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Abstract

B-cell dysfunction in type 1 and type 2 diabetes is accompanied by a progressive loss of p-cells,
and an understanding of the cellular mechanism(s) that regulate B-cell mass will enable
approaches to enhance hormone secretion. It is becoming increasingly recognized that
enhancement of human B-cell proliferation is one potential approach to restore p-cell mass to
prevent and/or cure type 1 and type 2 diabetes. While several reports describe the factor(s) that
enhance B-cell replication in animal models or cell lines, promoting effective human p-cell
proliferation continues to be a challenge in the field. In this review, we discuss recent studies
reporting successful human p-cell proliferation including WS6, an IxB kinase and EBP1 inhibitor;
harmine and 5-1T, both DYRK1A inhibitors; GNF7156 and GNF4877, GSK-3p and DYRK1A
inhibitors; osteoprotegrin and Denosmab, RANK inhibitors; and SerpinB1, a protease inhibitor.
These studies provide important examples of proteins and pathways that may prove useful for
designing therapeutic strategies to counter the different forms of diabetes.
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Introduction

Progressive loss of functional B-cell mass, which can contribute to inadequate insulin
secretion, is a central feature of both type 1 and type 2 diabetes, and provides a sound
rationale for research efforts to maintain and/or enhance human B-cell expansion. Among
the strategies to achieve this goal include, promoting p-cell proliferation, prevention of -
cell apoptosis and/or enhancement of B-cell reprogramming/differentiation from progenitor
cells, pancreatic acinar cells, pancreatic ductal cells, or other cell types such as circulating
stem cells. Other approaches include an induction of trans-differentiation to g-cells from
non-B islet cells, such as a, &, or PP cells, or from other tissues such as intestinal cells or

" Correspondence: Rohit N. Kulkarni, MD, PhD, Islet Cell and Regenerative Biology, Joslin Diabetes Center, Rm 410, One Joslin
Place, Boston, MA 02215, U.S.A. Tel: +1-617-309-3460; Fax: +1-617-309-3476, rohit.kulkarnijoslin.harvard.edu.

Conflict of Interests
The authors have no conflict of interest



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shirakawa and Kulkarni

Page 2

hepatocytes, prevention of de-differentiation and transplantation of pancreatic islets from
donors or B-cells derived from induced pluripotent stem (iPS) cells.

From a practical viewpoint it is conceivable that both academia and industry are focused on
efforts to identify an orally administered small molecule that can safely and selectively
expand human B-cell mass to potentially treat the enormous number of patients with
diabetes (estimated to be 9% of adults in the world). However, several limitations need to be
overcome to achieve this desirable goal.

A major challenge continues to be the limited understanding of signaling pathways relevant
for human B-cell growth highlighted by the large number of documented differences in
signaling mechanisms that operate to modulate the function and growth of human and rodent
islets [1-4]. A further challenge is the extremely low levels of proliferation capacity of adult
human B-cells even after mitogenic stimulation (~<0.5%). Notwithstanding, recent reports
discussed in this review indicate a slow but steady advance in identifying molecules that
have the potential to increase proliferation of human p-cells. Part of this observation is
secondary to the large variability in the behavior of human islet samples that are received by
investigators to study their function and/or growth [5] and the differences in ethnicity,
gender and genetic background of the individual donors [6]. Nevertheless, sustained efforts
have unraveled new candidate factors with a significant ability to enhance human p-cell
proliferation and are reviewed in this article.

Callout “Human and rodent islets differ in structure, composition, function, and gene
expression. Adult human B-cells are mostly quiescent and exhibit extremely low levels of
proliferation capacity even after mitogenic stimulation.”

