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Abstract

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disease caused by the
specific destruction of pancreatic islet  cells and is characterized as the absolute
insufficiency of insulin secretion. Current insulin replacement therapy supplies
insulin in a non-physiological way and is associated with devastating
complications. Experimental islet transplantation therapy has been proven to
restore glucose homeostasis in people with severe TIDM. However, it is restricted
by many factors such as severe shortage of donor sources, progressive loss of
donor cells, high cost, etc. As pluripotent stem cells have the potential to give rise
to all cells including islet B cells in the body, stem cell therapy for diabetes has
attracted great attention in the academic community and the general public.
Transplantation of islet B-like cells differentiated from human pluripotent stem
cells (hPSCs) has the potential to be an excellent alternative to islet
transplantation. In stem cell therapy, obtaining 3 cells with complete insulin
secretion in vitro is crucial. However, after much research, it has been found that
the B-like cells obtained by in vitro differentiation still have many defects,
including lack of adult-type glucose stimulated insulin secretion, and multi-
hormonal secretion, suggesting that in vitro culture does not allows for obtaining
fully mature B-like cells for transplantation. A large number of studies have found
that many transcription factors play important roles in the process of
transforming immature to mature human islet p cells. Furthermore, PDX1,
NKX6.1, SOX9, NGN3, PAX4, efc., are important in inducing hPSC differentiation
in vitro. The absent or deficient expression of any of these key factors may lead to
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the islet development defect in vivo and the failure of stem cells to differentiate
into genuine functional pB-like cells in vitro. This article reviews 3 cell maturation
in vivo and in vitro and the vital roles of key molecules in this process, in order to
explore the current problems in stem cell therapy for diabetes.

Key Words: Stem cell therapy; Type 1 diabetes mellitus; 8 cell; Maturation

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Type 1 diabetes is a metabolic disease characterized by absolute lack of
insulin. Current insulin replacement therapy supplies insulin in a non-physiological
way and is associated with devastating complications. Diabetes stem cell therapy with
insulin-producing B-like cells differentiated in vitro from human pluripotent stem cells
has recently attracted great interest in the academic community and the general public.
Although great progress has been made, the B-like cells differentiated in vitro still have
many defects. Here we summarize the latest knowledge on B-cell maturation in vivo
and in vitro and the vital roles of key molecules in this process, in order to explore the
current problems in diabetes stem cell therapy.

Citation: Sun ZY, Yu TY, Jiang FX, Wang W. Functional maturation of immature f cells: A
roadblock for stem cell therapy for type 1 diabetes. World J Stem Cells 2021; 13(3): 193-207
URL: https://www.wjgnet.com/1948-0210/full/v13/i3/193.htm

DOI: https://dx.doi.org/10.4252/wjsc.v13.i3.193

INTRODUCTION

Type 1 diabetes mellitus (T1DM) is an autoimmune disease characterized by the
absolute deficiency of P-cell function. Disorders of the immune system cause
destruction of PB-cells, resulting in the absolute lack of insulin secretion and the
inability to properly regulate blood glucose homeostasis!". This process is mediated
by autoimmunity, with the participation of both innate and adaptive immunity!l. Due
to insufficient insulin secretion, blood glucose rises rapidly in the short term. This can
cause life-threatening conditions such as hypoglycemia unawareness, diabetic
ketoacidosis, or diabetic hyperosmolar coma. Long-term hyperglycemia will damage
the cardiovascular and cerebrovascular systems and microcirculation in varying
degrees”], resulting in complications including eye disease, nephropathy, peripheral
neuropathy, and coronary atherosclerotic heart disease. Significantly, TIDM is also
associated with some other chronic autoimmune diseases, such as celiac diseasel*’.
Finally, as most patients with TIDM have had the condition since childhood, long-
term insulin use is not only an inconvenience to daily life, but also an economic
burden on society. Therefore, research on new treatment methods for TIDM is crucial.

Since several decades ago, TIDM has been experimentally treated by whole
pancreas and then islet transplantation™). However, due to its unfeasibly high costs
and insufficient donor sources for the increasing number of TIDM patients, this
treatment cannot be widely implemented in practice. To resolve this problem, the
ultimate goal is to develop a stem cell therapy for diabetes, namely, differentiate islet
B-like cells from human pluripotent stem cells (hPSCs) capable of glucose stimulated
insulin secretion (GSIS) similar to mature B cells, and effectively regulating blood
glucose homeostasis in the body after transplantation. Great efforts have thus been
concentrated on discovering technologies in how to effectively differentiate hPSCs into
genuine P-like cells that could maintain the long-term survival and functional stability
if transplanted. This review article summarizes the latest progresses on the p-cell
development and functional maturity in vivo and on the differentiation of insulin-
secreting P-like cells in vitro from human pluripotent or multiple stem cells.
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BRIEF SUMMARY OF AUTOIMMUNITY IN T1DM

The etiology and pathogenesis of TIDM are not fully understood, but they are
generally believed to be related to genetic and environmental factors. Although most
patients do not have a family history of T1IDM, genetic susceptibility is an important
factor. A combination of epigenetics such as DNA methylation and histone
modification, altered microRNA profiles, and other pathological mechanisms may also
be related to the development of T1IDM and affects the immune reaction on islet {3
cells. Studies have shown that the main genetic risk factors for TIDM are located in the
major histocompatibility complex class Il human leukocyte antigen (HLA) region, and
the genetic polymorphism in this region largely determines the genetic risk of
T1DMI-2,

The autoimmunity in T1IDM patients is manifested by the presence of circulating
islet autoantibodies and autoreactive T cells. The human body temporally establishes
an immune balance after birth and the pancreatic islet self-reactive T cells are
regulated and suppressed from becoming activel'*l. CD4+ helper cells and CD8+
cytotoxic T lymphocytes play an important role in the pathogenesis of TIDM by
producing autoantibodies and recognizing B-cell proteins as autoantigens!”. HLA
molecules induce the proliferation of pathogenic T cells by presenting self-antigens to
naive T cells, and producing self-reactive CD4+ T cells. These activated CD4+ T cells
then produce cytokines, which in turn activate  cell-specific cytotoxic CD8+ T cells.
Subsequently, these activated T cells are recruited to pancreatic islets and stimulate
macrophages and other T cells. This leads to the destruction of pancreatic p cells!"".

DEFECTS OF CURRENT T1DM TREATMENT

Patients with T1DM need lifelong insulin replacement therapy. Exogenous insulin
supplementation is not only a cumbersome process but is also associated with acute
hypoglycemia unawareness episodes. It can lead to chronic devastating complications
such as heart and kidney failures, blindness, foot necrosis, and cancers. Although islet
transplantation can replace destroyed [ cells and exert insulin secretion function in the
human body, this method has many limitations, such as a shortage of donors, high
costs, strong immune system rejection after transplantation, and long-term use of anti-
rejection drugs!"*’l. Immunotherapy includes non-self-antigen-specific and self-antigen
specific therapies. The former involves regulatory T cell replacement therapy that aims
to self-reactivate T cells, B cells, and inflammatory cytokines, while the latter mainly
targets the regulation and inactivation of self-antigen. Unfortunately, a T1IDM
immunotherapy that can totally replace the standard insulin replacement therapy has
not yet been developed®. Researchers have also tested the possibility of mysenchymal
stem cells (MSCs) as an innovative treatment for autoimmune diseases. MSCs are a
class of multipotent stem cells with the ability to self-replicate. Their inherent self-
renewal potential and immune regulation ability are considered to be an exciting
starting point for the treatment of autoimmune diseases”. For example, MSCs may
have the ability to prevent the autoimmune destruction of p cells in TIDM animal
models and generate functional  cells to maintain blood glucose homeostasis**1.

At present, there are several issues in the clinical application of stem cell therapy,
including selection of appropriate encapsulation materials and transplantation site,
and the need for further research on improving immune regulation and new blood
vessel formation methods. However, the most pressing issue is how to obtain fully
functional and mature P cells through in vitro culture. In order to solve these problems,
it is critical that the maturation process of islet p cells in vivo and in vitro, and major
functioning transcription factors and other critical molecules are better understood.

MATURATION PROCESS OF g CELLS IN VIVO

The pancreas consists largely of exocrine glands and in a smaller proportion,
endocrine glands™l. The exocrine glands are composed of pancreatic acinar tissues and
pancreatic ducts, and the endocrine glands are composed of cell clusters of different
sizes, known as the islets of Langerhans™!. The islet is an endocrine micro-organ,
consisting of at least five types of endocrine cells: a cells (15%-20%),  cells (60%-80%),
0 cells (5%-10%), € cells (< 1%), and pancreatic polypeptide-secreting (PP) cells (2%)™.
Observed by optical projection tomography, there are about 1000 islets in the pancreas
of 8-wk-old mice, with each islet containing an average of 800 P cells. There are about
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1000000 islets in the human pancreas, each containing about 400-600 p cells. The {3 cells
as polygonal cells have a diameter of 13-18 pm, and each contains about 100000 insulin
secretory vesicles”*l. Insulin is stored in a crystallized form in these vesicles that are
ultimately released through exocytosis”l. The exocytosis of insulin granules is
controlled by the ATP-sensitive K (K,p) channel and requires calcium ions to flow into
the cells through the cell membrane calcium channel. When the blood glucose
concentration rises, the glucose uptake and metabolism in f cells also increase, which
leads to an increase in ATP production. These changes in adenine nucleotide
concentrations cause the K,, channel to close, triggering calcium influx and insulin
secretion™l.

Embryonic pancreatic development begins with ventral and dorsal pancreatic buds.
In mice, the dorsal bud appears on day 9.0 of the embryo development (E9) and the
ventral bud appears on E9.5 along the dorsal and ventral surfaces of the posterior
foregut endoderm (Figure 1). The first transformation of mouse pancreatic
morphology begins from E9.5 to E12.5, during which time pancreatic progenitor cells
rapidly proliferate to form the pancreatic endoderm. At E12 to E13, the ventral and
dorsal buds contact and fuse together. At E13, pancreatic endodermal cells proliferate,
and pancreatic progenitor cells give rise to neurogenin 3 (NGNB3) positive progenitor
cells, which then form mature endocrine cells . By E14.5, the developing islets
consist of many insulin-producing  and glucagon-producing a cells, and & cells that
secrete somatostatin appear for the first time. PP cells begin to appear before birth. At
birth, B cells in mice do not have adult-type insulin secretion function, but gradually
mature within 2-3 wk after birth*.

During human embryonic development, dorsal pancreatic buds appear around the
fourth week of gestation, followed by abdominal buds. In contrast to the early
presence of glucagon-expressing cells in mouse pancreatic buds, human endocrine-
expressing cells are not detected until G7.5-8w after the dorsal buds grow for 3 wk in
early embryonic pancreas. These endocrine cells are derived from NGN3+ endocrine
progenitor cells, and among them, the first to appear are insulin-producing {3 cells. The
transcription factors PAX6, PAX4, NKX2.2, NKX6.1, HLXB9, etc. are involved in the
process of differentiation from endocrine progenitor to insulin-producing  cells™!. p-
cell replication is easily detectable at G9w and peaks around G14-16w"*l. At this time,
embryonic f cells are multi-hormonal cells that produce insulin, glucagon, and growth
hormone, as they are still in an immature state. Immature P cells have strong
proliferative ability, but they do not have the functions of mature 3 cells.

The hallmark feature of functional P cells is mature GSIS, which means when
postprandial blood glucose increases, pancreatic  cells secrete a sufficient amount of
insulin to prevent hyperglycemia, and inhibit insulin secretion under fasting
conditions to prevent hypoglycemia. This is also known as the biphasic model that is
established after B-cell maturation. Human studies have shown that neonatal p cells do
not have this biphasic secretion function, because these p cells are not fully mature at
this stage. After birth, pancreatic islet cells gradually lose their proliferative capacity
and develop highly sensitive and powerful GSIS capacity under the control of
transcription factors such as MafA\. There is no definite conclusion about the time
point at which B cells fully mature in humans, but it is closely aligned to the time
when a newborn begins to take food supplements. According to the experiment of
Otonkoski et al*, human islet {3 cells obtain mature insulin secretion function at about
26-44 wk of age. However, further studies are required to confirm the stage of -cell
maturation.

