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ABSTRACT

Macrophages are classically considered detrimental for pancreatic -cell survival and function,
thereby contributing to B-cell failure in both type 1 (T1D) and 2 (T2D) diabetes mellitus. In addition,
adipose tissue macrophages negatively influence peripheral insulin signaling and promote obesity-
induced insulin resistance in T2D. In contrast, recent data unexpectedly uncovered that macrophages
are not only able to protect 8 cells during pancreatitis but also to orchestrate B-cell proliferation and
regeneration after 3-cell injury. Moreover, by altering their activation state, macrophages are able to
improve insulin resistance in murine models of T2D. This review will elaborate on current insights in
macrophage heterogeneity and on the evolving role of pancreas macrophages during organogenesis,
tissue injury, and repair. Additional identification of macrophage subtypes and of their secreted fac-
tors might ultimately translate into novel therapeutic strategies for both T1D and T2D. STim CELLS

TRANSLATIONAL MEDICINE 2015;4:1-9

SIGNIFICANCE

Diabetes mellitus is a pandemic disease, characterized by severe acute and chronic complications.
Macrophages have long been considered prime suspects in the pathogenesis of both type 1 and 2
diabetes mellitus. In this concise review, current insights in macrophage heterogeneity and on
the, as yet, underappreciated role of alternatively activated macrophages in insulin sensing and 3-cell
development/repair are reported. Further identification of macrophage subtypes and of their se-
creted factors might ultimately translate into novel therapeutic strategies for diabetes mellitus.

MACROPHAGE ORIGIN, DIVERSITY,
AND FUNCTION

Macrophages, originally recognized for their
pivotal role in innate immunity, classically be-
long to the mononuclear phagocytic system
and are derived from circulating monocytes, in
turn descending from myeloid-committed bone
marrow progenitors. Monocytes are a heteroge-
neous population consisting of a Ly6C* inflamma-
tory and a Ly6C resident or patrolling subset.
After tissue infiltration, Ly6C* monocytes can give
rise to either dendritic cells or macrophages. Al-
though less documented, Ly6C monocytes ap-
pear to be equally able to differentiate into
macrophages [1, 2] (Fig. 1).

This classic, bone marrow-dependent view of
monocyte/macrophage origin has recently been
challenged by the demonstration that a subpopu-
lation of adult tissue macrophages descends from

yolk sac-derived precursors during embryonic
development, independently of hematopoietic
stem cells [3]. In addition, fetal liver monocytes
can seed embryonic tissues and give rise to sev-
eral tissue macrophage populations. Interest-
ingly, even under steady state conditions, some
tissue macrophages are exclusively derived from
embryonic precursors (e.g., microglia and Langer-
hans cells), and others are, to a large extent,
monocyte-derived (e.g., gut macrophages) [4].
As such, tissue macrophages in adults are derived
from both adult bone marrow and prebirth pro-
genitors. In addition, tissue macrophages are pri-
marily maintained through replication under
steady state conditions [5].

Macrophages are highly plastic cells, capable
of changing their activation state in response to
microenvironmental cues. Based on their func-
tional phenotype, they can be subdivided into
(a) classically activated or proinflammatory M1
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Figure1l. Macrophage origin in the mouse. Classically, macrophages derive from circulating monocytes, in turn descending from bone marrow
progenitors. In the bone marrow, HSCs differentiate into LPs or MPs. LPs further differentiate into B cells, T cells, and NK cells. MPs give rise to
DCs, granulocytes, mast cells, megakaryocytes, and erythrocytes, or to Ly6C* inflammatory and Ly6C™ resident or patrolling monocytes. After
tissue infiltration, Ly6C* monocytes give rise to either DCs or macrophages. Although less documented, Ly6C™~ monocytes can also differentiate
into macrophages. Alternatively, adult tissue macrophages can also descend from yolk sac-derived macrophages, independently of HSCs. As
such, tissue macrophages in the adult are mainly a mix of bone marrow-derived and yolk sac-derived macrophages. Abbreviations: DCs, dendritic
cells; HSCs, hematopoietic stem cells; LPs, lymphoid committed precursors; MPs, myeloid committed precursors; NK, natural killer (cells).

