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A B S T R A C T   

Reprogrammed glucose-responsive, insulin + cells (“β-like”) exhibit the potential to bypass the hurdles of 
exogenous insulin delivery in treating diabetes mellitus. Current cell-based therapies-transcription factor regu
lation, biomolecule-mediated enteric signaling, and transgenics - have demonstrated the promise of reprog
ramming either mature or progenitor gut cells into surrogate “β-like” cells. However, there are predominant 
challenges impeding the use of gut “β-like” cells as clinical replacements for insulin therapy. Reprogrammed 
“β-like” gut cells, even those of enteroendocrine origin, mostly do not exhibit glucose – potentiated insulin 
secretion. Despite the exceptionally low conversion rate of gut cells into surrogate “β-like” cells, the therapeutic 
quantity of gut “β-like” cells needed for normoglycemia has not even been established. There is also a lingering 
uncertainty regarding the functionality and bioavailability of gut derived insulin. Herein, we review the stra
tegies, challenges, and opportunities in the generation of functional, reprogrammed “β-like” cells.   

1. Introduction 

Recent innovations in minimally invasive, transdermal delivery 
techniques makes insulin delivery painless and relatively accurate, 
leading to better compliance and saving diabetics from catastrophic 
macro and microvascular dysglycemic complications.1–5 However, the 
large molecular weight of insulin limits the efficiency of these in
novations by restricting transdermal permeation, bioavailability, and 
sustained release.2,6,7 Furthermore, these novel technologies are 
expensive, less user-friendly, and come with technical difficulties.4,8–10 

More aggressive treatments, like islet transplantation, possess the po
tential to restore euglycemia in both Type 1 and advanced Type 2 dia
betic patients.11,12 However, durable donor islets are rare and strongly 
immunoreactive, rendering patients to a long-term dependency on im
munosuppressants to prevent donor islet rejection.13,14 Recently, Pom
poselli et al. suggested that transplanting islets as conglomerated units of 
pre-vascularized, islet-kidney grafts limits islet apoptosis and provides a 
physical barrier against host immune responses.15 Yet, continuous graft 
loss still renders transplanted islets to eventual host immune assualt.15 

Thus, endogenously engineering host cells into glucose-responsive 
"β-like" cells exemplifies a more permissive approach in overcoming 
the limitations of exogenous insulin delivery, potentially curing 

diabetes. 
The gastrointestinal (GI) tract serves as a reservoir for accessible 

enteroendocrine and stem cells that can be coaxed, through transcrip
tional control and enteric signaling, into self-renewable "β-like" cells to 
produce endogenous insulin in a reliable, nutrient-responsive man
ner.16–19 Gut stem cells can preserve genomic alterations to allow for 
therapies to be tailored to patient needs with time, establishing endur
ance of the desired gene therapy outcome.20–24 GI tract stem cells exhibit 
high levels of indefinite turnover and regeneration which counter cell 
population decline.16,25–27 In the case of type 1 diabetes, this high 
turnover could allow for their continued replenishment despite a 
possible autoimmune attack.28 Collectively, these properties make the 
gut an attractive option for creating populations of glucose-responsive 
insulin-producing cells. 

Proof-of-principle studies have shown significant potential in 
attaining functional, reprogrammed "β-like" intestinal tract cells. How
ever, there are distinct challenges and unanswered questions regarding 
the employment of these cells as clinical interventions for insulin 
replacement therapy. Since pancreatic insulin secretion encompasses 
complex molecular and cellular processes in addition to insulin gene 
expression, reprogrammed “β-like" cells should not only be able to make 
insulin, but also have workable receptors for ambient glucose detection, 
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cell stimulation, and insulin release from docked secretory gran
ules.29–32 Yet, attained reprogrammed "β-like" cells do not always 
temporally release insulin in response to varying glucose concentrations. 
Considering that the typical length of an adult gastrointestinal (GI) tract 
stretches into an enormous surface area of ~250–400 m2 with ~1014 

cells, it becomes realistic to suppose that a fraction of these gut cells can 
be reprogrammed into a comprehensive source of insulin to treat dia
betes without interfering with normal gut function.33–36 Regrettably, 
regardless of the approach adopted, the conversion rate of "β-like" in
testinal cells tends to be very low.36,37 Moreover, the sufficient, thera
peutic number of "β-like" intestinal cells needed to reverse diabetes and 
escape consequent immune responses has not been established.38–41 

Only few studies have discussed or shown that reprogrammed gut 
"β-like" cells, exhibit the necessary genes for the proteases (Prohormone 
convertases - PC1/3, PC2, and carboxypeptidase E/H), or at least induce 
an enteric microenvironment with conditions, necessary for bioactive 
maturation of secreted insulin. This paper evaluates the various strategic 
pathways of attaining functional insulin from host gut cells by high
lighting the challenges, uncertainties, and possible innovative routes for 
achieving functional gut “β-like” cell. 

2. Modification of expression patterns of endocrine 
transcription factors sufficiently establishes morphogenesis of 
reprogrammed "β-like" gut cells 

Over the last twenty years, most studies have focused on subsets of 
transcription factors associated with insulin transcription and release 
via the ectopic expression of either one, or some combination of the 
PMN factors (PDX1, MAFA and NGN3), the consistently proven tran
scription factor triad critical to insulin transcription and the develop
ment, maturation, and function of pancreatic β-cells42–44 (see (a) in 
Figure). Even though PMN-mediated experiments have successfully 
demonstrated the induction and secretion of insulin from gut cells in 
vivo, the ability of these reprogrammed cells to alter the magnitude of 
insulin secretion in correspondence with glucose concentrations remains 
a challenge in the field. It seems the ectopic expression of pancreatic 
transcription factors is not potent enough to establish abundant pop
ulations of robust β-like gut cells due to transient delivery inefficiencies, 
tissue damage from inappropriate dosages of reprogramming hormones 
or constructs, and native immune attack.45–47 

Immature rat intestinal cells (IEC-6)expressed insulin when made to 
overexpress PDX1 along with Insulin Gene Enhancer Protein (ISL1) or 
when exposed to betacellulin, an epithelial growth factor known to 
induce ISL1 expression and pancreatic β-cell differentiation.48–50 How
ever, after transplantation in mice, PDX-1+ IEC-6 cells failed to secrete 
insulin in response to increasing glucose and secretagogue concentra
tions.48,49 Koizumi et al. showed insulin expression in Streptozotocin 
(STZ)-induced diabetic mice by injecting into the mice ileum a recom
binant, replication-deficient adenovirus carrying the PDX1 gene.51 The 
group did not determine the temporal glucose responsivity of converted 
cells.51 STZ-induced diabetic mice, after being fed with engineered re
combinant adenovirus expressing MAFA under control of the muscu
loaponeurotic fibrosarcoma oncogene homolog A gene (Ad-MAFA), 
produced sufficient ileal insulin to ameliorate hyperglycemia.52 How
ever, insulin levels did not increase after an oral glucose tolerance test in 
the Ad-MAFA-treated STZ – induced diabetic rats, stipulating that 
Ad-MAFA-dependent insulin secretion was not regulated or amplified by 
glucose.52 The group showed that intestinal epithelial cells, positive for 
insulin, expressed both PC1 and PC3, but the group did not assess the 
levels of mature insulin produced.52 Matsuoka et al. showed that insulin 
was expressed in mouse IEC-6 cells only when MAFA was co-transduced 

with PDX1 and BETA2.53 Unfortunately, the group did not assess insulin 
secretion in response to glucose.53 

