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Abstract
Type 1 diabetes results from defects in immune self-tolerance that lead to inflammatory infiltrate in pancreatic islets, beta cell
dysfunction and T cell-mediated killing of beta cells. Although therapies that broadly inhibit immunity show promise to mitigate
autoinflammatory damage caused by effector T cells, these are unlikely to permanently reset tolerance or promote regeneration of
the already diminished pool of beta cells. An emerging concept is that certain populations of immune cells may have the capacity
to both promote tolerance and support the restoration of beta cells by supporting proliferation, differentiation and/or regeneration.
Here we will highlight three immune cell types—macrophages, regulatory T cells and innate lymphoid cells—for which there is
evidence of dual roles of immune regulation and tissue regeneration. We explore how findings in this area from other fields might
be extrapolated to type 1 diabetes and highlight recent discoveries in the context of type 1 diabetes. We also discuss technological
advances that are supporting this area of research and contextualise new therapeutic avenues to consider for type 1 diabetes.
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Introduction

Type 1 (autoimmune) diabetes is caused by T cell-mediated
destruction of beta cells and characterised by a stepwise
progression from autoantibody detection to impaired glucose
tolerance to clinical disease [1]. In addition to autoantibodies,
pancreatic abnormalities may also be detectable pre-diagnosis,
including declining levels of C-peptide and altered expression
of key metabolic factors varying by endotype [2, 3]. During
this multi-stage process, islets become progressively infiltrat-
ed with autoreactive CD8+ T cells, and beta cells are gradually
depleted [4]. Evidence that non-diabetic pancreases also have
islet autoantigen-specific CD8+ T cells suggests that the
breakdown of peripheral tolerance occurs at the local, rather
than systemic, level [5–8]. Factors driving the development of
local autoimmunity could include upregulation of MHC
expression and a change in local immunoregulation within
individual islets that would normally keep pathogenic T cells
at bay [9, 10].

Despite the development of clinical autoimmunity, T cell-
mediated beta cell destruction may not be complete, and even
people with long-standing type 1 diabetes can have detectable
residual beta cells [11]. This finding opens the possibility of
developing therapies that could enhance the function of these
preserved beta cells [12]. Immune therapies for type 1 diabetes
have traditionally focused on suppressing autoreactive T cells,
but as immune therapies such as teplizumab (an anti-CD3
monoclonal antibody) show promise in type 1 diabetes
prevention, there is an opportunity to layer approaches that
not only protect beta cells from T cell-directed attack, but also
promote immunoregulation and beta cell proliferation and
regeneration [13–16]. In this review we will discuss evidence
supporting the concept that the properties of specialised
subsets of immunoregulatory cells could be harnessed to
achieve the parallel effects of immune regulation and beta cell
regeneration. We focus on three cell types—macrophages
(Mϕs), regulatory T cells (Tregs) and innate lymphoid cells
(ILCs)—for which there is mounting evidence of dual func-
tions of regulation and regeneration [17–22].

Is endogenous beta cell regeneration
possible?

Traditional disease models postulated that beta cells were fully
depleted at the time of clinical presentation, but more recent
findings support the notion that even in advanced disease
states, it is possible that residual reservoirs of insulin-
producing beta cell mass could persist [11, 23] and might have
the potential to re-gain function, even post-diagnosis [24]. The
replicative quiescence of adult beta cells is thought to result
from several interrelated mechanisms, including the function-
al potential of cell cycle regulators and epigenetic factors [25],

but nevertheless there may be opportunities to intervene and
restore or enhance their regenerative potential [12, 25, 26]. For
example, enhancement of beta cell proliferation and regener-
ation has been achieved through pharmacological targeting of
pathways such as the glucagon-like peptide-1 receptor (GLP-
1R) and TGF-β family members [27]. To date, the highest
levels of human beta cell proliferation have been induced by
inhibiting the harmine-sensitive dual-specificity tyrosine
phosphorylation-regulated kinase (DYRK1A) pathway.
DYRK1A inhibitors are thought to work by reversing the
inhibitory effect of DYRK1A on the nuclear factor activated
in T cells (NFAT) family of transcription factors, which are
required for cell cycle activation in beta cells. Exposure to
DYRK1A inhibitors on their own increases beta cell prolifer-
ation to ~1–3% [25]; although the effect size is small, it is
sufficient to improve glucose tolerance in immunodeficient
mice transplanted with human islets [18, 25]. These pro-
proliferative effects can be enhanced in combination with
GLP-1R agonists, stimulating up to 6% of beta cells to prolif-
erate [28]. It is encouraging that even a very small amount of
endogenous beta cell regeneration and/or proliferation can be
highly beneficial. It is important to note that since NFAT
transcription factors are ubiquitously expressed, DYRK1A
inhibitors are not beta cell specific, with reported effects in
the central nervous system (CNS) and on proliferation of
islet alpha and ductal cells, highlighting the need to develop
beta cell-specific drug targeting strategies. Other strategies
such as islet transplantation [29] or stem cell replacement also
hold promise as a way to increase beta cell mass, but, as with
endogenous cells subject to autoimmunity, must be coupled
with approaches that limit immune attack [30]. Thus,
combined with increasing evidence that specific subsets of
immune cells can promote tissue repair and regeneration in a
variety of disease contexts [30–32], research to understand
how immune cells could function to both restore loss of beta
function and maintain immune homeostasis post-regeneration
is an exciting area for exploration.

