLC showed enhanced transcription of pathways involved in cell growth, proliferation and engraftment. HLC from hiPSC-

1 and hiPSC-2 were harvested from STBR at day 14 (imHLC) and 21 (mHLC) of differentiation and analysed by RNA-Seq. RNA sequencing results 

of imHLC and mHLC for hiPSC-1 and hiPSC-2. (A) PCA of vst-normalized counts of all expressed genes. (B) Volcano plot of differentially expressed 

genes between mHLC and imHLC. (C) Overrepresented terms in differentially expressed gene list. Coloured letters indicate to which branch the 

term belongs. Red = GO: Molecular Function, Blue = GO: Biological Process, Green = GO: Cellular Component and Black = KEGG. (D) Heatmaps 

representing the z-score of vst-normalized counts for differentially expressed genes within the GO terms cell-cell adhesion via plasma membrane 

adhesion molecules (GO:0098742), cell-substrate adhesion (GO:0031589), cell growth (GO:0016049) and extracellular matrix (GO:0031012). 

Abbreviations: imHLC-1, immature HLC from hiPSC-1; imHLC-2, immature HLC from hiPSC-2; mHLC-1, mature HLC from hiPSC-1; mHLC-2, 

mature HLC from hiPSC-2; PCA, principal component analysis. Gene nomenclature can be found in Gene Cards. 
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5.3. Mature HLC showed enhanced ability to engraft 

into scaffolds versus immature counterparts 

To evaluate whether the transcriptional signatures of imHLC and mHLC can be an 

indicative of their engraftment ability, we recellularized acellular liver scaffolds with 

these two HLC populations and analyzed scaffold repopulation after 7 and 14 days of 

culture.  

Acellular liver scaffolds were derived from porcine livers that were decellularized (Fig. 

3A a-c) and processed in the form of discs (Fig. 3A d), as previously described [51,52]. 

The efficiency of the decellularization protocol was confirmed by the absence of 

cellular material in the scaffolds evidenced by images of SEM (Fig. 3A d-e) and the 

staining of H&E and Nuclear Fast Red (NFR) (Fig. 3A f-g). Importantly, the presence 

of ECM fibers and the high collagen content observed (Fig. 3A h-k) confirmed the 

scaffolds' integrity after decellularization process.  

For recellularization of liver scaffolds, aggregates of both imHLC and mHLC were 

harvested from STBR and mechanically dissociated into smaller fragments using 

nylon meshes with a pore size of 250 µm. Although fragments showed significantly 

reduced size when compared to their initial form (Fig. 3B and C), no differences in the 

size of fragments were observed between imHLC and mHLC (32.51 ± 26.10 µm and 

34.36 ± 35.28 µm, respectively; Fig. 3C), and cells presented high viability after 

mechanical disruption (Fig. 3D). 

For both conditions, we seeded approximately 1x106 cells in fragments per scaffold 

and cultured them in HMM for 7 or 14 days. Histological analysis of scaffolds 

recellularized with mHLC after 7 days of culture (rECM+mHLC-7d) revealed efficient 

cell retention (Fig. 4A c-d) contrary to what was observed with scaffolds seeded with 

imHLC (rECM+imHLC-7d) (Fig. 4A a-b) where very few cells were observed. These 

observations were corroborated by the content of dsDNA quantified in the scaffolds 

(Fig. 4B); while the amount of dsDNA present in rECM+imHLC-7d was very low 

(155.86 ± 110.49 ng/mg of wet tissue) and did not differ significantly from 

decellularized scaffolds (136.31 ± 51.67 ng/mg of wet tissue), the content of dsDNA in 

rECM+mHLC-7d (859.86 ± 229.34 ng/mg of wet tissue) was increased by 6 times. 

Interestingly, when mHLC were left in culture for additional days (rECM+mHLC-14d), 
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the content of dsDNA present in these scaffolds (945.81 ± 25.92 ng/mg of wet tissue) 

were 7 times superior to rECM+imHLC-7d and cells presented a more homogenous 

distribution in these scaffolds (Fig 4A e-f). Finally, when comparing rECM+mHLC-14 

to rECM+mHLC-7d, a slight increase in the content of dsDNA was observed that might 

be an indicative of cell proliferation. 