Chen et al., through the collective expression of all three PMN 
transcription factors, acquired clusters of crypt-residing, insulin + in
testinal cells in mice treated with doxycycline, but insulin secretion was 
only observed in response to high (15 mM), but not low (3 mM) con
centrations of glucose.54 Lee et al. successfully reprogrammed murine 
intestinal cells to produce insulin through adenoviral delivery of PMN 
transcription factors but did not discuss how sensitive and responsive 
these cells were to glucose.46 Two groups, utilizing the overexpression of 
PMN factors, efficiently harnessed mice NGN3-marked gut cells, notably 
at different locations along the GI tract, into glucose-responsive "β-like" 
cells at seemingly high frequencies. The intestinal "neo-islets’ ’obtained 
by Chen et al. were observed to be converted at a remarkable rate of 
50%, but these unstable cells disappeared after the deinduction of PMN 
factors.54 Ariyachet et al. reported that about 42% of highly regenera
tive, monohormonal antral stomach NKX 6.1 and PC2+ cells in mice 
were positive for insulin and could reverse hyperglycemia in a 
glucose-responsive manner.55 The group suggested the harvesting and 
coalescing of these cells into transplantable “mini-organs’’ for the 
treatment of diabetes - an interesting alternative to attaining numerous 
gut “β-like” cells.55 The Stanger group showed that their crypt-residing 
"neo-islet" in doxycycline-treated mice, similarly to pancreatic 
beta-cells, possess ultra-structural components with the ability to pro
cess preproinsulin, with the release of C-peptide in its mature form, but 
the group did not discuss the expression of proteases responsible for 
insulin maturation.54 

Elegant studies focusing on the inhibition of the nuclear Forkhead 
boxO1 (FOXO1) transcription factor have shown some success in 
achieving glucose-regulated/amplified insulin secretion from reprog
rammed gut β-cells (see (b) in figure). During nutrient overload, 
pancreatic FOXO1 counters PDX1 to hinder β-cell proliferation and in
sulin secretion, while preserving pancreatic β-cells against acute 
oxidative stress.56–59 Under lower nutritive states, FOXO1 promotes 
β-cell proliferation by inducing Cyclin D and evoking antioxidant 
mechanisms to prevent β-cell failure, thus sustaining β-cell 
function.56–59 A subset of FOXO+ and NGN3+ gut cells have also been 
shown to determine gastric cell distribution.60,61 Talchai et al. were able 
to attain insulin-positive gut cells through somatic Foxo1 ablation in 
Ngn3-expressing enteroendocrine progenitor cells of adult mice.62 In an 
STZ-induced diabetic mouse, the group obtained reprogrammed gut 
cells that expressed mature pancreatic β-cell markers and secreted 
bioactive insulin in response to varying glucose and sulfonylurea con
centrations.62 The same group showed that Foxo1 removal from 
human-derived iPS gut organoids promoted the generation of 
insulin-positive cells, releasing C-peptide in a dose-dependent manner to 
concentrations of secretagogues.63 This group identified a new popula
tion of Foxo-expressing cells in the stomach epithelium, of which Foxo1 
deletion resulted in a substantial increase in insulin and c-peptide 
expressing cells with "β-like" gene expression.64 Unfortunately, only 
about 4% of the intestinal Ngn3+ cells and about 0.05% of cells 
human-derived iPS gut organoids, a number that decreased over time, 
were positive for insulin.62–64 Recently, three studies from the Accili 
group showed that the blockade of either a single FoxO1 agent or a triad 
of Notch-Tgfβ-FoxO1 transcription factors yields immunoreactive 
“β-like” insulin + gut cells and reverses hyperglycemia in 
streptozotocin-diabetic insulin-deficient akita mice and cultured human 
enteroids.65–67 The synergistic effect of the dual inhibition of FOXO1 
and notch signaling increased the number of progenitor enteroendocrine 
cells by 30%, signifying the possibility of higher conversion frequency.65 

Unfortunately, FOXO1 ablation in gut cells, despite being an efficient 
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route for achieving glucose-responsive "β-like" cells, is not without risk. 
FOXO factors play critical roles in tumor suppression and FOXO1 is 
mostly deleted, inactivated, or downregulated in some human can
cers.68–71 Thus, any therapeutic approach relying on down-regulating 
FOXO1 from a patient’s gut would have to consider side-effects seri
ously. Also, FOXO factors have been shown to integrate cues for deter
mining the developmental timing, pool size, and functional features of 
endocrine progenitor cells, so complete ablation of FOXO1 might un
knowingly hinder the functionality and proliferation of host enter
oendocrine stem cells.62,72 Although these setbacks question the safe 
utilization of FOXO1 ablation, the Accili group has persistently 
demonstrated that the inhibition of FOXO1 is sufficient to transform gut 
cells into insulin-producing, glucose-responsive cells. 

2.1. Transgenesis shows promise in reprogramming enteroendocrine cells 
(EECs) into gut “β-like” cells 

Enteroendocrine cells, especially that of G -, K-, and L-cells, have 
sophisticated nutrient/glucose sensing systems and share similar NGN3- 
precursor differentiation pathway with pancreatic β-cells, hence tightly 
secrete incretins (gastrin, GIP, and GLP-1) in response to ingested meals 
with similar kinetics to pancreatic β-cells.47,73–82Recently, Egozi et al. 
made a single-cell atlas of human fetal and neonatal small intestinal cells 
and found subsets of fetal insulin expressing K and L cells.83 Unfortu
nately, compared to the number of adult pancreatic beta cells, the 
number of fetal K/L INS + cells (9 INS + cells out of 37 fetal K/L cells) 
were four orders lower in magnitude and ceased with insulin expression 
with time.83 The similarity in insulin secretion and incretin secretion 
kinetics and differentiation pathways between EECs and pancreatic 
β-cells suggests enteroendocrine cells to be suitable candidates for 
achieving glucose-regulated insulin secretion. However, 
glucose-regulated insulin secretion in EECs has seen modest success, and 
there are compounding uncertainties regarding the most suitable choice 
of EEC for robust conversion. 

Gastric G cells in transgenic mice with a chimeric gene consisting of a 
gastrin promoter fused to the human insulin gene produced insulin, but 
the kinetics of insulin secretion was not discussed.84 Aiming to decipher 
the kinetics of insulin secretion, Lu et al. achieved functional insulin 
production in G-cells by creating transgenic rats that had the human 
insulin coding sequence knocked into the mouse gastrin gene.85 Though 
the insulin produced was able to ameliorate hyperglycemia in STZ - 
induced diabetic rats, the group found that gastric G-cells could only 
secrete insulin when stimulated by peptone, not glucose85 Given that 
G-cells are mainly responsive to proteins, researchers speculate that 
transforming these cells into surrogate β-cells might not lead to glucose 
–potentiated insulin release.47,86,87 K- cells, derived from the 
STC-1intestinal cell line and induced to produce NGN3 and NKX6.1, 
upregulated insulin gene expression but could not secrete insulin to 
lower glucose after transplantation in diabetic mice.88 Likewise, 
GIP-enriched K-cells, GTC-1 cells, were transcriptionally controlled to 
produce insulin via a dose and time-dependent introduction of mife
pristone, not glucose.89 After transplantation of these 
mifepristone-treated cells in STZ-induced diabetic mice, the mice were 
surprisingly observed to be hypoglycemic, and the group attributed this 
result to the fact the reprogrammed mice K-cells lacked the precise 
glucose sensitivity of the native human K-cell, releasing insulin even 
under low glucose conditions for normal physiological functions in 
humans.89 Also, these cells lost glucose sensitivity and insulin secretion 
capacity over time: indicating that the transplanted cells lacked the 
requisite interactions characteristic of human K-cells.89 