macrophages, (b) alternatively activated macrophages, and (c)
regulatory or anti-inflammatory macrophages. M1 macrophages
are typically activated by interferon (IFN)-y and are involved in T
helper 1 (Ty1)-related immune responses during infection. Alter-
natively, activated macrophages are induced by interleukin-4
(IL-4), IL-10, and IL-13 and are mainly present during the resolution
phase of inflammation, in tumors where they sustain tumor
growth, in the gut where they mediate antiparasitic actions, and
in trophic processes during development and tissue repair.
Regulatory macrophages, producing IL-10 and transforming
growth factor-8 (TGF-B), are activated by Toll-like receptor
(TLR) agonists, 1gG immune complexes, apoptotic cells, and pros-
taglandins. Similar to alternatively activated macrophages, regu-
latory macrophages are mainly anti-inflammatory and are
involved in T2 and regulatory T cell responses [6]. Collectively, al-
ternatively activated and regulatory macrophages are often re-
ferred to as M2 macrophages [7]. Recently, an expert panel
suggested a novel nomenclature for macrophage activation based
on macrophage origin, activators, and a consensus collection of
markers [8], taking into consideration the trend toward a spec-
trum model of macrophage activation [9]. This ongoing discussion
on macrophage activation nomenclature reflects that the M1/M2
classification system is not absolute and underscores the inherent
capacity of macrophages to continuously adapt their functional
phenotype in response to dynamic changes in their microenviron-
ment [6]. In addition, macrophages with a mixed phenotype have
been described [10]. Therefore, the M1/M2 classification should
be regarded as a dynamic spectrum of activation states, rather
than as a fixed set of distinct activation states [6]. Nonetheless,
for the sake of simplicity, we will continue to use the M1 and
M2 subdivision throughout this report.

M1 and M2 macrophages can be recognized by the expression
of typical activation-associated genes and proteins. M1 macrophages
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typically produce the proinflammatory cytokines IL-183, IL-6, IL-12,
and IL-23, tumor necrosis factor-a (TNF-a), and inducible nitric
oxide synthase 2 (NOS2) [6]. In addition, CD11c is primarily
expressed by M1, rather than M2, macrophages [11]. M2 macro-
phages typically produce higher amounts of IL-10 and TGF-8 [6]
and express genes that are associated with wound healing and an-
giogenesis, such as arginase-1 (Arg1). Several membrane-bound
proteins have also been associated with M2 macrophage activa-
tion, including CD206 and the lectins macrophage galactose lectin
1 (MGL1) and MGL2 [11, 12] (Fig. 2).

MACROPHAGES DURING PANCREAS DEVELOPMENT

A better understanding of macrophage heterogeneity revealed
theirimportance in nonimmune functions such as organ develop-
ment [13]. In embryonic mice, maximal accumulation of tissue
macrophages generally correlates with the peak period of organ-
ogenesis and/or cell turnover [14]. Mouse models deficient in
macrophages display disturbances in key developmental pro-
cesses such as tissue remodeling, apoptosis, trophic support, duc-
tal branching, and angiogenesis [15].

Macrophages play an important role during pancreas devel-
opment. Similar to the mammary gland, macrophages are
recruited to the branching multipotent ductal epithelial tissue,
mainly at sites at which new islets of Langerhans seemto originate
(bud) from ducts [16, 17]. The importance of macrophage accu-
mulation near sites of ongoing pancreatic cell differentiation
was demonstrated in macrophage-deficient Csf1°”°® mice, which
carry an inactivating mutation in the Csf1 gene and which display
a major 3-cell mass deficit in the developing and adult pancreas, ab-
normal postnatal islet morphogenesis, and impaired pancreatic cell
proliferation [17]. Furthermore, exogenous colony-stimulating fac-
tor 1 (CSF1; also known as macrophage [M]-CSF) stimulates an
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Figure 2. M1 versus M2 macrophages: inducers, markers, effector molecules, and function. Summary of the most important inducers and
markers of M1 and M2 macrophages and their role in pancreas development, insulin sensitivity, and B-cell death, dysfunction, and regeneration.
Abbreviations: Arg, arginase; CD, cluster of differentiation; DAMPs, damage associated molecular patterns; EGF, epidermal growth factor; GCs,
glucocorticoids; GM-CSF, granulocyte-macrophage colony-stimulating factor; HGF, hepatocyte growth factor; ICs, immune complexes; IFN, in-
terferon; IGF, insulin-like growth factor; IL, interleukin; IL-4Re, IL-4 receptor «; LPS, lipopolysaccharide; M-CSF, macrophage colony-stimulating
factor; MGL, macrophage galactose-type lectin; MHC, major histocompatibility complex; MMP, matrix metalloproteinase; NO, nitric oxide; NOS,
nitric oxide synthase; PDGF, platelet-derived growth factor; PD-L, programmed death-ligand; PG, prostaglandin; SR, scavenger receptor; TGF,
transforming growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.