These assumptions were validated by SEM analysis (Fig 5A-C). Images of SEM of 

scaffolds cultured with mHLC for 7 and 14 days revealed that cells were able to migrate 

and completely repopulate the scaffolds, showing cell adhesion mechanisms to the 

substrate and clear evidence of cell-to-cell connections mediated by nanotubular 

structures (Fig. 5B-C). Interestingly, none of these events were observed in scaffolds 

recellularized with imHLC (Fig. 5A). 
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Figure 3. Acellular liver scaffolds were successfully produced from decellularized organs, and fragments of HLC were efficiently obtained 
from aggregates. (A) Decellularization of liver lobes and production of acellular liver scaffolds: (a) native porcine liver; (b-c) decellularized liver 
lobe; (d-e) images of acellular liver scaffold by SEM; (f-g) transversal images of scaffolds stained with H&E and NFR. Scale bar: 50 µm (bigger 
images) and 250 µm (smaller images); (h-j) SEM images of ECM fibers of scaffolds; (k) transversal image of scaffolds stained with MT. Scale bar: 
50 µm (bigger image) and 250 µm (smaller image); (B) Images of SEM of HLC aggregates after dissociation and resulting fragments. Scale bar: 25 
µm. (C) Size of HLC aggregates and respective fragments. Data is represented as mean ± SD. Statistical analysis by ordinary one-way ANOVA. 
****p <0.0001; ns, not significant. (d) Light microscopy analysis of fragments viability after dissociation. Live fragments internalized FDA and appear 
stained as green, whereas death ones stained for TO‐PRO‐3 and are identified as red. Scale bar: 200 µm. Abbreviations: HLC, hepatocyte-like 
cells; H&E, hematoxylin and eosin; imHLC, immature HLC (in the form of 3D aggregates); imHLC fragments, fragments obtained from imHLC; 
mHLC, immature HLC (in the form of 3D aggregates); mHLC fragments, fragments obtained from mHLC; MT, masson's trichrome; NFR, nuclear 
fast red; SEM, scanning electron microscopy. 
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Figure 4. Mature HLC showed enhanced engraftment ability than immature counterparts. Decellularized liver scaffolds, in the form of discs, 
were seeded with im- or mHLC (1x106 HLC fragments/scaffold) and cultured for 7 or 14 days. (A) Longitudinal sections of scaffolds stained with 
H&E: (a-b) rECM+imHLC-7d; (c-d) rECM+mHLC-7d; (e-f) rECM+mHLC-14d. Scale bar: 250µm or 50 µm. (B) Quantification of dsDNA content in 
the scaffolds after culture (ng/mg of scaffold). Data is represented as mean values ± SD (n=3 technical replicates). Statistical analysis by ordinary 
one-way ANOVA. ****p <0.0001; ns, not significant. Abbreviations: dECM, decellularized ECM; dsDNA, double-stranded DNA; ECM, extracellular 
matrix; HLC, hepatocyte-like cells; H&E, hematoxylin and eosin; imHLC, immature HLC; mHLC, mature HLC; rECM+imHLC-7d, acellular liver 
scaffolds recellularized with imHLC and cultured for 7 days; rECM+mHLC-7d, acellular liver scaffolds recellularized with mHLC and cultured for 7 
days; rECM+mHLC-14d, acellular liver scaffolds recellularized with mHLC and cultured for 14 days. 
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Figure 5. Mature HLC engrafted into liver scaffolds and exhibited mechanisms of adhesion to substrate and cell-to-cell communication. 

Images of (A) rECM+imHLC-7d; (B) rECM+mHLC-7d and (C) rECM+mHLC-14d by SEM. Scale bars are illustrated in the pictures. Abbreviations: 

HLC, hepatocyte-like cells; imHLC, immature HLC; mHLC, mature HLC; rECM+imHLC-7d, acellular liver scaffolds recellularized with imHLC and 

cultured for 7 days; rECM+mHLC-7d, acellular liver scaffolds recellularized with mHLC and cultured for 7 days; rECM+mHLC-14d, recellularized 

ECM with mHLC for 14 days; SEM, scanning electron microscopy. 
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5.4. Mature HLC remodelled ECM and remained 

functional after 14 days of culture in the scaffolds 

We then investigated whether these mHLC remain viable and functional in vitro.   

