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Abstract

Efforts to restore β-cell number or mass in type 1 diabetes (T1D) must combine an intervention to 

stimulate proliferation of remaining β-cells and an intervention to mitigate or control the β-cell-

directed autoimmunity. This review highlights features of the β-cell, including it being part of a 

pancreatic islet, a mini-organ that is highly vascularized and highly innervated, and efforts to 

promote β-cell proliferation. In addition, the β-cell in T1D exists in a microenvironment with 

interactions and input from other islet cell types, extracellular matrix, vascular endothelial cells, 

neuronal projections, and immune cells, all of which likely influence the β-cell’s capacity for 

replication. Physiologic β-cell proliferation occurs in human and rodents in the neonatal period 

and early in life, after which there is an age-dependent decline in β-cell proliferation, and also as 

part of the β-cell’s compensatory response to the metabolic challenges of pregnancy and insulin 

resistance. This review reviews the molecular pathways involved in this β-cell proliferation and 

highlights recent work in two areas: 1) Investigators, using high-throughput screening to discover 

small molecules that promote human β-cell proliferation, are now focusing on the dual-specificity 

tyrosine-regulated kinase-1a and cell cycle-dependent kinase inhibitors CDKN2C/p18 or 

CDKN1A/p21 as targets of compounds to stimulate adult human β-cell proliferation. 2) Local 

inflammation, macrophages, and the local β-cell microenvironment promote β-cell proliferation. 

Future efforts to harness the responsible mechanisms may lead to new approaches to promote β-

cell proliferation in T1D.
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Introduction

In type 1 diabetes (T1D), loss of β-cells leads to inadequate insulin biosynthesis and 

secretion, leading to hyperglycemia and the need for life-long exogenous insulin 

replacement. Ideally, an intervention to mitigate or prevent the β-cell-directed autoimmunity 

coupled with a way to increase β-cell number or mass would reverse the insulin deficiency in 

T1D. As part of the reviews in this issue of the Journal, this manuscript focuses on recent 

advances in our understanding of β-cell proliferation, including physiologic and 

pharmacologic approaches that stimulate β-cell proliferation and the possible timing of 

interventions to stimulate β-cell proliferation. Throughout we highlight the importance and 

challenges in translating new information learned from rodent islets to human islets and 

human T1D by discussing these critical questions:

A. When does physiologic β-cell proliferation occur?

B. What pharmacologic approaches stimulate β-cell proliferation?

C. What are the molecular mechanisms of β-cell proliferation?

D. Can an autoimmune or inflammatory environment, like that seen in T1D, promote 

β-cell proliferation?

E. When in the course of type 1 diabetes would an intervention to stimulate β-cell 

proliferation be desired?

Background

Pancreatic islets are highly vascularized, highly innervated mini-organs that sense nutrients 

such as glucose and quickly secrete insulin, glucagon, somatostatin, as well as other islet 

hormones (Figure 1A). While islets are a complex 3-D structure, it is also clear that a β-cell 

exists within a physiologic microenvironment or “context” which influences β-cell function, 

survival, and likely proliferation (Figure 1B). For example, the β-cell’s relationship and 

communication with other islet cell types (by cell-to-cell contact, paracrine signals, and 

secreted products such as hormone, neurotransmitters, etc.), with the surrounding 

extracellular matrix, with abutting or near-by endothelial cells and neuronal projections, and 

in the case of T1D, immune cells, are relevant to efforts to stimulate β-cell proliferation and 

to ensure that newly arising β-cells function normally and respond appropriately to 

physiologic cues.

Much is known about the rodent islet and its infrastructure and physiology. Fortunately, gaps 

in our understanding of key infrastructure, events, and processes in human islets are 

increasingly being investigated. Work over the past decade, especially facilitated by human 

islets being available for research, has discovered important similarities, yet critical 

differences, between the rodent islet and the human islet. For example, the adult human islet 

cell composition is more variable with β-cells accounting for approximately 50–70% of 

human islet cells compared to rodent islets where there is little variability (75–80% islets are 

β-cells) [1]. Furthermore, there are differences in islet cell arrangement, islet vascularization, 

basal insulin secretory rate, and gene expression in rodent and human islets [1].
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As part of their sophisticated glucose-sensing and insulin secretion capabilities, β-cells are 

terminally differentiated cells with a very low baseline proliferation rate (in both mouse and 

human with human being approximately 10-folder lower). To discover how one could 

stimulate β-cell proliferation and reverse the β-cell deficiency in T1D, investigators are 

pursuing two approaches: 1) Harness the mechanisms, growth factors, hormones, signals 

used under normal physiology to stimulate β-cell proliferation; 2) Search for and identify 

small molecules or compounds that stimulate β-cell proliferation.