Mϕs

Mϕs are a heterogeneous population of cells arising from
different progenitors, existing within lymphoid and non-
lymphoid tissues. They contribute to tissue homeostasis and
inflammation through phagocytosis and the production of
cytokines and growth factors [33]. States of Mϕ activation
span a wide spectrum ranging from proinflammatory to regen-
erative phenotypes. Classically activated (M1-like) Mϕs are
characterised by the expression of proinflammatory cytokines,
including TNF-α, IL-1β, IL-6 and nitric oxide, and they are
important for defence against pathogens [33, 34].
Regenerative or alternatively activated (M2-like) Mϕs are
characterised by the production of IL-10 and TGF-β, as well
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as the tumour growth-promoting factor ornithine [34].
Ornithine is a precursor in the synthesis of polyamine and
proline, which are important for cellular proliferation and
tissue repair [35]. M2-like Mϕs are involved in anti-
inflammatory responses, wound healing, tissue remodelling
and immune regulation [33]. The phenotypes of tissue-
resident Mϕs are plastic and can shift depending on the local
environment. For example, drug-induced demyelination in the
CNS causes CNS-resident Mϕs to shift from an inflammatory
to a regulatory phenotype and mediate remyelination [36, 37].
Promotion of an M2-like Mϕ phenotype is similarly benefi-
cial in angiogenesis and cardiovascular disorders [38].

Regenerative potential of Mϕs in diabetes

Mϕs constitute themajority of leucocytes detected in the islets
of non-diabetic humans [39] and NOD mice before the onset
of inflammation [40]. In NOD mice, Mϕs are in close contact
with beta cells, sampling and presenting the contents of islet
secretory granules, such as insulin peptides, to T cells [41].
Unlike Mϕs in the gut and lung, which are noninflammatory
during homeostasis, mouse islet Mϕs have a classically M1-
like activated phenotype and express Tnfa and Il1b even under
steady state conditions [42]. In the early stages of diabetes in
mice, this proinflammatory gene expression (e.g. Tnf and Il1b)
in islet Mϕs is further increased [42]. Indeed, these cells are
the major source of proinflammatory cytokines in response to
signals such as glucose and islet amyloid polypeptide (IAPP),
which are elevated with diabetes progression [43]. This
increased expression of IL-1β from islet Mϕs contributes to
enhanced immune responses and is associated with beta cell
dysfunction and impaired glucose tolerance in a transgenic
mouse model of human IAPP expression and type 2 diabetes
[44]. Although an IL-1 receptor antagonist has shown some
promise in improving beta cell function in type 2 diabetes
[45], IL-1β signalling blockade did not preserve beta cell
function in a type 1 diabetes clinical trial [46]. By contrast,
C-peptide production in new-onset type 1 diabetes was
preserved by administration of golimumab, a biologic that
targets TNF-α, which is highly expressed by proinflammatory
islet macrophages [47].

Emerging evidence suggests a previously unappreciated
role for Mϕs in beta cell regeneration and proliferation in both
late fetal and adult life [48]. Paradoxically, there is also
evidence that islet IL-1β production can stimulate beta cell
proliferation [49] and enhance beta cell function [50].
Alternatively activated Mϕs secrete molecules involved in
tissue remodelling and beta cell regeneration, for example
TGF-β, Wnts, IGF-1, and platelet-derived growth factor
(PDGF) [22, 48]. In one study, replication of beta cells was
induced by Mϕs recruited by endothelial cells upon vascular
endothelial growth factor (VEGF) induction [51]. In another