By atomic force microscopy (AFM), we observed that the stiffness of scaffolds cultured 

with mHLC were drastically inferior compared to decellularized scaffolds (dECM). 

Furthermore, we observed a significant increase in the content of s-GAGs (0.193, 1.39 

and 1.56 µg/mg of scaffold for dECM, rECM+mHLC-7d and rECM+mHLC-14d, 

respectively) and collagen (9.50, 30.08 and 24.56 µg/mg of scaffold for dECM, 

rECM+mHLC-7d and rECM+mHLC-14d, respectively) in scaffolds seeded with mHLC 

(Fig. 6A). The latter was corroborated by histological analysis of scaffolds stained with 

MT (Fig. 6B). 

Finally, we analyzed the ability of mHLC scaffolds to secrete liver-specific plasma 

proteins during the culture in scaffolds. We observed that mHLC cultured for 14 days 

in scaffolds secreted slightly more AFP (0.70±0.03 ng.day-1/ng.µl-1 of DNA in 

rECM+mHLC-7d and vs 0.76±0.03 ng.day-1/ng.µl-1 of DNA in rECM+mHLC-14d), ALB 

up to 4 times more (0.03±0.01 vs 0.11±0.01 ng.day-1/ng.µl-1 of DNA in rECM+mHLC-

7d and  rECM+mHLC-14d, respectively), and A1AT up to 2 times more (0.54±0.11 vs 

0.88±0.26 ng.day-1/ng.µl-1 of DNA in rECM+mHLC-7d and vs rECM+mHLC-14d, 

respectively) compared to HLC cultured in the scaffolds for 7 days only (Fig. 7A). 

These cells were also shown to synthetize and accumulate glycogen (Fig. 7B).  
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Figure 6. Mature HLC degrade and remodelled ECM. (A) Mechanical and biochemical properties of scaffolds cultured with mHLC: (a) resistance 

to deformation (Young’s Modulus) of dECM, rECM+mHLC-7d and rECM+mHLC-14d (in Pa) measured by AFM; Content of (b) s-GAGs and (c) total 

collagen in these scaffolds (µg/mg). Data were normalized to tissue wet weight (n=3 technical replicates). Data is represented as mean ± SD. 

Statistical analysis by ordinary one-way ANOVA. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; and ns – nonsignificant (p > 0.05). (B) Images of longitudinal 

sections of rECM+mHLC-7d and rECM+mHLC-14d stained with MT. Scale bars are illustrated in the pictures. Abbreviations: AFM, atomic force 

microscopy; ECM, extracellular matrix; HLC, hepatocyte-like cells; imHLC, immature HLC; mHLC, mature HLC; MT, masson's trichrome; Pa, pascal; 

rECM+mHLC-7d, acellular liver scaffolds recellularized with mHLC and cultured for 7 days; rECM+mHLC-14d, acellular liver scaffolds recellularized 

with mHLC and cultured for 14 days; SD, standard deviation; s-GAGs, sulphated glycosaminoglycans.  
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Figure 7. Mature HLC cultured for long-term in the scaffolds showed improved secretion of hepatic plasma proteins. (A) Quantification of 
AFP, ALB and A1AT secreted by mHLC (ng.day-1 / ng.µl-1 DNA) after 7 and 14 days of culture in the scaffolds. Protein concentration was normalized 
to the content of DNA present in the scaffolds (n=3 technical replicates). Data are presented as mean ± SD. Statistical analysis by ordinary one-
way ANOVA. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; and ns – nonsignificant (p > 0.05). (B) Images of longitudinal sections of rECM+mHLC 7 and 
rECM+mHLC 14 d stained with PAS. Scale bars are illustrated in the pictures. Abbreviations: AFP, alpha-fetoprotein; ALB, albumin; A1AT; Alpha-
1 antitrypsin; ECM, extracellular matrix; HLC, hepatocyte-like cells; imHLC, immature HLC; mHLC, mature HLC; PAS, periodic acid–schiff; 
rECM+mHLC-7d, acellular liver scaffolds recellularized with mHLC and cultured for 7 days; rECM+mHLC-14d, acellular liver scaffolds recellularized 
with mHLC and cultured for 14days; SD, standard deviation.  
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6. Discussion  

In this study, we successfully differentiated two hiPSC lines into HLC using STBR, 

confirming the robustness of our integrated bioprocess already described in Chapter 

3. 

