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Abstract

Purpose of review.—We review studies demonstrating lowered levels of insulin-like growth
factors (IGFs) in patients with recent-onset type 1 diabetes (T1D) and discuss their potential roles
in the disorder’s pathogenesis.

Recent findings.—IGFs have long been recognized as a class of hormones that promote growth,
development and cellular metabolism throughout the human body. More recently, studies have
noted an association between reduced pancreatic weight/volume and T1D. Thus, we believe it is
important to understand pancreatic regulation of IGF expression and bioavailability, as well as the
impact of IGFs on pancreatic growth and islet health. Additional studies of IGFs have been
extended to their influence on the inflammatory/regulatory balance of monocytes, B cells, and T
cells; features which have been previously established to show dysregulation in settings of T1D.

Summary.—These data suggest that IGFs may prevent known impairments in the pancreas and
immune system in T1D and underscore the need to extend these studies, some of which were
performed in health or other autoimmune diseases, toward T1D specifically. Collectively, the work
emphasized here support the potential therapeutic use of IGFs in T1D prevention efforts as
pancreatic growth factors and/or immunoregulatory agents.
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INTRODUCTION

Insulin-like Growth Factors (IGFs) represent a family of related hormones, comprised of the
ligands IGF1 and IGF2, which orchestrate cellular proliferation and metabolism (1). IGFs
have historically garnered interest in the field of type 1 diabetes (T1D) due to their structural
homology to insulin, although important distinctions exist between the two classes of
hormones with regard to their regulation and signaling (2). IGFs are produced mainly by the
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liver in response to growth hormone and are secreted into the bloodstream to act on targets
throughout the body in an endocrine or paracrine fashion (1). Additional cells relevant to
T1D, including those comprising the pancreatic islets (3) and macrophages (4), can also
produce IGFs for autocrine maintenance. IGFs are temporally regulated such that IGF1
drives postnatal growth and peaks during puberty, in contrast to IGF2, which promotes fetal
development (5).

IGF action is regulated by a series of at least seven IGF binding proteins (IGFBP1-7) that
modulate bioavailability in terms of the ability of IGFs to bind their main signaling receptor,
the IGF1 receptor (IGF1R). IGF2R serves mainly as a decoy receptor for IGF2 uptake and
degradation (1, 2). Though insulin can also bind IGF1R, both IGF1 and IGF2 possess
relatively higher affinities to this receptor. IGF1R signaling is known to induce the
phosphoinositide 3-kinase (P13K)/protein kinase B (Akt) and Ras/mitogen-activated protein
kinase (MAPK) signaling pathways, similar to those activated downstream of the insulin
receptor (IR); although, IGF1R is thought to favor mitogenic signaling in comparison to IR’s
tendency toward metabolic effects. Signaling becomes quite complex, as IR and IGF1R can
also heterodimerize to create receptors with intermediate affinity for IGFs and cellular
impacts between those of either homodimer (2).

IGF1 has been extensively characterized in adolescents and adults with new onset and
established T1D (6, 7) and animal models of the disease (8), wherein serum or plasma levels
are known to be decreased in comparison to healthy controls; however, whether this leads to
defective growth remains inconclusive (9). It is also unknown whether IGF1 or IGF2 are
dysregulated prior to disease onset and if a scarcity of these factors contributes to the
development of T1D. Since C-peptide levels are positively correlated with IGF1 levels and
measures of glycemia are negatively correlated with IGF1 (10), it remains unclear whether
defective IGF regulation might be primary or secondary to the loss of insulin associated with
T1D. The purpose of this Opinion is to highlight recent findings regarding the impact of
IGFs on the pancreas and immune system to infer how low IGF levels or bioavailability may
promote T1D pathogenesis.

IMPACTS OF IGF ON THE PANCREAS

Due to the relatively ubiquitous presence of IGF1R (1), we will discuss IGF action at the
level of the whole pancreas and on various cell types within the endocrine and exocrine
regions of the organ (Fig. 1).