WS6: an IxB Kinase and EBP1 Inhibitor

The factors driving p-cell proliferation /n vitro are generally expected to facilitate identical
actions /n vivo. This concept prompted researchers to conduct /7 vitro screening to identify
factors that are able to stimulate B-cell proliferation [7-12]. Shen et al. conducted a high-
throughput screen for the identification of proliferative small molecules using R7T1 cells, a
growth-arrested rat -cell line [10]. Their screen led to a diarylurea WS1, a chemotype
which can induce cell proliferation. Subsequently, they synthesized its analogue,
diarylamide WS6, which promoted R7T1 cell proliferation. Interestingly, WS6 induced
human B-cell proliferation both in a dispersed islet proliferation assay using 5-ethynyl-2’-
deoxyuridine (EdU) incorporation as well as in intact human islet cultures using Ki67
staining [10]. 1xB kinase e (IKKe) and Erb3 binding protein-1 (EBP1) were identified as
binding partners of WS-6 by affinity purification and tandem mass spectrometry [10]. IxB
kinase plays a role in the upstream NF-xB signal transduction cascade by inactivating the
NF-xB transcription factor [13]. Previous studies have demonstrated that cytokines or
chemokines released from CD4* and CD8" T cells enhance B-cell proliferation in mouse
islets [14]. Thus, it is possible that modulation of 1«B kinase activity by WS6 contributes to
a similar pathway to promote proliferation.
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Overexpression of EBP1 reduced the ability of WS6 to induce R7T1 cell proliferation [10].
EBP1 encodes a cell-cycle regulator which plays a role in cell survival, cell cycle arrest and
differentiation [15]. EBP1 inhibits transcription of E2F1-regulated promoters by recruiting
histone acetylase activity and suppresses cell replication [16]. E2F1 knockout mouse
exhibited reduced p-cell mass and impaired B-cell function that was associated with
dysfunctional PDX-1 activity [17]. Therefore, the inhibition of EBP1 by WS6 likely
contributed to an upregulation of PDX-1 activity. An independent group confirmed that WS6
not only stimulated human B-cell proliferation, but also human a cell proliferation, using
Ki67 immunostaining as a marker of proliferation [18]. However, WS6 has also been
reported to have little effect on p-cell proliferation in dispersed human islets [11]. Thus,
these studies suggest that evaluation of human p-cell proliferation is variable and depends
upon the assay system (e.g., intact islets, dispersed cells, proliferation markers, etc), culture
media (glucose, growth factors, etc), and/or the type of cell (donor background, viability,
cell-to-cell contact, etc).

Harmine and 5-IT: DYRK1A Inhibitors

In a different approach Wang et al. exploited the property of MY C as a major driver of
proliferation. Specifically, they used the human hepatocyte cell line, HepG2, stably
expressing a luciferase reporter induced under the human MY C promoter to isolate
candidate molecules of p-cell mitogen using chemical libraries [11]. Following the screening
by induction of bromodeoxyuridine (BrdU) incorporation into rat p-cells, the authors
identified a compound, harmine, as a potential candidate inducer of cell replication [11].
Importantly, harmine was able to induce human p-cell proliferation in both /in vitroand in
vivo models using NOD-SCID mice transplanted with human islets [11].

Harmine inhibits kinase activities of dual-specificity tyrosine-regulated kinase-1a
(DYRK1A), DYRK1B, DYRK2, DYRK3, monoamine oxidases (MAQs), and cdc-like
kinases (CLKSs). The authors also showed that inhibition of DYRKZ1A contributes to hamine-
mediated p-cell proliferation through the attenuation of the phosphorylation of nuclear
factors of activated T cells (NFAT) (Fig. 1). Recently, using a high-throughput system to
culture dissociated human islet cells themselves and measuring proliferation by EdU
incorporation, we identified 5-iodotubercidin (5-1T), an adenosine kinase inhibitor also
promoted human B-cell proliferation in vitroand /n vivo[19]. 5-IT also inhibited DYRK1A
and CLKs and enhanced an identical pathway as harmine to promote human p-cell
replication.

Phosphorylated NFATs are localized in the cytosol and their transcriptional activity is
inactive. After dephosphorylation by a Ca2*/calmodulin-dependent protein phosphatase
calcineurin, NFATSs translocate to the nucleus and drive gene expression. Nuclear NFATSs are
then phosphorylated by DYRK1A, glycogen synthase kinase-3 (GSK3), and casein kinase 1
(CKI) and translocate back into the cytosol [20,21] (Fig. 1).