KEY MARKERS IN THE PROCESS OF § CELL MATURATION

At present, due to the limitations on human studies, most of the understanding of p-
cell maturation comes from rodent studies. In mice, the p cells in the fetal stage are
immature and highly proliferative. At this time, the  cells can already generate
insulin granules and show high basal insulin levels, but the regulated mechanism of
insulin secretion remains to be established. After birth, the B cells have not yet
obtained a mature phenotype to respond to the stimulation of changing glucose
concentration to properly secrete insulin''*?. The first mature wave in mice appears 2
wk after birth. At this time, P cells are still proliferative, but this characteristic is
gradually lost since {3 cells follow the biphasic maturation model and need to adapt to
the dietary changes of the newborn. The second maturation wave occurs in the third
week after birth, which coincides with the weaning period. This is also true for the
human newborn!*-1. During this period, the proliferative property of {3 cells gradually
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stimulated insulin secretion.
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disappears, and is replaced by an adult GSIS feature. The GSIS contains a variety of
cellular processes, in which B cells sense changes in glucose concentration through
specific glucose transporters (GLUT1 & GLUT2)!“l Subsequently, glucose
stimulation causes the mitochondria to actively participate in the control and
enhancement of insulin secretion in the mature GSIS process. Finally, the insulin
granules fuse with the cytoplasmic membrane and secrete insulin via the exocytosist*“l.

There are many key transcription factors involved in the process of {3 cell
maturation. For example, the transcription factors MAFA and MAFB play important
roles in the development and maturation of B cells, respectively. MAFB is expressed
earlier than MAFA, and appears in mouse pancreatic epithelial cells at E10.5!"), while
MAFA is originally expressed in insulin+ cells at E13.5. At E15.5, 50% and 90% of
cells with insulin secretion ability express MAFA and MAFB, respectively. However,
in adult mice, MAFA is only expressed in P cells while MAFB is in a cellst!,
suggesting the transformation from MAFB to MAFA signals {3 cell maturation. Critical
for the development of immature insulin+ cells, MAFB is expressed in most insulin+
cells at E15.5 and E18.5. However, it is only expressed in a small amount of P14 mouse
B cells, and by P28, MAFB expression is completely absent!™. In contrast, the level of
MAFA in islet P cells in immature P2 mice is only 7% of that in adult mice, in which
the GSIS properties of these P cells are also poor. MAFA overexpression in P2 B cells
can substantially enhance the GSIS ability™. Other experiments indicate that the
expression level of MAFA in mature P cells is significantly higher than that in
immature cells and is positively related to insulin secretion capacity®. Taken together,
the increased expression of MAFA and the disappearance of MAFB signal the
maturation of p cell function and are important links for p cells to obtain adult GSIS.

Many other transcription factors are not direct markers of B-cell transformation
from immaturity to maturity, but play important roles in the process of p-cells
achieving functional maturity. During endocrine cell formation, NGN3 regulate the
early differentiation of islet cells and formation of endocrine cells during
development!™.. All pancreatic endocrine cells are derived from NGN3 expressing
endocrine progenitor cells. Individuals lacking NGN3 will not be able to produce any
functional pancreatic endocrine cells and will subsequently die from diabetes!*"..
Individuals lacking NGN3 expression can still produce embryonic  cells and produce
insulin, however, they cannot respond to glucose stimulation and eventually obtain
functionally mature P cells™, suggesting that NGN3 expression is essential for -cell
maturation. The transcription factor PDX1 is activated in the mouse foregut endoderm
at E8.5 and expressed in multipotent pancreatic progenitor cells of early pancreatic
budst. In 5-wk-old male mice, the lack of PDX1 expression results in changes in the
expression of genes that control B-cell function and proliferation status (such as MAFA
and GLUT?2), leading to decreased insulin secretion levels). The B cell glucose
tolerance of PDX1-deficient mice is impaired, plasma insulin levels are reduced, and
the adult-type GSIS is impaired®!l.

In addition to the above, the transcription factors NEUROD, MNX1, PAX4, NKX6.1,
etc. also play important roles in the process of B-cells becoming functionally
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maturel®I,

UCNS3 can be used as a marker of p cell maturity®l. UCN3 is a member of the CRF
(corticoltropin release-factor) family!*“l. As an endogenous ligand of the CRF receptor
2, it is closely related to the regulation of energy balance and/or glucose metabolism in
the body!™.. It is also expressed as a secreted protein in local areas of the brain and the
pancreas. In mouse islets, UCNS3 first appears in p cells at E17.5 and is expressed as a
characteristic marker of p cells from P7 to the entirety of the adult period. Given that in
P14, UCN3 and insulin expression completely overlap, Blum et al"! used Western blot
and immunohistochemistry to analyze the protein expression levels and found that
UCNS3 expression in mature (3 cells is 7 times higher than in immature cells.
Immunofluorescence staining indicates that UCN3 expression is high in all adult p
cells; however, this was not detected in embryonic islets at E18.5"1.

The functional maturation of P cells involves the switching of cell signals from
mTORC1 to AMPK (5' adenosine monophosphate activated protein kinase)” "I
(Figure 2). mTOR is a nutrition-sensitive kinase and essential for regulating the
proliferation and growth of postnatal pancreatic p cells/*”]. Studies have shown that
mTORC1 promotes P-cell proliferation in embryonic and neonatal stages by regulating
cyclins D2 and D3 and CDK4. The specific loss of mTORC1 in mouse p-cells can lead
to severe glucose intolerance, which is related to an insufficient number of 3-cells>"l.
AMPK is an effective inhibitor of mTORC1, and its kinase activity is regulated by the
intracellular ratio of ATP to AMP/ADP"I. Loss of LKB1 (AMPK upstream activator)
can increase P-cell proliferation and mass by inducing mTORC1, resulting in increased
insulin output*. Helman ef al®"! found that the function of pB-cells after birth is
closely related to changes in the nutritional environment, which is mainly due to
amino acid-stimulated insulin secretion and GSIS and through the mTORC1 signaling
pathway. These researchers found that under two nutritional conditions, there was no
difference in the expression of PDX1, NKX6.1, UCN3, MAFA, and other transcription
factors in f cells, indicating that the switch to adult-type GSIS is not affected by the
expression of these markers. Instead, changes in glucose reactivity are related to the
activation of mTORCT1 after changes in nutritional conditions, and there is a positive
correlation between insulin secretion and mTORC1 activation. Disrupting the
nutritional sensitivity of mMTORCI in mature 3 cells will cause their insulin secretion to
return to a functional immature state*.

Synaptotagmin 4 (Syt4) may play an important role in the maturation of B cells!’l.
As a non-Ca?" binding paralog of the f cell Ca* sensor Syt7, it increases approximately
8-fold during B-cell maturation, and the absence of Syt4 will increase the secretion of
basal insulin in newborn mice. The role of this protein is to reduce the sensitivity of
immature B cells to calcium ions that directly regulate the exocytosis of insulin
granules and influence the normal secretory process of insulin®®l.

Recently, a Wnt/Plane cell polarity effector protein Flattop (Fltp) was found to
distinguish immature (Fltp-) and terminally mature (Fltp+) p cells™. Fltp+ cells have
higher expression levels of pB-cell functional genes (i.e., SLC2A2, NKX6.1, UCN3,
MAFA, etc.), and it can be observed that the number of mature secreted granules is
significantly increased, the mitochondrial physiological function is enhanced, and the
static GSIS is higherl.

Other studies showed that the microenvironment is also important for obtaining
mature B cells® ). Freshly isolated B cells in suspension culture release much less
insulin than scattered 8 cells that re-aggregate into islets, suggesting that the
composition of pancreatic islets, cell polarity, contact between homotype cells, contact
between heterotype cells, and interaction with the surrounding tissues and
environment can all lead to differences in glucose reactivity and insulin secretion.

Among them, paracrine regulation plays an important role in § cell function
(Figure 3). Even if the islets are dispersed to the cellular level, most {3 cells still retain
the link with a cells®*, which suggests the co-evolution of the two types of endocrine
cells is necessary for the pancreatic islet development, and may be of great significance
to the pancreatic islet maturation. Islet paracrine signals from one cell type can
regulate others in the same pancreatic islet by spreading through the gap or circulating
through intra-islet blood vessels”. For example, glucagon secreted from a cells
inhibits insulin secretion from P cells (Figure 3B). Insulin receptors are found on both a
and f cell membranes, which further confirms the existence of the paracrine effect of
islet cells™. Insulin secreted from ( cells activates the GABAA receptor on the a cell
membrane, leading to a large influx of Cl- and inhibiting the secretion of glucagon!™.. 3
cells can electrically couple to surrounding a and & cells through the gap, to secrete
synchronously, thereby generating insulin secretion pulse”.. Moreover, secretory
molecules of pancreatic islet pericytes and local macrophages have nutritional effects
on [ cells™*1.
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At low glucose concentrations, the islet a cells secrete glucagon that activates the
glucagon receptor on the P cell membrane in a paracrine manner and inhibits insulin
secretion”). Additionally, ghrelin locally released by ¢ cells in pancreatic islets can
inhibit GSIS. This process may involve the activation of GHSR-coupled Gi, the opening
of voltage-dependent K* channels, and the inhibition of Ca*influx”. Finally,
enteroendocrine hormones released after food ingesting participate in the GSIS. The
most important hormones are glucagon-like peptide 1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP)™\. Studies have confirmed the expression of GLP-1
and GIP receptors in pancreatic p cells. After activation, these two hormones bind to
the receptor coupled to the heterotrimeric Gs protein, thereby activating adenylyl
cyclase, increasing intracellular cAMP, and enhancing GSIS'".

INDUCTION OF B CELLS IN VITRO AND CURRENT PROBLEMS

Due to the increasing demand for in vitro differentiation of hPSCs into § cells to treat
T1DM, researchers have actively explored ways to obtain functionally B cells in vitro.
hPSCs include human embryonic stem cells (ESCs) and induced pluripotent stem cells
(hiPSCs). These cells are considered a reliable source for -cell replacement due to
their ability to self-renew and differentiate into all major somatic lineages!""'""l. After
experimenting many methods, researchers found that the induction of genuine p cells
in vitro must follow the same differentiation process in vivo. Using Matrigel or low-
density mouse embryonic fibroblasts as the culture platform, hPSCs can finally
differentiate to p-like cells following the sequence of definitive endoderm, primitive
intestinal canal pancreatic progenitor cells, endocrine progenitor cells, and hormone-
expressing endocrine cells, when regulated by specific doses and sequences of growth
factors and signaling molecules (such as retinoic acid, BMP pathway inhibitors, FGF10,
and FGF7)!'"l. However, f-like cells produced in vitro by this method are mainly
insulin positive multi-hormonal cells. They will only exhibit limited GSIS in vitro due
to their lack of expression of key transcription factors of p-cells. Once transplanted into
mice, they lose the ability to respond to glucose concentration stimuli'*!.

Pagliuca et al'™ used a scalable suspension-based culture system to generate and
cultivate hPSCs, and cell clusters (about 100-200 mm in diameter, each cluster contains
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hundreds of cells) from hESC line (HUESS) or hiPSC line (hiPSC-1 and hiPSC-2) were
induced to transform into definitive endoderm (> 95% SOX17+ cells, DE), and
subsequently differentiated into early pancreatic progenitor cells (> 85% PDX1+ cells,
PP1). Culturing PP1 for 5 d under KGF or FGF7, retinoic acid, and SANT1 (sonic
hedgehog signaling pathway antagonists) conditions can lead to forming pancreatic
progenitor cells (PP2) expressing PDX1+/NKX6.1+, and producing functional p cells
3-4 mo after transplantation into mice. After testing the insulin secretion of these p-like
cells, researchers found that their function is similar to that of adult  cells.