increase in B-cell number in pancreas explant cultures, concom-
itant with an increase in macrophage number [16]. These findings
strongly indicate that macrophages are required to provide a
suitable microenvironment for proper islet cell development.
Vascular-derived signals are also known to play a pivotal role dur-
ing pancreas development and endocrine adaptation [18-20].
Since vascular remodeling is one of the key mechanisms exerted
by macrophages during development [21], macrophages likely
contribute to B-cell development and adaptation, at least par-
tially, via their effect on blood vessels. Additional research should
elaborate on the exact role of macrophages and their secreted
factors during branching morphogenesis and islet formation in
the developing endocrine pancreas.

IMACROPHAGES IN TYPE 1 DIABETES MELLITUS

Because of the detrimental effect of macrophages on 3 cells and
on the insulin sensitivity of liver, muscle, and fat, macrophages
have become prime suspects in the pathogenesis of type 1
(T1D) and 2 (T2D) diabetes mellitus. During onset of T1D, macro-
phages, together with CD4" and CD8" autoreactive T cells, are
among the first cells to infiltrate the islets of Langerhans and con-
tribute to B-cell apoptosis and necrosis. In addition, via major his-
tocompatibility complex class Il surface expression, macrophages
present 3-cell-specific autoantigens [22, 23]. Depletion of macro-
phages by clodronate-loaded liposomes results in a reduction of
inflammation and insulitis and arrests disease progression in
nonobese diabetic (NOD) mice, a murine model of T1D [24, 25].

www.StemCellsTM.com

Analysis of the infiltrating immune cells in islets of patients
with T1D revealed that, during the initial phase of B-cell death,
CD8" T cells constitute the most abundant immune cell popula-
tion. Nonetheless, significant numbers of macrophages were
detected within these early infiltrates, and their numbers
remained fairly constant during all phases of insulitis [26]. In
the infiltrated islets, immune cells produce cytokines, including
IL-18, TNF-c, and IFN-y. IL-13 and/or TNF-a plus IFN-y induce
B-cell apoptosis via the activation of B-cell gene networks under
the control of the transcription factors nuclear factor kB (NF-xB)
and STAT1. NF-«B activation subsequently leads to production of
nitric oxide (NO) and chemokines and to depletion of endoplas-
mic reticulum (ER) calcium stores. Initiation of B-cell death then
occurs through activation of mitogen-activated protein kinases
via triggering of ER stress and the release of mitochondrial cyto-
chrome c. This acts as a mitochondrial death signal that sequen-
tially activates cytosolic caspase 9 and 3, thereby promoting 3-cell
death (reviewed in [27]). Moreover, monocytes/macrophages
play a crucial role in the induction of a Ty1/T17 bias, which is
a hallmark of autoimmune diseases, including T1D [28, 29].
Monocytes isolated from the blood of patients with T1D secrete
IL-18 and IL-6, which induce and expand IL-17-producing CD4" Ty,
cells. These T17 cells contribute to the progression of T1D by pro-
moting an imbalance between the effector and regulatory T cells,
thereby potentiating inflammatory and proapoptotic responses
[28, 30]. IL-17 neutralization, either by anti-IL-17 or by recombi-
nant IL-25, was able to prevent the development of autoimmune
diabetes in NOD mice [29]. Taken together, these reports have
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Figure 3. Schematic representation summarizing the role of macrophages in the pathogenesis of type 1 diabetes mellitus (A), type 2 diabetes
mellitus (T2D) (B), and during B-cell protection and regeneration (C). (A): M1 macrophages contribute to B-cell death through (a) MHC Il-me-
diated presentation of B-cell-specific autoantigens, (b) IL-18 and IL-6-mediated T;17 expansion and subsequent IL-17-mediated Tes/Treg iM-
balance, and (c) a direct cytotoxic effect of IL-13 and/or TNF-« plus IFN-y with downstream activation of NF-xB and STAT1. NF-«B activation
results in NO production and increased ER stress and cytochrome c release from mitochondria, the latter acting as a mitochondrial death signal.
Ultimately, NF-xB and STAT1 activation results in caspase 1/3/9/12 activation and subsequent 3-cell death. (B): High circulating glucose and
FFAs contribute to 3-cell death in T2D. In addition, a HFD and circulating FFAs promote MCP-1 secretion from 3 cells and subsequent intraislet
accumulation of M1-like macrophages. Moreover, a HFD and onset of T2D correlate with elevated circulating levels of TLR2 and -4 ligands, which
stimulate the secretion of proinflammatory cytokines (IL-183, IL-6, and TNF-«) from these recruited macrophages, thereby further contributing to
B-cell death and dysfunction. A high-fat diet and lipid accumulation also promote adipo- (leptin, resistin), chemo-, and cytokine (IL-13, IL-6, TNF-
a, MCP-1, LTB4, CXCL12, MIP, and MIF) secretion from adipocytes, thereby promoting the recruitment to and activation of Ly6C* monocytes and
M1 macrophages in adipose tissue. These exert detrimental effects on peripheral insulin signaling through secretion of IL-13, IL-6, IL-12, and