B-cell-specific calcineurin phosphatase regulatory subunit knockout mice showed age-
dependent diabetes secondary to decreased p-cell proliferation and mass with a reduced
expression of known regulators of p-cell function and proliferation including INS1, PDX1,
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BETAZ2, and CCND2 which are modulated by NFAT [22]. A link between growth factor
signaling and the calcineurin/NFAT pathway is mediated by insulin receptor substrate-2
(IRS-2), an essential factor in p-cell proliferation [23], which has been suggested to be up-
regulated by glucose [24]. Calcineurin/NFAT also binds promoters and regulates expression
of B-cell dense core granule components CHGB, IAPP, and IA2, and cell proliferative
mediators CCNA2, CCND2, and FOXM in human and mouse islets [25]. Furthermore,
patients treated with calcineurin inhibitors, such as tacrolimus (FK-506) or cyclosporin A as
immunosuppressive drugs, frequently develop diabetes partly due NFAT inactivation in -
cells [26]. Collectively, these observations indicate that NFAT is a reasonable target for
human B-cell proliferation.

Callout “Harmine and 5-IT unmask human p-cell proliferation by inhibiting DYRK1A and
activating calcineurin. Calcineurin dephosphorylates and activates a key transcription factor,
NFAT, for p-cell development and function.”

However, studies in rodent models suggest paradoxical effects of Dyrk1a in p-cell
proliferation. For example, Dyrkla-haploinsufficient mice showed reduced p-cell mass and
decreased p-cell proliferation [27], while mice with overexpression of Dyrk1A, driven by
endogenous regulatory sequences, exhibited expansion of B-cell mass through increased
proliferation [28]. Additional investigation is necessary to examine whether these models
represent potential side effects of modulation of Dyrk1A or highlight the variable effects of
administration of DYRKZ1A inhibitors. It is also worth noting that the ability of harmine to
inhibit monoamine oxidase (MAQ)-A, its use as a therapeutic drug may be limited [29].
Whether selective Dyrk1A inhibitors such as B-carboline derivative which highly selectively
inhibits DYRK1A against MAO-A, DYRK2, DYRK3, DYRK4 and CLK2 is synthesized
according to a model of a structure-based protein/ligand docking [30]. An additional concern
for the application of harmine, 5-1T or related-products to clinical work is their off-target
effects. Harmine has been reported to have psychoactive effects and induces excitation,
anxiety, tremor, convulsion and ataxia [31]. Harmine is also identified by screening for
compounds that promote adipogenesis [32]. In that study, harmine activates PPARy and
promotes adipogenesis via inhibition of Wnt signaling [32]. Harmine also has effects on
hepatocyte survival, immune cell fuctions, and circadian period [33-35]. Furthermore,
harmine also stimulates proliferation of islet a cells and pancreatic ductal cells [11]. Thus, it
will be important to develop pB-cell-specific targeted drug delivery to maintain specificity of
action of harmine and 5-1T compounds.

GNF7156 and GNF4877: GSK-3p and DYRK1A Inhibitors

Shen et al. used information from a previously developed high-throughput screen for -cell
proliferation to synthesize compounds from an aminopyrazine scaffold [10,12]. Among
them, GNF7156 and GNF4877 were identified as candidate compounds for further studies
on B-cell proliferation [12]. Both compounds significantly increased p-cell proliferation in
assays utilizing dissociated adult human islets, intact human islets, or transplantation into
diabetic mice /n vivo. A series of pyrazine analogues are reported as potent GSK-3
inhibitors [36]. Since GNF7156 and GNF4877 were synthesized from a pyrazine scaffold,
these 2 compounds were evaluated and confirmed as inhibitors of GSK-3p. The authors also
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observed that the 2 compound inhibited dual-specificity tyrosine-regulated kinase-1a
(DYRKZ1A) activity in a human KINOMEscan kinase screening. They confirmed that three
other DYRKZ1A inhibitors (harmine, 5-1T, and TG003) also induced human p-cell
proliferation in dispersed islet assays. Consistent with the actions of harmine [11] and 5-IT
[19], DYRKI1A inhibition by GNF7156 and GNF 4877 induced nuclear retention of NFAT
in p-cells (Fig. 1). Furthermore they demonstrated that the dual inhibition of DYRK1A and
GSK-3p had a stronger effect on enhancing B-cell proliferation, compared with harmine or
5-1T alone.