These stem cell (SC)-derived B-like cells are known as SC-f cells!" that are arguably
the most advanced p-like cells induced in vitro from hPSCs. The increased level of
UCN3 expression was found to coincide with the functional maturation of the SC-f
cells!'™'*l In SC-P cells, the nutritional regulation of mTORCI activity is mainly
determined by the amount of amino acids, not glucose, which is very similar to fetal
cells in the body!"". This is consistent with the fact that SC-f cells are not mature at
this time. After reducing the amount of amino acids in the culture medium, the SC-f3
cells can be induced to be more mature™. In adults, the supply of nutrients is
periodic, so the activity of mMTORC is also dynamic, which requires the participation of
AMPK, TSC1, TSC2 (the upstream inhibitors of mTOR), etc.

Davis et all'™ found that SC-p cells have lower GSIS levels than cadaver islet  cells.
They found that glucose metabolism is a restricting factor that inhibits the formation of
mature GSIS in SC-f cells. Abnormal mitochondrial metabolism is also associated with
the immature GSIS in SC-f cells that can be used to explore the metabolic processes
and quantify their ability to transport glucose. Furthermore SC-f cells can sense and
respond to changes in metabolic flux, but the metabolism of glyceraldehyde 3-
phosphate is the key "defect" or "bottleneck". The activities of the enzymes GAPDH
and PGK1 are significantly lower in SC-f cells than in cadaver islets, and these two
enzymes can catalyze the enzymatic conversion of 3-phosphoglyceraldehyde to 3-
phosphoglycerate. When the enzyme concentrations are reduced, the slow glycolysis
flux in SC-p cells inhibits the production of phosphoenolpyruvate in mitochondria,
resulting in restrictions on GSIS promoted by downstream mitochondrial
phosphoenolpyruvate carboxykinase. Therefore, bypassing the above-mentioned
defect in the glycolysis process that is unique to the in vitro culture process can
drastically increase the intracellular PEP and make the cells have mature islet-like
insulin secretion characteristics!*'"'l. The researchers proposed that treating
differentiated SC-p cells with metabolized, cell-permeable intermediates that skip
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these enzymatic steps in glycolysis can result in islet-like insulin secretion and acts
through the same mechanisms that underlie glucose sensing in functional islets. Taken
together, these data suggest that the in vitro functional maturation of SC- cells can be
achieved by improving the nutritional conditions in the culture medium. However,
further exploration is required as to how this bottleneck is formed in the
differentiation process in vitro.

In the process of differentiation of B cells in vitro, it is necessary to ensure the
generation of other islet cells. Indeed, other cells may also be differentiated in addition
to SC-B cells. Veres et all'"l showed that in SC-islets derived from hPSCs, there are also
a-like cells expressing GCG, ARX, IRX2, and INS and enterochromaffin cells that
express CHGA, TPH1, LMX1A, and SLC18A1. These cells are multi-hormonal cells
and when transplanted, they can improve the function of B cells through local
interactions or autocrine signaling in SC islets. Furthermore, CD49a was found as a
surface marker of SC-f cells, and it was showed that pure SC-f cell clusters can be
obtained by magnetic separation.

Protein transduction technology for delivering targeted transcription factors is also
used to obtain insulin-producing cells from stem cells in vitrol'"l. Protein transduction
domains (PTD) or cell penetrating peptides can be directly internalized into cells when
the protein is synthesized as a recombinant fusion molecule or covalently crosslinked
to the PTDs, the mechanism of PTD-mediated protein transduction through
endocytosis as a vesicle into the cytoplasm!"'“l. Thus, PTD may provide a new strategy
of generating insulin-secreting cells from stem/progenitor cells without transferring
foreign transcription factor genes such as PDX-1, B2/NEUROD, NGN3, and ISL-1t">"1°),

In addition to hPSCs, multipotent stem cells including hematopoietic stem cells,
mesenchymal stromal cells/MSCs, and adipose-derived stem cells are also possible
sources for generation of insulin-producing cells!"”). MSCs from various tissues and
organs and the umbilical cord blood can be differentiated into islet-like cells or insulin-
producing cells (IPC) that express key transcription factors such as PAX6 and ISL1!"¢1.
Besides IPC differentiation, MSCs may also secrete various cytokines and growth
factors to help regenerate endogenous islet p cells!"”l. Si et all'*! found that injection of
MSCs into diabetic rats can lead to significant endogenous P-cell regeneration.
Meanwhile, Ianus et all'”'! found that approximately 1.7% to 3% of regenerated islet 3
cells originated from transplanted MSCs.

CONCLUSION

T1DM is an autoimmune disease, which is generally early onset and is characterized
by an absolute lack of insulin secretion. Therefore, the current treatment is to
supplement the required insulin from an external source. However, there are many
problems with this treatment method, including cumbersome procedures and
associated devastating complications. If patients forget to take their medicine, acute
complications are immediately developed, such as diabetic ketoacidosis. Therefore, in
recent years, researchers have proposed other treatments for TIDM, such as islet
transplantation, immunotherapy, and stem cell therapy. Among them, stem cell
therapy is the most promising treatment method, but it still faces many obstacles such
as generation of matured B-like cells in achieving the clinical application. First, the
changes in the nutritional conditions, the surrounding microenvironment, and the
related molecular mechanisms may all play a part in the maturation of p-like cells.
Second, abnormal mitochondrial function in glucose metabolism is closely related to
immature GSIS of B-like cells. Developing normal mitochondrial function in SC-f cells
must be achieved in the next few years to generate mature p-like cells. Third, the
microenvironment for in vitro differentiation also appears to be crucial for the
functional maturation of  cells as isolated [ cells cannot have adult-type GSIS, which
is related to the paracrine effects among pancreatic islet cells as described above. This
suggests that the reconstruction of islet-like structures, for example 3D bioprinting
with in vitro differentiated SC-p and other endocrine cells, is necessary for generating
mature SC-f cells. Finally, critical molecules/compounds to mature the reconstructed
islet-like structures need to be discovered. It is hoped that in the near future, stem cell
therapy can ultimately become a viable curative treatment for most TIDM patients.
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Abstract

Drug-induced liver injury (DILI), which refers to liver damage caused by a drug
or its metabolites, has emerged as an important cause of acute liver failure (ALF)
in recent years. Chemically-induced ALF in animal models mimics the pathology
of DILI in humans; thus, these models are used to study the mechanism of
potentially effective treatment strategies. Mesenchymal stromal cells (MSCs)
possess immunomodulatory properties, and they alleviate acute liver injury and
decrease the mortality of animals with chemically-induced ALF. Here, we
summarize some of the existing research on the interaction between MSCs and
immune cells, and discuss the possible mechanisms underlying the immuno-
modulatory activity of MSCs in chemically-induced ALF. We conclude that MSCs
can impact the phenotype and function of macrophages, as well as the
differentiation and maturation of dendritic cells, and inhibit the proliferation and
activation of T lymphocytes or B lymphocytes. MSCs also have immuno-
modulatory effects on the production of cytokines, such as prostaglandin E2 and
tumor necrosis factor-alpha-stimulated gene 6, in animal models. Thus, MSCs
have significant benefits in the treatment of chemically-induced ALF by
interacting with immune cells and they may be applied to DILI in humans in the
near future.

Key Words: Mesenchymal stromal cell; Immune response; Drug-induced liver injury;
Acute liver failure; Dendritic cell

208 March 26,2021 | Volume13 | Issue3 |


https://www.f6publishing.com
https://dx.doi.org/10.4252/wjsc.v13.i3.208
http://orcid.org/0000-0003-0623-517X
http://orcid.org/0000-0003-0623-517X
http://orcid.org/0000-0003-0623-517X
http://orcid.org/0000-0003-2893-6268
http://orcid.org/0000-0003-2893-6268
http://orcid.org/0000-0003-2893-6268
http://orcid.org/0000-0001-8415-3490
http://orcid.org/0000-0001-8415-3490
http://orcid.org/0000-0001-8415-3490
http://orcid.org/0000-0002-0984-2592
http://orcid.org/0000-0002-0984-2592
http://orcid.org/0000-0002-0984-2592
http://orcid.org/0000-0002-6604-6867
http://orcid.org/0000-0002-6604-6867
http://orcid.org/0000-0002-6604-6867
mailto:hccao@zju.edu.cn

upon this work non-commercially,
and license their derivative works
on different terms, provided the
original work is properly cited and
the use is non-commercial. See: htt
p:/ /creativecommons.org/ License
s/by-nc/4.0/

Manuscript source: Unsolicited
manuscript

Specialty type: Cell and tissue
engineering

Country/Territory of origin: China

Peer-review report’s scientific
quality classification

Grade A (Excellent): 0

Grade B (Very good): B, B
Grade C (Good): 0

Grade D (Fair): 0

Grade E (Poor): 0

Received: October 6, 2020
Peer-review started: October 6,
2020

First decision: December 24, 2020
Revised: January 8, 2021
Accepted: February 15, 2021
Article in press: February 15, 2021
Published online: March 26, 2021

P-Reviewer: Cao T, Philips CA
S-Editor: Gao CC

L-Editor: Filipodia

P-Editor: Xing YX

Jaishideng®

WJSC | https://www.wjgnet.com 209

Zhou JH et al. Stem cell therapy in ALF

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Drug-induced liver injury (DILI) is a crucial cause of acute liver failure
(ALF). Although mesenchymal stromal cells (MSCs) have not been applied to DILI in
clinical trials, their efficacy has been proven in various animal models of chemically-
induced ALF. Immune system disorders play key roles in chemically-induced ALF,
and MSCs are able to regulate the immune system through soluble factors and cell-to-
cell contact, and eventually improve liver damage. We, herein, discuss the
immunomodulatory properties of MSCs in different animal models that mimic the
pathology of DILI in humans.

Citation: Zhou JH, Lu X, Yan CL, Sheng XY, Cao HC. Mesenchymal stromal cell-dependent
immunoregulation in chemically-induced acute liver failure. World J Stem Cells 2021; 13(3):
208-220

URL: https://www.wjgnet.com/1948-0210/full/v13/i3/208.htm

DOI: https://dx.doi.org/10.4252/wjsc.v13.i3.208

INTRODUCTION

Drug-induced liver injury (DILI), the most common cause of acute liver failure (ALF)
in developed countries, accounts for approximately 50% of ALF cases!. In patients
with hypersensitivity or reduced tolerance due to special constitutions, the immune-
privileged state of the liver can be disrupted by drugs and chemicals or their
metabolites, such as reactive intermediate species’, resulting in unbalanced immune
cell infiltration and liver injury®.

Mesenchymal stromal cells (MSCs) are widely studied adult pluripotent stem cells.
They possess not only all of the common characteristics of stem cells but also
immunomodulatory properties. They have been extensively researched due to their
wide range of sources and easy availability. Since the first MSC transplantation in a
pediatric patient experiencing grade IV treatment-refractory acute graft vs host disease
(GVHD) in 2004", there have been an increasing number of studies demonstrating that
MSC transplantation can effectively modulate the immune system in several immune-
related disorders. In addition to the ability of MSCs to migrate to damaged liver sites
and undergo proliferation and differentiation into hepatocytes, the therapeutic
mechanism of MSCs in ALF mainly depends on their potential immunomodulatory
naturel.,

The main immune cells consist of neutrophils, T cells, B cells, natural killer (NK)
cells, monocytes/macrophages, and dendritic cells (DCs). MSCs alter macrophages
from a regularly activated (M1) phenotype to an either/or activated (M2) phenotype,
resulting in reduced secretion of the proinflammatory cytokines, such as tumor
necrosis factor-alpha (TNF-a), interferon-y (IFN-y) and interleukin (IL)-1, and
increased secretion of the anti-inflammatory cytokine IL-10, which to a great extent is
dependent on cell-to-cell contact or soluble factors, such as prostaglandin E2 (PGE2),
indoleamine 2,3-dioxygenase (IDO), and TNF-a-stimulated gene 6 (TSG-6)I". MSCs
impact two stages of DCs: differentiation and maturation. When co-cultured with
MSCs, DC precursors and immature DCs express lower levels of major
histocompatibility complex class II (MHCII) and costimulatory molecules cluster of
differentiation (CD) 86, CD80, and CD40, which result in a weakened ability to
stimulate T cell proliferation. However, the immunosuppressive capacity of MSCs in
mature DCs remains controversiall’l.