As shown here, our protocol preserved cell viability during the 21 days of culture, and 

transcriptomic analysis confirmed hiPSC differentiation into hepatocyte lineage (Fig. 

1B-C). Notably, by the end of our bioprocess, we obtained 244x106 and 638x106 of 

HLC for hiPSC-1 and hiPSC-2, respectively (considering a working volume of 200ml) 

(Sup. Fig 1E).   

Moreover, with a single hiPSC we could obtain approximately five HLC, which 

confirmed the high differentiation efficacy of our protocol (Sup. Fig. E).  

Regarding cellular phenotype, mHLC expressed adult hepatic markers to a greater 

extent compared to what has been described. Although more than 70-80% of mHLC 

were positive for ALB and synthesized glycogen, lipids and collagen resembling PHH 

(Sup. Fig.1 C-D), these cells still preserved traits of fetal origin in accordance with 

other findings [35,55]. However, the relatively high expression of AFP (Fig. 1C) was 

not translated into protein levels (Sup. Fig. 1C) which led us to believe that our HLC 

are moving towards more mature phenotypes. 

These findings and the fact that STBR culture systems can be scaled up to 2000L 

make us confident that soon we will achieve the cell numbers and the quality needed 

to restore at least 10-20% of the hepatocyte liver mass [23]. 

Additionally, we showed that HLC harvested at the end of differentiation showed 

increased expression of critical hepatic hallmarks (e.g. PPARa, CYP1B1, -.3A4, -.2C9, 

-.2E1, ABCB1, CPSI, AFP, ALB and A1AT) when compared to counterparts harvested 

from culture seven days earlier (Fig. 1C). This highlights the interest of our protocol 

for studies on liver biology and development.  

For cell therapy applications, besides the scalability of protocols, cells must engraft 

into tissues and remain viable and functional after transplantation. 

To our knowledge, there is no other study available that investigates the engraftment 

capacity of HLC derived from hiPSC using bioreactors. 
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In this study, we proved that although cells grown in suspension cultures free from 

microcarriers, HLC were able to transcribe pathways associated with cell engraftment. 

These pathways included cell-adhesion to substrate (by cadherins and integrins), cell-

cell communications, epithelial proliferation, etc. (Fig. 2C).  

Secondly, we showed that the maturation profile of HLC is critical for cell engraftment. 

We showed that with a difference of 35% only, imHLC did not express some of these 

pathways and this might justify their poor engraftment capacity. We demonstrated that 

mature HLC successfully repopulated and migrated in liver scaffolds whereas 

immature counterparts did not (Fig. 4 and Fig. 5).   

Furthermore, we showed that mHLC could remodel ECM stiffness, possibly mediated 

by MMPs and synthesized ECM components like GAGs and collagen (Fig. 6). Most 

importantly, mHLC showed enhanced ALB, AFP and A1AT secretion and 

accumulation of glycogen after 14 days in culture. More studies should be performed 

for long-term follow-up to assess the safety and functionality of engrafted cells. 

In conclusion, the findings presented here, provide a robust platform for efficient 

development of functional HLC from hiPSC by a simple and reproducible method in a 

carrier-free suspension STBR. Moreover, we proved, for the first time, that HLC 

obtained in suspension cultures, express the machinery that sustained cell 

engraftment and unveiled some genetic markers that could serve as indicators for a 

successful engraftment. 

This work proved that hiPSC-HLC generated in scalable conditions showed hepatic 

function and repopulated liver scaffolds. 

We are aware of all the challenges regarding hiPSC reprogramming methods and 

genome instability, however, we believe that HLC derived exclusively from hiPSC 

represent a more powerful strategy than hepatic organoids since the use of Matrigel 

and the variability between batch-to-batch is excluded [24]. 

We are conscious that studies using more realistic scaffolds like whole organs or even 

mice models will be needed. However, this study represents a considerable first step 

towards the engraftment of HLC that hopefully will make HLC therapies a tangible 

reality and a solution for patients with end-stage liver disease. 
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8. Appendix 
 
 

Table 3. Scalable culture systems for expansion and differentiation of hPSC in HLC. Not disclosed.  

