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Abstract

One major goal of regenerative medicine is the production of pancreatic endocrine islets to treat insulin-
dependent diabetic patients. Among the different methods developed to achieve this goal, a particularly
promising approach is direct lineage reprogramming, in which non-f-cells are directly converted to glucose-
responsive, insulin-secreting f-like cells. Efforts by different research groups have led to critical insights in the
inducing factors necessary and types of somatic tissues suitable for direct conversion to f-like cells. Never-
theless, there is limited understanding of the molecular mechanisms underlying direct cell fate conversion.
Significant challenges also remain in translating discoveries into therapeutics that will eventually benefit dia-
betic patients. This review aims to cover the advances made in the direct reprogramming of somatic cells into
p-like cells and discuss the remaining challenges.
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Introduction

IABETES, A CHRONIC DISEASE in which a person’s body

loses the ability to properly maintain its blood glucose
levels, has reached epidemic scale worldwide. A principal
regulator of blood glucose is the pancreatic -cells which, by
secreting insulin, instruct metabolic organs, such as the liver
and muscle, to remove blood glucose from circulation. While
the majority of diabetic patients suffer from type 2 diabetes
(T2D), characterized by malfunction of the f-cells, type 1
diabetes (T1D) patients are afflicted with an autoimmune
disease, in which immune cells aberrantly attack and destroy
f-cells, rendering patients unable to produce requisite insu-
lin, leaving them hyperglycemic. One therapy proven to
be effective at combating T1D is islet transplantation from
deceased donors.

However, a shortage of donors means that few pati-
ents have benefited from this promising treatment. In addi-
tion, a larger population of insulin-dependent T2D patients
could also be treated with a transplantation therapy and
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relieved of the burden of daily insulin injections and the
many complications associated with long-term insulin use.
Therefore, a major aim of regenerative medicine in recent
years has been to generate an abundant supply of functional
p-cells, which can be used therapeutically in transplantation
procedures.

Different strategies for developing a robust reservoir
of new f-cells have been pursued. One approach centers
around the self-replication of f-cells, finding ways to spur
p-cells to divide. Another avenue has been using embryonic
stem cells or induced pluripotent stem cells and leading
them down the developmental path of the body toward a
f-cell fate. A third approach for f-cell generation is direct
reprogramming, converting a differentiated cell lineage di-
rectly into another with no pluripotent interim step (Cavelti-
Weder et al, 2015; Zhou and Melton, 2018).

Direct reprogramming, or transdifferentiation, as a techni-
que for f-cell generation is appealing in that it could be
tailored to individual patients in autologous therapies. Repro-
gramming techniques explored thus far can be broadly
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categorized as in vivo or ex vivo approaches, each with its
distinct advantages and challenges (Fig. 1). The advances
made and obstacles remaining in the reprogramming for
p-cells will be the focus of this review.

Models of Direct Lineage Conversion to p-Like Cells

Conversion of pancreatic cell lineages

Conversion of acinar cells to -like cells. The role of the
pancreas can be divided into two distinct components. The
endocrine pancreas is composed of islet clusters within which
reside different specialized cell types, each responsible for
secreting a distinct hormone. The exocrine pancreas serves
to secrete digestive enzymes, which are produced by acinar
cells. These digestive enzymes, once produced, travel to the
small intestine via ducts where they interact with consumed
food, breaking it down into components for absorption.
Among the enzymes secreted are lipases and proteinases for
fat and protein breakdown, respectively.

The acinar cells represent an enticing differentiated cell
niche to reprogram into f-cells. During embryonic devel-
opment, the acinar cells derive from the same pancreatic
endoderm layer as f-cells. This developmental similarity
lends credence to the belief that they would be among the
most amenable cells to a reprogramming technique. In addi-
tion, acinar cells are abundant in the pancreas, existing in
many times greater numbers than f-cells. This results in a
situation where most of a donor pancreas is discarded after
islets are isolated to be used in a transplantation. If a method
to reliably alter acinar cells to § could be established, much
more of a donor pancreas would be usable and more people
could receive treatment per donor.