GSK-3p has been considered to be a negative regulator of p-cell proliferation and p-cell
mass expansion in rodent models [37,38]. For example, inhibition of GSK-3p has been
reported to ameliorate B-cell apoptosis induced by high glucose, fatty acids, or endoplasmic
reticulum (ER) stress [39,40]. Haploinsufficiency for GSK-3p significantly increased p-cell
proliferation and mass even in IRS-2 deficient mice which are known to develop significant
B-cell loss [41]. GSK-3 inhibition also enhanced BrdU incorporation and Ki-67 expression
in human p-cells in combination with activation of mechanistic target of rapamycin (mTOR)
activation [42]. Furthermore, while GSK-3pB negatively regulates NFAT by its nuclear export
similar to DYRK1A [43] (Fig. 2), GSK-3p inhibition itself was not sufficient to induce
human B-cell proliferation [12]. Thus, further studies are required to clarify the mechanisms
underlying the enhanced human p-cell proliferation induced by GSK-3p inhibition.

Osteoprotegrin and Denosumab: RANK Inhibitors

Pregnancy is a widely studied physiological model of B-cell mass expansion and the p-cell
proliferation has been attributed to prolactin (PRL) and placental lactogen (PL) in rodent
models [44]. PRL and PL have been reported to mediate their effects via FoxM1, HGF,
menin, and serotonin pathways [45-48]. However, studies to date do not provide a clear
consensus on human B-cell proliferation during pregnancy. Since the direct stimulation of
human B-cells with PRL is not adequate to promote proliferation /n vitro [49], the precise
signaling pathways and proteins that are activated by lactogens to enhance human g cell
replication in the pregnant state requires further investigation. Osteoprotegerin (OPG), one
of the upregulated molecules in the islets of pregnant mice [50], has also been reported to be
expressed and released in human islets in response to inflammatory cytokine treatment; and
OPG has been shown to protect -cells from cytokine-induced cell death through inhibition
of the p38 MAPK phosphorylation [51]. A direct role for OPG in stimulating human p-cell
proliferation was reported recently by Kondegowda and colleagues [52].

Osteoprotegerin (OPG), is a soluble decoy receptor for receptor activator of nuclear factor-
xB ligand (RANKL), and TNF-related apoptosis-inducing ligand (TRAIL) [53]. OPG binds
to RANKL and TRAIL, and inhibits association with their receptors, which have been
termed the receptor activator of NF-kB (RANK) and the death receptor (DR) respectively
[53]. Since OPG was required for PRL-induced mouse B-cell proliferation, the expression of
OPG was thought to be regulated downstream of the PRL receptor [52]. Treatment of human
B-cells with OPG showed a 3-fold increase in cell proliferation assessed by both BrdU
incorporation and Ki67 staining in dispersed islets. Denosumab (DMB) is a monoclonal
antibody used in the clinic for the treatment of osteoporosis and bone metastases of tumor
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SerpinB1:

[54]. DMB which also binds to RANKL and inhibits RANK receptor interaction also
stimulated human p-cell proliferation [52]. OPG stimulated the phosphorylation of GSK-3p
and cAMP response element-binding protein (CREB) in both mouse and human islets (Fig.
1). However, the mechanisms underlying the phosphorylation of GSK-3p and CREB by
inhibition of RANK/RANKL signals is unclear. The inhibition of GSK-3 by its
phosphorylation is in agreement with the effects described above for GNF7156 and GNF
4877. While CREB is involved in the B-cell proliferation induced by glucose or incretins in
mouse B-cells [55,56], its role in human B-cell proliferation is not fully understood. Since
DMB is widely used in clinical practice, it is hoped that future studies will unravel its
precise mechanism of action to repurpose its use in humans with diabetes /n vivo.