 
 

  

Culture 
System 

Cell type Cell yields/  
Culture period 

Main achievements Reference 
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hESC 
aggregates 

N/D 
20 days 

 expression of HNF4A, A1AT, ALB, CYP450 
 ALB secretion and urea production 

~29% positive cells for ASPGR1 

[25] 

hESC 
aggregates 

N/D 
26 days 

 expression of ALB, CYP450, A1AT, BCRP 
 pathways involved in energy metabolism (glycolipid metabolism, 

lipid transport, cholesterol transport and homeostasis 

[26] 

hnMSC 
spheroids 

N/D 
27 days 

 expression of ALB, AFP, HNF4𝛼, CK18, CYP450, CEBP 
 ALB secretion and urea production 

Inducible CYP450 activity (EROD and luminescence assays) and 
UGT activity (4-MU quantification) 

 drug metabolization (bupropion and diclofenac conversion) 

[27] 

hiPSC 
aggregates 

N/D 
16 days 

 ALB, AFP, Urea secretion 
Majority of HLC positive for ALB, CK18 and HNF4𝛼 

Inducible CYP450 activity (phenacetin, bupropion, diclofenac, and 
midazolam) 

Formation of bile ducts by CK19 staining 

[28] 

hMSC-BM 
and hLSC 

aggregates 

N/D 
24-48h 

 CYP450 genes expression (CYP1A1, CYP2B6, CYP2C19, 
CYP2C8, CYP2D6, CYP1E1, CYP2J2, CYP3A5) 

Expression of hepatic-specific genes (CK18, CK8, ALB) 
 expression of AFP and MSC markers (CD73, CD146, CD29, 

CD105, CD44) 
hLSC produced the highest concentration of ALB and Urea 

Production of high amounts of HGF by LSC 
Application in BAL systems 

[30] 

hiPSC 
aggregates 

5x106 cell/ml 
18 days 

 expression of ALB, CYP3A4, HNF4𝛼 and  AFP 
 secretion of liver-specific proteins (ALB, A1AT) 

Inducible CYP450 activity (midazolam, bupropion, phenacetin) 

[29] 
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hiPSC and 
hESC 

spheroids 

1.7x106 cell/ml 
21 days 

 expression of hepatic-specific markers (ALB, AFP, HNF4𝛼) 

 secretion of ALB and production of urea 
 Production of ECM components (e.g., collagen) 

Inducible CYP450 activity (incubation with rifampicin and PROD test) 
HLC transplanted into mice’s spleen resulted in 60% survival after 14 

days 

[31] 

hESC 
microcarriers 

2.52x106 cell/ml 
18 days 

Expression of hepatic-specific markers (ALB, AFP and ASPGR1) 
Secretion of liver-specific proteins (ALB) and production of Urea 

Inducible CYP450 activity (Luciferin-IPA tests) 
Use of dextran microcarriers to support differentiation 

[32] 

Fibroblasts 
aggregates 

with 
microcarriers 

2.53x106 cell/ml 
14 days 

Fibronectin promotes hepatocytes attachment and proliferation on 
microcarriers mediated by integrin pathway 

Expression of hepatic-specific markers (ALB, CYP2A6, HNF1𝛼, 

HNF4𝛼, TAT, TTR, A1AT, CK18) 

[33] 

hEnSC 
aggregates 

6.67x106 cell/ml 
30 days 

Generation two hepatic cell lineages (hepatocytes and 
cholangiocytes) 

Production of hepatocytes with 85 % purity 
HLC and cholangiocytes were identified and characterized by sc-

RNA-seq 
50% of mature hepatocytes 

Inducible CYP450 activity (rifampicin) 
Encapsulated hepatocytes are able to rescue rats with acute liver 

failure 
Secretion of liver-specific proteins (ALB) and production of Bile Acids, 

Urea and NH3 
Drug metabolization capacity (amiodarone, diclofenac, 

acetaminophen, or chlorpromazine) 

[34] 

Rotatory 
Cell 

Culture 

hiPSC 
spheroids 

1.5x106 cell/ml 
25 days 

High expression of hepatic-specific markers (CYP1A2, CYP2D6, 
A1AT, HNF4𝛼) 

~90% HLC positive for ALB 
Production of ECM components (collagen type I) 

[35] 

Stirred-
Tank 

Bioreactor 

hiPSC 
aggregates 

3.5x105 cell/ml 
28 days 

Expression of hepatic-specific markers (ALB, AFP, AGXT, HNF4𝛼, 

A1AT, CYP3A4) 
Improved secretion of hepatic-specific proteins (ALB) 