A major stride in the reprogramming toward a f-cell fate
was made with the identification of three developmental
transcription factors (TFs), which are expressed during the
inception and maturation of f-cells. Neurogenin3 (NGN3) is
a transcriptional regulator necessary for the development
of pancreatic progenitors, while pancreatic and duodenal
homeobox 1 (PDX1) and MAF BZIP transcription factor A
(MafA) are necessary in tandem for f-cell maturation and
maintenance (Li et al, 2014a). PDX1 is critical for pancre-

atic fate determination in embryogenesis as well as main-
taining adult f-cell fate. MafA is a transcription factor
which activates numerous ff-cell genes. There are excellent
reviews on the function of these pancreatic factors (Edlund
2002; Jensen, 2004; Murtaugh 2007).

The first experiment which used these TFs to reprogram
acinar cells to f-cells did so in vivo using an adenovirus
containing all three TF genes. The adenovirus selectively
targeted acinar cells and postinfection resulted in cells mor-
phologically and functionally similar to f-cells, but these cells
did not reorganize into islet-like clusters. The induced differ-
entiated cells were even capable of providing benefit to hy-
perglycemic animals (Zhou et al, 2008). This work was then
expanded on by a study that more than doubled the repro-
gramming efficiency of the technique and enabled the devel-
opment of longer lasting f5-cells, which formed into islet-like
clusters (Li et al, 2014b). These induced f-cells were capable
of ameliorating diabetes to a larger extent and showcase the
necessity of creating islet-like clusters to enable better survival
and higher functionality of the reprogrammed cells.

Further research into NGN3, PDX1, and MafA’s roles in
reprogramming led to the discovery that acinar cells can be
converted to o, f§, or d-cells using different combinations
of the three factors. With only NGN3 present, acinar cells
reprogram to somatostatin (SST)-positive J-like cells. A
combination of NGN3 with MafA converts the targets to
glucagon (GCG)-positive a-like cells. It is only by a com-
bined expression of all three, NGN3, PDX1, and MafA, that
insulin positive f-like cells can be produced (Li et al,
2014a). This study revealed some of the key steps and mech-
anisms in acinar reprogramming. Acinar cells must first
be directed off an exocrine path to an endocrine one before
being converted to the desired cell type.

Studies have also cultured and reprogrammed acinar cells
in vitro. One study used NGN3, PDX1, and MafA and infec-
ted acinar cells using an adenovirus. This resulted in cells
capable of secreting insulin but unable to respond to glucose
stimulation (Akinci et al, 2012). It was also reported that
treatment of acinar culture with epidermal growth factor and
leukemia inhibitory factor results in increased insulin, PDX1,
and GLUT?2 expression (Baeyens et al, 2005). An additional
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technique showed that human acinar cells could be repro-
grammed by delivery of activated MAPK and STAT3 by a
lentivirus. These cells displayed NGN3 positivity and were
capable of ameliorating diabetes (Lemper et al, 2015).

Conversion of pancreatic endocrine to f-like cells. The
functional endocrine component of the pancreas is the islet
of Langerhans. The islet is a cluster of several different
endocrine cells, each with an associated principal hormone:
a-cells release GCG, f-cells release insulin, d-cells release
SST, e-cells release ghrelin, and PP-cells release pancreatic
polypeptide for which they are named. The developmental
proximity of these endocrine cells makes them an appealing
target for reprogramming to a f-like fate as they all form
from the endoderm and NGN3+ progenitor cells. In addi-
tion, due to their placement within the islet, there is the
advantage that any regenerated new f-cells from these
subpopulations would be in its native niche environment,
suitable for survival and function.

