Received: 14 June 2021

Revised: 12 October 2021

Accepted: 15 November 2021

DOI: 10.1111/1753-0407.13246

REVIEW ARTICLE

Journal of Diabetes WILEY

Frederick Banting's observations leading to the potential
for islet neogenesis without transplantation

Claresa Levetan

Fellow with Distinction, American
College of Endocrinology, Diplomate,
American Board of Internal Medicine,
Diabetes, Endocrinology and Metabolism,
Grand View Health, Lansdale,
Pennsylvania, USA

Correspondence

Claresa Levetan, Fellow with Distinction,
American College of Endocrinology,
Diplomate, American Board of Internal
Medicine, Diabetes, Endocrinology and
Metabolism, Grand View Health, 419
South Broad Street Unit 4, Lansdale, PA
19446 USA.

Email: resalevetanmd@gmail.com

Abstract

On 31 October 1920, Sir Frederick Banting, while preparing for a medical stu-
dent lecture on diabetes, a topic that he knew little about, learned how pancre-
atic stones resulted in the formation of new islets of Langerhans. He then
scribbled down a potential research study of tying off the ducts of the pancreas
and collecting the secretions to improve diabetes. These secretions became
known as insulin. A century later, 60 different oral medications and 20 differ-
ent insulins are available for the treatment of diabetes, yet none stimulate new
islet formation. One hundred years later, after the discovery of insulin, more
than a dozen research teams from around the world have demonstrated that
similar studies to Banting's pancreatic ligation studies have resulted in
upregulation of the REG gene. There are now more than 200 publications on
the role of Reg gene proteins and shorter Reg peptides in initiating new islet
formation islet from exocrine pancreatic ducts and protecting against inflam-
mation to islets resulting in islet death. Human data through Phase 2b in both
type 1 and 2 diabetes patients with diabetes for an average of 20 years have
demonstrated that the use of a shorter bioactive Reg peptide can generate new
endogenous insulin production, resulting in significant reductions in hemoglo-
bin A1C and increases in stimulated C-peptide. The observations of Frederick
Banting, one century ago, may now lead to the generation of therapeutics that

form new islets without the need for transplantation.
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Highlights

The observations of Frederick Banting, one century ago, may now lead to the
generation of therapeutics that form new islets without the need for transplan-
tation. Similar studies that were conducted by Banting of ligation of the pan-
creatic ducts in animal models of diabetes and pancreatitis have resulted in
upregulation of the Reg gene proteins with the demonstration that Reg is
required and initiates new islet formation. Shorter Reg gene peptides result in

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.
© 2021 The Author. Journal of Diabetes published by Ruijin Hospital, Shanghai JiaoTong University School of Medicine and John Wiley & Sons Australia, Ltd.

104 wileyonlinelibrary.com/journal/jdb

Journal of Diabetes. 2022;14:104-110.


https://orcid.org/0000-0002-2217-9967
mailto:resalevetanmd@gmail.com
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/jdb

LEVETAN

WILEY_|

Journal of Diabetes

the in vivo formation of new islets without transplants that contain five cell

types making six hormones, which is contrasted to beta cell regeneration from

existing beta cells.

1 | BACKGROUND ON REG
PROTEINS

While preparing to give a lecture to medical students,
Frederick Banting read an article by Dr. Moses Barron
reporting autopsy findings demonstrating that pancreatic
ductal lithiasis resulted in the formation of new islets sur-
rounding the ductal obstruction. Dr. Banting scribbled
down his initial study idea of tying off the ducts within
pancreas in lab animals and collecting the subsequent
pancreatic fluids for the treatment of diabetes and these
pancreatic fluids became known as insulin.'” The regen-
erative powers of the pancreas were well described in the
early 1900s by DeTakats and others who performed sur-
gery to partially ligate the pancreas among children with
diabetes.*®> The improvement in diabetes following the
procedure was only transient because it was not known
at the time that type 1 diabetes is an autoimmune disease
requiring not only regeneration of new islets producing
six hormones, including insulin, but also immune sup-
pression to prevent ongoing autoimmune beta cell
attack.*”

Over the past 30 years, researchers have conducted
similar studies to Banting and have consistently found
that destruction of the pancreas results in the formation
of new islets. Using genomic and proteomic methods,
Reg gene proteins are upregulated not only in animal
models of pancreatic injury but also present in human
diabetes. Initially thought to be part of the destructive
and inflammatory process, Reg gene proteins and shorter
bioactive regions that are within the Reg protein have
been shown to initiate the formation of not only beta
cells but entire islets.