Production of ECM components (collagen) 
Drug metabolization capacity (uptake and release of IGC) 

[36] 
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Appendix Figure 1. Low oxygen levels during hepatic specification resulted in higher HLC yields. (A) Schematic representation of the 
integrated bioprocess for the expansion and differentiation of hiPSC in HLC using STBR. (B) STBR under uncontrolled (BR-Normoxia) or under 
controlled dissolved oxygen (pO2: 4%, BR-Hypoxia) between day 4 and day 14 of differentiation. (C) Online monitoring trend lines of %pO2, pH and 
temperature for BR-Normoxia and BR-Hypoxia. (D) Viability analysis of cell culture during hiPSC expansion and differentiation. Live cells internalized 
FDA and are represented as green spheres, whereas death ones stained for TO‐PRO‐3 and are identified with red colour. Scale bar: 200 µm. (E) 
Cell density along hiPSC expansion and hepatic differentiation process from BR-Normoxia (grey) and BR-Hypoxia (Blue). (F) Hypoxia inducible 
gene (CA9) expression in BR-Hypoxia relatively to the expression in BR-Normoxia by qRT-PCR quantified using the 2-ΔΔCT method. Data showed 
represent three pools of independent biological experiments (two independent experiments for hiPSC-1 and one independent experiment for hiPSC-
2). Abbreviations: BR, bioreactor; CA9, carbonic anhydrase 9; hiPSC, hµman-induced pluripotent stem cells. 
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Appendix Figure 2. HLC generated in BR-Hypoxia showed improved expression of hepatic specific markers hepatic. (A) Relative gene 
expression of SOX17, FOXA2, HNF4a, AFP, ALB, A1AT, CYP3A4 in HLC (day 21) generated under normoxia (grey) and hypoxia (blue). Data is 
shown as relative gene expression levels and compared to PHH. (B) Quantification of ALB and AFP in HLC (day 21) by flow-cytometry. BR-Hypoxia 
(Blue) and BR-Normoxia (Grey). (C) Whole mounting immunofluorescence images of HLC stained for ALB and AFP. Scale bar: 50 µm. hiPSC-
HLC, hepatocyte-like cells derived from hµman-induced pluripotent stem cells; ALB, albµmin; AFP, alpha-fetoprotein; PHH, primary hµman 
hepatocytes. 
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This chapter is adapted from the Seminar: 

Almeida J.I., Tenreiro M.F., Martinez-Santamaria, L., Guerrero-Aspizua, S., Gisbert, 
J.P., Alves P.M, Serra, M., Baptista, P.M. Hallmarks of the human intestinal 
microbiome on liver maturation and function. Journal of Hepatology 2022. 76(3):694-
725. doi: 10.1016/j.jhep.2021.10.015. 
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1. Concluding Remarks and future directions 

After NIH launched the Human Microbiome Project, allowing a deep characterization 

of microbiome, the interest in this microbial community has been growing steadily [1] 

Over the past years, microbiome research has transitioned from cataloguing the 

diversity of the microorganisms that inhabit us to acknowledging them as a dynamic 

functional unit, which synergistically develops across spatial and temporal gradients 

in parallel with the host’s physiologic development. 

Even though the gut-liver axis is recurrently discussed in the context of acute and 

chronic liver diseases, recent evidences revealed its contribution to a proper liver 

development and acquisition of adult hepatic maturity. More specifically, its impact on 

liver physiology is attributed to different postbiotics that, after being absorbed across 

the intestinal lumen and reach the hepatic sinusoids via portal vein circulation, 

influence the liver throughout life [2]. 

This thesis investigated the effects of the bacterial secretome on liver function, using 

a biotechnological approach. We successfully formulated two bacterial secretomes in 

vitro, and showed that these secretomes, enriched in BA, SCFA, and vitamins, were 

critical to preserve the functionality and phenotype of HLC derived from different hPSC 

lines using 2D or 3D differentiation protocols (Chapter 2). 