Dose-dependent, acute insulin and endogenous GLP-1 secretion was 

observed in human NCI–H716 intestinal cell lines (an enteroendocrine 
L-cell replica) transduced with a recombinant adeno-associated virus 
(rAAV) vector carrying the human insulin gene. Insulin was induced 
only upon stimulation by meat hydrolysate.90 The same group achieved 
in vitro insulin secretion after transfecting murine GLUTag L-cell line 
with a plasmid co-expressing human insulin and neomycin resistance.91 

Nevertheless, insulin secretion was induced at a sub physiological 
glucose concentration level with no significant insulin secretion changes 
from cells exposed to escalated glucose concentrations (5 mM vs 20 
mM), showing that the secreted insulin was rendered, but not regulated 
by glucose.91 Murine GLUTag-INS L-cells also expressed both PC1/3 and 
PC2; however, it was not demonstrated that the insulin produced was 
bioactive and mature91 

After employing western blotting on intestinal lysates to evaluate the 
immunoreactivity of murine K-cell-derived insulin, Mojibian et al. found 
that most of the secreted insulin was proinsulin and not mature92 The 
scientists speculated this sub-optimal processing of insulin was because 
the murine K-cell expresses PC1 and PC3, but not PC2.92 The same group 
recently further challenged the long-standing theory of insulin pro
cessing by showing that PC2 is not required for proinsulin processing 
into mature insulin in humans.93 It is reasonable to assert that an im
mune attack against gut-derived beta-like cells could cause a low 
observed reprogramming rate. However, the gut has been evidenced to 
have "immune privilege," denoting that reprogrammed gut, insulin +
cells, which do not express β-cell autoantigens, could evade an immune 
attack.94,95 In NOD mice, K- cells, upon overexpression of preproinsulin, 
produced insulin and showed high levels of immunoreactivity and 
secreted very few inflammatory cytokines, escaping immune attack.92 In 
view of this immune advantage, researchers may not need to address 
immune attack on β-like gut cells; however, more studies are needed to 
determine if gut-originated insulin + cells can resist immune attack in 
animal models over time. 

During embryonic development, the Paired box 4 (PAX4) factor es
tablishes the endocrine lineage of pancreatic β-cells and EECs, while 
selectively promoting mature β-cell expansion and resistive survival 
against apoptosis by oxidative metabolic stress.96–102 PAX4 has also 
been evidenced to promote β-cell differentiation of human embryonic 
stem cells.103–108 Relying on both their previous results of PAX4 mis
expression converting somatostatin-producing δ-cells into "β-like" cells 
and the high frequency of somatostatin + gut cells, the Collombat group 
found that misexpressing PAX4 in somatostatin + gut cells was sufficient 
to produce robust gut "β-like" cells28,109,110 (see (c) in Figure). The 
group, from lineage tracing, determined that the somatostatin + gut 
cells were D-cells.28 Interestingly, the group attained a high frequency of 
65% beta-like cells co-expressing insulin and somatostatin and approx. 
25% expressing insulin only.28 Moreover, the group also saw PC1/3, an 
enzyme involved in insulin maturation, signifying that the insulin pro
duced was mature.28 So far, PAX4 misexpression in gut somatostatin D 
cells have been shown to overcome almost all hurdles of functional in
sulin secretion of gut beta-like cells and deserves careful attention going 
forward. 

2.2. Incretins possesses the ability to rewire the gut to make glucose- 
regulated insulin-producing cells through enteric signaling 

Incretin hormones potentiate pancreatic insulin release in response 
to elevated glucose concentrations in the fed state.31,111–115 Auspi
ciously, this pancreatic, glucose-dependent insulinotropic effect has 
been meaningfully exploited to demonstrate insulin secretion through 
direct interactions between intestinal cells and GLP-1, an incretin that 
stimulates pancreatic β-cell proliferation and inhibits glucagon 
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secretion116–118 (see (d) in Figure). The molecular mechanism respon
sible for this physiological phenomenon was unclear until recently when 
studies indicated that GLP-1 analogs and receptor agonists promoted 
intestinal enteroendocrine cell proliferation – a similar effect on 
pancreatic beta cells - by allowing for self-adaptation to metabolic stress, 
hence leading to increased incretin expression against metabolic syn
dromes, particularly obesity and type 2 diabetes.119–122 

Suzuki et al. first showed that intraperitoneal delivery of the full 
form of GLP-1(1-37), by controlling the expression of ngn3 and HNF-6, 
directly converts both adult and embryonic rat intestinal epithelial 
cells into glucose-regulated, insulin-secreting cells.123 Two studies from 
the March lab have shown that by populating the intestinal villous 
compartment with engineered bacteria that secrete GLP-1(1-37) intestinal 
epithelial cells could be differentiated into glucose-responsive, insu
lin-producing cells. Human intestinal carcinomas (Caco-2 cells) trans
formed into insulin-secreting cells, secreting up to 1 ngml− 1 of insulin 
when co-cultured with GLP-1(1-37)-secreting Escherichia coli Nissle 1917, 
under the control of the fliC promoter.124 The bacteria exhibited high 
survival and persistence, augmenting serum insulin to levels needed for 
steady glycemic control in healthy adults.124 In the subsequent study, 
this approach proved successful in vivo, where a 50-day oral adminis
tration of GLP-1(1–37)-secreting Lactobacillus gasseri reduced but did not 
fully ameliorate hyperglycemia in STZ-induced diabetic rats.45 The 
bacterially-treated rats, relative to wild-type STZ-induced diabetic rats, 
showed a two-fold increase in serum insulin levels in correspondence 
with ingested glucose concentrations. In vitro experiments in IEC-6 cells 
linked this response to HNF-6 expression.45 

Suzuki et al. stated that their achieved GLP-1 (1-37) -stimulated, 
glucose-regulated insulin + intestinal cells were in very low frequency in 
adult rats (Suzuki et al., 2003). The March Lab made a similar 

observation when only about 0.06% of rat intestinal epithelial cells were 
able to produce insulin upon daily administration of GLP-1(1-37) – 
secreting bacteria (F. F. Duan et al., 2015b). Reasons for this outcome 
are unknown: however even for the experiments focused on GLP-1 as a 
reprogramming agent, we speculate that the low reprogramming rates of 
gut cells are mostly due to the inherent lumenal instability of bio
molecules, the ambiguities regarding sufficient, safe biomolecule con
centrations adequate to induce reprogramming, and the inadequacies in 
the biomolecule delivery method.45 The non-bioactive, non-functional 
form of GLP-1 molecule, GLP-1(1-37), has an inherent short half-life due 
to rapid degradation by the protease DPP-IV thus may not have even 
reached the crypts to drive intestinal conversion45,125–131 In all, these 
promising studies have opened the possibility of exploring incretins as 
powerful insulin-inducing biomolecules. Future studies should focus on 
establishing optimal, safe, and precise dosing of incretins for effective 
attainment of robust gut beta-like cells. 