The majority of research into inducing f-cells from non-f8
endocrine cells has focused on o-cells as the target of
interest. This is in part due to the intriguing observation that
in a situation of complete f-cell ablation by means of
diphtheria toxin, over several months, the -cell population
partially recovered. Using lineage tracing methods, it was
elucidated that the o-cell population in the islets had been
converted to a f§ fate (Thorel et al, 2010).

One study suggests that the cell lineage reprogramming
is age deterministic with ablation in adults leading to «
conversion, while in juveniles, J-cells are converted (Chera
et al, 2014). While the mechanism behind o conversion is not
fully understood, one study provides evidence that alterations
of the epigenetic profile, specifically histone methylation, is
at play (Bramswig et al, 2013). In addition, two genes, paired
box 4 (Pax4) and aristaless-related homeobox (Arx), have
been implicated as main determinants of this process.

It was shown that Pax4 was necessary for the develop-
ment and maturation of both - and J-cells but not the other
pancreatic endocrine cell types (Sosa-Pineda et al, 1997).
Furthering this research, one study ectopically expressed
Pax4 throughout the pancreas and saw a persistent recruit-
ment of a-cells to a f-phenotype as well as NGN3+ cells
converting to replace the lost o-cells, leading to an overall
swelling of islet mass (Collombat et al, 2009).

While Pax4 expression is necessary for f-cell develop-
ment, Arx expression is necessary to maintain an o-like
state. One study points to Arx as a potential key regulator
in o reprogramming. Using a conditional knockout of Arx,
it was shown that a-cells rapidly convert to f-like cells
(Courtney et al, 2013). A separate study showed that while
Arx inhibition is sufficient to convert o to f3, the process
works to a greater degree with the coinhibition of DNA
methyltransferase I (DNMTI) (Chakravarthy et al, 2017).
Interestingly, this study also examined human TI1D islets
and saw a similar downregulation of Arx in the o-cells
present.

Other studies reprogrammed o-cells without the manipu-
lation of Pax4 or Arx. One study directly delivered PDX]
and MafA and saw a similar o to f transformation. Intri-
guingly, these converted f-like cells appeared to resist auto-
immune attacks in the nonobese diabetic mouse model of
TI1D (Xiao et al, 2018). Recently, it was shown that coex-
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pression of PDX1 and MafA endowed purified primary
human o-cells with certain f-cell properties; the hybrid cell
types secreted insulin and ameliorated hyperglycemia in
mouse diabetic models (Furuyama et al, 2019). It was also
shown that the small molecule y-aminobutyric acid (G-
ABA) can elicit a conversion in a-cells, as long-term GABA
treatment was able to restore the f-cell population and re-
verse diabetes after repeated instances of streptozotocin
ablation (Ben-Othman et al, 2017).

Conversion of pancreatic ductal cells to p-like cells.
Pancreatic ductal cells are epithelial cells which function as
a component of the exocrine pancreas, acting as a pas-
sageway for the digestive enzymes produced by acinar cells.
While not as abundant as acinar cells, ductal cells compose
about 30% of the pancreatic tissue. In development, the
endocrine cells of the pancreas derive from a primitive duc-
tal epithelial layer, making ductal cells a potentially good
target to reprogram.

Initial experiments attempted to transdifferentiate ductal
cells using an NGN3 vector. This led to insulin secretion and
an uptick in Pax4 but no ability to respond to glucose-
stimulated insulin secretion (GSIS) (Heremans et al, 2002).
This method was later expanded upon when it was discov-
ered that NGN3, in conjunction with MafA and Pax6, led to
reprogramming of ductal cells capable of secreting insulin
under GSIS conditions, although only 40%-70% as effi-
ciently as f-cells (Lee et al, 2013). An additional genetic
approach found was focused on the role of F-box and WD
repeat domain-containing protein 7 (Fbw7) on pancreatic
development. When Fbw7 was deleted in ductal cells, it
unlocked a latent endocrine potency, as it stabilized NGN3
expression and developed the cells mostly into a f§ character
but generated o and J-cells as well (Sancho et al, 2014).