study, the beneficial effect of mesenchymal stem cell therapy
on beta cell replication in streptozotocin (STZ)-treated mice
was found to be mediated by stromal cell-derived factor 1
recruitment of Mϕs [52]. We found that in mice with STZ-
induced diabetes, beta cell death is associated with marked
upregulation of IGF-1 expression in islet Mϕs, and depletion
of Mϕs led to impaired glucose tolerance [22]. We also
showed that, similar to STZ-treated mice, islet Mϕs in db/db
mice (a rodent model of type 2 diabetes) expressed lower
concentrations of inflammatory cytokines (e.g. IL-6) and
higher Igf1mRNA compared with wild-type mice, supporting
the idea that in models of beta cell loss and diabetes, islet Mϕs
are skewed towards a tissue regenerative phenotype [22].
Several other signalling pathways may be involved in Mϕ-
mediated beta cell regeneration following islet injury. One
pathway is likely mediated by secretion of Wnt ligand by
alternatively activated Mϕs; this pathway induces expression
of activated β-catenin, leading to beta cell expansion [53, 54].
Other pathways include alternatively activated Mϕ-mediated
release of TGF-β, leading to upregulation of SMAD7 and beta
cell proliferation via induction of cyclin Ds and cytoplasmic
translocation of p27 [17]. Beta cell proliferation can also be
induced by a Mϕ-mediated PDGF-PDGF receptor (PDGFR)
signalling-dependent mechanism [55].

Overall, these data suggest that islet Mϕs hold therapeutic
potential to promote regeneration and proliferation of either
endogenous or transplanted beta cells. Challenges to
harnessing this strategy include Mϕ plasticity and methods
for islet-specific targeting. With respect to plasticity, the bene-
ficial pro-regenerative M2 phenotype could be programmed
by strategies to manipulate signalling pathways to re-educate
M2 Mϕs [56], or through phagocytosis of anti-inflammatory
drug-loadedmicroparticles to enhance gene expression related
to the M2 phenotype [57]. In terms of islet-specific targeting,
if used with encapsulated islet replacement strategies, one
could envision a co-encapsulation approach. One of the
caveats associated with islet encapsulation is the poor survival
of encapsulated islets caused by pericapsular fibrotic over-
growth and allograft rejection. Co-transplantation of mesen-
chymal stem cells (MSC) with anti-inflammatory properties
together with encapsulated islets successfully improves graft
survival [58], an effect possibly mediated by MSC-mediated
reprogramming of Mϕs to an M2 phenotype [59]. Thus, co-
transplantation of M2 macrophages with encapsulated islets
may overcome the challenges associated with the long-term
survival of encapsulated insulin-producing cells.

Tregs

Forkhead box P3 protein (FOXP3)+ Tregs maintain immune
homeostasis and promote tolerance by suppressing the effec-
tor activity of conventional CD4+ and CD8+ T cells, as well as
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numerous other immune cell subsets [60]. In the NODmouse,
insulin-specific Tregs are present in inflamed islets [61], but
their suppressive activity wanes with time, possibly due to
inadequate IL-2 [62]. In humans, clear evidence for islet-
localised Tregs is lacking, but the presence of islet-specific
Tregs in blood is associated with disease protection [8].
Most children born with dysfunctional Tregs due to FOXP3
mutations have early onset type 1 diabetes [63], and numerous
changes in the gene expression, phenotype and/or function of
circulating Tregs in people with type 1 diabetes are reported
[64]. Thus, in both mice and humans, defects in islet-specific
Treg activity likely contribute to disease pathogenesis. A
phase I clinical trial using polyclonal Tregs to reverse autoim-
munity in patients with type 1 diabetes was found to be well-
tolerated, highlighting their feasibility as a therapeutic inter-
vention [65]. Evidence that their immune-inhibitory effect can
be significantly enhanced by delivery of autoantigen-specific
cells is now fuelling attempts to re-direct Treg specificity
using transgenic T cell receptors or chimeric antigen receptors
specific for islet-related antigens [66].