Callout “RANKL inhibition by osteoprotegerin or a FDA approved osteoporosis drug,
Denosumab, promotes human p-cell proliferation. RANKL/RANK signal is a potential
negative regulator of p-cell proliferation.”

a Protease Inhibitor

The ability of mammals to mount a compensatory increase in p-cell mass to produce enough
insulin to overcome insulin resistance and maintain glycemic control has been recognized
for decades in both rodents and humans [57,58]. Rodent models of diabetes or insulin
resistance, such as high-fat diet-fed mice, the ob/ob mice, the insulin receptor substrate-1
(IRS-1) knockout mice, and the Zucker fatty rat exhibit islet hyperplasia by enhancing p-cell
proliferation [59,60]. While several groups have undertaken studies to characterize the
factor(s) that promote a compensatory increase in p-cells, the identity of the putative
factor(s) has been elusive. We used an islet transplantation approach in insulin receptor and
IRS-1 double heterozygous mice or ob/ob mice, to establish the existence of circulating -
cell growth factors [61]. Using, the liver-specific insulin receptor knockout (LIRKO) mouse
which exhibits dramatic B-cell hyperplasia in response to hepatic insulin resistance [62], El
Ouaamari et al. used parabiosis, islet transplantation, and /7 vitroislet culture experiments to
demonstrated the liver as a source of circulating p-cell growth factor(s) [63]. A similar
parabiosis approach has been used to report that systemic factor(s) in the circulation of
young mice increased cell proliferation in -cell of old mice [64].

El Ouaamari et al. used differential proteomics analyses of liver, liver explant-conditioned
media, hepatocyte culture conditioned media, and plasma from LIRKO and control mice to
identify a liver-derived secretory protein that promotes § proliferation in mouse, zebrafish,
and human [65]. SerpinB1, also known as leukocyte-neutrophil elastase inhibitor, enhanced
B proliferation in mouse and human cultured islets (Fig. 2). Sivelestat, an inhibitor of human
neutrophil elastase, which has been reported to treat acute lung injury (ALI) associated with
systemic inflammation [66], was able to increase human p-cell proliferation both in the islet
culture experiment /in vitro and in the islet transplantation experiment /n vivo (Fig. 2).
Overexpression of SerpinB1 in zebrafish enhanced p-cell proliferation and SerpinB1
knockout mouse manifested impaired B-cell proliferation under high-fat diet-induced insulin
resistant states. The cross-species reactivity of SerpinB1 on B-cells from zebrafish, mice and
humans underscores its conserved effects. A phospho-proteomics approach revealed that
SerpinB1 upregulated the phosphorylation of the mitogen-activated protein kinases
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(MAPK), the protein kinase cAMP-dependent type 1 regulatory subunit beta (PRKAR2B),
and GSK3 in mouse islets. In human subjects, circulating SerpinB1 levels were correlated
with insulin resistance [65], and a variant in SerpinB1 was observed to segregate with
diabetes [65]. Among the questions to be addressed in future studies include whether
SerpinBL1 also acts via other proteases such as cathepsin G or proteinase 3 and/or via
protease activated receptors (PARSs) and the factor(s) that regulate expression and secretion
of SerpinB1 from hepatocytes. Identifying molecules that have actions similar to SerpinB1
will be useful to explore their potential for the development of therapeutic strategies to
counter diabetes.

Callout “Circulating factors derived from hepatocytes possess properties to promote
proliferation of B-cells. SerpinB1 is a conserved protease inhibitor that can enhance p-cell
proliferation in zebrafish, mice, and humans.”

Future Perspectives

In this review, we highlight recent findings on studies focused on human B-cell replication.
We were unable to include several related reports due to space limitations. Some other
factors have been also reported to be able to induce human B-cell proliferation. For example,
Nodal a TGF-p superfamily stimulated B-cell proliferation and inhibited a cell stimulation
in cultured human islets possibly through the phosphorylation of SMAD-2 [67]. Whereas we
reported that the inhibition of TGF-B promoted human B-cell proliferation via prevention of
SMAD-2-mediated Ink4a expression [68]. A neurotransmitter -y-aminobutyric acid (GABA)
is also reportedly accelerate human p-cell proliferation via autocrine actions [69].. Besides,
we need to investigate the long-term effects. For instance, glucokinase activation by ambient
glucose, glucokinase activators (GKAs), or gain-of-function mutation could facilitate p-cell
proliferation in both mouse and human through, at least in part, IRS-2 [70,71]. On the
contrary, sustained continuous activation of glucokinase caused human and mouse pB-cell
apoptosis [72]. Interestingly co-transplantation of human islets with neural crest stem cells
increased p-cell proliferation and enhances neural and vascular densities [73]. Vascularized
organ buds including pancreatic bud by mesenchyme-driven condensation generated
functional tissues via in vivo self-organization [74]. Thus, vascularization might be an
important factor to drive p-cell replication /n vivo.