2.3. Graphical summary 

Figure. Evidenced strategies for gut cell reprograming into gut ’beta- 
like’ cells. 

Descriptive text: Gut cells made to express either one, or some 
combination of PDX1, MAFA, and NGN3 (PMN factors) have been 
shown to produce insulin (a).43,48–51,53–55,132 Gut ablation of FOXO1 has 
consistently been shown to yield gut “β-like” cells (b).36,61–67,72 

Recently, PAX4 misexpression has been shown to also yield robust gut 
“β-like” cells in high numbers (c).28 Incretin delivery (e.g.GLP-1) have 
also been presented to illicit insulin gut-derived insulin secretion 
(d).45,123,124  
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3. Conclusion 

Reprogramming gut cells into producing endogenous insulin remains 
a potentially attractive means of managing, and ultimately curing dia
betes. Given the evidenced insulinotropic potential of the gut, it is not 
surprising to witness the several innovative approaches employed to 
fully manifest this insulinotropic effect. Several studies have succeeded 
in harnessing gut cells to produce viable insulin, but in very small cell 
numbers, and at times without robust glucose homeostatic ability. To 
achieve sturdy insulin + cells through any therapeutic method, we 
suggest focusing on gaining a complete understanding of all processes, 
candidate genes, and transcription factors responsible for not only 
enteric insulin expression and granule secretion, but also for protection 
of reprogrammed gut “β-like” cells from immune and physiological as
sault. In-vitro studies should aim at establishing optimal, safe, and 
precise dosing of gut insulin-inducing biomolecules to ensure maximal 
conversion. Advanced efforts, including but not limited to encapsulated 
cell transplantation, for both the delivery and silencing of genes and 
transcription factors are currently underway. However, alluding to the 
aforesaid challenges associated with transplantations and humoral 
protein delivery, formulating a safe oral pill that delivers accurate, yet 
systemically specific biomolecules and decoys, appears to be an 
outstanding method for patient ease and compliance. With the high, 
escalating prevalence of insulin-dependent diabetes, reprogramming gut 
cells into insulin producing cells remains an innovative, attention 
worthy approach to meet the exponentially growing demand for safe 
insulin. 

Support 

This work was partly funded by National Institutes of Health (NIH) 
grant 1R21EB028041-01 (to JCM). 

Declaration of competing interest 

All authors disclose that they have no actual or potential conflict of 
interest including any financial, personal or other relationships with 
other people or organizations within three years of beginning the sub
mitted work that could inappropriately influence, or be perceived to 
influence, their work. John C. March is an Editorial Board Member for 
Biotechnology Notes and was not involved in the editorial review or the 
decision to publish this article. 

References 

1. Baghban Taraghdari Z, Imani R, Mohabatpour F. A review on bioengineering 
approaches to insulin delivery: a pharmaceutical and engineering perspective. 
Macromol Biosci. 2019;19(4), 1800458. https://doi.org/10.1002/ 
MABI.201800458. 

2. Ahad A, Raish M, bin Jardan YA, Al-Mohizea AM, Al-Jenoobi FI. Delivery of insulin 
via skin route for the management of diabetes mellitus: approaches for breaching 
the obstacles. Pharmaceutics. 2021;13(1):1–17. https://doi.org/10.3390/ 
PHARMACEUTICS13010100. 

3. Al-Tabakha MM. Recent Advances and Future prospects of non-invasive insulin delivery 
systems review article bloodletting cupping therapy view project recent advances and 
future prospects of non-invasive insulin delivery systems review article. 2019. https:// 
doi.org/10.22159/ijap.2019v11i2.31338. Published online. 

4. Kesavadev J, Saboo B, Krishna MB, Krishnan G. Evolution of insulin delivery 
devices: from syringes, pens, and pumps to DIY artificial pancreas. Diabetes 
Therapy. 2020;11(6):1251–1269. https://doi.org/10.1007/s13300-020-00831-z. 

5. Zhao J, Xu G, Yao X, et al. Microneedle-based insulin transdermal delivery system: 
current status and translation challenges. Drug Deliv Transl. 2021:1–25. https:// 
doi.org/10.1007/s13346-021-01077-3. Published online. 

6. Zhang Y, Yu J, Kahkoska AR, Wang J, Buse JB, Gu Z. Advances in transdermal 
insulin delivery. Adv Drug Deliv Rev. 2019;139:51–70. https://doi.org/10.1016/j. 
addr.2018.12.006. 

7. Sugumar V, Ang KP, Alshanon AF, et al. A comprehensive review of the evolution 
of insulin development and its delivery method. Pharmaceutics. 2022;14:7. https:// 
doi.org/10.3390/pharmaceutics14071406. 

8. Heile M, Hollstegge B, Broxterman L, Cai A, Close K. Automated insulin delivery: 
easy enough to use in primary care. Clin Diabetes. 2020;38(5):474–485. https:// 
doi.org/10.2337/cd20-0050. 

9. Hernandez H, Dringus L, Snyder M, Wang L. Usability challenges with insulin 
pump devices in diabetes care: what trainers observe with first-time pump users. 
SAIS 2019 Proceedings. Published online March 22, 2019 https://aisel.aisnet.org/s 
ais2019/1. Accessed November 18, 2022. 

10. Daly A, Hovorka R. Technology in the management of type 2 diabetes: present 
status and future prospects. Diabetes Obes Metabol. 2021;23:8. https://doi.org/ 
10.1111/dom.14418. 

11. Piemonti L. Islet Transplantation. MDText.com; 2019. In Endotext [Internet] https: 
//www.ncbi.nlm.nih.gov/books/NBK278966/. 

12. Anazawa T, Okajima H, Masui T, Uemoto S. Current state and future evolution of 
pancreatic islet transplantation. Ann Gastroenterol Surg. 2019;3(1):34. https://doi. 
org/10.1002/ags3.12214. 

13. Ludwig B, Reichel A, Steffen A, et al. Transplantation of Human Islets without 
Immunosuppression. Acad. Sci. U. S. A; 2013. 

14. Bottino R, Knoll MF, Knoll CA, Bertera S, Trucco MM. The Future of Islet 
Transplantation Is Now. Front Med (Lausanne). 2018;5:202. Published. 2018 Jul;13. 
https://doi.org/10.3389/fmed.2018.00202. 

15. Pomposelli T, Schuetz C, Wang P, Yamada K. A strategy to simultaneously cure 
type 1 diabetes and diabetic nephropathy by transplant of composite islet-kidney 
grafts. Front Endocrinol, 0. 2021. https://doi.org/10.3389/fendo.2021.632605. 
Published online. 

16. Beumer J, Clevers H. Regulation and plasticity of intestinal stem cells during 
homeostasis and regeneration. Development. 2016;143(20):3639–3649. https:// 
doi.org/10.1242/dev.133132. 

17. Meran L, Baulies A, Li VSW. Intestinal stem cell niche: the extracellular matrix and 
cellular components. Stem Cell Int. 2017;2017. https://doi.org/10.1155/2017/ 
7970385. 

18. Nair GG, Tzanakakis ES, Hebrok M. Emerging routes to the generation of 
functional β-cells for diabetes mellitus cell therapy. Nat. 2020;16:9. https://doi. 
org/10.1038/s41574-020-0375-3. 