Role of Tregs in tissue regeneration An emerging concept in
Treg biology is that these cells seem to not only regulate
immune homeostasis but also have the potential to promote
the repair of damaged tissue. Highly activated Tregs accumu-
late at sites of wounded epithelia and suppress IFN-γ produc-
tion and proinflammatory M1-like Mϕs, while inducing
expression of pro-regenerative epidermal growth factor recep-
tor (EGFR) [67, 68]. This phenomenon was first reported in
the context of a mouse skeletal muscle injury model in which
muscle-localised Tregs were found to expand post-injury via
an IL-33-dependent mechanism [69] and produce
amphiregulin (AREG)—an EGFR ligand—which increased
satellite cell function and muscle repair. Subsequent studies
in mice found evidence for Treg tissue reparative functions in
other tissues, including the lung, skin and heart [67, 68, 70]. A
consistent observation in mice is that tissue-localised, activat-
ed Tregs express high levels of ST2, the IL-33 receptor, and
respond to IL-33 by proliferating and producing AREG [67,
71]. By stimulating EGFR signalling, AREG then mediates a
variety of wound healing and tissue repair functions. In
humans, we found that Tregs from blood and multiple tissues
can produce AREG, but that its production negatively corre-
lated with T cell receptor (TCR) activation [72]. Notably, at
least in the tissue sources examined, human Tregs did not
express ST2, so IL-33-stimulated AREG production was only
observed if the cells were genetically modified to express ST2.
However, consistent with mouse studies, IL-33-stimulated
human ST2+ Tregs promoted the induction of a regenerative
phenotype in Mϕs [72], supporting the notion that human
Tregs may have both direct and indirect ways to promote
tissue regeneration. Recent data suggest that human tissue-
repair Tregs can be identified as CCR8+HLA-DR+ cells which

express the basic leucine zipper ATF-like transcription factor
(BATF) [70]. Evidence that this phenotype can be induced in
peripheral Tregs by culture with TGF-β, IL-12, IL-21 and IL-
23, raises the possibility of modulating therapeutic Tregs to
enhance tissue repair capacity.

In addition to AREG production, Tregs can also support
wound healing by expressing anti-inflammatory cytokines
such as IL-10 and TGF-β [69, 73, 74]. These cytokines
suppress effector T cell activation, promote the differentiation
of additional Tregs at sites of damage through the process of
infectious tolerance [75], and facilitate the development of a
pro-repair environment. Although the mechanisms of action
are yet-to-be identified, other tissue reparative functions of
Tregs include enhancing the proliferation and/or differentia-
tion of non-lymphoid cell precursors and dampening of fibro-
sis [71]. Beyond FOXP3+ Tregs, other types of regulatory T
cells may also promote wound healing, as we recently showed
for type 1 regulatory T (Tr1) cells, which promoted the repair
of damaged intestinal epithelial cells via an IL-22-dependent
mechanism [76].

There is also evidence that Tregs promote angiogenesis
under both homeostatic and pathological conditions [32, 77].
For example, in studies of cancer, where angiogenesis is unde-
sirable, there are associations between increased Tregs, VEGF
and deleterious outcomes [77]. Tregs are thought to promote
angiogenesis both by producing VEGF and via their regula-
tory function on other immune cells which release
proangiogenic cytokines [77]. In a VEGF-independent path-
way, Tregs promote angiogenesis via upregulation of TGF-β
in CD4+ effector T cells [78]. In a zebrafish model of cardiac
tissue injury, damaged myocardial cells stimulated peripheral
FOXP3+ Tregs to infiltrate the damaged area 3 to 7 days after
injury, where they regulated inflammation and promoted
regeneration via the IL-10 cytokine pathway [79].

In terms of direct effects of Tregs on beta cell regeneration
and proliferation, to date there is limited evidence. One study
of STZ-induced diabetes found that Tregs expressing AREG
promoted beta cell regeneration [80], and since human Tregs
also express AREG [72], this may be a relevant pathway
contributing to the success of Treg-targeted therapies.
However, there is a larger body of evidence suggesting the
beneficial effect of Tregs on beta cells operates via indirect
mechanisms—i.e. via their well-known anti-inflammatory
function and their ability to promote pro-regenerative Mϕs.

ILCs

ILCs are a family of innate lymphocytes which develop from a
common lymphoid progenitor and lack antigen-specific
receptors, such as those expressed by B and T lymphocytes
[20]. The ILC family includes natural killer (NK) cells and
non-cytotoxic ILC1s, ILC2s and ILC3s. Like NK cells, ILC1s
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secrete IFN-γ and express the transcription factor T-bet but
are differentiated from NK cells by the lack of expression of
Eomesodermin (EOMES), killer-cell immunoglobulin-like
receptors (KIRs), and the CD94/NKG2 family of C-lectin
receptors. ILC2s express the transcription factors GATA3
and RAR-related orphan receptor α (RORα) and secrete type
2 cytokines, including IL-4, IL-5, IL-9 and IL-13. ILC3s are
subdivided based on expression of natural cytotoxicity recep-
tors (NCR) NKp44 (human only) or NKp46 (human and
mouse). Both NCR+ and NCR− ILC3s express RORγt and
IL-22, alone or in combination with GM-CSF and IL-17A.
Beyond functions in host defence, tissue-resident ILCs influ-
ence a broad range of biological processes including tissue
repair, thermogenesis and neurogenesis [20]. Dysregulated
ILC responses are also linked to a variety of autoimmune,
fibrotic and rheumatoid diseases [81], making defining factors
that direct ILC tissue-reparative vs proinflammatory
programmes a major focus of ILC research. Complicating
our understanding of ILCs further, several ‘regulatory’ popu-
lations of ILCs have been described, including regulatory NK-
like cells that have cytokine profiles distinct from those of
conventional NK cells [82–84], ILCregs which produce IL-
10 and TGF-β and are defined byDNA-binding protein inhib-
itor ID3 expression [85], and IL-10-producing ILC2s that
secrete IL-10 downstream of retinoic acid or IL-2 [85–87].
These regulatory ILC populations can limit autologous or
allogeneic immune responses in diverse contexts [20, 81,
88], yet whether they have applications for type 1 diabetes is
a relatively unexplored area of research.