It is also notable that most factors have predictable and/or unpredictable effects on non-p-
cells in the islet or other tissues with implications for therapeutics. In this context it can be
argued that intrinsic factors such as SerpinB1 or clinically approved drug such as
Denosumab are considered more translatable. One limitation of expanding approaches to the
humans in vivo is a need for suitable imaging techniques which can evaluate B-cell mass and
proliferation in humans /n vivo. An emerging area of interest is the concept of
reprogramming, differentiation, or dedifferentiation to/from p-cells. Although several
studies have highlighted evidence from rodent models [75], B-cell dedifferentiation is also
proposed to be a feature in the pathophysiology of human type 2 diabetes [76].
Redifferentiation of functional p-cells, from other tissue such as stomach or gut tissues, is an
emerging concept of how functional -cell mass can overcome diabetes [77,78]. It is very
likely that the number of candidate factors to induce human p-cell proliferation will
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noticeably increase. Going forward it will be important to examine the ability of each or a

co

mbination of factors that can safely, selectively and reversibly enhance human p-cell

proliferation.
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Fig. 1.
Schematic of the mechanism(s) by which recently identified factors modulate human p-cell

proliferation. Glucokinase (GK)-mediated glucose signals activate human p-cell
proliferation by the upregulation of intracellular calcium levels and IRS-2 mediated insulin
signals. The calcium influx also activates a protein phosphatase calcineurin (CN). NFAT is
translocated to the nucleus and activated by dephosphorylation with CN, while being
inactivated by Dyrk1 and possibly GSK3p via its phosphorylation which results in nuclear
export of NFAT. Harmine and 5-HT inhibit Dyrkla, and GNF7156 and GNF4877 inhibit
both Dyrk1 and GSK3p. These actions potentiate nuclear NFAT activation and p-cell
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proliferation. The phosphorylation-dependent GSK3p inactivation is also observed in insulin
signal-induced Akt activation in p-cells, but the precise role of GSK3p in B-cell proliferation
is still unclear. Osteoprotegrin (OPG) and Denosmab (DMG) activate CREB and inactivate
GSK3p through the inhibition of an interaction between RANKL and RANK and stimulate
human B-cell proliferation. However, the downstream signals of those proteins in human -
cells are unknown. CREB, cAMP response element-binding protein; DMG, Denosmab;
Dyrk1A, dual-specificity tyrosine-regulated kinase-1a, GSK3p, glycogen synthase
kinase-3B, IR, insulin receptor; Karp channel, ATP-sensitive potassium channel; NFAT,
nuclear factor of activated T-cells, OPG, osteoprotegrin; VDCC, voltage-dependent calcium
channel.
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Fig. 2.

Schematic of the proteins that interact with SerpinB1, a protease inhibitor, in promoting
human B-cell proliferation. Hepatic insulin resistance increases the expression and secretion
of SerpinB1. SerpinB1, or Sivelestat which also exhibits neutrophil (or pancreatic) elastase
(NE) inhibitor activity, potentiates human B-cell proliferation. Although inhibition of PE is
associated with p-cell proliferation, the effects of SerpinB1 on other proteases (e.g.
proteinase 3 or cathepsinG) which also could contribute to the proliferation effects are not
fully explored. Upon stimulation with SerpinB1, the phosphorylation levels of MAPK,
PRKAR2B, and GSK are elevated in p-cells. Other pathways that may mediate the effects of
SerpinB1 include action via the protease-activated receptors (PARs). GSK3, glycogen
synthase kinase-3; IR, insulin receptor; PRKAR2B, protein kinase cAMP-dependent type 11
regulatory subunit beta; MAPK, mitogen-activated protein kinases.
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