There has also been work done to discover optimal cul-
ture conditions which augment ductal cell reprogramming
toward f-like. One group found that expanding ductal cells
in vitro and then growing the cells over Matrigel resulted in
budding growth of endocrine cell clusters. These growths
were similar in structure and function to islets and capable
of GSIS responsiveness (Bonner et al, 2000). More recently,
it was found that culturing ductal cells with rho associated
kinase to deter the transitioning to a mesenchymal state
resulted in robust generation of f-like cells (Lima et al,
2013).

Conversion of extra-pancreatic cell lineages

Conversion of liver to ff-like cells. When assessing poten-
tial extrapancreatic targets for reprogramming, tissue from
the liver stands out as an excellent contender. The liver is
primarily composed of hepatocytes, which serve a myriad
of functions, including detoxification and synthesis of var-
ious proteins, such as serum albumin. Hepatocytes have
been sought after as a reprogramming target because of
their intrinsic ability to regenerate. In addition, while not as
developmentally close as pancreatic tissue to f-cells, the
liver likewise derives from the endoderm.

Initial studies looking at the reprogramming capacity
of hepatocytes transiently activated PDXI by adenoviral
delivery. This yielded some long-lasting effects, rendering
cells with the ability to ameliorate hyperglycemia by insulin
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secretion and which expressed a number of genes expressed
by endocrine cells of the pancreas (Ferber et al, 2000).
However, this method left much to be improved upon as the
overall reprogramming efficiency was low. When a similar
experiment was attempted with a constitutively activated
PDXI construct, key endocrine hormones, including insu-
lin, GCG, and SST, were secreted from reprogrammed
hepatocytes (Miyatsuka et al, 2003). However, the consti-
tutive expression caused morphological damage to the tis-
sue, including abnormal lobe structures and the appearance
of cystic lesions.

One study found a potentially crucial gene to the repro-
gramming of hepatocytes by studying the effects of TGFB-
induced factor homeobox 2 (TGIF2). TGIF2 is a gene
expressed at the branch point in development when pan-
creatic and hepatic tissue diverge. By overexpressing TGIF2
in hepatocytes, the cells were reprogrammed to a pancreatic
progenitor state which could serve as a critical step in the
generation of a methodology to work from hepatocyte to
p-cell (Cerda-Esteban et al, 2017).

When a combination of NGN3, PDXI, and MafA was
inserted into the liver, a conversion of nonhepatocyte cells
in the periportal region of the liver was observed. While the
reprogramming was sufficient to ameliorate hyperglycemia
in a rodent model, the cells were not truly f-like in char-
acter. Several endocrine hormones, including SST and GCG,
were secreted from the cells, and the cells took on a physi-
ology entirely distinct from f-cells (Banga et al, 2012).
They could only be classified as their own unique cell type.
When a similar method was performed to elucidate the
nature of the transformed cells, two main candidate cell
lineages emerged. Most cells were identified as hepato-
blasts, a progenitor cell type able to differentiate further into
either a hepatocyte or a biliary cell.

The second lineage was Sox9+ cells, cells that likely
compose small bile ducts (Banga et al, 2012; Yang et al,
2013). In addition, the study found that younger livers,
at least in mice, are more amenable to reprogramming
(Yang et al, 2013). As is the case for methods reprogram-
ming hepatocytes, more work is needed in the targeting
of these cell niches as, to date, no cells have been repro-
grammed which closely mimic endogenous f-cells nor have
there been any studies which look at the reprogramming
effects in the liver long term.

Conversion of biliary to f-like cells. Biliary tissue refers
to the epithelial network that escorts bile. The bile ducts,
gallbladder, and ducts within the liver are the main subsets
of biliary tissue. Biliary epithelium represents a potentially
enticing niche for transdifferentiation due to the fact that the
gallbladder can be excised without severely negative reper-
cussions on a patient. In addition, much like the other cell
lineages discussed, a similar developmental history exists;
the ventral pancreas and the biliary tissues both derive from
the developmental endoderm.