The work developed in this thesis also aimed at overcoming critical challenges in 

hPSC bioprocessing namely, the establishment of efficient and scalable protocols for 

generation of HLC. We developed and optimized an integrated bioprocess for the 

expansion and differentiation of hPSC into HLC as 3D aggregates using STBR 

technology. In particular, we showed that HLC generated under hypoxic atmospheric 

conditions (dissolved oxygen controlled at 4% O2) during hepatic specification step, 

exhibited phenotypical and functional hallmarks of PHH, and were able to engraft and 

survive in decellularized liver scaffolds (Chapter 3 and 4). 

In conclusion, this thesis described a scalable protocol to produce relevant numbers 

of functional hPSC-HLC with high purity and provide important insights on the use of 

microbial secretome as a biotechnological tool to mature and/or preserve the 

functionality of hPSC-HLC in vitro. 
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In future, additional studies should be performed to identify the role of the key 

component(s) (and synergistic effects) in the microbial secretome that are driving HLC 

maturation to potentiate the design of chemically defined medium formulations for 

efficient generation of fully functional HLC in a cGMP-compliance manner (Figure 1 

d). Emerging ‘omics methodologies such as metabolomics and single-cell/nuclei RNA-

seq, could clear the path to decode the full composition of microbial secretome and 

understand what the missing cues in HLC differentiation are and how such maturation 

strategies accurately mimic development. 
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2. Current and future trends: microbiome-based 

strategies for precision medicine in hepatology 

As the view of the negative impact of microbiome in liver physiology is gradually 

changing, further work will be required to place the microbiome in the center of basic 

and clinical hepatology research. Bellow, it is briefly highlighted some of the promising 

areas of research attempting to advance the hepatology field by taking advantage of 

the gut microbiome. 

 

 
Figure 1. Current and future trends: Microbiome-based strategies for precision medicine in hepatology. a. Several 
therapeutic strategies can be envisaged to promote the reestablishment of a normal gut microbiome in the case of hepatic 
disease, namely through prebiotics, probiotics and fecal transplantation. b. Increased knowledge regarding the homeostatic 
composition of the gut microbiome can provide valuable insight to identify biomarkers responsible for hepatic disease onset and 
exacerbation, and potentially also in case of acute injury, therapy management and surgery. c. In vitro models, such as organoids 
and organ-on-a-chip platforms, can be useful to study host-microbiome interactions in the gut-liver axis in a personalized manner, 
surpassing limitations associated with animal models that lack human specificity. d. The microbiota secretome can be a powerful 
tool to promote the maturation of hepatocytes derived from human pluripotent stem cells (hPSC). These maturation strategies 
can be designed to mimic as closely as possible the in vivo development, expediting the translational use of these cells, namely 
in precision medicine and organ bioengineering. Abbreviations: NAFLD, non-alcoholic liver disease; HLC, hepatocyte-like cell; 
scRNA-seq, single-cell RNA sequencing. 
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2.1. Therapeutic modulation 

Attenuating dysbiosis and restoring the balance between pathobionts and beneficial 

bacteria in the gut, two hallmark events of liver diseases, are usually managed by 

targeted antibiotic therapies (e.g., ciprofloxacin, rifaximin, etc.); prebiotics/probiotics 

supplementation (e.g., oligofructose enriched inulin, Lactobacillus rhamnosus and 

Bifidobacterium animalis, etc.); drugs that mimic gut-derived hormones (e.g. GLP1-

analog) or specifically inhibit molecules involved in liver etiology (e.g. SGLT2-inhibitor). 

Recently, the use of the gut microbiome itself as therapeutic agent has been changing 

the paradigm of conventional therapies. Fecal microbiota transplantation (FMT), which 

consists on transferring the fecal microbial ecosystem of a healthy donor to a diseased 

recipient to induce therapeutic effects, is being increasingly recognized [3]. In 

hepatology, the clinical significance of FMT is being assessed (according to 

https://clinicaltrials.gov) to attenuate liver cirrhosis (NCT02862249), NAFLD/metabolic 

syndrome (NCT02496390, NCT02469272) and primary sclerosing cholangitis 

(NCT02424175) (Figure 1a). Despite the promising therapeutic benefits of FMT, the 

exact mechanisms by which fecal recipients benefit from the fecal intervention are not 

well understood and with the rising number of FMT clinical trials, there is an urgent 

need for standardized regulations to ensure patient safety. 