(Figure legend continues on next page.)
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unequivocally demonstrated the crucial role for macrophages in
T1D (summarized in Fig. 3A).

IMACROPHAGES IN TYPE 2 DIABETES MELLITUS

Just as in T1D, an increase in the number of islet-associated in-
flammatory cells and macrophages has been observed in T2D
models [31]. Emerging evidence suggests that, concomitant with
gluco- and lipotoxicity, proinflammatory macrophages contribute
to B-cell dysfunction and loss in T2D. During the progression of
high fat diet (HFD)-induced T2D in mice, fatty acids stimulate 8
cells to produce chemokines that promote intraislet accumula-
tion of M1-like monocytes/macrophages [32]. A similar associa-
tion was found in rats [33]. HFD and the onset of T2D
correlates with elevated circulating levels of TLR2 and -4 ligands
in both mice and humans. Interestingly, TLR2- and TLR4-deficient
mice are protected from the metabolic consequences of a HFD.
Mechanistically, TLR2/6 and TLR4 ligands stimulate the secretion
of IL-18 and IL-6 from bone marrow-derived macrophages. This
subsequently decreases -cell insulin gene expression and secre-
tion [34]. The pathogenic role of macrophages in B-cell dysfunction
and destruction has been further demonstrated by a gain-of-
function experiment in which transgenic overexpression of the
chemokine monocyte chemo-attractant protein 1 (MCP-1) in 8
cells resulted in monocyte/macrophage accumulation in trans-
genic islets and subsequent B-cell injury and the development of
diabetes [35].

Macrophages also contribute to the onset and progression of
T2D by their detrimental effect on peripheral insulin signaling.
Macrophages constitute an important fraction of nonadipocyte
cells within the white adipose tissue (WAT), ranging from less
than 10% in lean mice and humans to more than 50% in extremely
obese, leptin-deficient mice to nearly 40% in obese humans [36].
These adipose tissue macrophages exert tissue surveillance and
remodeling functions and are associated with maintenance of
WAT insulin sensitivity. Recent work has also demonstrated arole
for macrophages in regulating brown adipose tissue thermogen-
esis [37], thereby promoting blood glucose disposal, insulin sen-
sitivity, and energy expenditure [38]. In nonobese mice, resident
adipose tissue macrophages display an alternatively activated M2
phenotype. In mice with macrophage-specific deletion of the per-
oxisome proliferator activated receptor (PPAR)-vy, maturation of
the M2 macrophages is disturbed, resulting in the development of
diet-induced obesity, insulin resistance, and glucose intolerance
[39]. Interestingly, acute accumulation of monocytes/macrophages
within adipose tissue promotes adipogenesis, adipose tissue