A. When does physiologic β-cell proliferation occur?

Substantial β-cell proliferation occurs in at least three physiologic or compensatory periods: 

1) In the early neonatal period; 2) During pregnancy; and 3) In response to insulin 

resistance. These three time periods have studied longitudinally in mice, but what occurs in 

humans under these circumstances is unclear.

• Pancreatic mass and β-cell mass increase early in life in rodents and humans. In 

humans, an increase in β-cell proliferation has been noted soon after birth and in the 

first 2–3 years of life [2] with the β-cell proliferation rate declining within and after 

the first decade of life and thereafter remaining low in the adult period (Figure 2). 

This age-related decline in the rate of β-cell proliferation occurs in both rodents and 

humans.

• The insulin resistance accompanying pregnancy requires that the mother increase 

her insulin production and secretion to maintain glucose homeostasis. In rodents, it 

is clear there is both an increase in insulin biosynthesis/cell and an increase in β-

cell β-cell proliferation and number. Some of these islet effects are mediated by 

lactotrophic hormones such as prolactin and placental lactogen, both of which 

signal through the prolactin receptor, and other signals such as HGF [3–6]. While in 

humans there is also a compensatory increase in insulin secretion in vivo, it seems 

there is little increase in β-cell proliferation or number (based on the small number 

of human pancreata studied) and neither prolactin nor placental lactogen stimulates 

human β-cell proliferation as they do in isolated rodents islets. The molecular 

explanation(s) for why human islets do not respond to a mitogenic stimulus such as 

prolactin is complex, involving both the prolactin receptor and downstream singling 

pathways (discussed below).

• Insulin resistance, either genetic or the result of obesity, also challenges the β-cells 

to produce more insulin to maintain glucose homeostasis. In several rodent models 

of insulin resistance (ob/ob, dbdb, high-fat diet, etc.), there is a dramatic expansion 

of β-cell mass. In contrast, in obese humans or in human islets transplanted into 

immunodeficient mice, insulin resistance does not stimulate human β-cell 

proliferation. Interestingly, using a genetic model insulin resistance (inactivation of 

hepatic insulin receptor), Kulkarni and colleagues have recently identified the 

protease inhibitor SerpinB1 as a hepatically derived factor responsible for the 

marked β-cell proliferation in this model [7]. Culture of human islets with SerpinB1 

increased β-cell proliferation.
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Thus, in early life, both rodent and human β-cells have an increased proliferative capacity, 

but adult rodent and human islets differ in their proliferative response to the demands of 

pregnancy and insulin resistance.

B. Are there pharmacologic approaches that stimulate β-cell proliferation?

Using a candidate molecule approach, several classes of drugs, hormones or growth factors 

such as PPARγ agonists, GLP-1 agonists, DPP-4 inhibitors, GSK3β inhibitors, prolactin, 

IGF-1, HGF, and PTHRP have been tested for the ability to stimulate β-cell proliferation. 

While several of these have clear activity in rodent islets, none have proven useful in 

stimulating human β-cell proliferation. This inability to stimulate human β-cell proliferation 

has led to intense efforts by several groups to use high-throughput small-molecule screening 

approaches to identify compounds or small molecules that stimulate β-cell proliferation [8–

11]. Interestingly, recent, independent discoveries have identified the dual-specificity 

tyrosine-regulated kinase-1a (DYRK1A) as the likely target of compounds such as harmine 

and 5-iodotubercidin, both of which stimulate adult human β-cell proliferation [9,10]. 

Another group was able to stimulate adult human β-cell proliferation using a RNA 

interference strategy to silence cell cycle-dependent kinase inhibitors CDKN2C/p18 or 

CDKN1A/p21 and suggested that p18 and p21 may be attractive targets to promote β-cell 

proliferation [8]. Efforts to identify additional compounds and to optimize identified 

compounds are underway. A challenge is that no pathway identified thus far is β-cell 

specific; thus an approach to only deliver the active compound to β-cells will be required.