 

2.2. Identification of biomarkers 

The realization that bacterial composition in the gut is altered in patients with liver 

disease raised the possibility of using microbiome-derived signatures as non-invasive 

diagnostic tools. In fact, different studies combining stool metagenomic and untargeted 

metabolomic profiling were able to predict NAFLD and advanced fibrosis in children 

[4] and non-obese NAFLD patients [5]. Oh et al. combine these technologies with AST 

serum levels and machine learning algorithms to predict cirrhosis and advanced 

fibrosis in racially and geographically independent cohorts [6]. Similar findings were 

also reported for ALD [7], autoimmune hepatitis [8] and hepatocellular carcinoma [9], 

confirming the potential of using intestinal microbiome parameters as indicators of a 

‘pre-disease state’. The potential of using the microbiome as non-invasive biomarker 

for hepatic diseases is gaining significantly more interest by public and private 
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investors. For instance, the MICROB-PREDICT Project, combines the joint efforts of 

22 European institutions to develop novel diagnostic tools, based on the microbiome, 

to early-diagnose and stratify patients with liver disease and envisage personalized 

therapies (https://microb-predict.eu/). If the microbiome can be used as a diagnosis 

tool to predict liver disease, perhaps it could be equally valuable to foresee response 

to therapy or prognosis after liver surgery (e.g., partial hepatectomy due to liver 

tumors) (Figure 1b). 

 

2.3. In vitro modeling 

Despite the advances in model systems for human biology and medicine, the still high 

number of therapeutic compounds that fail to be translated in clinical trials highlights 

the need for advanced models that more closely resemble human physiology. Human 

organoids cultured in 3D systems are in vitro miniaturized cell-based models of organs 

that have gained enormous interest for modelling tissue development and disease, 

and for personalized medicine, drug screening and cell therapy. In recent years, liver 

organoids have been successfully generated [10], large-scale expanded [11] and were 

shown to maintain their hepatic and proliferative capacities during long-term cultures 

[12], exciting the scientific community. However, these models are still minimalistic by 

its incapacity to reproduce interorgan communication and by neglecting host-

microbiome interactions, a critical hallmark of liver pathophysiology. Interestingly, 

recent advances in the field have allowed the production of physiologically relevant 

intestinal organoids that are susceptible to microbial [13] and viral infection [14] or that 

can be injected with microbiota [15]. Therefore, current and future experiments with 

organoid models that mimic the biology of the gut-liver axis could be established by 

culturing these two independent organoids separately on the same plate (Figure 1c).  

More advanced microphysiological systems, including organ-on-a-chip devices, allow 

continuous co-culture of gastrointestinal tract epithelium and three-dimensional 

primary liver tissue. Such a system was used by Yang et al. as an in vitro human model 

of the gut–liver axis (without microbiome) for the initiation and progression of NAFLD 

[16]. In turn, Fritz et al. were able to successfully co-culture microbial cells and human 

intestinal cells in a microfluidic device [17]. A model including all the participants 

involved in the gut-liver axis is still lacking and, if possible, to be engineered, this 
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system could allow studying on an individual and personalized basis how the gut 

microbiome promotes health and onsets disease. 
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3. Conclusiones Finales 

En este estudio, investigamos los efectos del secretoma bacteriano sobre la función 

hepática, siguiendo un enfoque biotecnológico. Formulamos con éxito dos 

secretomas bacterianos, utilizando un protocolo que recapitula la digestión humana; 

y mostramos que estos secretomas, enriquecidos en BA, SCFA y vitaminas, eran 

fundamentales para preservar la funcionalidad y el fenotipo de diferentes hPSC-HLC 

cultivadas in vitro (Capítulo 2). 

Ambicionando el desarrollo de terapias celulares, describimos un protocolo para la 

expansión y diferenciación de hPSC en HLC usando STBR. Mostramos que las HLC 

generadas utilizando nuestro bioproceso integrado y condiciones de hipoxia, 

exhibieron características fenotípicas y funcionales de PHH, y fueron capaces de 

adherirse y sobrevivir en andamios hepáticos descelularizados (Capítulos 3 y 4). 

En conclusión, esta tesis describe un protocolo para producir hPSC-HLC de alta 

calidad a gran escala y revela, por primera vez, el uso del secretoma microbiano como 

herramienta biotecnológica para madurar y/o preservar la funcionalidad de hPSC-

HLC in vitro. 
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