function, and insulin sensitivity [40]. However, a long-term HFD
and obesity results in chronic adipocyte inflammation, subse-
qguent downregulation of glucose transporter-4, and the develop-
ment of insulin resistance [41]. Mechanistically, a HFD induces
lipid accumulation inside adipocytes, which renders them proin-
flammatory owing to their overexpression of adipokines (leptin,
resistin) and chemokines/cytokines (IL-18, IL-6, TNF-&¢, MCP-1,
leukotriene B4 (LTB4), C-X-C chemokine ligand 12 [42], macro-
phage inflammatory protein (MIP), and macrophage migration
inhibitory factor (MIF) [43]). These cytokines subsequently pro-
mote the recruitment of Ly6C* monocytes and the activation of
macrophages [36, 44]. The macrophages accumulating in obese
WAT are skewed toward an inflammatory CD11c* M1 phenotype
and secrete IL-183, IL-6, IL-12, TNF-, and nitric oxide [41, 45].
Heme oxygenase 1 has been discovered as one of the crucial
genes regulating inflammatory skewing and NF-«B amplification
in adipose tissue macrophages [46]. A positive feedback loop in
obesity, in which adipose tissue macrophages promote myelopoi-
esis and monocytosis through IL-1 B8 secretion, further enhances
macrophage accumulation in inflamed adipose tissue [47].

In obese patients, the accumulation of proinflammatory
CD11c" adipose tissue macrophages also correlates with systemic
insulin resistance [48]. Gastric bypass surgery reduces the num-
ber of adipose tissue macrophages, thereby likely contributing
totheincreased insulin sensitivity observed in these patients [49].

Macrophages have also been recognized as crucial mediators
of insulin resistance in skeletal muscle and liver. MCP-1 appears to
be one of the key chemokines responsible for macrophage accu-
mulation in both tissue types [50].

Taken together, compelling evidence suggests that macro-
phages play a pivotal role in the onset and progression of in-
sulin resistance and S-cell dysfunction, thereby contributing
to the pathogenesis of T2D (summarized in Fig. 3B). Several
other cell types, including eosinophils and different subsets
of T cells, have been identified as coeffectors that influence
adipose tissue inflammation and macrophage polarization
(reviewed in [51]).

MACROPHAGES IN [3-CELL PROTECTION AND REGENERATION

Based on these findings, macrophages have long been attributed
exclusively proinflammatory and diabetogenic features. In con-
trast, during the past decade, macrophage-depletion studies have
demonstrated the critical involvement of macrophages during tis-
sue repair after skin [52], liver [53], kidney [54], and muscle injury
[55]. Several M2-associated factors, among which hepatocyte

(Figure legend continued from previous page.)

TNF-a, and production of NO. Finally, M1 adipose tissue macrophages promote myelopoiesis and monocytosis through IL-13 secretion, thereby
further enhancing macrophage accumulation in inflamed adipose tissue and, thus, establishing a positive feedback loop in T2D pathogenesis.
(C): M2 macrophages accumulate in the pancreas after transgenic, 3 cell-specific VEGF-A overexpression or partial PDL, in the latter via MCP-1-
mediated recruitment and M-CSF-dependent proliferation of macrophages. M2 macrophages promote 3-cell protection and regeneration
through secretion of several growth factors (i.e., TGF-B1, EGF, PDGF-3, IGF-1) in concert with endothelial cell-derived growth factors (i.e.,
HGF, FGF-1, IGF-1, TGF-B1, and PDGF-B). M2 macrophages and endothelial cells moreover produce matrix remodeling factors—MMP (i.e.,
MMP12, MMP13) and ADAM and ADAM(TS) (i.e., ADAM12, ADAMTS9), respectively—facilitating growth factor bioavailability. Abbreviations:
ADAM, a disintegrin and metalloproteinase; ADAM(TS), a disintegrin and metalloproteinase with thrombospondin motifs; CXCL, chemokine (C-
X-C motif) ligand; EGF, epidermal growth factor; ER, endoplasmic reticulum; FFA, free fatty acid; FGF, fibroblast growth factor; HFD, high-fat diet;
IGF, insulin-like growth factor; IL, interleukin; LTB, leukotriene B; MCP, monocyte chemoattractant protein; M-CSF, macrophage colony-stim-
ulating factor; MIF, macrophage migration inhibitory factor; MIP, macrophage inflammatory protein; MMP, matrix metalloproteinase; NF-«B,
nuclear factor kB; NO, nitric oxide; PDGF, platelet-derived growth factor; PDL, pancreatic duct ligation; Teg, T effector; Ty, T helper; Tgeg, T reg-
ulator; TLR, Toll-like receptor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.
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growth factor (HGF), Wnt3/7, vascular endothelial growth factor
(VEGF)-A, and platelet-derived growth factor (PDGF)-8, have
been linked to specific processes during tissue repair and regen-
eration (reviewed in [10, 56]). M1 macrophages metabolize
arginine via NOS2 to produce nitric oxide; however, in M2 macro-
phages, ARG1 converts arginine to polyamines that are necessary
for collagen synthesis and cellular proliferation [10]. In addition,
these polyamines further amplify the M2/trophic nature of mac-
rophages [57].