19. Collier CA, Mendiondo C, Raghavan S. Tissue engineering of the gastrointestinal 
tract: the historic path to translation. J Biol. 2022;16(1):1–12. https://doi.org/ 
10.1186/s13036-022-00289-6. 

20. Potten CS. Radiation, the ideal cytotoxic agent for studying the cell biology of 
tissues such as the small intestine. Radiat Res. 2004;161(2):123–136. https://doi. 
org/10.1667/RR3104. 

21. Potten CS, Booth C, Hargreaves D. The small intestine as a model for evaluating 
adult tissue stem cell drug targets 1. Cell Prolif. 2003;36(3):115–129. https://doi. 
org/10.1046/j.1365-2184.2003.00264.x. 

22. van der Heijden M, Vermeulen L. Stem cells in homeostasis and cancer of the gut. 
Mol Cancer. 2019;18(1):1–15. https://doi.org/10.1186/s12943-019-0962-x. 

23. Verzi MP, Shivdasani RA. Epigenetic regulation of intestinal stem cell 
differentiation. Am J Physiol Gastrointest Liver Physiol. 2020;319(2):G189–G196. 
https://doi.org/10.1152/ajpgi.00084.2020. 

24. Lorzadeh A, Romero-Wolf M, Goel A, Jadhav U. Epigenetic regulation of intestinal 
stem cells and disease: a balancing act of dna and histone methylation. 
Gastroenterology. 2021;160(7):2267–2282. https://doi.org/10.1053/j. 
gastro.2021.03.036. 

25. Rees WD, Tandun R, Yau E, Zachos NC, Steiner TS. Regenerative intestinal stem 
cells induced by acute and chronic injury: the saving grace of the epithelium? Front 
Cell Dev Biol. 2020;8. https://doi.org/10.3389/fcell.2020.583919. 

26. Andersson-Rolf A, Zilbauer M, Koo BK, Clevers H. Stem cells in repair of 
gastrointestinal epithelia. Physiology. 2017;32(4):278. https://doi.org/10.1152/ 
physiol.00005.2017. 

27. Barker N. Adult intestinal stem cells: critical drivers of epithelial homeostasis and 
regeneration. Nat Rev Mol Cell Biol. 2014;15(1):19–33. https://doi.org/10.1038/ 
nrm3721. 

28. Garrido-Utrilla A, Ayachi C, Friano ME, et al. Conversion of gastrointestinal 
somatostatin-expressing D cells into insulin-producing beta-like cells upon Pax4 
misexpression. Front Endocrinol, 0. 2022. https://doi.org/10.3389/ 
fendo.2022.861922. Published online. 

29. Fu Z, Gilbert ER, Liu D. Regulation of insulin synthesis and secretion and 
pancreatic beta-cell dysfunction in diabetes. Curr Diabetes Rev. 2013;9(1):25. http 
s://www.ncbi.nlm.nih.gov/pmc/articles/PMC3934755/. 

30. Rorsman P, Ashcroft FM. Pancreatic β-cell electrical activity and insulin secretion: 
of mice and men. Physiol Rev. 2018;98(1):117. https://doi.org/10.1152/ 
physrev.00008.2017. 

31. Mann Elizabeth, Sunni Muna, Melena D, Bellin. Secretion of Insulin in Response to 
Diet and Hormones. 2020. https://doi.org/10.3998/PANC.2020.16. Pancreapedia: 
The Exocrine Pancreas Knowledge Base. Published online. 

32. Ahmed A, Khalique N, Akinci E, et al. Molecular Basis of Blood Glucose Regulation. 
2020;442(3):539–550. https://pdfs.semanticscholar.org/6b0f/8817b4b4fc043e0 
e48734ed9cf10a5ba2972.pdf. 

33. Helander HF, F"andriks L. Surface area of the digestive tract – revisited. Scand J 
Gastroenterol. 2014;49(6):681–689. https://doi.org/10.3109/ 
00365521.2014.898326. 

34. Thursby E, Juge N. Introduction to the human gut microbiota. Biochem J. 2017;474 
(11):1823–1836. https://doi.org/10.1042/BCJ20160510. 

35. Kho ZY, Lal SK. The human gut microbiome - a potential controller of wellness and 
disease. Front Microbiol. 2018;9:1835. https://doi.org/10.3389/ 
fmicb.2018.01835. 

36. McKimpson WM, Accili D. Reprogramming cells to make insulin. J Endocr Soc. 
2019;3(6):1214–1226. https://doi.org/10.1210/js.2019-00040. 

37. Lee DH, Chung HM. Differentiation into endoderm lineage: pancreatic 
differentiation from embryonic stem cells. Int J Stem Cells. 2011;4(1):35–42. 

K. Baafi and J.C. March                                                                                                                                                                                                                      

https://doi.org/10.1002/MABI.201800458
https://doi.org/10.1002/MABI.201800458
https://doi.org/10.3390/PHARMACEUTICS13010100
https://doi.org/10.3390/PHARMACEUTICS13010100
https://doi.org/10.22159/ijap.2019v11i2.31338
https://doi.org/10.22159/ijap.2019v11i2.31338
https://doi.org/10.1007/s13300-020-00831-z
https://doi.org/10.1007/s13346-021-01077-3
https://doi.org/10.1007/s13346-021-01077-3
https://doi.org/10.1016/j.addr.2018.12.006
https://doi.org/10.1016/j.addr.2018.12.006
https://doi.org/10.3390/pharmaceutics14071406
https://doi.org/10.3390/pharmaceutics14071406
https://doi.org/10.2337/cd20-0050
https://doi.org/10.2337/cd20-0050
https://aisel.aisnet.org/sais2019/1
https://aisel.aisnet.org/sais2019/1
https://doi.org/10.1111/dom.14418
https://doi.org/10.1111/dom.14418
https://www.ncbi.nlm.nih.gov/books/NBK278966/
https://www.ncbi.nlm.nih.gov/books/NBK278966/
https://doi.org/10.1002/ags3.12214
https://doi.org/10.1002/ags3.12214
http://refhub.elsevier.com/S2665-9069(22)00016-2/sref13
http://refhub.elsevier.com/S2665-9069(22)00016-2/sref13
https://doi.org/10.3389/fmed.2018.00202
https://doi.org/10.3389/fendo.2021.632605
https://doi.org/10.1242/dev.133132
https://doi.org/10.1242/dev.133132
https://doi.org/10.1155/2017/7970385
https://doi.org/10.1155/2017/7970385
https://doi.org/10.1038/s41574-020-0375-3
https://doi.org/10.1038/s41574-020-0375-3
https://doi.org/10.1186/s13036-022-00289-6
https://doi.org/10.1186/s13036-022-00289-6
https://doi.org/10.1667/RR3104
https://doi.org/10.1667/RR3104
https://doi.org/10.1046/j.1365-2184.2003.00264.x
https://doi.org/10.1046/j.1365-2184.2003.00264.x
https://doi.org/10.1186/s12943-019-0962-x
https://doi.org/10.1152/ajpgi.00084.2020
https://doi.org/10.1053/j.gastro.2021.03.036
https://doi.org/10.1053/j.gastro.2021.03.036
https://doi.org/10.3389/fcell.2020.583919
https://doi.org/10.1152/physiol.00005.2017
https://doi.org/10.1152/physiol.00005.2017
https://doi.org/10.1038/nrm3721
https://doi.org/10.1038/nrm3721
https://doi.org/10.3389/fendo.2022.861922
https://doi.org/10.3389/fendo.2022.861922
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3934755/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3934755/
https://doi.org/10.1152/physrev.00008.2017
https://doi.org/10.1152/physrev.00008.2017
https://doi.org/10.3998/PANC.2020.16
https://pdfs.semanticscholar.org/6b0f/8817b4b4fc043e0e48734ed9cf10a5ba2972.pdf
https://pdfs.semanticscholar.org/6b0f/8817b4b4fc043e0e48734ed9cf10a5ba2972.pdf
https://doi.org/10.3109/00365521.2014.898326
https://doi.org/10.3109/00365521.2014.898326
https://doi.org/10.1042/BCJ20160510
https://doi.org/10.3389/fmicb.2018.01835
https://doi.org/10.3389/fmicb.2018.01835
https://doi.org/10.1210/js.2019-00040
http://refhub.elsevier.com/S2665-9069(22)00016-2/sref37
http://refhub.elsevier.com/S2665-9069(22)00016-2/sref37