Reg has been shown to initiate islet formation in
utero when the pancreas is initially formed and
expressed again only during times of pancreatic injury
including type 1 and type 2 diabetes, pancreatitis, and
pancreatic stones. Terazono and colleagues first
described the Reg gene in 1988, when screening the
DNA library and identified a novel gene encoding a
165-amino acid protein that was expressed in reg-
enerating islets in 90% pancreatectomized rates but not
in normal pancreatic islets.°

Terazono found the increase in expression of Reg was
correlated with an increase in size of regenerating islets
and the decrease in urinary glucose level. The receptor of
rat Reg gene, which is homologous to the human

exostosin-like glycosyltransferase 3 (EXTL3) that was
later described by Kim and colleagues in 2001,% was iden-
tified by Kobayashi in 2000.”

There are four Reg proteins among more than
30 mammals including humans, with subgroups based
on their protein sequences in humans and mammals. All
four human Reg proteins are found in mammals have
areas of homologous sequences and there is a 70% or
greater homology between the Reg proteins.

The role of Reg proteins and shorter bioactive Reg
peptides within one's own pancreas in transforming pan-
creatic ductal cells into new islets has been shown by
teams around the world, as well as having specific anti-
apoptotic and anti-inflammatory properties in islets.”>!
Reg gene proteins in more than 30 mammals and in
humans are grouped into four categories by structure. All
have homologous peptide sequences by 70% or more. Reg
is also referred to as PAP (pancreatitis associated pro-
tein), PSP (pancreatic stone protein), and PTP (pancreatic
thread protein) formerly called lithostathine.

Reg gene proteins found in embryogenesis are pivotal
in the formation of pancreatic islets and then not
expressed after fetal development, except during injury
and during pregnancy, when there is a need for increased
islet formation.>*°> Reg proteins were initially found at
the site of pancreatic injury including new onset type
1 diabetes and considered to be deleterious and part of
the inflammatory process. Over the past few decades, Reg
proteins have been found to be upregulated to regenerate
new cells and of key importance in the generation of new
islets following pancreatic injury.*®

Bonner-Weir and others have found that cells can be
identified within ductal tissue that are specifically trig-
gered to form new islets containing alpha, beta, gamma,
delta, epsilon, and pancreatic polypeptide cells and that
pancreatic exocrine ductal cells represent an endogenous
pool for new islet production.>’** Shorter Reg peptides
that are homologous within 30 mammalian species have
been also shown to transform pancreatic ductal tissue
into new islets.*>**

2 | ISLET NEOGENESIS VERSUS
BETA CELL REPLICATION

Even with more than 60 medications approved and a
dozen different insulin preparations, the loss of functional
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islets is not addressed by any single or combination of ther-
apeutics. Despite all the diabetes therapies and technologi-
cal advances, the worldwide cost of diabetes is nearly
$1 trillion ($850 billion) USD per year, and worldwide,

Human
Islet

FIGURE 1
demonstrates the beta cells staining for insulin in red, the alpha

This photomicrograph of a human islet

cells staining for glucagon in green with blue-stained cells
indicating somatostatin. The large zones uniquely seen within the
human islet are blood vessels lined by smooth muscles innervated
that are innervated by the nervous system. Reproduced from
Proceedings of the National Academy of Sciences Feb 2006,

103 (7) 2334-2339; DOI: 10.1073/pnas.0510790103. Copyright 2006
National Academy of Sciences. Cabrera O, Berman DM, Kenyon
NS et al., The unique cytoarchitecture of human pancreatic islets
has implications for islet cell function (Reference 48)

diabetes is the number one cause of amputations, kidney
disease requiring dialysis or transplant, and new
blindness.

Although diabetes is a disease of loss of beta cells
either from autoimmune attack or more chronic destruc-
tion, postmortem diabetes evaluations conducted both
among type 1 and type 2 diabetes demonstrate that there
is not only loss in the quantity of insulin-producing beta
cells but also reduction in the number of islets containing
alpha, beta, gamma, delta, and epsilon cells that generate
islet ghrelin.*"*?