Pancreatic Organogenesis and Exocrine Development

Pancreatic weight, normalized for age and body mass index, and pancreas volume are
significantly decreased in organ donors and living patients with T1D (11, 12) as well as at-
risk subjects with T1D-predictive autoantibodies (AAb) (13). This disease-associated organ
weight loss cannot be accounted for solely by the autoimmune-mediated loss of B-cells, as
these comprise only approximately 1-2% of pancreatic mass (14). Recent studies have
extrapolated these findings to show that pancreas volume, measured from living subjects via
magnetic resonance imaging, is reduced even in first-degree relatives of T1D subjects whom
are more likely to progress to T1D than the general population (15) and in patients with non-
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traditional forms of T1D, such as latent autoimmune diabetes in adults (LADA) (16).
Evidence of reduced exocrine function in T1D patients may be reflective of decreased
pancreatic size (15), and studies to characterize this possible association are currently
ongoing. T1D subjects show downregulated levels of acinar-produced enzymes involved in
protein digestion such as elastase (17) and the zymogen, trypsinogen, which is not only
significantly decreased in T1D patients but also, in pre-T1D subjects with two or more AAb
(18). Together, these data suggest that the entire pancreas, including the endocrine and
exocrine compartments, may be functionally and volumetrically impaired in T1D.

IGFs may influence the development and growth of the pancreatic organ as a whole. While
mouse models with either /nsror /gfilrknockout show normal pancreas size, combined
ablation leads to a loss of the majority of the exocrine pancreatic mass, yet spares the
endocrine compartment. Combined inactivation of /gfZ and /gf2shows a similar loss of
exocrine pancreas size at early time points prior to IGF1 dependency (19). Since IGF2 and
insulin share a similar affinity for the specialized isoform of IR known as IR-A (2), these
data are thought to suggest that IGF2 signaling via IGF1R and IR-A acts as a major driver of
embryonic development of the exocrine pancreas. A new study utilizing a rat model of
intrafetal IGF2 administration showed that digestive organ sizes were augmented, with
significantly increased pancreatic weight in male offspring and a trend toward an increase in
females upon IGF2 treatment (20). Whether low IGF2 levels during fetal development may
account for reduced pancreatic volume in T1D remains unknown as similar studies have yet
to be performed using early IGF2 treatment in rodent models of T1D or correlative
observational studies in young human cohorts.

Pancreatic Islet Niche

B-cell loss in T1D may be accounted for by mechanisms including but not limited to
apoptosis as well as de- or trans-differentiation. When human p-cell lines were stressed with
factors thought to contribute to T1D onset, such as a virus or type | interferon, p-cell-
specific gene expression was shown to decrease, giving way for increased expression of
progenitor genes (21) or those of other endocrine cell types (22). Interestingly, a signaling
mediator downstream of the PI3K/Akt pathway, ribosomal protein S6 kinase beta-1 (S6K1),
is required for maintenance of B-cell identity. S6KZ inactivation leads to decreased
expression of the B-cell markers, /ns2and Mafa, and upregulated expression of a-cell genes,
including Gegand Pax6, in murine pancreatic tissue due to epigenetic modifications (23).
Though debate is ongoing regarding whether similar de-differentiation and trans-
differentiation events occur in human islets, these data imply that IGF-mediated PI3K
signaling could drive endocrine cells toward the p-cell lineage.

PI3K/Akt signaling also plays an essential role in the regulation of p-cell apoptosis and
proliferation. Physiological stimulation of the PI3K/Akt pathway in a variety of murine -
cell lines— either at rest or in the presence of inflammatory cytokines— protects against
apoptosis, induces proliferation, and increases insulin secretion (24, 25). Likewise,
stimulation of the PI3K/Akt pathway protects porcine p-cells from oxidative stress-related
death, allowing for rescue from diabetes after transplantation in streptozotocin-treated mice
(26). Enhancement of downstream mTOR signaling also increases the proliferation of -
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cells in zebrafish as well as insulin secretion in murine and primary human islets (27). These
data imply that compromised IGF signaling could potentially lead to impairments in p-cell
proliferation, survival, or insulin secretory function. However, many of these findings remain
to be validated in human islets and with direct IGF stimulation, and it is unclear whether
there could be redundancy with autocrine insulin signaling.

Current reports on human T1D pancreata have shown that in addition to a loss of p-cells,
there is an apparent loss in a-cell number and function, resulting in altered gene expression
and lowered glucagon secretion (28, 29). Glucagon is historically recognized to counter-
regulate insulin action and thereby, decrease IGF production (30), and it was recently
uncovered that glucagon can also decrease IGF1 bioavailability, independently of insulin
action, through a mechanism involving induction of IGFBP1 and IGFBP2 to block IGF
action (31). These studies highlight the need to assess the impact of lowered glucagon
responses, as seen in T1D, on IGF bioavailability.