Biotechnology Notes 4 (2023) 7–13

12

38. Dong S, Wu H. Regenerating β cells of the pancreas - potential developments in 
diabetes treatment. Expert Opin Biol. 2018;18(2):175–185. https://doi.org/ 
10.1080/14712598.2018.1402885. 

39. Tahbaz M, Yoshihara E. Immune protection of stem cell-derived islet cell therapy 
for treating diabetes. Front Endocrinol. 2021;12:5. https://doi.org/10.3389/ 
fendo.2021.716625, 71662. 

40. Silva IBB, Kimura CH, Colantoni VP, Sogayar MC. Stem cells differentiation into 
insulin-producing cells (IPCs): recent advances and current challenges. Stem Cell 
Res. 2022;13:1. https://doi.org/10.1186/s13287-022-02977-y. 

41. Benthuysen JR, Carrano AC, Sander M. Advances in β cell replacement and 
regeneration strategies for treating diabetes. J Clin Invest. 2016;126(10): 
3651–3660. https://doi.org/10.1172/JCI87439. 

42. Zhu Y, Liu Q, Zhou Z, Ikeda Y. PDX1, Neurogenin-3, and MAFA: critical 
transcription regulators for beta cell development and regeneration. Stem Cell Res 
Ther. 2017;8(1):240. https://doi.org/10.1186/s13287-017-0694-z. 

43. Akinci E, Banga A, Tungatt K, et al. Reprogramming of various cell types to a beta- 
like state by Pdx1, Ngn3 and MafA. PLoS One. 2013;8:11. https://doi.org/10.1371/ 
journal.pone.0082424. 

44. Banga A, Greder L v, Dutton JR, Slack JMW. Stable insulin-secreting ducts formed 
by reprogramming of cells in the liver using a three-gene cocktail and a PPAR 
agonist. Gene Ther. 2013;21(1):19–27. https://doi.org/10.1038/gt.2013.50. 

45. Duan FF, Liu JH, March JC. Engineered commensal bacteria reprogram intestinal 
cells into glucose-responsive insulin-secreting cells for the treatment of diabetes. 
Diabetes. 2015;64(5):1794–1803. https://doi.org/10.2337/db14-0635. 

46. Lee SH, Rhee M, Kim JW, Yoon KH. Generation of insulin-expressing cells in mouse 
small intestine by Pdx1, MafA, and BETA2/NeuroD. Diabetes Metab J. 2017;41(5): 
405–416. https://doi.org/10.4093/dmj.2017.41.5.405. 

47. Mojibian M, Glavas MM, Kieffer TJ. Engineering the gut for insulin replacement to 
treat diabetes. J Diabetes Investig. 2016;7:87–93. https://doi.org/10.1111/ 
jdi.12479. 

48. Yamada S, Kojima H, Fujimiya M, Nakamura T, Kashiwagi A, Kikkawa R. 
Differentiation of immature enterocytes into enteroendocrine cells by Pdx1 
overexpression. Am J Physiol Gastrointest Liver Physiol. 2001;281(1):G229–G236. 
https://doi.org/10.1152/ajpgi.2001.281.1.G229. 

49. Yoshida S, Kajimoto Y, Yasuda T, et al. PDX-1 induces differentiation of intestinal 
epithelioid IEC-6 into insulin-producing cells. Diabetes. 2002;51(8):2505–2513. 
https://doi.org/10.2337/diabetes.51.8.2505. 

50. Kojima H, Nakamura T, Fujita Y, et al. Combined expression of pancreatic 
duodenal homeobox 1 and islet factor 1 induces immature enterocytes to produce 
insulin. Diabetes. 2002;51(5):1398–1408. https://doi.org/10.2337/ 
diabetes.51.5.1398. 

51. Koizumi M, Nagai K, Kida A, et al. Forced expression of PDX-1 induces insulin 
production in intestinal epithelia. Surgery. 2006;140(2):273–280. https://doi.org/ 
10.1016/j.surg.2006.06.014. 

52. Nomura S, Nakamura T, Hashimoto T, et al. MafA differentiates rat intestinal cells 
into insulin-producing cells. Biochem Biophys Res Commun. 2006;349(1):136–143. 
https://doi.org/10.1016/j.bbrc.2006.08.032. 

53. Matsuoka T, Kaneto H, Stein R, et al. MafA regulates expression of genes important 
to islet β-cell function. Mol Endocrinol. 2007;21(11):2764–2774. https://doi.org/ 
10.1210/me.2007-0028. 

54. Chen YJ, Finkbeiner SR, Weinblatt D, et al. De novo formation of insulin-producing 
“neo-β cell islets” from intestinal crypts. Cell Rep. 2014;6(6):1046–1058. https:// 
doi.org/10.1016/j.celrep.2014.02.013. 

55. Ariyachet C, Tovaglieri A, Xiang G, et al. Reprogrammed stomach tissue as a 
renewable source of functional β cells for blood glucose regulation. Cell Stem Cell. 
2016;18(3):410–421. https://doi.org/10.1016/j.stem.2016.01.003. 

56. Cheng Z, White MF. Targeting Forkhead box O1 from the concept to metabolic 
diseases: lessons from mouse models. Antioxidants Redox Signal. 2011;14(4): 
649–661. https://doi.org/10.1089/ars.2010.3370. 

57. Zhang T, Kim DH, Xiao X, , et alGarcia-Oca\ na A, Gittes G, Dong HH. FoxO. 2016; 
157(3):1055–1070. https://doi.org/10.1210/en.2015-1852. 

58. Wong JC, Vo V, Gorjala P, Fiscus RR. Pancreatic-β-cell survival and proliferation 
are promoted by protein kinase G type Iα and downstream regulation of AKT/ 
FOXO1. Diab Vasc Dis. 2017;14(5):434–449. https://doi.org/10.1177/ 
1479164117713947. 

59. Eguchi N, Toribio AJ, Alexander M, et al. Dysregulation of β-cell proliferation in 
diabetes: possibilities of combination therapy in the development of a 
comprehensive treatment. Biomedicines. 2022;10:2. https://doi.org/10.3390/ 
biomedicines10020472. 

60. Chen Z, Luo J, Li J, et al. Foxo1 controls gut homeostasis and commensalism by 
regulating mucus secretion. J Exp Med. 2021. 