Human physiology demonstrates why insulin alone
cannot restore entire islet function and why it is so diffi-
cult to achieve normoglycemia without new functioning
islets. For example, 80% of all recorded sensor glucose
levels among those without diabetes are below 100 mg/
dL, and 95% of all glucose levels after meals are less than
121 mg/dL.*

Questions are also raised as to what is the hemoglo-
bin A1C (A1C) for which there are no increased micro-
vascular and macrovascular risks associated with
diabetes. Three prospective studies have found identi-
cal A1C levels of 5.5%, above which there are increased
risk microvascular complications in type 1 and 2 diabe-
tes and macrovascular-related morbidity and
mortality.***°

As shown in Figure 1, beta cells are just one compo-
nent of human islets, with some studies demonstrating
70% or more of human beta cells are in direct contiguity

Ductal cells
Acute injury
Partial pancreatectomy
Pancreatitis
Pancreatic stones
Pregnancy
y-Cells
Activated pancreatic Pancreatic
progenitor cell (pluripotent) polypeptides
FIGURE 2 A distinction is
&-Cells made between the lineage of
Ghrelin \ new islets, which arise from
Reg gene expression pancreatic ductal tissue
Reg3ain h . .
(Fiegsaihumians) ! following embryological
a-Cells l development with new islets
B4n4 — MafB —> Pax6 ' i L.
Glucagon differentiating from ductal
tissue. REG genes initiate the
PDX-1 s cascade of islet neogenesis.
G / Following fetal developrTlent of
beta cells, beta cells replicate
from one another within islets
B-Cells and use differing genes in the
NGN3 — NeuroD1 — Pax4 —» MafA — Nkx2.2 —» Nkx6.1 —» " 2 PDX-1 — PAX6 —» Isl-1
Insulin, amylin process (Reference 49).

Permission granted for reprint
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with other cell types, indicating that the importance of
intracellular communication between cell types is neces-
sary for glucose homeostasis in humans in contrast to
mice.*” Islets consume 20% of the blood flow to the pan-
creas yet are only 2% of the mass. This unique vascularity
within islets and the islet architecture that is unique to
humans, help understand why human beta cells must
exist within islets and why islets must exist within the
pancreas.

The importance of the distinctions between islets and
beta cells and islet neogenesis and beta cell regeneration
is that Reg proteins have been shown to begin the cas-
cade of islet neogenesis from progenitor cells, which are
found in the pancreatic exocrine cells.*®* As shown in
Figure 2, beta cell replication from existing beta cells
involves transcription factors and occurs independently
of Reg.

The left in vitro culture is from human ductal

FIGURE 3
tissue in culture after 6 days and on the right are new islets after

6 days in culture with a 14-amino acid Reg peptide. The islets on
the right stained positive for insulin, glucagon, and somatostatin.
Image provided by Shaoping Deng MD, PhD, Director, Human Islet
Laboratory, University of Pennsylvania (personal communication)
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3 | THE ROLE OF REG IN
REGENERATION

When Reg 3a was found at the site of inflammation in
the pancreas during new onset type 1 diabetes it was
thought to be part of beta cell destruction.*® Over the past
several decades, numerous studies from teams around
the world have shown that Reg proteins are expressed
during acute pancreatic injury to regenerate new islets
from pancreatic ductal cells found predominantly in the
pancreatic exocrine cells. More recently, the anti-
inflammatory actions of Reg proteins are being further
elucidated.*

The expression of Reg occurs during embryogenesis
when the pancreatic islets are formed for the first time and
then expressed again in times of pancreatic injury, includ-
ing pancreatic stones and during pregnancy.”>%**>> Teams
from around the world have demonstrated both in vivo
and in vitro that shorter Reg peptides result in new islet
formation from pancreatic ductal tissue. For example,
Kapur demonstrated in vivo how administration of shorter
Reg peptides (i.e., 14- and 15-amino acids peptides) induces
up to a significant doubling in new islet formation
from pancreatic ductal tissue and significant increases
in islet markers Ins, Sox9, Ngn3, and Nkx6.1.%> Shorter
Reg gene peptides have been shown to upregulate islet
transcription factors: Sox9, Nkx6.1, Nkx2.2, Pax6, MafB,
MafA, B4n4, NGN3, NeurodD1 and Pax4, PDX-1, NGN3,
and NeurodD.**

From the Joslin Laboratory, a 15-amino shorter Reg
peptide was identified in the newest islets that were bud-
ding directly from pancreatic ductal cells with high concen-
tration of the 15-amino acid Reg peptide and diminishing
as the new smaller islets became larger.* Figure 3 demon-
strates the in vitro findings of Reg peptides accelerating
islet production from human ductal tissue.*