C. What are the molecular mechanisms of β-cell proliferation?

Several intracellular signaling pathways have been implicated in the proliferation of human 

β-cells, and are extensively reviewed in a three-part series by Stewart and colleagues [12–

14]. A few of the key pathways and molecules are depicted in Figure 3. Of note, proliferative 

mechanisms have been much more extensively studied in rodent β-cells. While expression of 

most signaling proteins is conserved in humans, a number of pathways that induce 

proliferation in rodent models do not promote replication in human β-cells. Still other 

proliferative mechanisms, such as the non-canonical JAK/STAT signaling, and signaling 

through certain membrane receptors, such as HTR2b, have not yet been extensively 

investigated in human β-cells [14–16]. Here, we discuss recent information about selected 

factors and pathways involved in β-cell proliferation.

• PI3K/Akt/mTOR axis – see reviews [12,13]. The canonical PI3K pathway is a 

source of proliferative signals, activating protein kinases PKC and Akt/PKB. 

Studies of intact and dispersed human islets overexpressing AKT directly have 

shown increased β-cell proliferation [17], and Yap, another activator of AKT/

mTOR signaling, appeared to induce proliferation, though nonspecifically in 

endocrine cells [18]. PKCζ, which is less often studied as part of the PI3K/mTOR 

cascade, was recently shown to be necessary for “compensatory” human β-cell 

replication induced by glucose [19]. Indirect activation of Akt by TGFβ has led to 

context-dependent effects on β-cell proliferation [20], which suggests that ligands 

such as TGFβ may activate multiple signaling cascades simultaneously. Leibiger 

and colleagues recently showed that PI3K-C2α knockdown promoted IR-
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B/Shc/ERK signaling, inducing proliferation, while still maintaining alternate 

PKB/Akt signaling necessary for basal β-cell metabolism [21]. It is likely that 

balancing the activity of multiple pathways will be necessary to promote 

proliferation while maintaining β-cell identity and function.

• Ras/Raf/ERK signaling – see review [14]. There is evidence that pregnancy-

induced proliferation in rodents, particularly by prolactin, may act through the ERK 

pathway [16].

• Cell cycle machinery – see reviews [22,23]. In the transition from G1 to S phase, 

cyclins and cdks are sequentially phosphorylated to drive proliferation. The 

machinery for cell cycle progression is largely conserved between rodent and 

human β-cells; however, there are a few key differences. Notably, the β-cells of 

human islets express high levels of cdk6—absent in rodent β-cells— and low levels 

of cyclin D2—critical to rodent β-cell proliferation [12]. Recent studies have 

enumerated additional subtlety. For example, although cdks 4 and 6 and cyclin D3 

are readily detectable in both rodent and human β-cells, other cyclins that are 

abundant in rodent β-cells are not consistently expressed by human β-cells [22,24]. 

Even amongst the conserved cyclins and cdks, manipulation has produced mixed 

results in different systems. For example, Cdk5 activation induced proliferation in 

rodent β-cells, but has previously been implicated in apoptotic pathways of various 

human cell types [25]. Finally, there is considerable variability between 

experiments using human β-cells—activation of cyclin isoforms induced β-cell 

proliferation in human islet grafts [24], but not in the human cell line EndoC-bH1 

[26]. A key inter-specific difference is the subcellular localization of cell cycle 

molecules. In human β-cells the majority of cyclins and cdks are sequestered in the 

cytoplasm rather than the nucleus, which may contribute to the reluctance of human 

β-cells to proliferate basally [22,24]. Indeed, there is evidence that cytoplasmic and 

nuclear trafficking play a regulatory role in human β-cell proliferation [27]. Once in 

the nucleus, cell cycle molecules can be influenced by additional proteins like 

menin, which further controls β-cell transcription and replication by modulating 

methylation activity [28].

• Hormone and growth factor activity – see reviews [13,14,29]. Recent reviews are 

an excellent source of information on the role that GPCRs [29], steroid hormones, 

and pregnancy-related factors [30] play in β-cell proliferation. A selection are 

summarized here:

– Hormones. Some peptide hormones, including parathyroid hormone-related 

protein (PTHrP) [31,32] and prolactin [33,34], stimulate β-cell replication in 
vitro and are known mitogens of compensatory β-cell proliferation during 

rodent pregnancy. Recently it was shown that PRLR-Jak2-Stat5 signaling is 

not prominent in human β-cells; interestingly, however, murine Stat5a 

induced proliferation of human β-cells [15] and there is evidence that 

prolactin may augment traditional T1D therapies [35]. Signaling of steroid 

hormones progesterone, estrogen, and androgen modulates proliferation, and 

is disrupted under diabetic conditions [14,34].
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– Amino acid derivatives. Serotonin, also extensively studied during β-cell 

adaption during pregnancy [3,36], shows potential for de novo β-cell 

proliferative activity [37].