61. McKimpson WM, Kuo T, Kitamoto T, et al. FOXO1 is present in stomach epithelium 
and determines gastric cell distribution. Gastro Hep Advances. 2022;1(5):733–745. 
https://doi.org/10.1016/j.gastha.2022.05.005. 

62. Talchai C, Xuan S, Kitamura T, DePinho RA, Accili D. Generation of functional 
insulin-producing cells in the gut by Foxo1 ablation. Nat Genet. 2012;44(4): 
406–412. https://doi.org/10.1038/ng.2215. 

63. Bouchi R, Foo KS, Hua H, et al. FOXO1 inhibition yields functional insulin- 
producing cells in human gut organoid cultures. Nat Commun. 2014;5(1):1–11. 
https://doi.org/10.1038/ncomms5242. 

64. McKimpson W, Kuo T, Accili D. Foxo1-Expressing cells in the gut as a source of 
insulin for diabetes treatment. Diabetes. 2018;67. https://doi.org/10.2337/db18- 
324-or. 

65. Kitamoto T, Lee YK, Sultana N, et al. Chemical induction of gut β-like-cells by 
combined FoxO1/Notch inhibition as a glucose-lowering treatment for diabetes. 

Mol Metabol. 2022;66, 101624. https://doi.org/10.1016/J. 
MOLMET.2022.101624. 

66. Lee YK, Du W, Nie Y, et al. Single-agent FOXO1 inhibition normalizes glycemia and 
induces gut β-like cells in streptozotocin-diabetic mice. Mol Metabol. 2022;66, 
101618. https://doi.org/10.1016/J.MOLMET.2022.101618. 

67. Du W, Wang J, Kuo T, et al. Pharmacological conversion of gut epithelial cells into 
insulin-producing cells lowers glycemia in diabetic animals. J Clin Invest. 
Published online October 25, 2022. doi:10.1172/JCI162720. 

68. Abeshouse A, Ahn J, Akbani R, et al. The molecular taxonomy of primary prostate 
cancer. Cell. 2015;163(4):1011–1025. https://doi.org/10.1016/J. 
CELL.2015.10.025/ATTACHMENT/3A81E1EE-9EEA-4C1F-99B2-012221338A58/ 
MMC4.XLS. 

69. Yadav RK, Chauhan AS, Zhuang L, Gan B. FoxO transcription factors in cancer 
metabolism. Semin Cancer Biol. 2018;50:65–76. https://doi.org/10.1016/J. 
SEMCANCER.2018.01.004. 

70. Farhan M, Silva M, Xingan X, Huang Y, Zheng W. Role of FOXO transcription 
factors in cancer metabolism and angiogenesis. Cells. 2020;9(7). https://doi.org/ 
10.3390/CELLS9071586. E1586-E1586. 

71. Farhan M, Silva M, Xingan X, Huang Y, Zheng W. Role of FOXO transcription 
factors in cancer metabolism and angiogenesis. Cells. 2020;9(7):1586. https://doi. 
org/10.3390/CELLS9071586. 

72. Talchai SC, Accili D. Legacy effect of foxo1 in pancreatic endocrine progenitors on 
adult β-cell mass and function. Diabetes. 2015;64(8):2868–2879. https://doi.org/ 
10.2337/db14-1696. 

73. Mariniello K, Ruiz-Babot G, McGaugh EC, et al. Stem cells, self-renewal, and 
lineage commitment in the endocrine system. Front Endocrinol. 2019;10:772. 
https://doi.org/10.3389/fendo.2019.00772. 

74. Hira T, Trakooncharoenvit A, Taguchi H, Hara H. Improvement of glucose 
tolerance by food factors having glucagon-like peptide-1 releasing activity. Int J 
Mol Sci. 2021;22:12. https://doi.org/10.3390/ijms22126623. 

75. Chon S, Gautier JF. An update on the effect of incretin-based therapies on β-cell 
function and mass. Diabetes Metab J. 2016;40(2):99–114. https://doi.org/10.4093/ 
dmj.2016.40.2.99. 

76. Mudaliar S, Henry RR. The incretin hormones: from scientific discovery to 
practical therapeutics. Diabetologia. 2012;55(7):1865–1868. https://doi.org/ 
10.1007/s00125-012-2561-x. 

77. Drucker DJ. The role of gut hormones in glucose homeostasis. J Clin Invest. 2007; 
117(1):24–32. https://doi.org/10.1172/JCI30076. 

78. Gribble FM, Reimann F. Function and mechanisms of enteroendocrine cells and gut 
hormones in metabolism. Nat Rev Endocrinol. 2019;15(4):226–237. https://doi. 
org/10.1038/s41574-019-0168-8. 

79. Holst JJ, Gribble F, Horowitz M, Rayner CK. Roles of the gut in glucose 
homeostasis. Diabetes Care. 2016;39(6):884–892. https://doi.org/10.2337/dc16- 
0351. 

80. Parker HE, Habib AM, Rogers GJ, Gribble FM, Reimann F. Nutrient-dependent 
secretion of glucose-dependent insulinotropic polypeptide from primary murine K 
cells. Diabetologia. 2009;52(2):289–298. https://doi.org/10.1007/s00125-008- 
1202-x. 

81. Ryu GR, Lee E, Kim JJ, et al. Comparison of enteroendocrine cells and pancreatic 
β-cells using gene expression profiling and insulin gene methylation. PLoS One. 
2018;13:10. https://doi.org/10.1371/journal.pone.0206401. 

82. Schirra J, Katschinski M, Weidmann C, et al. Gastric emptying and release of 
incretin hormones after glucose ingestion in humans. J Clin Invest. 1996;97(1): 
92–103. https://doi.org/10.1172/JCI118411. 

83. Egozi A, Llivichuzhca-Loja D, McCourt BT, et al. Insulin is expressed by 
enteroendocrine cells during human fetal development. Nat Med. 2021;27(12): 
2104–2107. https://doi.org/10.1038/S41591-021-01586-1. 

84. Zhukova E, Afshar A, Ko J, et al. Expression of the human insulin gene in the 
gastric G cells of transgenic mice. Transgenic Res. 2001;10(4):329–341. https://doi. 
org/10.1023/A:1016641530206. 

85. Lu YC, Sternini C, Rozengurt E, Zhukova E. Release of transgenic human insulin 
from gastric G cells: a novel approach for the amelioration of diabetes. 
Endocrinology. 2005;146(6):2610–2619. https://doi.org/10.1210/en.2004-1109. 

86. Dockray G, Dimaline R, Varro A. Gastrin: old hormone, new functions. Pflügers 
Archiv. 2005;449(4):344–355. https://doi.org/10.1007/s00424-004-1347-5. 

87. Dockray GJ. Gastrin☆. In: Huhtaniemi I, Martini L, eds. Encyclopedia of Endocrine 
Diseases. second ed. Academic Press; 2018:525–528. 

88. Lee E, Ryu GR, Moon SD, Ko SH, Ahn YB, Song KH. Reprogramming of 
enteroendocrine K cells to pancreatic β-cells through the combined expression of 
Nkx6.1 and Neurogenin3, and reaggregation in suspension culture. Biochem 
Biophys Res Commun. 2014;443(3):1021–1027. https://doi.org/10.1016/j. 
bbrc.2013.12.093. 

89. Unniappan S, Wideman RD, Donald C, et al. Treatment of diabetes by 
transplantation of drug-inducible insulin-producing gut cells. J Mol Med. 2009;87 
(7):703–712. https://doi.org/10.1007/s00109-009-0465-0. 