Proper vascularization is necessary for islet health (32). Treatment of fetal sheep with an
IGF1 analog increased pancreatic islet vascularity due to enhanced vascular endothelial
growth factor (VEGF) expression. This accordingly augmented pancreatic insulin content in
early life, suggesting that paracrine insulin and/or IGF1 signaling might locally promote islet
growth and development (33). Interestingly, endothelial cell proliferation /in situ relies on
anti-inflammatory M2 macrophage-produced IGF1 (34); thus, an immunoregulatory
environment could promote islet angiogenesis. However, enhanced islet vascularity might
also augment immune infiltration, so the protective effect of IGFs in regard to angiogenesis
may be restricted to early life and requires further validation in human tissues.

IMMUNOREGULATORY EFFECTS OF IGF

IGFs are known to regulate innate and adaptive immune responses, as has been previously
reviewed (35), and deficiencies in immune regulation are generally accepted to contribute to
the pathogenesis of T1D. Recent findings suggesting a potential role for IGFs in promoting
immune tolerance in T1D and other autoimmune disorders will be discussed below (Fig. 2).

Macrophage and Monocyte Skewing

Macrophages and monocytes express high levels of IGF1R (35), and M2 macrophages can
produce IGF1 for autocrine signaling to reinforce their regulatory phenotype (4). /n vitro,
IGF1 was shown to decrease the transcription of inflammatory cytokines, such as /L-1p,
/L-6and TNF, and the expression of the M1 macrophage marker CD80 in human
macrophages and simultaneously, increased their transcription of the regulatory cytokine
IL-10and M2 markers, including Arg-1, Fizz-1, Ym-1and CD206 (36). £x vivo,
splenocytes from a macrophage-specific /g1 knockout mouse model exhibited an elevated
percentage of inflammatory M1 macrophages, leading to increased inflammatory T cell
skewing (37). These data suggest that IGFs shift macrophages and monocytes toward an
anti-inflammatory M2 phenotype and away from inflammatory M1 subsets, and that this
might indirectly promote a regulatory adaptive immune profile.
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B Cell Function and Aging

B cell pathogenicity in T1D is thought to be due to their role as antigen-presenting cells,
promoting the activation of autoreactive T cells (38). Non-obese diabetic (NOD) mice with
excess B-cell-specific /gf1 expression showed decreased islet expression of mMRNA
associated with antigen presentation, including MHC class Il and costimulatory B7 family
receptors (39), although it remains unclear whether these changes are associated with B cells
specifically or more generally affecting antigen presentation in the islet as a whole.
Additionally, autoreactive B cells, such as those present in patients with T1D, can
demonstrate an “aged” phenotype with aberrant transcription factor expression (40).
Importantly, B cell aging is associated with epigenetic modifications that lead to decreased
transcription of IGF1R signaling related genes, including /R5Z, and increased expression of
Jet-7 class microRNASs that inhibit IGF1R expression (41). Together, defective IGF1R
signaling may contribute to autoimmune B cell pathogenicity, but there remains an
outstanding need to evaluate these observations in the NOD mouse model and samples
obtained from human subjects with T1D.

Peripheral Tolerance of T Cells

Emerging evidence indicates that IGFs can directly stimulate the PI3K/Akt pathway in
activated primary human T cells (42). Concepts surrounding how IGFs promote thymocyte
development and regulate central tolerance, particularly in regard to insulin, have been the
subject of a recent extensive review (43). Here we will focus on studies highlighting the role
of IGFs in peripheral tolerance.

There is a growing body of evidence that T cell skewing may be influenced by IGFs, either
directly or indirectly, through immunoregulatory modulation of monocytes and
macrophages, as described above. NOD mice genetically overexpressing /gfZ in p-cells or
administered virally-encoded /g1 targeted to the pancreas showed lower transcription of the
diabetogenic T helper 1 (Th1)-related inflammatory cytokine, /fny, and the chemokine,
Ifny-induced protein 10 (/p-10), within the pancreatic islets (39). The costimulatory Cd86
(B7-2) knockout model of spontaneous autoimmune peripheral polyneuropathy (SAPP) on
the NOD background showed decreased neural T cell recruitment with /g7Z gene therapy
and likewise, lowered proportions of IFNy-producing CD4* and CD8* T cells ex vivo (44).
Although this study noted a generalized decrease in splenocyte transcription of
proinflammatory cytokines, including /L-17, after /n vitro stimulation with IGF1 (44), others
have suggested that IGF1 signaling promotes human and murine Th17 cell formation (45).
Here, an inhibitor of insulin receptor substrate (IRS1/2) phosphorylation, downstream of
IGF1R and IR, was shown to prevent IGF1R and Th17-related STAT3 phosphorylation in
the synovia of an experimental arthritis mouse model, thereby reducing IL-6 production.
Hence, a shift away from Th17 and toward regulatory T cell (Treg) lineage was observed,
and many of these observations were subsequently replicated in ex vivo rheumatoid arthritis
patient samples (45). Overall, IGF1 may shift T cell phenotype away from Th1 and toward
other T helper subsets, including but not limited to Th17.