Several studies have shown the inhibitory effects of MSCs on T cell activation,
proliferation, and differentiation to T helper 17 (Th17) cells through PGE2,
programmed cell death protein 1 (referred to as PD-1), and IL-10%!. Additionally, MSCs
can stimulate the generation and proliferation of immunosuppressive regulatory T
cells (Tregs)P. Similarly, MSCs suppress the proliferation, activation, and antibody
production ability of B cells and induce the B regulatory cells (Bregs)!'’l.

MSCs have been studied as a prospective therapy for the treatment of DILI and ALF
due to their immunomodulatory ability. Several animal models of chemically-induced
ALF have been used to study the mechanisms of DILI and the mechanisms of
potentially novel therapiest’. MSCs can alleviate ALF by interacting with different
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immune cells because the main pathogenic immune cells differ in these animal models,
and these discoveries in animal models will contribute to the clinical application of
MSC-based strategies for the treatment of human DILI.

In this review, we summarize a number of existing studies on the interplay of MSCs
and the immune system, and discuss some possible mechanisms underlying the
immunomodulatory ability of MSCs in chemically-induced ALF. MSC-based therapy
may be applied to DILI in humans in the near future.

IMMUNE SYSTEM RESPONSE TO CHEMICALLY-INDUCED ALF

The liver is an organ that is dominated by metabolic functions. It is inevitably exposed
to the metabolites of various foods or drugs in the blood from the portal vein, which
requires this organ to have high immune tolerance and self-repair abilities.
Chemically-induced liver injuries refer to liver damage caused by chemical
hepatotoxic substances, including alcohol, drugs, traditional Chinese medicines,
chemical poisons from food, and organic and inorganic poisons in industrial
production. On the one hand, the immune system of the liver has to tolerate the heavy
antigenic load of daily food residues from the portal vein in a healthy state; on the
other hand, it must respond efficiently to numerous viruses, bacteria, parasites, and
chemical hepatotoxic substances!. Excessive inflammation often contributes to
morbidity and mortality in chemically-induced ALF (Figure 1).

Innate immune cells in response to chemically-induced ALF

In DILI, necrotic hepatocytes show many damage-associated molecular patterns
(referred to as DAMPs), such as high-mobility group box-1 protein, DNA fragments,
and heat shock proteins!'?, and these factors can be identified by Toll-like receptors
(commonly known as TLRs) on innate immune cells. Then, proinflammatory factors
recruit inflammatory immune cells into the liver, activating them to remove necrotic
cell debris".

Liver macrophages mainly include two cell types: resident Kupffer cells and
infiltrating monocyte-derived macrophages. Although of different cellular origins,
both types of macrophages can phagocytose microorganisms and metabolic waste in
liver sinusoids. The numbers of liver macrophages become greatly increased in any
type of liver injury, due to the self-renewal ability of Kupffer cells and the infiltration
of monocyte-derived macrophages!'’.. In the early stages of liver injury, Kupffer cells
recognize DAMPs derived from damaged hepatocytes and then secrete several
proinflammatory cytokines and chemokines to attract neutrophils, NK cells, and bone-
marrow-derived monocytes to the regions of inflammation!”. Ly6C*monocytes and
Ly6C monocytes exist in the blood of mice, and can differentiate into hepatic
macrophages. Infiltrating Ly6C* monocytes promote inflammation and induce organ
impairment, but eventually maturate with the downregulation of Ly6C expression, at
which point they acquire the ability to restore liver integrity!'*l.

Neutrophils are the first-line immune cells that have the fastest response when
inflammation occurs. However, uncontrolled neutrophil infiltration and activation
lead to excessive inflammation in chemically-induced liver injuries. The expression
levels of C-X-C motif chemokine ligand (referred to as CXCL) 1, IL-6, TNF-a, and
monocyte chemoattractant protein-1 in the injured liver are significantly increased to
regulate the infiltration and activation of neutrophils!’l. Tissue-resident phagocytes,
including macrophages and DCs, release a variety of proinflammatory mediators and
establish a chemoattractant gradient, triggering neutrophil recruitment into tissues.
Neutrophils express receptors (G protein-coupled receptor, Fc-receptors, adhesion
molecules, TLRs, C-type lectins) that can recognize these signals and then release
granules (myeloperoxidase), generate reactive oxygen species, and form neutrophil
extracellular traps!'**“.

DCs in ALF engage in the innate immune response involving macrophages and
neutrophils, with antigen recognition by pattern-recognition receptors. However, the
most important effect of DCs is initiation of the adaptive immune response. DCs reside
in organs such as the liver as immature cells, which are very effective at antigen
recognition, capture and processing, and then circulate in the blood or lymph fluid to
peripheral immune organs where they can achieve terminal maturation with the
ability of efficient antigen presentation as well as activation of T cells®.

In the healthy state, hepatocytes express MHC-I, which binds to inhibitory receptors
on NK cells, preventing NK cell activation!”!. In contrast, infected hepatocytes lacking
MHC-I can be recognized and eliminated by NK cellst*.
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Adaptive immune cells in response to chemically-induced ALF

Contrary to innate immune responses, which induce acute liver injury (ALI) in
experimental animal models!"”), adaptive immune responses play an undefined
secondary role in DILI*. In homeostasis, liver sinusoidal endothelial cells and Kupffer
cells constitutively express IL-10, prostaglandins, TNF-a, and transforming growth
factor-beta (TGF-P) to expand Tregs, attenuate T cell activation, and induce liver
immune tolerancel”. In some ALI models induced by some special types of drugs or
chemicals, T cells are important. Yu et al*! found that IL-1p is upregulated in the
AAGL (Agrocybe aegerita galectin) model and is crucial to recruit T cells from
peripheral blood into the injured liver; treatment with IL-1p antibody can significantly
alleviate hepatocyte damage. The possible mechanism may be inhibition of p38 or
nuclear factor-kappa B (NF-xB) signaling pathways and subsequently reduced
infiltration of T cells into the liver. Heymann ef al* applied a concanavalin A (Con A)-
induced liver injury model to mimic immune reactions observed in humans, trigger an
inflammatory cascade by activating resident Kupffer cells, initiate neutrophil
infiltration, and increase CD4'T cell infiltration and activation™. Although Tiegs
et al*! showed that CD4' T cells play a more critical role than CD8"T cells in Con A-
induced liver injury in wild-type mice, CD8* T cells played an important role in T cell-
transferred Rag2-knockout mouse (in which T cells cannot mature) challenged with
Con A. Both IL-33 released by the injured liver and perforin secreted by CD8*T cells
were crucial components in their study.
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INTERACTION BETWEEN MSCS AND IMMUNE CELLS

Immune characteristics of MSCs

Quiescent MSCs display immune homeostatic features biased towards suppression.
When MSCs are induced by various proinflammatory cytokines, these immuno-
suppressive properties can be considerably enhanced, resulting in polarization to
immunosuppressive phenotypes of MSCs. IDO and inducible nitric oxide synthase
(referred to as iNOS) are the key to the immune regulatory functions of MSCs, with a
series of potential complementary suppressor pathways, including heme oxygenase-1,
soluble human leukocyte antigen-G5, TGF-, PGE2, galectin, and TSG-6"". MSCs
possess a pro-inflammatory or anti-inflammatory phenotype by contacting immune
cell responses in different situations, and regulate the immune response by secreting
soluble factors or direct cell contact!’l,

Potential mechanisms underlying the immunoregulatory properties of MSCs

through innate immune cells

MSCs can regulate the proliferation and activation of Kupffer cells, macrophages, DCs,
neutrophils, and NK cells (Figure 2). MSCs reportedly transfer to injury sites in
response to large amounts of inflammatory factors, such as IL-6 and TNF-a secreted by
activated Kupffer cells™). MSCs, in turn, inhibit the phenotype transition of activated
Kupffer cells to M1 and stimulation of the NF-xB pathway in lipopolysaccharide
(commonly known as LPS)-treated Kupffer cells™. Several studies have revealed the
mechanism by which MSCs cause immunosuppression via the interaction of
macrophages. MSCs can interact directly and physically with innate immune cells.
Upregulated CD54 on human MSCs (referred to here as hMSCs) co-cultured with M1
macrophages in an in vitro co-culture system increased IDO activity and inhibited the
proliferation of T cells®'. Similarly, upregulated CD200 on mouse bone marrow
stromal cells (BMSCs) in contact with M1 macrophages can also enhance the
immunotherapeutic effects of MSCs to reprogram proinflammatory macrophagest™.
On the other hand, soluble factors secreted by MSCs can contribute to the
immunoregulatory properties of MSCs. Corneal-derived MSCs can secrete pigment
epithelium-derived factor and then modulate the immunophenotype and angiogenic
function of macrophages™. TSG-6 and PGE2 secreted by MSCs have also been widely
studied, due to their immunoregulatory effects on MSCs and macrophages™*.

In addition, MSC-derived exosomes, which are rich in proteins, mRNAs, and
microRNAs (designated as miRs), have been used as a therapy for liver diseases in
recent years. In a study of experimental autoimmune hepatitis, BMSC-derived
exosomes, which are rich in miR-223, effectively alleviated liver injury by
downregulating formation of the NLR family pyrin domain containing 3 (referred to
as NLRP3) inflammasome™. In another study, miR-17 derived from adipose tissue-
derived MSC (AMSC)-derived exosomes was shown to ameliorate LPS/D-
galactosamine-induced ALI by inhibiting activation of the TXNIP/NLRP3
inflammasome of macrophagest™. MSCs can limit neutrophil recruitment or
infiltration and inhibit neutrophil activation to prevent an excessive inflammatory
response. MSCs ameliorate the hepatic inflammatory response by reducing the release
of neutrophil chemoattractant CXCL2 and attenuating neutrophil chemotaxis via
downregulation of C-X-C motif chemokine receptor 2 expression in neutrophils”. In a
septic mouse model, MSCs optimally balanced the distribution of circulating and
tissue-infiltrated neutrophils, maximizing bacterial killing and minimizing liver
injury®.

Many studies have focused on the effects of MSCs on DCs in vitro, especially
through soluble factors. One showed that TSG-6 secreted by mouse BMSCs suppressed
the maturation and activation of DCs by inactivating mitogen-activated protein kinase
and NF-kB signaling pathways™. In addition, IL-6 reportedly participates in the
immune regulation mechanism mediated by the murine MSC line via inhibition of
DCsl”l. Regarding hMSCs, Spaggiari ef al") demonstrated that human BMSCs can
secrete PGE2 to inhibit differentiation of monocyte-derived DCs. Selleri et al*! showed
that human umbilical-cord-derived MSCs can secrete lactate to induce granulocyte-
macrophage colony-stimulating factor/IL-4-treated monocytes to differentiate into M2
macrophages rather than DCs by metabolic reprogramming. A study by Liu ef al*?
showed that MSCs derived from mouse embryonic fibroblasts can induce a type of
novel regulatory DCs that express low levels of CD11c and Ia and are phenotypically
different from immature and mature DCs via IL-10.