Cells from the biliary network began to be evaluated as a
source of f-cells when it was discovered that pancreatic
endocrine cells, including f-cells, can reside within the bile
duct and that these endocrine cells appear to have devel-
oped from the duct itself, not pancreatic tissue (Dutton et al,
2007). This finding was confirmed by one study that further
showed that the proportion of endocrine cells within the
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biliary tissue can be augmented by altering the culture con-
ditions (Eberhard et al, 2008). Hesl is likely implicated in
the mechanism of their production. Hesl inhibits NGN3
expression in biliary tissue and its repression leads to the
development of pancreatic acinar and endocrine cells
(Sumazaki et al, 2004).

Several studies have gone forward and tried to directly
produce f-cells from biliary tissue in vitro. The TFs PDX1,
neurogenic differentiation factor (NeuroD1), and a conjugate
of PDX1 with the viral transcription activator, VP16, all led
to transdifferentiation into insulin producing cells after being
expressed ectopically, although none of these reprogrammed
cells demonstrated glucose sensitivity (Nagaya et al, 2009).
A separate study induced reprogramming with a combination
of NGN3, PDX1, and MafA in a culture which included the
Notch inhibitors dibenzazepine and retinoic acid. Both were
found to potentiate the reprogramming effect. These cells did
not exhibit GSIS, but were able to survive and secrete insulin
after engraftment (Hickey et al, 2013).

A very promising discovery came from one study that
found a method to vastly expand gallbladder epithelium
over 12 passages. The study also proceeded to reprogram the
expanded cells using a vector for coexpression of PDXI,
NGN3, Pax6, and MafA (Galivo et al, 2017).

Conversion of gut epithelial cells to -like cells. Tissue
from the gastrointestinal (GI) tract, primarily the stomach
and proximal small intestine, serve as an additional source
of cells, which may be effectively reprogrammed to f-like.
In addition to the shared endodermal development pattern
of the pancreas and GI system, the unique nature of the GI
makes it an attractive target. The GI is home to scattered
enteroendocrine cells which express NGN3, a shared TF in
pancreatic endocrine and enteroendocrine development. In
addition, the GI is richly imbued with stem cells, allowing it
to constantly regenerate. This feature serves as a marked
advantage for use in therapeutic treatment since cells lost
to reprogramming can be readily replaced.

FOXOI has been identified as a key TF in the determi-
nation of cell fate between pancreas and GI tissue. FOXO1
may inhibit the notch pathway, which plays a pivotal role
in driving NGN3 expression. When FOXO1 is ablated in
NGN3+ enteroendocrine progenitor cells, insulin producing
cells develop in vivo in mice as well as in vitro in cultured
intestinal organoids (Bouchi et al, 2014; Talchai et al, 2012).

Other studies have induced expression of key TFs instead
of repressing them. Ptfla ectopic expression results in the
transdifferentiation to pancreatic endocrine and acinar cell
lineages in stomach and intestinal tissue (Jarikji et al, 2007).
In antral stomach tissue, it was shown that a combination
of NGN3, PDX1, and MafA can lead to reprogramming
capable of suppressing hyperglycemia after transplantation
(Ariyachet et al, 2016).

A separate study reprogrammed cells from the duodenum
and proximal jejunum using the same TF combination. The
induced expression resulted in the formation of ‘‘neo-islet”
clusters within the crypts of the GI capable of responding to
insulin and ameliorating hyperglycemia (Chen et al, 2014).
These techniques have the advantage of preserving
FOXO1’s expression, which is thought to be potentially
pivotal for f-cell health and stability long term.
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Challenges and Future Directions

Many impactful strides have been made in the field of
direct reprogramming toward a f-like lineage. Studies so far
suggest that endodermal tissues are more amenable for
conversion to f-like cells, whereas tissues derived from
other germ layers such as fibroblasts (mesoderm in origin)
are more resistant (Fig. 2). The molecular underpinning of
this tissue restriction is not well understood at present, but
one can speculate that the ease of lineage conversion may
depend on the preexisting epigenetic landscape in the target
cells, and that the more similar the epigenome of the target
cells is to f-cells, the more likely it is for the conversion to
occur. Knowledge of the underlying mechanism may lead
to the discovery of protocols which result in better func-
tionality, closer to that of endogenous f-cells as well as
increased stability posttransplantation.