– Growth factors. Hepatocyte growth factor (HGF) [3,5,6] may exert 

proliferative effects through the PKC pathway [31]. Altered IGF-1 signaling, 

via phosphorylation of IRS-2 and GSK3 [38], promoted β-cell proliferation 

in both isolated and transplanted human islets incubated with protease 

inhibitor SerpinB1 [7].

• Changes in glucose metabolism. There is robust data indicating that insulin 

resistance and/or hyperglycemia stimulates β-cell proliferation in rodents 

[13,19,39]. Porat and colleagues showed that glucose-induced proliferation was 

regulated by GK metabolism, with increased glycolytic rate causing the β-cell to 

upregulate proliferative pathways [39]. Carbohydrate response element binding 

protein (ChREBP) was essential for this downstream proliferative response [13], as 

was PKCζ-mediated mTOR/cyclin D2 activity [19]. While stimulation at very high 

glucose concentration increased β-cell proliferation in isolated human islets, lower 

levels of glucose were not sufficient to produce this effect [19]. Dai and colleagues 

(Journal of Clinical Investigation, in press, March 2016) recently investigated 

human β-cell proliferation in vivo, performing human islet transplants in 

immunodeficient mice and then induction of hyperglycemia +/− insulin resistance. 

They found that neither chronic nor acute hyperglycemia stimulated β-cell 

proliferation in human islet grafts, in contrast with grafts of mouse islets (Figure 4). 

These data again underscore an apparent difference in the proliferative capacity 

between rodent and human islets.

• Other potential targets/pharmacological agents. Based on the results of many 

molecules inducing β-cell proliferation in rodents, several groups have focused on 

identifying mitogens, receptors, and signaling molecules that have not previously or 

extensively been studied in β-cells. A small sampling, certainly not exhaustive, is 

provided here:

– Aminopyrazine compounds, which are robustly mitogenic in human β-

cells, likely target glycogen synthase kinase-3 beta (GSK3B) and dual 

specificity tyrosine- phosphorylation- regulated kinase 1A (DYRK1A) [40].

– Membrane-bound sodium glucose co-transporter 2 (SGLT2) inhibitor has 

an insulin-independent effect on β-cells in STZ model, increasing β-cell 

mass and proliferation rate [41].

– Transcription factor Pax4, which is required for β-cell maturation, appears 

elevated in a subset of mature β-cells that proliferate preferentially during 

adaptive β-cell expansion [42]. Cultured human islet cells also proliferated 

upon Pax4 overexpression [43].

– Engineered peptides mimicking extracellular matrix (ECM) increased 

numerous proliferative indexes and β-cell-specific gene expression in rat 

INS-1 cells; proposed mediators include integrin receptors and subsequent 
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activation of focal adhesion kinase (FAK) and extracellular signal-regulated 

kinase (ERK) [44].

– Circulating fatty acids such as palmitate and oleate, which are elevated 

considerably during pregnancy, had synergistic effects in the presence of 

prolactin-induced β-cell proliferation [45]. In certain contexts, lipids have 

also preserved β-cell proliferative capacity in non-pregnant rodents [46].

D. Does an autoimmune or inflammatory environment, like that seen in T1D, promote β-cell 
proliferation?

Though macrophages have been studied extensively for their role in autoimmune β-cell 

destruction during T1D, it has recently become clear that a subset of macrophages also play 

critical roles in regeneration [47,48], angiogenesis [49,50], and tissue remodeling [51] 

following injury. These restorative or “M2” macrophages confer anti-inflammatory effects, 

expressing common signatures of lipoproteins (CD11c, CD206, CD163, CD14) and 

metabolic genes (Arg1, Fizz1) that are distinct from those of their pro-inflammatory (“M1”) 

counterparts [52,53]. Furthermore, studies suggest that pancreatic macrophages maintain 

extreme phenotypic plasticity, including the ability to dynamically interconvert between 

“M1-like” and “M2-like” populations [49,54–56].

Immune events play a dual role in controlling β-cell proliferation—on one hand, 

macrophages can promote protective or pro-survival processes, and on the other hand, they 

can stimulate the production of additional β-cells (Figure 5). In the case of T1D, there is 

ample evidence that both protection of existing β-cells and generation of new β-cells 

contribute to alleviation of disease pathogenesis.