In addition, direct cell contacts are as important as soluble molecules in MSC/DC
interactions. hMSCs can inhibit the proliferation ability and differentiation capability
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of CD34"hemopoietic progenitor cells into interstitial DCs but cannot inhibit
maturation of CD34* hemopoietic progenitor cell-derived DCs, and the inhibitory
effect is associated with the Notch pathway!"l. Cahill et al"! demonstrated that mouse
MSC induction of functional tolerogenic DCs that can induce Tregs in vitro requires
Notch signaling. This hypothesis was confirmed in an animal model treated with
Jagged-1 knockdown MSCs. In another study, mature DCs cocultured with MSCs
expressing Jagged-2 acquired tolerogenic propertiest. MSCs can influence the
proliferation capacity, cytokine release, phenotypic conversion, and cytotoxicity of IL-
2-induced NK cells*. The mechanism may include TGF-p¥!, PGE2", IDO*! and
exosomes”l. Moreover, NK cells can stimulate MSC recruitment by secreting
neutrophil-activating peptide 2P, and activated NK cells can efficiently lyse MSCs!*l.

Potential mechanisms of the inmunoregulatory properties of MSCs through

adaptive immune cells

MSCs can inhibit proliferation, activation, and differentiation of T cells, induce
apoptosis of T cells and induce recruitment of Tregs. MSCs can also induce cell cycle
arrest by downregulating cyclin D2 and upregulating p27kipl in T cells, resulting in
division anergy of activated T cells™. Of note, MSCs can inhibit T cell function by
inducing apoptosis of activated T cells. Plumas et al™ showed that this apoptosis can
be associated with transformation of tryptophan to kynurenine by IDO expressed by
MSCs in the presence of IFN-y. Akiyama et al! revealed that BMSCs may trigger
apoptosis of transient T cells through the Fas ligand (FasL)-dependent pathway, and
that apoptotic T cells can induce production of TGF-B in macrophages, thereby
upregulating Tregs. In some experiments in vitro, MSCs were shown to inhibit
allogeneic T cell responses in mixed lymphocyte reactions by IDO after MSCs were
activated by IFN-y. Recently, MSCs were shown to inhibit activation of CD4"T cells
and reduce secretion of IL-2 via PD-1 ligands!™l.

March 26,2021 | Volume13 | Issue3 |



Zhou JH et al. Stem cell therapy in ALF

Jaishideng®

Several investigators have highlighted that MSCs can effectively inhibit Th17
differentiation. Duffy etal! demonstrated that this inhibition requires
cyclooxygenase-2 induction, which is dependent on cell contact, leading to direct Th17
inhibition by PGE2. Qu et al* also showed that MSCs inhibit Th17 cell differentiation,
and suggested that increased secretion of IL-10 may play a role. One important aspect
of the immunomodulatory effect of MSCs is the recruitment and influence of Tregs"™.
MSCs can reinforce the regulatory function of CD8'CD28" Treg cells by increasing
expression of IL-10 and FasL’. They can also induce cell cycle arrest in the GO/G1
phase instead of induction of B-cell apoptosis in a soluble factor-dependent manner(®l.
Furthermore, MSCs inhibit proliferation and activation of B cells by modifying the
phosphorylation levels of the extracellular signal-related kinase 1/2 or p38
pathwaysl. Rafei et all* clarified that MSC-derived chemokine (C-C motif) ligand 2
(referred to as CCL2) can suppress secretion of immunoglobulin (referred to as Ig) in
plasma cells and induce proliferation of plasmablasts, leading to IL-10-mediated
blockade via inactivation of signal transducer and activator of transcription 3 (referred
to as STAT3) and induction of paired box 5 in vitro. MSCs can enhance the survival
and proliferation rates of CD5* Bregs in an IDO-dependent manner, increasing IL-10
expression and ameliorating refractory, chronic GVHD!"'\. Similarly, AMSCs reduce
plasmablast formation or induce IL-10-producing CD19*CD24"s»CD38"s" B cells!*l.
Park et al*! elucidated the effect of human AMSCs on the proliferation of Bregs in an
animal model of systemic lupus erythematosus.

MSC TRANSPLANTATION TO TREAT CHEMICALLY-INDUCED ALI

Viral infection remains the main cause of ALF in developing countries, whereas DILI
is more common in developed countries!l. DILI accounts for 50% of ALF cases in the
United States!! and Europe, and the main drug responsible is acetaminophen!”l.
Several animal models induced by chemical substances have been used to study the
mechanisms of ALFP. Chemical substances, such as Con A, a-galactosylceramide
(commonly known as a-GalCer) and carbon tetrachloride (CCl,), have been used in
ALF animal models in which MSCs have been demonstrated to alleviate the symptoms
of liver injury effectively; although, the mechanisms are complex and not fully
understood (Table 1).

Volarevic et al**’"! conducted several studies on the immunoregulation of MSCs in
ALF induced by Con A. Their previous studies showed that Con A-induced ALF is an
excellent murine model of immune-mediated liver injury. CD8*T cells, CD4"T cells,
NK T (NKT) cells, NK cells, and macrophages are reportedly related to this model and
can be transferred to injured liver sites and secrete many cytokines. Meanwhile, the
authors confirmed the efficacy of AMSCs for ALF induced by Con A"l Gazdic et al"
researched the MSC-NKT cell interaction in Con A- and a-GalCer-induced murine
models of ALF, and elucidated that MSCs protect hepatocytes from the cytotoxicity of
liver NKT cells by attenuating their ability to produce inflammatory factors, such as
TNF-a, IFN-y and IL-4, in an iNOS- and IDO-dependent manner. In a recent study of
a-GalCer-induced ALF, Ito et al”! demonstrated that MSCs can increase IL-10 in Tregs,
which in turn, attenuates the hepatotoxicity of liver NKT cells!”.

Milosavljevic et al’! revealed another mechanism of MSC-NKT cell interaction,
specifically that MSCs can attenuate CCl,-induced ALF by downregulating IL-17 in
liver NKT cells. Their findings highlighted the reduction of liver NKT cell cytotoxicity
and the critical importance of increased regulatory cells (Tregs and NK Tregs) in MSC-
mediated attenuation of ALF, indicating the importance of MSC-induced regulatory
cells as a prospective cell-based ALF therapy. Liu et all”! demonstrated through a high-
dimensional analysis that MSCs significantly ameliorated CCl,-induced ALF and
regulated the immune system of the liver. In this model, MSCs regulated different
immune cells in two phases. During the injury stage, MSCs reduced the numbers of
Ly6C*"CD8' resident memory T cells (referred to as TRM) cells, conventional NK cells,
and IgM*IgD* B cells but increased the quantity of immunosuppressive monocyte-
derived macrophages. During the recovery stage, MSCs enhanced the retention of
Ly6C**CD8" TRM cells and maintained the immunosuppressive ability of monocyte-
derived macrophages. To reveal alterations in immune cell subsets of CCl,-induced
ALF after MSC transplantation, the authors detected the metabolomic profile of the
immune system. Using high-performance chemical isotope labeling liquid
chromatography-mass spectrometry, they confirmed 256 metabolites as candidate
biomarkers of the immune response in CCl-induced ALF animal models, and 114
metabolites as candidate biomarkers of the immune response after MSC
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Table 1 Inmunoregulatory mechanisms of mesenchymal stromal cells in alleviating chemically-induced acute liver failure

Species of Source  Dose Model Reagents Immune cell Mechanism Effect Ref.
MSCs for model
Mouse Bone 5x10° Mouse a-GalCer Treg Increase the population of Attenuate ALF  Gazdic et all’]
marrow Tregs and their capacity to
produce IL-10; attenuate
hepatotoxicity of NKT cells
in an IDO-dependent
manner
Mouse Bone 1x10° Mouse TAA Macrophage/T Inhibit macrophage Ameliorate FHF Huang et all”"l
marrow cell infiltration; reduce Thl and  and reduces
Th17 cells and increase mortality
Tregs
Rat Bone 1x107 Rat D-GalN/LPS  Neutrophil Reduce the number and Improve the Zhao et al”’]
marrow activity of neutrophils in liver function
both peripheral blood and
liver
Mouse Bone 5 x 10° Mouse Con A/a- NKT cell Attenuate the cytotoxicity Attenuate ALF  Gazdic et all””!
marrow GalCer and capacity of liver NKT in
an iNOS- and IDO-
dependent manner
Mouse Bone 5x10° Mouse CCl,/a- NKT cell Reduce IL-17-producing Attenuate ALF  Milosavljevic
marrow GalCer NKT cells and increase the et all’]
presence of IL-10-producing
NKT regulatory cells in an
IDO-dependent manner
Mouse Adipose AMSC- Mouse LPS/D-GalN  Macrophage Reduce NLRP3 Attenuate ALF  Liu et al*
tissue Exo, 400 inflammasome activation in
Hg macrophages by targeting

TXNIP

a-GalCer: a-Galactosylceramide; ALF: Acute liver failure; AMSC-Exo: Adipose-derived mesenchymal stem cell-derived exosomes; CCl,: Carbon
tetrachloride; Con A: Concanavalin A; D-GalN: D-galactosamine; FHF: Fulminant hepatic failure; IDO: Indoleamine 2,3-dioxygenase; IL: Interleukin; iNOS:
Inducible nitric oxide synthase; LPS: Lipopolysaccharide; NKT: Natural killer T; NLRP3: NOD2 activates (NOD)-like receptor pyrin domain-containing 3;
TAA: Thioacetamide; Th1: T helper 1; Th17: T helper 17; Treg: Regulatory T cell; TXNIP: Thioredoxin-interacting protein.

Jaishideng®

WJSC | https://www.wjgnet.com 215

transplantation. However, the potential immunomodulatory role of metabolites needs
further investigation””. MSCs have exhibited positive effects in a rat model of D-
GalN/LPS-induced ALF by inhibiting the recruitment and activity of neutrophils.
Compared with monotherapy, combination of MSCs and anti-neutrophil serum can
inhibit cell apoptosis more efficiently, ameliorate liver function, and reduce the
mortality rate”). In a mouse model of thioacetamide-induced ALF, both MSCs and
MSC-conditioned medium treatment reduced the incidence of death. MSC-treated
livers showed less hepatocellular apoptosis and more liver regeneration, as well as
downregulation of macrophage infiltration and alteration of CD4"T cells to an anti-
inflammatory phenotypel.

CONCLUSION

Increasing evidence has shown that MSCs have immunosuppressive capacities to
regulate the function of immune cells in ALI as well as promote internal
environmental homeostasis in chemically-induced ALF. MSCs can interact with both
innate and adaptive immune systems via cell-to-cell interactions and the paracrine
pathway, coordinating an integrated response to liver injury and preventing
hepatocyte necrosis. However, there are still some deficiencies in the research of MSC-
dependent immunoregulation in chemically-induced ALF. For example, the
pathogenesis of liver injury models and the role of the immune system are still
unclear. There has not been enough extensive and in-depth research on MSC-
dependent immunoregulation in chemically-induced ALF.

Different sources and different pretreated MSCs have varying therapeutic effects on
liver injury. To date, there is no uniform standard for MSC applications in animal
models"™. Thus, the results from different studies cannot be compared or repeated in
different laboratories under different conditions™’.
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MSCs have been widely studied for their differentiation and immunomodulation
abilities. However, in one study, researchers focused on a single capability of MSCs,
ignoring comparisons of their various capabilities. Future studies are needed to
determine which MSC capability dominates.