Emerging data have also revealed a role for trophic macro-
phages during B-cell protection, repair, and regeneration. In
human cadaver pancreata, a correlation between [-cell
protection/proliferation and pancreatic infiltration of macro-
phages was found [58]. Moreover, in a murine model of chronic
pancreatitis, infiltrated macrophages promoted islet angiogen-
esis and islet cell proliferation. Macrophage depletion resulted
in endocrine cell loss and subsequent diabetes, suggesting
a critical role for macrophages in endocrine maintenance dur-
ing chronic pancreatitis-induced pancreas degeneration [59].
Finally, on helminth infection, an important Ty2 response is
elicited, with a skew in the macrophage phenotype from the
classic proinflammatory toward alternatively activated [60]. In-
terestingly, helminth infection increases islet infiltration of
alternatively activated macrophages. This results in reduced
insulitis and endocrine cell loss, thereby preventing the onset
of diabetes in NOD [61], multiple low dose streptozotocin (a
B-cell toxin)-treated [62], and HFD mice [63]. Two recent studies
revealed that M2 macrophages not only protect 3 cells but also
stimulate their expansion/regeneration [64, 65]. In the first re-
port, macrophages were recruited to injured/regenerating
islets through VEGF-A signaling. Bone marrow irradiation ab-
rogated macrophage recruitment and subsequent S-cell re-
pair. Transcriptome analysis suggested that both macrophage-
derived effector molecules (i.e., matrix metalloproteinase 12
[MMP12], MMP13, HGF, insulin-like growth factor 1 [IGF-1],
PDGF-B, TGF-B1) and endothelial-cell derived signals (i.e., a dis-
integrin and metalloproteinase 12 [ADAM12], ADAM with
thrombospondin motifs 9, IGF-1, PDGF-B, fibroblast growth fac-
tor 1 [FGF-1]) acted in concert to promote B-cell regeneration
[64]. The second report showed that M2 macrophages, re-
cruited to the pancreas after tissue injury by partial duct liga-
tion (PDL), stimulate B-cell proliferation by secretion of TGF-81
and epidermal growth factor. Both factors subsequently in-
duced SMAD7 and SMAD?2 signaling in B cells, which resulted
in an increase in the cell cycle activators cyclin D1/2 and nuclear
exclusion of the cell cycle inhibitor p27 [65]. The concept that
macrophages contribute to B-cell mass increase after PDL orig-
inates from seminal observations by our research group in
which a massive influx and accumulation of macrophages
was observed in the PDL pancreas before progenitor cell acti-
vation [66] (Fig. 4). In addition, our own work suggests that
macrophage accumulation in PDL is mediated through MCP-
1-dependent monocyte recruitment and M-CSF-dependent
macrophage proliferation [67]. Interestingly, resident macro-
phages, rather than recruited monocyte/macrophages, appear
crucial for B-cell proliferation in PDL [67].

In conclusion, the classic view on the interaction between
macrophages and 3 cells should be reconsidered, because recent
reports have unequivocally demonstrated a beneficial role for M2
macrophages in 3-cell protection and regeneration (summarized
in Fig. 3C).

©AlphaMed Press 2015

Sham tail day 3

PDL tail day 3

Figure 4. Massive macrophage infiltration in the pancreas after par-
tial pancreatic duct ligation. Pancreas tail and spleen sections from
day 3 sham-operated (A) and PDL (B) mice, stained for nuclei
(Hoechst, blue) and F4/80 (red). (A’, B’): Higher magnification of
the area depicted by the squares in (A) and (B). Scale bars = 500 pum.
Notably, PDL results in acinar cell loss and thus a decrease in the
total pancreas tail area versus sham-operated mice. Abbreviations:
P, pancreas tail; PDL, pancreatic duct ligation; S, spleen.