• Protection. Recent experiments suggest that M2 macrophages can prevent the onset 

of inflammatory response in T1D; such protection is likely mediated by secreted 

peptides with pro-proliferative, anti-inflammatory effects [57]. In particular, several 

studies focused on the heme oxygenase-1 (HO-1) pathway, whose induction 

confers protection from oxidative damage [58] and reduces the incidence of T1D in 

the BioBreeding diabetes-prone (BBdp) rat model [59–61]. Husseini and 

colleagues showed that this protective effect was achieved through provisional 

influx of CD68+ HO-1+ macrophages and other cells to peri-islet areas (Figure 6) 

[61]. Although infiltrating cells were highly heterogenous, most expressed at least 

one surface marker that is associated with M2 macrophage activation (e.g. CD206, 

CD163), and whole pancreata showed increased levels of M2-associated genes 

(Mrc1/CD206, Msr1/CD204, Cx3cr1) and anti-inflammatory cytokines (IL-10, 

TGFβ1) [61]. Additional signaling pathways that may protect β-cells from oxidative 

damage and stress include activation of carbon monoxide leasing molecule 

(CORM)-A1 [62], cell cycle-independent effects of cyclin D2 inhibition [63], and 

cytokine-activated signaling [64,65].

• Regeneration. Various chemical methods used to damage to β-cells [56,66,67] 

enable the study of macrophage-assisted proliferation during the regenerative 

process. Three major models have emerged:
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– A burst of β-cell proliferative activity following vascular endothelial growth 

factor A (VEGF-A)-induced β-cell loss, which required the recruitment of 

macrophages to pancreatic islets (Figure 7) [67]. Islet transplantation 

experiments indicated that the local islet microenvironment, not a systemic 

soluble factor, was required for the recovery process, which was likely 

mediated by a crosstalk between macrophages, ECs, and β-cells [67].

– DT-mediated β-cell injury, which initially attracted a large islet-associated 

M1 population. The population gradually lost this identity and shifted to an 

M2 phenotype, a change that corresponded to the peak of β-cell regeneration 

[56]. Ablating either resident macrophages or circulating monocytes strongly 

impaired this β-cell regenerative response [56].

– Pancreatic ductal ligation (PDL), which inflamed exocrine tissue and led 

to a proliferative β-cell response that was secondary to heavily increased 

infiltration of M2 macrophages around islets [68]. Macrophage-produced 

growth factors and cytokines regulated SMAD7 expression in β-cells and 

subsequently influenced proliferation [53,68,69].

• Role of additional cell types in macrophage-mediated regeneration. The dynamic 

macrophage phenotypes and mechanisms of β-cell expansion exemplify how 

multiple diverse cell types facilitate tissue regeneration. For example, in addition to 

infiltrating macrophages stimulated by HO-1 induction, Husseini and colleagues 

also identified infiltrating CD34+ cells that resembled mesenchymal cells (vimentin

+), fibroblasts (α-SMA+), and fibrocytes (collagen V+) [61]. These findings were 

consistent with previous studies suggesting that ECM components [70,71] and 

mesenchymal stem cells [72] recruit polarized, proliferative macrophages in 

response to tissue damage. Complex remodeling of ECM [73] by macrophages in 

concert with other cell types is an understudied area of β-cell regeneration research 

and undoubtedly warrants future attention.

E. When in the course of type 1 diabetes would an intervention to stimulate β-cell 
proliferation be desired?

Efforts to stimulate β-cell proliferation to amplify β-cell mass and thus restore insulin 

secretion could be considered before or after the onset of T1D. For example, β-cell mass is 

known to vary 3–5 fold across the spectrum of normal individuals, making the “baseline” β-

cell mass in individuals a critical determinant of the timing of T1D onset (Figure 8). 

However, it is not known when an individual’s “baseline” β-cell mass is determined. 

Potential trajectories include:1) β-cell mass is already different at birth (as the result of 

genetics or the in utero environment) or 2) individuals have similar β-cell mass at birth, but 

events in the first decade of life lead to different β-cell mass (Figure 8). In the latter model, it 

is likely that interventions to increase β-cell mass in the first decade would delay the onset of 

T1D (“A” scenario in Figure 8). Interventions to stimulate β-cell proliferation to increase β-

cell mass could also be applied at the onset of T1D or years after T1D onset with there is 

only small number of β-cells present (“B” and “C” scenarios in Figure 8). These latter two 
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scenarios would be coupled with an intervention to mitigate or restrain the β-cell-directed 

autoimmunity.