There have been no clinical trials on DILI treated by MSCs. Clinical trials on MSC
treatment are often applied to chronic diseases such as GVHD, diabetes, and
malignant blood diseasel*’l. MSCs are rarely used in DILI, which has a rapid onset and
high mortality rate, and more conventional and conservative treatments tend to be
used. Clinical trials can be conducted only if the efficacy and safety of MSCs are
supported by sufficient research. The two main obstacles to translating the results
from animal experiments into clinical practice are that the pathogenicity of ALI caused
by clinical drugs differs from that of animal models!], and that the immune system of
animals, such as mice, is different from that of humans, so the results demonstrated in
mice are not necessarily applicable to humans. Possible solutions to these issues are to
verify the results obtained in animal experiments in organoids derived from human
liver, and to identify animal models with similar pathogenicity to DILI in humans.
Further studies are needed to reveal the therapeutic mechanisms of MSCs.

In conclusion, MSC transplantation can efficiently reduce the high mortality rate of
chemically-induced ALF and may become a prospective therapy in clinical practice.
More prospective randomized studies are needed to ensure the therapeutic effects of
MSCs.
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Abstract

Insulin resistance (IR) is associated with several metabolic disorders, including
type 2 diabetes (T2D). The development of IR in insulin target tissues involves
genetic and acquired factors. Persons at genetic risk for T2D tend to develop IR
several years before glucose intolerance. Several rodent models for both IR and
T2D are being used to study the disease pathogenesis; however, these models
cannot recapitulate all the aspects of this complex disorder as seen in each
individual. Human pluripotent stem cells (hPSCs) can overcome the hurdles faced
with the classical mouse models for studying IR. Human induced pluripotent
stem cells (hiPSCs) can be generated from the somatic cells of the patients without
the need to destroy a human embryo. Therefore, patient-specific hiPSCs can
generate cells genetically identical to IR individuals, which can help in
distinguishing between genetic and acquired defects in insulin sensitivity.
Combining the technologies of genome editing and hiPSCs may provide
important information about the genetic factors underlying the development of
different forms of IR. Further studies are required to fill the gaps in understanding
the pathogenesis of IR and diabetes. In this review, we summarize the factors
involved in the development of IR in the insulin-target tissues leading to diabetes.
Also, we highlight the use of hPSCs to understand the mechanisms underlying
the development of IR.

Key Words: Type 2 diabetes; Insulin target tissues; Human pluripotent stem cells; Induced
pluripotent stem cells; Genetic factors; Disease modeling
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Core Tip: The genetic factors involved in the development of insulin resistance (IR),
associated with type 2 diabetes remains largely unknown due to the polygenic nature of
IR and lack of the appropriate human model. In this review, we summarize and discuss
the use of human pluripotent stem cell technology in studying the genetic defects
underlying IR development as well as highlight the potential use of patient-derived
pluripotent stem cell for in vitro IR modeling.
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INTRODUCTION

Insulin resistance (IR) is a hallmark of type 2 diabetes (T2D) and other related
metabolic disorders. Several hereditary and environmental factors are known to be
involved in the development of IR in individuals at risk for T2D. Persons at genetic
risk for T2D tend to develop IR several years before glucose intolerancel'l. Diabetes is
associated with several complications, such as diabetic ketoacidosis, nonketotic
hyperosmolar coma or death, heart disease, stroke, kidney failure, foot ulcers, etc.
Glucose metabolism is regulated by a feedback loop between islet B-cell and insulin-
target tissues. Under IR condition, the p-cells control normal glucose tolerance by
increasing the level of insulin secretion”. IR in different tissues (adipose tissue, skeletal
muscle, liver, brain, gut, pancreas, vasculature, and kidney) leads to several metabolic
disorders, including T2D, cardiovascular diseases, hypertension, polycystic ovary
syndrome (PCOS), fatty infiltration of the liver, non-alcoholic fatty liver disease
(NAFLD), apnea, a sleep disorder, arthritis, skin diseases, and cancers. Previous
studies showed alterations in the gene expression profile between individuals with a
family history of T2D and those without a family history of the disease. Those defects
were mainly observed in the genes related to mitochondrial function and fat
metabolisml’. However, it is difficult to distinguish whether the alterations in the gene
profiles are due to genetic or environmental factors. Although several genetic and
environmental factors are known to be involved in the development of IR, the
molecular and cellular mechanisms underlying IR development and its progression to
T2D remain not completely understood. This is due to the lack of appropriate human
models to study the pathophysiology of different forms of IR.

The establishment of induced pluripotent stem cell (iPSC) technology has allowed
the generation of pluripotent stem cells (PSCs) from somatic cells and has led to the
establishment of in vitro models to study the genetic factors involved in the
development of human diseases!’.. The fact that iPSCs can be produced without the
need of a human embryo enables us to avoid ethical concerns that restricted
researchers, for decades, to use human embryonic stem cells (hESCs) in stem cell
research studies. iPSCs have unlimited proliferative ability and a great potential to
differentiate into all cell types of the body!"l. Therefore, iPSCs provide a source of a
human model to study the IR in insulin target tissues and pancreatic P-cell
dysfunction. iPSCs can generate cells genetically identical to insulin-resistant
individuals, which can help in distinguishing between genetic and acquired defects in
insulin sensitivity. In the current review, we mainly focus on the IR associated with
diabetes and the mechanism involved. Also, we discuss the use of iPSC technology to
understand and treat these disorders and explain the challenges and limitations of
using the human iPSC-based models.

INSULIN RESISTANCE IN THE INSULIN-TARGET TISSUES

Insulin, secreted from pancreatic 3-cells, plays a critical role in a wide range of cells
and tissues in the body through its main action in regulating the cellular energy and
metabolic processes of the macronutrients (carbohydrate, protein, and lipid) besides its
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growth-promoting action through its mitogenic effectl’. Impairment in insulin
secretion and/or action can influence the functionality of most organs and affects the
normal physiology of the whole body. The insulin performs its functions in insulin-
target tissues through its binding to the insulin receptor (INSR), which activates its
downstream signaling pathways (Figure 1). Insulin has an anabolic effect as it
promotes glycogen, lipid, and protein synthesis as well as inhibits gluconeogenesis
and lipolysis processes!’. It also facilitates the intracellular glucose uptake through
translocation of the insulin-dependent glucose transporter (GLUT4) as in skeletal
muscle and adipose tissuel’l. This metabolic action of insulin is achieved through the
phosphatidylinositol 3 (PI3K) kinase pathway!’. The growth-promoting action of
insulin is achieved through INSR and insulin growth factor receptor, leading to
activation of Ras/MAP kinase pathways and subsequently activates the transcription
factors of cell division and proliferation!”.

IR is the condition in which the cells respond inappropriately to the circulating
insulin. In other terms, it is the impaired sensitivity to insulin-mediated actions!"’!. It is
known that insulin controls energy production mainly through glucose oxidation and
inhibiting other sources such as lipolysis, protein catabolism, glycogenolysis, and
gluconeogenesis. However, under IR conditions, these processes are activated as an
alternative source of glucose. These catabolic processes are accompanied by the
accumulation of toxic metabolic byproducts and inflammatory factors, which have
harmful effects on the insulin-target tissues. In skeletal muscles, the muscular
glycogen and protein synthesis are impaired with a decrease in the glucose uptake
leading to sarcopenial”. Under IR conditions, the lipolysis is enhanced leading to the
release of triglyceride, free fatty acids (FFAs), and inflammatory cytokines (e.g., IL-6,
TNFa, Leptin) into the circulation!"!. The metabolic toxic derivatives of FFAs and the
inflammatory cytokines influence the functionality of most of the tissues either directly
through its lipo-toxic and lipo-apoptotic effects or indirectly through an impairment in
the insulin signaling pathway!">"’l. The liver responds to IR and the demand of other
cells to glucose by stimulation of the glycogenolysis process to produce more
glucosell. Under IR conditions, the released FFAs from fat are transported to the liver
and cause NAFLD (steatohepatitis), which is subsequently followed by liver
cirrhosis!l. This impairment in liver function leads to a decrease in insulin clearance
with hyperinsulinemia. Furthermore, IR induces impaired mitochondrial oxidative
metabolism and endocrine disorders like PCOS, adrenal disorders, and thyroid
function abnormalities!'\. It has been reported that the insulin-sensitive brain regions
include the hypothalamus, prefrontal cortex, hippocampus, and fusiform gyrus.
Therefore, the IR in the brain leads to mild cognitive impairment and dementia, and
Alzheimer's disease!’l. IR in the gut leads to alteration in microbiota resulting in
dysregulation in the short-chain fatty acid production and gut hormone
production**l. The clinical disorders associated with IR include T2DM,
cardiovascular diseases, hypertension, PCOS, fatty infiltration of the liver NAFLD,
apnea, a sleep disorder, arthritis, skin diseases, and cancers.

B-CELL DYSFUNCTION ASSOCIATED WITH INSULIN RESISTANCE

Impairment in glucose homeostasis regulated by the feedback loop between the
insulin target tissues and pancreatic pB-cells leads to T2D, which is associated with an
abnormal increase in blood glucose levels (Figure 2). IR and pancreatic p-cell
dysfunction are the major characteristic features of T2D pathological conditions. In
T2D, B-cell dysfunction occurs as a result of IR in the insulin-target tissues!".
However, the interplay between IR and pancreatic B-cell dysfunction is still complex
(Figure 2). Many metabolic insults, such as obesity, saturated FFA overconsumption,
inflammatory cytokines, and oxidative stress and endoplasmic reticulum (ER) stress
reduce the functionality of B-cells and dysregulate the normal physiological state of p-
cells, leading to their demiset!. Loss of insulin sensitivity or IR results in
hyperglycemia, hyperinsulinemia as well as activation of the catabolic processes,
which increase the level of FFAs and lipotoxic cytokines. All of these elevated elements
caused by IR are responsible factors for pB-cell stress and dysfunction®. In the early
stages of IR, B-cells try to compensate and control glucose homeostasis through the
production of more insulin®. However, with chronic prolonged exposure to
hyperglycemia, B-cells secrete large quantities of insulin, leading to ER stress and
exhaustion of p-cells with depletion of insulin store”l. Moreover, hyperglycemia for a
long time leads to a decrease in the activity of insulin promoter through the reduction
in the binding of PDX1 and MAFA with a subsequent decrease in insulin gene

WJSC | https://www.wjgnet.com 223 March 26,2021 | Volume13 | Issue3 |



Elsayed AK et al. Modeling of insulin resistance using iPSCs

Insulin

Glycogen synthesis

|

Gluconeogenesis Lipid synthesis Protein synthesis

e
Glucose ® -

Translocation

ay

Actin remodeling

Figure 1 Schematic illustration of insulin signaling pathways. Insulin binding activates the insulin receptor (INSR), which enables the recruitment of
insulin receptor substrate isoforms and subsequent activation of the phosphatidylinositol 3-kinase (PI3K). The downstream event of PI3K enhances glucose uptake by
translocation of glucose transporter proteins over cell membrane, enhances glycogen, lipid and protein synthesis and regulates lipolysis and gluconeogenesis.
Alternative pathway for glucose transporter type 4 (GLUT-4) translocation by insulin stimulation. Insulin binding activates the INSR, which enables F binding to Cbl
associated protein phosphorylates Cbl and recruit Crkll/C3G complex. This complex converts guanosine diphosphate into guanosine triphosphate (GTP) on TC10.
The stimulated GTP containing TC10 involved in GLUT-4 translocation by actin remodeling on GLUT-4. INSR: Insulin receptor; IRS: Insulin receptor substrate; PI3K:
Phosphatidylinositol 3-kinase; PIP2: Phosphatidylinositol 4,5 bisphosphate; PIP3: Phosphatidylinositol 3,4,5 trisphosphate; PDK1: Phosphatidylinositide dependent
protein kinase 1; aPKC: Atypical protein kinase C; GSK3: Glycogen synthase kinase 3; FoxO: Forkhead box O; mTORC: mTOR complex; AS160: Akt substrate
160kDa; F: Flotillin; CAP: Cbl associated protein; C3G: Guanine nucleotide exchange factor; GTP: Guanosine triphosphate; GDP: Guanosine diphosphate; GLUT-4:

Glucose transporter type 4.
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expression and its secretion™!. Hyperglycemia also can induce oxidative stress,
inflammation, pro-apoptotic, and apoptotic genes’ expression in p-cells™!. Elevated
plasma level of FFAs and glucose as a result of IR lead to glucolipotoxicity leading to
B-cell failure. These saturated FFAs induce both ER and oxidative stress in human f3-
cells and islets through the overproduction of NOS2 and NO in {-cell
mitochondria™*1 or through compromising the ER morphology and integrity!”’l. In the
presence of hyperglycemia, FFAs influence the biosynthesis and expression of the
insulin gene, leading to suppression of adequate insulin secretion in response to
glucosel®]. Increased FFAs lead to intrapancreatic and intra B-cell accumulation of
triglyceride and fat droplets, triggering p-cell dysfunction and death due to an increase
in the inflammation process”*). Inflammation and the proinflammatory cytokines are
recognized as an important contributor to P-cell dysfunction™. IR-associated
inflammatory cytokines, such as IL6, TNFa, IFNy, NF-xB, and others cause the
dysfunctionality and death of B-cells via damage in the mitochondria, cellular proteins,
lipids, nucleic acids, and ER stress™l. The inflammatory cytokines and the recruited
immune cells in the inflamed dysregulated pancreatic islet trigger p-cell
dysfunction™. Proinflammatory cytokines mediate reactive oxygen species and
reactive nitrogen species production and reduce ATP production and eventually lead
to B-cell dysfunction!™l. The B-cell dysfunction and inadequate p-cell mass expansion
can be due to the defect in the insulin signaling pathway in the pancreatic B-cells.
Improper glucose sensing has been noticed in mouse P-cells, which lack the INSR or
IGF1R. Additionally, loss of INSR leads to the p-cell mass reduction and early onset
diabetest*l. Another study showed similar diabetic phenotypes in mice with PDK1
deficiency in B-cellst™!. The impairment of cell cycle progression is hypothesized to be
engaged in the B-cell mass reduction and dysfunction. It has been found that the cell
cycle inhibitor, p27Kip1, is accumulated in the nucleus of the p-cells of hyperglycemic
IRS2-deficient mice and the deletion of the p27Kipl gene ameliorates B-cell
proliferation and the hyperglycemia, reflecting the role of cell cycle inhibition in the p-
cell function!!.
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STUDYING THE MECHANISMS UNDERLYING THE DEVELOPMENT OF
INSULIN RESISTANCE

The IR arises as a result of the inability of the insulin-target tissues to use insulin
appropriately, which is caused by many factors. The causes of IR involve genetic and
environmental factors. The environmental factors can influence the insulin signaling
pathway such as unhealthy diets, obesity, lack of physical activity, pharmacological
agents, stress, cytokines, and hormones. These environmental factors combined with
genetic factors can lead to the development of IR and diabetes!”. Genetic
predisposition causing IR may have a direct effect on the insulin signaling pathway or
indirectly affecting other targets with a subsequent secondary effect on the insulin
pathway™. The disruption and/or mutations in the genes encoding proteins involved
in insulin signal transduction impair insulin action and reduce the rate of glucose
uptake leading to IR\ Previous studies used multiple approaches to investigate the
molecular mechanisms underlying the development of different forms of IR. These
approaches include animal models, human insulin target tissues’ explants, the human
population genetic studies, and stem cells.

Animal models of insulin resistance and their limitations

Most of the animal models used to study IR are derived by inducing stress, diet,
injuries, chemicals, and by different combinations mimicking IR conditions™.
Meanwhile, there are few genetically modified IR animal models such as IRS knockout
mouse (IRS”) model Akt2 knockout (Akt27/-) mouse model, Glut4* null mutant mouse,
and Glut27 micet*. Lipodystrophy has shown a strong association with severe IR;
therefore, transgenic animals with defects in the genes regulating fatty acid
metabolism are used to study IR mechanisms, such as sterol regulatory-element
binding protein 1, A-ZIP/F-1, and toll-like receptor 4. There are several animal
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models exhibiting the features of the IR and diabetes due to mutations in specific
genes either spontaneously or through selective breeding such as Leptin ob/ob and
leptin db/db mouse strains, Zucker fatty (fa/fa) rat, New Zealand mice strain, OLETF
rat, KK/ Ay mouse and other models of the spontaneously developed IR strains™!.
Although the above-mentioned animal models provided a lot of information about the
mechanisms of IR, they could not resolve all the questions related to the development
of IR in human tissues and the relationship between IR and {-cell dysfunction.

Studying insulin resistance in human insulin-target tissues

The molecular and genetic basis for the development of IR in the insulin-target tissues
such as skeletal muscle, adipose tissue, and liver are not fully understood. Previous
studies used muscle biopsies showed that the mitochondrial DNA, mitochondrial
genes, and respiratory chain subunit proteins are downregulated in IR subjects
compared to healthy controls*. Another study showed that cultured myoblasts
isolated from skeletal muscle of T2D patients have defects in glucose transport and
insulin signaling”. In the skeletal muscle of the IR offspring of T2D parents, it has
been found that the mitochondrial ATP production, mitochondrial density, and AKT
activation are significantly reduced, while the IRS-1 phosphorylation (serine) is
significantly increased*l. The activation of PI3K pathway is required for the
transport of glucose and synthesis of glycogen, which is impaired after insulin
stimulation in insulin-resistant skeletal muscle!*). The upregulation of IRS-1
phosphorylation on serine residues has been found to suppress insulin signaling in
T2D™I1. Taken together, these findings indicate that the defects in insulin signaling,
glucose transport, glycogen synthesis, and mitochondrial activity are the main
dysfunctional features associated with the IR in the skeletal muscle.

Adipose tissue is considered the main regulator of insulin action in the body;
therefore, defects in insulin signaling in adipocytes cause systemic IR, indicating that
impairments in adipose insulin signaling are a common hallmark of IR Glucose
transporter, GLUT4, is significantly downregulated in subcutaneous adipose cells
from T2D patients and in healthy individuals with a genetic susceptibility for T2D!1.
This reduction in GLUT4 expression is associated with changes in the secretion of
adipokines. Also, activation of peroxisome proliferator activated receptors (PPARs),
which are responsible for adipogenesis regulation as well as lipid metabolism in
adipocytes, leads to an improvement in insulin sensitivity through the induction of the
expression of several genes that are related to the insulin signaling pathway. In
addition to its role in adipogenesis, PPAR is also involved in regulating lipid
metabolism in mature adipocytes by increasing fatty acid trapping!’l. The importance
of insulin signaling in the development of adipocyte IR has been reported in T2D,
where previous studies reported that the substrate of IRS-1 is involved in IR in
adipocytes by inhibiting insulin-signaling®’. Also, in T2D patients, several IRS-1
mutations have been found!! and a reduced IRS-1 protein level has been observed in
adipocytes from other T2D patients™, relatives of T2D patients, and obese
individuals®. In addition to insulin signaling defects, dysregulation of adipokines and
the lipolysis process are linked to IR and T2D. The adiponectin gene is considered a
candidate susceptibility gene for T2D as it has been detected on chromosome 3q27,
which is linked to T2D and metabolic disorderst™*.

The insulin signaling in the hepatic cells is crucial for maintaining normal liver
function and regulating glucose homeostasis™. The liver activates glucose uptake and
glycogen storage, but it inhibits glycogenolysis and gluconeogenesis. Hepatic IR
progression plays a critical role in the pathogenesis of T2D. Loss of INSR signaling in
hepatic tissue leads to an increase in gluconeogenesis and a decrease in
lipogenesis!™*l. The IRS-1/2 is involved in the suppression of gluconeogenesis and
stimulation of lipogenesis. In the liver, insulin inhibits IRS-2 expression at the
transcriptional level and doesn’t influence IRS-1 expression™!. Hepatic IR is
characterized by the inability of insulin to inhibit the production of glucose in the
liver™. This impairment in liver function leads to a decrease in insulin clearance with
hyperinsulinemia. The released FFAs from fat tissues due to IR transports to the liver
cause NAFLD (steatohepatitis), which is followed by liver cirrhosis!"”.. Liver-derived
proteins termed hepatokines are released into the circulation, which cause defective
insulin signaling®®.
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USING INDUCED PLURIPOTENT STEM CELLS (iPSCs) TO STUDY
INSULIN RESISTANCE

Although animal models provided knowledge on the pathogenesis of certain forms of
IR and diabetes, they cannot reflect all pathophysiological features of human diseases
due to the physiological differences between humans and animals. It has been
reported that the genetic makeup of the mouse model is involved in the alterations of
the phenotypical outcome, even when the same mutation is created in mice with
different genetic makeup. Several attempts have been made to overcome these
challenges by the generation of humanized mouse models®” or by using non-human
primates!’l. Several population-based studies have been reported, in which the
biopsies are isolated from both insulin-resistant and insulin-sensitive individuals to
determine the mechanisms underlying IR The primary endothelial cell-based
methodologies have been used to study the vascular inflammation in diabetes and
atherosclerosis®l. However, it also has certain limitations such as lack of donor
availability and limited lifespan of primary cells. Furthermore, it is difficult to access
human tissues, such as hepatocytes and skeletal muscles, particularly at the preclinical
stages of the disease. In addition, it is difficult to distinguish between genetic and
environmental factors.

In order to overcome the above-mentioned limitations, establishing a human cell
model offers a great opportunity to understand the pathophysiology of human
diseases. The hiPSC technology can provide human cell models to study the
pathophysiology of IR. Generating patient-specific iPSCs from IR individuals with
specific mutations or a family history of IR and diabetes can be used to study the
genetic factors involved in the development of the disease, because the iPSCs maintain
all the genetic information of the patients. Those patient-specific-iPSCs can generate all
insulin target cells, such as skeletal myotubes, adipocytes, and hepatocytes as well as
other cell types. The generated cell types carry the same genetic signature of the
patients allowing further studies to identify the genetic defects involved in the disease
progression (Figure 3).

iPSCs have been successfully generated from patients with different forms of
diabetes including monogenic forms of diabetes, mitochondrial diabetes!®>*"! T2D
patients®l as well as T1D patients!*”. The monogenic forms of IR can be modeled using
the iPSC technology (Table 1). The IR is associated with several monogenic disorders
such as Donohue and Rabson Mendenhall syndromes (INSR mutation), SHORT
syndrome (PI3K mutation), Alstrom syndrome (ALMSI mutation), Werner syndrome
and Bloom syndrome (defects in DNA helicase), congenital generalized lipodystrophy
(CGL) (AGPAT2 or BSCI2 mutations), and familial partial lipodystrophies (FPLD)
(LMNA and PPARG mutations)™. In addition, several mutations associated with
severe IR have been reported in AKT2, AS160 (TBC1D4), PPARG, PPP1R3A, and
POLD1 encoding DNA polymerase delta™]. Recent studies showed the generation of
iPSCs from patients with IR; however, all of those studies focused on a very specific
form of IR, which is due to specific mutations in INSRI**! (Table 1). Two of those
studies generated iPSCs from patients with INSR mutations (INSR-Mut) (Donohue
syndrome) focused on the effect of INSR-Mut on pluripotency and mitochondrial
function in undifferentiated INSR-Mut hiPSCs**l. It has been shown that INSR-Mut
iPSCs are defective in their self-renewal ability because insulin and its downstream
signaling are involved in regulating the unique properties of self-renewal and
pluripotency in the undifferentiated iPSCs!"l. The PI3K has been shown to be crucial
for the self-renewal of pluripotent stem cells". Also, the INSR-Mut-iPSCs have
mitochondrial dysfunctions, including alterations in the number and the size of
mitochondria, and were associated with an upregulation in the expression of
mitochondrial fission factor and inverted formin 21l. These two genes are known to
enhance the mitochondrial fission as indicated in the INSR-Mut-hiPSCs!*.
Interestingly, increased mitochondrial fission has previously been detected in adult
tissues, such as pancreatic B-cells and skeletal muscles of T2D patients!”!l. Furthermore,
it has been reported that mitochondrial DNA variation could be associated with
genetic alteration, a known risk factor for T2D/. Also, the expression of glycolytic
enzymes is downregulated, while lactate production is increased. These events lead to
enhancement of ADP/ATP ratio and 5' AMP-activated protein kinase activity as well
as leading to inefficient ATP and decrease in energy production with an increase in the
oxidative stress”l. All the derived INSR-Mut hiPSCs showed reduced proliferation
and defective INSR phosphorylation and defects in its downstream signaling pathway
such as AKT, GSK3, ERK1, and ERK2". Differentiation of INSR-Mut hiPSCs towards
skeletal myotubes exhibits defects in insulin signaling, glucose uptake, glycogen
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Table 1 Human induced pluripotent stem cells models used to study insulin resistance