CLINICAL IMPLICATIONS

Current knowledge on the role of macrophages in B-cell physiology
(summarized in Figs. 2, 3) can be exploited to track and manipulate
macrophages to develop novel diagnostic and therapeutic strate-
gies for both T1D and T2D. More specifically, additional identifica-
tion of trophic macrophage subpopulations and their secreted
factors might ultimately translate into strategies to stimulate 3-cell
regeneration in patients with diabetes via macrophage cell or
growth factor therapy. For instance, macrophages could be iso-
lated from diabetic patients and manipulated ex vivo to serve
as cell therapy in an autologous transplantation context. Human
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macrophages can be obtained via in vitro differentiation of blood
monocytes using M-CSF, by default leading to M2-like macrophage
activation [68, 69]. Their functional activation state can also be ma-
nipulated in vitro using IL-4, equally resulting in activation of an
M2-like differentiation program [69]. M2 macrophage transfer
or skewing could potentially stimulate 3-cell proliferation in situ.
Coengraftment of M2 macrophages with islets of Langerhans could
also be envisioned as a possible strategy to improve the outcome
of B-cell transplantation.

However, a better understanding of macrophage heteroge-
neity and of the mechanism by which some macrophage subsets
exert their detrimental role toward B-cells will be imperative to
developing strategies for targeted macrophage depletion and
for macrophage immunomodulation. Because macrophages have
been identified to contribute, via secretion of proinflammatory
factors such as IL-18 and TNF-«a [70], to B-cell loss in T1D [25,
71] and T2D [31-33] and during islet graft loss, macrophages rep-
resent an interesting target for diabetes therapy. Notably, strat-
egies to prevent the deleterious effects of IL-18 and TNF-a have
been only partially successful in slowing the progression of T1D
[72]. It could thus be hypothesized that targeting the effector cell
perse (i.e., the macrophage) would be more efficient. Administra-
tion of M2 polarizing agents could also be considered in (pre)clin-
ical trials aiming to protect 3 cells from the deleterious effects of
M1 macrophages.

Finally, M1-oriented macrophages in adipose tissue, liver, and
muscle [50] contribute to insulin resistance in obesity, and M2
macrophages in white and brown adipose tissue enhance insulin
sensitivity [38, 41, 45, 73]. A recent report demonstrated that IL-
10 promotes macrophage skewing toward an M2 activation state
and subsequently abrogated obesity-induced insulin resistance in
mice [41]. Administration of factors or compounds that selec-
tively ablate pathogenic M1 macrophages or promote macro-
phage M2 skewing could potentially combat insulin resistance
in patients with T2D. Notably, and underappreciated by many,
the current antidiabetic drugs modulate the macrophage activa-
tion status. Metformin, a biguanide that activates AMP-activated
protein kinase and reduces insulin resistance, has been shown to
suppress the lipopolysaccharide (LPS)-induced inflammatory re-
sponse in murine macrophages through induction of activating
transcription factor 3 [74, 75]. Pioglitazone, a PPAR-y/a agonist
that targets both B-cell function and insulin resistance [76], induces

apoptosis of macrophages in human adipose tissue [77] and sup-
presses LPS-induced production of inflammatory factors in mouse
macrophages by inactivating NF-«B [78]. Finally, glucagon-like pep-
tide 1 receptor agonists (incretin mimetics) were shown to inhibit
adipose tissue macrophage infiltration and inflammation in an
obese mouse model of diabetes [79] and induce M2 polarization
in human macrophages via STAT3 activation [80].

Taken together, novel insights in macrophage activation
states and their correlation with B-cell failure, proliferation,
and peripheral insulin resistance has rendered macrophages in-
teresting therapeutic targets in both preclinical and overt T1D
and T2D. Caution is nonetheless warranted for overenthusiasm,
because M2 macrophages also contribute to tumor expansion
and progression, as well as atherosclerosis, conditions with in-
creased prevalence among patients with diabetes [81, 82].
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