Summary and Future Directions

Thus far, efforts to stimulate human β-cell proliferation to increase β-cell mass have largely 

been unsuccessful, likely reflecting that human β-cells are terminally differentiated cell with 

a very low proliferative capacity and are “programmed” not to proliferate. Fortunately, 

recent efforts have discovered new molecules and pathways that can now be targeted and 

explored. However, it is likely that more than one pathway will need to be modulated to 

adequately expand β-cell mass. Furthermore, new information about the islet 

microenvironment and the ability of cells such as macrophages to promote β-cell 

proliferation may open new ways to expand β-cell mass. A greater understanding of the 

human β-cell is needed to successfully translate discoveries and approaches stimulating 

rodent β-cell proliferation.
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Highlights

• New approaches needed to overcome β islet cell’s low proliferative capacity

• Physiologic/pharmacologic approaches to stimulate β-cell proliferation 

discussed

• Small molecules promote β-cell proliferation in vitro

• Macrophage and islet microenvironment promote β-cell proliferation in vivo
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Figure 1. β-cell microenvironment
(A) Schematic of β cells within a highly vascularized, highly innervated pancreatic islet; (B) 

Schematic of “context” or interactions of a β cell with other cell types, extracellular matrix, 

vascular endothelial cells, and immune cells.
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Figure 2. Human β-cell proliferation as a function of age
Note the greater rate of proliferation in the first decade of life. Reproduced from [2].
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Figure 3. Signaling pathways, including Ras/Raf/ERK and PI3K/Akt, which regulate human β-
cell proliferation
Pathways depicted in gray represent molecules studied in rodents that have not been 

investigated in human β-cells. Reproduced from [14].
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Figure 4. Human β-cells do not proliferate in response to hyperglycemia or insulin resistance
Human islets were transplanted into immunodeficient mice (NOD.Cg-PrkdcscidIl2rgtm1Wjl/
SzJ; abbreviated as NOD-scid IL2rγnull or NSG) that expressed the diphtheria toxin receptor 

(DTR) on native mouse β-cells (NSG-DTR). Exposure to neither chronic hyperglycemia 

(induced by DT injection into NSG-DTR mice with human islets); A), nor chronic insulin 

resistance (induced by placing mice on a high-fat diet; NSG-HFD; B–C), nor acute 

hyperglycemia and insulin resistance (induced by administration of insulin receptor 

antagonist, S961; H–I) elicited β-cell proliferation in human islet grafts. In contrast, the 

same metabolic stressors increased β-cell proliferation rates in mouse islet grafts (E–G; J). 

Reproduced from Dai et al (JCI, 2016, in press).
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Figure 5. Optimizing β-cell mass in T1D
At any given time, β-cell mass represents the net total of β-cell creation and β-cell loss. 

Therefore, we can think of expanding a β-cell population as heightening generation (creating 

more β-cells) or by improving preservation (minimizing β-cell loss). Both generation and 

preservation of β-cells are facilitated by various mechanisms, which are depicted in the 

corresponding boxes. Macrophages can affect processes related to both proliferative and 

protective function.
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Figure 6. HO-1 induction by CoPP prevents T1D and increases CD68+ cells in pancreata of 
BBdp rats
CoPP treatment significantly reduced incidence of T1D in BBdp rats (A). Increased number 

of islet-associated CD68+ (red) and HO-1+ (green) double positive cells (arrows) in 51 days 

CoPP-injected BBdp rats compared with controls (B). Reproduced from [61].

Saunders and Powers Page 20

J Autoimmun. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Recruitment of macrophages into βVEGF-A islets upon VEGF-A induction is 
necessary for the β-cell proliferative response
After sublethal irradiation of βVEGF-A mice, Dox-induced VEGF-A expression was 

maintained for 1 week before islet macrophage infiltration was assessed. Partial bone 

marrow ablation reduced infiltration of CD45+ macrophages (E), but did not affect intra-

islet EC expansion (F). Two weeks following Dox withdrawal, β-cell proliferation was 

significantly reduced in irradiated mice (G). Reproduced from [67].
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Figure 8. Timing of interventions to increase β-cell mass in T1D
Lower panel shows schematic of T1D model with a triggering event initiating an 

autoimmune process which leads to a slow destruction of β cells and ultimately clinical 

diabetes when β cell mass is inadequate (orange line). Two horizontal dotted lines highlight 

the range of baseline β cell mass in non-diabetic individuals and how a difference baseline β 

cell mass would influence the timing of T1D onset. β cell mass is thought to be largely 

determined in the first decade of life (upper panel showing the difference trajectories for 

achieving peak β cell mass. Three time periods (A, B, C) at which interventions might be 

introduced to influence β cell mass in T1D.
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