90. Tang SC, Sambanis A. Development of genetically engineered human intestinal 
cells for regulated insulin secretion using rAAV-mediated gene transfer. Biochem 
Biophys Res Commun. 2003;303(2):645–652. https://doi.org/10.1016/ 
S0006–291X(03)00399-1. 

91. Bara H, Sambanis A. Insulin-secreting L-cells for the treatment of insulin- 
dependent diabetes. Biochem Biophys Res Commun. 2008;371(1):39–43. https:// 
doi.org/10.1016/j.bbrc.2008.03.154. 

92. Mojibian M, Lam AWY, Fujita Y, et al. Insulin-producing intestinal K cells protect 
nonobese diabetic mice from autoimmune diabetes. Gastroenterology. 2014;147(1): 
162–171. https://doi.org/10.1053/j.gastro.2014.03.020. 

K. Baafi and J.C. March                                                                                                                                                                                                                      

https://doi.org/10.1080/14712598.2018.1402885
https://doi.org/10.1080/14712598.2018.1402885
https://doi.org/10.3389/fendo.2021.716625
https://doi.org/10.3389/fendo.2021.716625
https://doi.org/10.1186/s13287-022-02977-y
https://doi.org/10.1172/JCI87439
https://doi.org/10.1186/s13287-017-0694-z
https://doi.org/10.1371/journal.pone.0082424
https://doi.org/10.1371/journal.pone.0082424
https://doi.org/10.1038/gt.2013.50
https://doi.org/10.2337/db14-0635
https://doi.org/10.4093/dmj.2017.41.5.405
https://doi.org/10.1111/jdi.12479
https://doi.org/10.1111/jdi.12479
https://doi.org/10.1152/ajpgi.2001.281.1.G229
https://doi.org/10.2337/diabetes.51.8.2505
https://doi.org/10.2337/diabetes.51.5.1398
https://doi.org/10.2337/diabetes.51.5.1398
https://doi.org/10.1016/j.surg.2006.06.014
https://doi.org/10.1016/j.surg.2006.06.014
https://doi.org/10.1016/j.bbrc.2006.08.032
https://doi.org/10.1210/me.2007-0028
https://doi.org/10.1210/me.2007-0028
https://doi.org/10.1016/j.celrep.2014.02.013
https://doi.org/10.1016/j.celrep.2014.02.013
https://doi.org/10.1016/j.stem.2016.01.003
https://doi.org/10.1089/ars.2010.3370
https://doi.org/10.1210/en.2015-1852
https://doi.org/10.1177/1479164117713947
https://doi.org/10.1177/1479164117713947
https://doi.org/10.3390/biomedicines10020472
https://doi.org/10.3390/biomedicines10020472
http://refhub.elsevier.com/S2665-9069(22)00016-2/sref60
http://refhub.elsevier.com/S2665-9069(22)00016-2/sref60
https://doi.org/10.1016/j.gastha.2022.05.005
https://doi.org/10.1038/ng.2215
https://doi.org/10.1038/ncomms5242
https://doi.org/10.2337/db18-324-or
https://doi.org/10.2337/db18-324-or
https://doi.org/10.1016/J.MOLMET.2022.101624
https://doi.org/10.1016/J.MOLMET.2022.101624
https://doi.org/10.1016/J.MOLMET.2022.101618
https://doi.org/10.1016/J.CELL.2015.10.025/ATTACHMENT/3A81E1EE-9EEA-4C1F-99B2-012221338A58/MMC4.XLS
https://doi.org/10.1016/J.CELL.2015.10.025/ATTACHMENT/3A81E1EE-9EEA-4C1F-99B2-012221338A58/MMC4.XLS
https://doi.org/10.1016/J.CELL.2015.10.025/ATTACHMENT/3A81E1EE-9EEA-4C1F-99B2-012221338A58/MMC4.XLS
https://doi.org/10.1016/J.SEMCANCER.2018.01.004
https://doi.org/10.1016/J.SEMCANCER.2018.01.004
https://doi.org/10.3390/CELLS9071586
https://doi.org/10.3390/CELLS9071586
https://doi.org/10.3390/CELLS9071586
https://doi.org/10.3390/CELLS9071586
https://doi.org/10.2337/db14-1696
https://doi.org/10.2337/db14-1696
https://doi.org/10.3389/fendo.2019.00772
https://doi.org/10.3390/ijms22126623
https://doi.org/10.4093/dmj.2016.40.2.99
https://doi.org/10.4093/dmj.2016.40.2.99
https://doi.org/10.1007/s00125-012-2561-x
https://doi.org/10.1007/s00125-012-2561-x
https://doi.org/10.1172/JCI30076
https://doi.org/10.1038/s41574-019-0168-8
https://doi.org/10.1038/s41574-019-0168-8
https://doi.org/10.2337/dc16-0351
https://doi.org/10.2337/dc16-0351
https://doi.org/10.1007/s00125-008-1202-x
https://doi.org/10.1007/s00125-008-1202-x
https://doi.org/10.1371/journal.pone.0206401
https://doi.org/10.1172/JCI118411
https://doi.org/10.1038/S41591-021-01586-1
https://doi.org/10.1023/A:1016641530206
https://doi.org/10.1023/A:1016641530206
https://doi.org/10.1210/en.2004-1109
https://doi.org/10.1007/s00424-004-1347-5
http://refhub.elsevier.com/S2665-9069(22)00016-2/sref87
http://refhub.elsevier.com/S2665-9069(22)00016-2/sref87
https://doi.org/10.1016/j.bbrc.2013.12.093
https://doi.org/10.1016/j.bbrc.2013.12.093
https://doi.org/10.1007/s00109-009-0465-0
https://doi.org/10.1016/S0006&ndash;291X(03)00399-1
https://doi.org/10.1016/S0006&ndash;291X(03)00399-1
https://doi.org/10.1016/j.bbrc.2008.03.154
https://doi.org/10.1016/j.bbrc.2008.03.154
https://doi.org/10.1053/j.gastro.2014.03.020


Biotechnology Notes 4 (2023) 7–13

13

93. Ramzi A, Asadi A, Kieffer TJ. Revisiting proinsulin processing: evidence that 
human β-cells process proinsulin with prohormone convertase (PC) 1/3 but not 
PC2. Diabetes. 2020;69(7):1451–1462. https://doi.org/10.2337/db19-0276. 

94. Forrester J v, Xu H, Lambe T, Cornall R. Immune privilege or privileged immunity? 
Mucosal Immunol. 2008;1(5):372–381. https://doi.org/10.1038/mi.2008.27. 

95. Iweala OI, Nagler CR. Immune privilege in the gut: the establishment and 
maintenance of non-responsiveness to dietary antigens and commensal flora. 
Immunol Rev. 2006;213(1):82–100. https://doi.org/10.1111/j.1600- 
065X.2006.00431.x. 

96. Brun T, Gauthier BR. A focus on the role of Pax4 in mature pancreatic islet beta-cell 
expansion and survival in health and disease. J Mol Endocrinol. 2008;40(2):37–45. 
https://doi.org/10.1677/JME-07-0134. 

97. Napolitano T, Avolio F, Courtney M, et al. Pax4 acts as a key player in pancreas 
development and plasticity. Semin Cell Dev Biol. 2015;44:107–114. https://doi.org/ 
10.1016/J.SEMCDB.2015.08.013. 
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