C-peptide/Endogenous insulin concentration before pregnancy

0.3

and at 10 weeks of gestation

O prepregnancy

0.25

B 10 weeks of gestation

FIGURE 4 Data from

Reference 56 demonstrate
10 consecutive patients from

Dr. Lois Jovanovic's type
1 pregnancy clinic who had a

C-peptide (nmol/l)

duration of diabetes for more than

endogenous insulin as measured 0 -
by C-peptide, with normal fasting
levels by 10 weeks of pregnancy

0.2
T 0.15
0.1
21 years. Before pregnancy, there 0.05
were no detectable levels of
1 2 3 4 5 6 7 8 9 10

Patients with Type 1 Diabetes
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Data illustrates that the Reg gene proteins are respon-
sible for triggering the cascade of forming new islets.
There are distinct regeneration factors necessary for beta
cell formation from existing beta cells.

Studies have shown the role of and the requirement of
Reg new islet formation in aging and high-fat diet induced
obesity and the role of Reg in restoring glucose homeostasis
in obesity in animal models.’®*' Studies have shown the
reversal of diabetes with Reg proteins and shorter peptides
in preclinical mammalian studies.>*>*

4 | ROLE OF REG IN PREGNANCY
Pregnancy is another condition in which Reg genes are
upregulated, which has been shown in preclinical studies
and in expression libraries among pregnant and non-
pregnant mice and rats.>*>° The ability to form new
islets, even among pregnant type 1 patients with long-
standing disease has been shown by the unique work of
Dr. Lois Jovanovic, whose team demonstrated how con-
secutive pregnant patients with type 1 diabetes for an
average of 21 years had normalization of endogenous
insulin, as measured by C-peptide within 10 weeks of
pregnancy that rose from undetectable levels before preg-
nancy (Figure 4).>*

During normal pregnancy, there is a 200% to 250%
increase in insulin secretion to maintain euglycemia in
the mother, whereas there is a concomitant rise in Reg
gene expression.” There are also unique and complex
immune changes during pregnancy that protect the
mother from attacking her fetus as foreign, which may
contribute to the lack of autoimmune attack of beta cells.

5 | REG AS A DIABETES
THERAPEUTIC

Reg peptide studies have been translated into potential
therapeutics as shown in human trials.”>>” Human Reg
3 alpha and hamster-derived Reg 3 gamma have both been
used in clinical trials. Reg peptides are an integral part of a
pathway of protein-protein interaction. Because there are
numerous inhibitory feedback loops, including hypoglyce-
mia, which inhibits new islet formation, unregulated cell
growth has not been seen in the Reg peptide trials.

Studies with short Reg peptides have been con-
ducted in both type 1 and 2 diabetes patients through
phase 2B with significant findings of reduction in A1C
among type 2 patients and a significant rise of 30% in
C-peptide area under the curve among type 1 patients
with a mean history of the disease of 21 years
(p = 0.0057).>° Reg peptides have demonstrated the

potential to improve diabetes among type 2 patients,
including a significant reduction in A1C that was twice
that of placebo-controls (p = 0.009).”’

Shorter peptide sequences homologous in 30 mamma-
lian species, including humans, have been shown to bind
to the Reg receptor resulting in the downstream forma-
tion of new islets, containing new populations of beta
cells along with four other hormone-secreting cell types
that contribute to glucose homeostasis.>® These shorter
Reg peptides may be the first class of diabetes therapeu-
tics to address the underlying causes of diabetes without
the need for islet or stem cell transplants by using the
pancreatic ductal cells that already comprise 98% of one's
pancreas. The challenges remain to protect beta cells from
immune destruction as seen in type 1 diabetes or in both
type 1 and 2 diabetes are to maintain beta cells formed
within new islets from destruction, whether that be auto-
immune attack in the case of type 1 diabetes or metabolic
factors contributing to beta cell loss in type 2 diabetes.

6 | SUMMARY

Research teams from around the world have found that
Reg gene proteins are upregulated by conducting pancre-
atic injury studies similar to the one conducted by Sir Fred-
erick Banting, which led him to the discovery of insulin.
Shorter bioactive regions of the protein have the potential
as therapeutics to induce the formation of new islets from
one's own pancreas, even among those living with diabetes
for decades because Reg transforms pancreatic exocrine
ductal tissue into new islets. The formation of new islets is
truly the key to prevention of mortality and morbidity of
diabetes. Oral peptide and weekly peptide therapeutics are
now available for the treatment of diabetes, with the
potential for similar delivery Reg peptides with the poten-
tial to reverse the underlying cause of diabetes.
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