Ref. Disease/ syndrome iPSC models Main findings
Iovino DS with severe insulin Three different INSR mutations (patient-derived iPSCs):  iPSCs generated from patients with severe IR
et all®’l resistance (1) Compound heterozygous A897X, exon 14; (2) showed defects in the self-renewal of the patient-
Homozygous A2G, exon 1; (3) Homozygous L233P, exon  derived iPSCs
3
Balhara Patient-derived iPSCs with a compound heterozygous Mesenchymal progenitor cells (MPCs) generated
et all”’! mutation in exon 14 of INSR (A897X) from patient-derived iPSCs showed defects in the
insulin signaling pathway and the cellular oxidative
metabolism
Burkart Four different INSR mutations (patient-derived iPSCs): INSR-Mut hiPSCs have an impairment in the
et all™! (1) Compound heterozygous A897X, exon 14; (2) energy homeostasis as well as dysregulation of
Homozygous (A2G), exon 1; (3) Homozygous (L233P), oxidative metabolism
exon 3; (4) Homozygous (E124X), exon2
ITovino Skeletal myotubes derived from INSR-Mut hiPSCs
et all™’! exhibit defects in insulin signaling, glucose uptake,

Mori et all”!  Congenital generalized

lipodystrophy(CGL)

Friesen Familial partial

et all”! lipodystrophy type 2
(FPLD2)

Jozefczuk Insulin resistant patients

et al”™! with liver steatosis

Ali et al”} Patients with psoriasis
and insulin resistance

Carcamo- Insulin resistant patients

Orive

et all®”

and glycogen accumulation and altered insulin
signaling gene expression

Two different BSCL2 mutations (patient-derived iPSCs):
(1) Homozygous (E189X), exon 5; (2) Homozygous
(R275X), exon 8

The adipose tissue derived from BSCL2-Mut hiPSCs
exhibit notably a decrease in the lipid droplet
formation as well as diffuse cytoplasmic
distribution of ADRP

Heterozygous mutation in exon 1 of LMNA gene (R28W)
(patient-derived iPSCs)

FPLD2-iPSCs recapitulate insulin resistance
phenotypes and have lower capability for
adipogenic differentiation with functional
deficiency

Patient-derived iPSCs iPSCs derived from IR patients recapitulate insulin
resistance and showed a decrease in AKT/mTOR
signaling pathway and perturbed various cellular
networks

Patient-derived iPSCs iPSCs-derived keratinocytes showed genetic
alterations in the transcripts associated with IR,
including IRS2 and GDF15 and glucose
transporters, GLUT10 and GLUT14
Patient-derived iPSCs iPSCs derived from IR and IS individuals
uncovered several IR relevant networks and
identified a set of IR related driver genes

iPSCs: Induced pluripotent stem cells; DS: Donohue syndrome; INSR: Insulin receptor; IR: Insulin resistance; MPCs: Mesenchymal progenitor cells; CGL:

Congenital generalized lipodystrophy; ADRP: Adipose differentiated related protein.
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accumulation, and altered insulin signaling gene expression'®), indicating the genetic
defects in the skeletal myotubes. Another iPSC model for IR, in which iPSCs have been
generated from the fibroblasts of an insulin-resistant patient with CGL, an autosomal
recessive disease due to BSCL2 mutation”. These patient-specific iPSCs have been
used as an in vitro model to study the physiopathology of lipid accumulation and
lipodystrophy and its relation to IR. Adipocytes derived from these BSCL2-Mut iPSCs
showed reduced lipid droplet formation and dispersed cytoplasmic distribution of
adipose differentiation-related protein. Another study generated iPSCs from a
patient with familial FPLD2 due to mutation in the LMNA genel”.. These FPLD2-iPSCs
recapitulated the insulin resistance phenotype of the patient with low efficiency of in
vitro adipogenic differentiation and less functionality!””. Recent studies showed the
ability to generate adipocytes from hESCs and hiPSCsV*”’l. It has been reported that
hiPSC-derived adipocytes, transplanted into mice, are able to sustain their functional
characteristics for several weeks!”), suggesting that these cells can also be used
therapeutically to improve metabolic disorders in patients. Therefore, differentiation
of patient-specific hiPSCs into white adipocytes can offer a large number of functional
adipocytes for transplantation as a possible way to treat adipocytes-associated
disorders as well as studying IR. Since the liver is an important insulin target tissue,
the iPSCs have been used to understand the etiology of steatosis due to the NAFLD,
which is accompanied by IR and hyperlipidemial™l. The iPSCs generated from patients
with liver steatosis showed a decrease in the AKT/mTOR signaling pathway and the
IR phenotypes are observed in both liver and skin fibroblasts of the patients.
Additionally, it has been shown that the transcription factor, sterol regulatory element-
binding transcription factor 1, and its downstream targets, LIPIN1 (LPIN) and low-
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Figure 3 Using human induced pluripotent stem cells to study insulin resistance. A schematic diagram showed the possibility of using human
induced pluripotent stem cells (hiPSCs) to study insulin resistance (IR) with special focus on the genetic factors. Somatic cells are reprogrammed into pluripotency to
generate induced pluripotent stem cells (iPSCs) carrying the genetic signatures of insulin sensitive and IR individuals. The generated iPSCs can be differentiated in
vitro into the main insulin-target cells, including hepatocyte, adipocyte, and skeletal myotubes as well as insulin producing B-cells. Genome editing tools can be used
to correct specific mutations in the generated iPSCs to establish the isogenic iPSC control. Studying those cells can help in understanding the signaling pathways
involved in the development of IR and type 2 diabetes. Also, these hiPSC-based models can be used for drug screening. iPSCs: Induced pluripotent stem cells.
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density lipoprotein receptor, are involved in glycerolipid and fatty acid biosynthesis™l.

iPSCs have been also utilized to understand the polygenic form of IR. In our recent
study, we used iPSC technology to understand the pathogenesis of psoriasis, skin
disease, and its link to IR The results showed that keratinocytes derived from
patient-specific iPSCs with psoriasis have genetic alterations in the transcripts
associated with IR, including IRS2 and GDF15 and glucose transporters, GLUT10 and
GLUT14". These findings indicate that patient-specific iPSCs can provide important
information on the genetic predisposition of IR.

Further studies are required to fill the gaps in understanding the pathogenesis of IR
and diabetes. There are several genetic factors involved in the development of IR;
therefore, patient-specific iPSCs can be used to study the most common form of IR
leading to T2D. Also, hiPSCs/hESCs can be genetically edited using genome editing
tools, such as CRISPR/Cas9*".. The recent genome-wide association studies (GWAS)
studies have discovered several genetic defects associated with IR and diabetes
development. Those defective genes can be introduced into hiPSCs/hESCs using a
genome-editing tool followed by their differentiation into insulin-target cells, such as
skeletal muscles, adipocytes, and hepatocytes. The combination of these technologies
may provide more details about the inherited factors underlying the development of
different forms of IR with a particular focus on the common form of IR. The generation
of isogenic hiPSCs represents a proper human cell model to study the molecular
mechanism of the newly identified candidate genes and variants through GWASF'I. A
recent study showed the generation of a large number of iPSC lines from individuals
with and without IR Comparing the transcriptome profiles between iPSCs derived
from 52 IR and 48 insulin sensitive individuals showed 1388 differentially expressed
genes between both groups™. Nine of those genes (BNIP3, CARS, IDH1, NDUFBI,
HMGCR, HPN, FDPS, SLC27A1, and TMEM54) have been shown to be associated with
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IR and T2D". These hiPSC lines are very useful to investigate the underlying
mechanisms of IR and its associated metabolic disorders.

LIMITATIONS OF IPSCS AS AN IN VITRO MODEL TO STUDY INSULIN
RESISTANCE

There are some challenges of using iPSC-based models. For example, robust protocols
are needed for the differentiation of iPSCs into the desired cell types for studying
metabolic diseases. Currently, the protocols are available for differentiation of hPSCs
into the main insulin-target cells (adipocytes, skeletal muscles, and hepatocytes)!*#-]
as well as pancreatic beta cells. However, most of those protocols lead to a
combination of diverse cell types. The variability in the biological properties of iPSCs
derived from different individuals shows the difference in the differentiation nature
towards a given lineage. This reasonably affects the consistency of interpretation of the
phenotypes!®l. The results obtained from populations of different genetic backgrounds
may show differences. For instance, a report emphasized that population-based gene
sequencing showed significant variations in the human genome!*’!. Hence, generating
iPSCs from patients with genetic defects, differentiating them to specific cell types,
may hold a noteworthy risk!®l. Generation of an iPSC model for IR is a comparatively
difficult process, because the development of metabolic diseases typically develops
overtime and may show weak phenotypic changes under in vitro conditions®l.
Genome editing in iPSCs can be used to study candidate genes involved in IR and
diabetes("]. Also, the generation of isogenic cell lines from iPSCs could be an important
strategy to overcome the problem of differences in the genetic background between
different iPSC lines. The isogenic cell lines possess similar genetic milieu, epigenetic
nature, and differentiation properties. This strategy may provide more consistent
output and interpretation for complex diseases. The genome editing tools can make
this strategy possible by engineering the genome of iPSCs. There are several reports
highlight the use of genome editing tools for the generation of iPSC-based disease
models®**,

CONCLUSION

Metabolic diseases like diabetes lead to several life-threatening complications. To
develop treatments for those metabolic disorders, it is important to understand the
factors involved in the development of the disease. IR is associated with several
metabolic disorders; however, the genetic factors contributing to IR development are
largely unknown. The human iPSC technology can provide cells genetically identical
to patients with IR and diabetes. Those patient-specific iPSCs can be differentiated into
all cell types involved in the IR, such as skeletal muscle, adipocytes, and hepatocytes
as well as other cell types. The IR developed due to a mutation or a defect in one gene
(monogenic) can be studied using iPSCs. However, the common form of IR, which is
associated with genetic defects in several genes is more difficult to be studied using
the iPSC technology. The recent advances in genome editing tools allow us to
introduce or correct mutations in patient-specific iPSCs and hESCs as well as to
generate knockout hiPSC models. Moreover, recent GWAS studies have identified
several new genes involved in the development of IR and diabetes. Therefore,
combining hiPSC technology, genome editing tools, and GWAS studies can help in
understanding the genetic defects associated with IR. However, the common form of
IR is not caused by a single gene defect, but a group of genes is involved in IR
progression. Furthermore, establishing efficient differentiation protocols for the
insulin-target cells is important to study the genetic defects. Currently, most of the
differentiation protocols for those cells are well-established; however, the
heterogeneity of the generated cells still need to be resolved. One of the solutions is to
purify the target cells using surface markers or other methods. In conclusion, although
there is progress in the use of hiPSC technology to study IR, a lot of work still needs to
be done.
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