At present, molecular and functional analyses of f-like
cells were often inadequate and relied on a small number of
marker genes. As a result, the identities of the various f-like
cells are often unclear. For instance, how similar are the
p-like cells compared with islet f-cells at the transcripto-
mic, proteomic, and epigenomic levels? How much of the
original transcriptomic signatures do the f-like cells still
retain? Do they resemble f3-cells or perhaps represent hybrid
cell types? Do they express multiple hormones? Are they
functionally mature? To move the field forward, more com-
prehensive and sophisticated studies will be needed to
evaluate the f-like cells, for instance, with single-cell RNA-
sequencing, calcium imaging, dynamic GSIS, and long-term
transplantation observations.

Nevertheless, we posit that one does not need to make
“perfect”” f-cells that fully resemble islet f-cells to have a
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therapeutic impact. The final cell products have to be safe in
regard to tumorigenic and hypoglycemic risks, durable, and
demonstrate efficacy in terms of sufficient insulin output
and GSIS ability. Does it matter if the fS-like cells express
residual non-f genes or in fact are a hybrid cell type?
As long as they demonstrate safety, efficacy, and durability,
then, in our opinion, they could be very useful indeed.
Significant hurdles remain to translate laboratory discov-
eries to therapeutics. As most studies of direction conversion
were conducted in mouse models, to assess clinical poten-
tial, one must work with human tissues. The research focus
should be increasingly shifted to using human tissues to eval-
uate conversion efficiency and fS-like cell phenotypes such
as functionality and transplant stability. Small molecule com-
pounds that can induce fate switches are preferred agents
of reprogramming, but advances in gene delivery, such as
adeno-associated virus, nanoparticles, and modified RNAs,
can enable safe expression of genetic factors in the target
cells. Genetic engineering tools such as CRISPR-CAS9 may
facilitate construction of cell lines for mass production.
Among the two broad approaches for direct reprogram-
ming, direct in vivo induction is currently focused on pan-
creatic a-cells and gut cells. If successful, either of these
targets would readily achieve patient-specificity. However,
evaluation of this approach for clinical use will likely require
extensive testing in large animal models such as nonhuman
primates (NHPs). Given the fast turnover rate of the gut epi-
thelium, an additional challenge of reprogramming gut tissues
in vivo is to devise ways to retain the new f-like cells in the
lamina propria so that they can aggregate, mature, and persist.
Compared with the in vivo method, the ex vivo approach
may not need extensive validation in NHPs. It also has the
advantages of being readily scalable and lending itself to
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opportunities for genetic engineering or encapsulation.
However, it is more challenging to develop autologous
ex vivo therapies because each batch of cell product requires
rigorous quality control.

An additional challenge in developing cell products for T1D
treatment is the recurrent autoimmunity that persists in pa-
tients, which will destroy any transplanted or regenerated f-
-cells. To combat this, many studies are ongoing in the
development of encapsulation devices to shield transplan-
ted cells from the immune system. Another approach is
to render the new f-cells undetectable or impervious to im-
mune system attack via genetic engineering of their immune
system, for instance, by partially or completely disabling the
MHCI and II complexes with or without concomitant expres-
sion of immune suppressive factors such as PDL1 and CD47
(Deuse et al, 2019; Gornalusse et al, 2017; Han et al, 2019).

Given the significant progress in both the reprogramming
and immune protection methods, we are hopeful that new
treatments for T1D will soon emerge from the confluence of
these advances.
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