In addition to limiting inflammatory T cell skewing, increasing evidence suggests that IGFs
promote the peripheral induction of Tregs (iTregs). An increased percentage of Foxp3*
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Tregs were observed in the islets of NOD mice overexpressing /gfZ (39). Similarly, IGF1R
signaling in conjunction with TGFp has recently been shown to support the skewing of
human naive CD4* T cells into iTregs (46, 47). Neutralization of IGFBP likewise aided in
the iTreg generation (46). Multiple sclerosis (MS) patients showed lowered expression of
IGF1R on naive CD4* T cells due to the overabundance of an exosomal microRNA, /et-7i,
which is thought to inhibit /GFIR translation (47). Although this mechanism has yet to be
evaluated in the context of T1D, inhibition of /ef-77warrants investigation as a potential
therapeutic approach to restore immunoregulatory IGF/IGF1R signaling.

While excess inflammatory skewing or a defect in Treg skewing may contribute to numerous
autoimmune disorders (48), it is interesting to note that various forms of monogenic diabetes
of the young (MODY) result from mutations in both the Th17-related transcription factor,
STAT3, and the Treg-related transcription factor, STAT58 (49). While there is controversy
over whether Th17 cells promote or inhibit T1D, the effect of IL-17 seems to be highly
context-dependent such that in combination with inhibited Th1 responses, Th17 skewing
could restrain T1D pathogenesis (50). Thus, Th17 and iTreg may have protective roles in
T1D, and their expansion with IGF1 could be beneficial.

CONCLUSIONS

The current literature supports the concept that IGFs are notable modulators of pancreas and
islet health and innate and adaptive inflammation. However, many outstanding questions
remain for the field. Further study is necessary to determine whether the impacts on
pancreas growth and islet health, as discussed here, will translate from the non-diabetic
pancreas to the stressed, dysfunctional T1D pancreas or whether the influence of IGFs on
the balance of inflammatory and regulatory skewing observed from other autoimmune
pathologies are also common to the pathogenesis of T1D. An in-depth characterization of
IGF and IGFBP levels in human subjects with pre-T1D has yet to be performed, both at the
system level and locally in disease-relevant tissues, such as the pancreas and thymus. An
important question remaining for the field involves whether the impacts of IGFs on the T1D
pancreas are primary or secondary to the loss of insulin. There is also a need to further
understand the mechanisms behind IGF-mediated antigen presenting cell (i.e., macrophage/
monocyte and B cell) modulation and peripheral T cell skewing in human subjects. The
studies summarized herein highlight the potential use of low IGF levels or bioavailability as
biomarkers in T1D and possible translational applications modulating IGF axis signaling for
pancreatic or immunological benefit in subjects at-risk for T1D.
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KEY POINTS
. Insulin-like growth factors (IGFs) may be scarce in type 1 diabetes.
. The pancreas modulates local IGF availability to regulate growth, g-cell

identity and survival, and angiogenesis.

. IGFs drive regulatory phenotypes in monocytes, T cells, and B cells.
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Fig. 1. Impact of IGFs on the exocrine and endocrine pancreas.
IGF2 drives exocrine growth in early life via IGF1R and IR-A. IGF1 induces IGF1R-

mediated PI3K/Akt signaling, which promotes p-cell and inhibits a-cell related gene
expression and enhances p-cell proliferation. PI3K/Akt signaling also inhibits -cell
apoptosis in the context of inflammatory cytokines and oxidative stress. a-cell-produced
glucagon promotes IGFBP1 and IGFBP2 expression, limiting IGF availability. IGF1 also
drives VEGF production to promote islet vascularization. Created with BioRender.
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Fig. 2. Immunoregulatory effects of IGFs.
Known associations denoted by filled arrows, presumptive associations denoted by dashed

arrows. IGF1 promotes M2 at the expense of M1 macrophage phenotype. Naive T cells are
skewed toward Th17 and iTreg and away from Th1l in the presence of IGF1. IGF1/IGF1R
signaling inhibited by IGFBPs and /et-7f miRNA. Let-7class miRNAs overexpressed in
aged B cells, presumably impeding the IGF1-signaling induced regulation of molecules
associated with antigen presentation. Created with BioRender.
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