Role of ILCs in tissue regeneration Similar to Tregs, ILC2s
secrete the tissue-reparative molecule AREG [20, 31, 81]
and contribute to regeneration within multiple tissues.
Mouse ILC2s promote epithelial cell proliferation in the
intestine and lung to repair tissue damage caused by acute
or chronic inflammation [31, 89, 90] and contribute to
wound healing following cutaneous injury [91]. Showing
direct ability to promote repair, adoptive transfer of ILC2s
ameliorated ischaemia reperfusion injury—an effect linked
to promotion of M2-like Mϕs in the kidney and dependent
on ILC2-derived AREG [92]. Beyond AREG-driven repar-
ative functions, type 2 cytokines from ILCs can also impact
parenchymal cells and promote a regenerative programme.
For example, helminth infection triggers tuft cells to secrete
IL-25, which in turn induces ILC2 secretion of IL-13.
ILC2-derived IL-13 then acts on epithelial crypt stem cells
to differentiate and remodel the intestine after helminth
expulsion [93].

ILC3s also have important functions in tissue regeneration,
often through the production of IL-22. IL-22-producing ILCs
stimulate epithelial cells in mucosa-associated lymphoid
tissue to proliferate, secrete IL-10, and express a variety of
mitogenic and anti-apoptotic molecules [94]. In the liver, IL-

22-producing ILCs are central to regeneration [95]. Using a
mouse model in which adaptive lymphocytes were depleted,
ILC-derived IL-22 promoted liver regeneration after partial
hepatectomy, and depletion of IL-22 lead to delayed hepato-
cellular proliferation and increased injury [95]. ILC3-derived
IL-22 also allows tissue regeneration through the preservation
of intestinal stem cells [96]. Intestinal IL-22 is increased
following bone marrow transplant, and recipient deficiency
of ILC3s leads to increased crypt apoptosis, depletion of intes-
tinal stem cells and loss of epithelial integrity [96].

ILC1 and NK cell secretion of type 1 cytokine responses is
best known for driving proinflammatory immune responses,
but paradoxically these same functions are necessary to
initiate tissue repair [20]. Both cell types orchestrate proin-
flammatory immune responses which induce organised
killing and elimination of infected cells, pathogens and
damaged tissue. These responses are essential for tissue
repair, as repair of pathogen-induced tissue damage
requires the local site be free of microbes, dying cells
and debris. NK cells also participate in tissue regeneration
directly, as some studies have reported induction of repar-
ative factors by external signals. For example, mesenchy-
mal stromal cells inhibit the proinflammatory effector func-
tions of NK cells and promote a regulatory, senescent-like
phenotype with increased expression of VEGF [97]. NK
cell-derived VEGF can induce tube formation in human
microvascular endothelial cells [97].

Current understanding of the role of ILCs in islet function and
islet transplantation NK cells and ILCs have been found in
pancreases at steady state and in type 1 diabetic conditions in
mice [14, 98, 99], and some evidence points to NK cell aber-
rations in type 1 diabetic patients [100, 101], but how they
contribute to pancreatic homeostasis, or how ILC responses
are dysregulated in type 1 diabetes is relatively unknown
[102]. There is no consensus at this point for whether NK cells
are protective or harmful in type 1 diabetes, as most studies
examined bulk NK cells and did not distinguish between
CD56bright NK cells, CD56dim NK cells or regulatory NK-
like cells [103]. While studies are limited, both ILC2 and
ILC3s have been linked to cellular circuits that promote beta
cell function and islet homeostasis [14, 98]. For example, IL-33
production by pancreatic mesenchymal cells promoted IL-13
and colony stimulating factor (CSF)-2 secretion by ILC2s,
which in turn stimulated dendritic cell and Mϕ production of
retinoic acid that acted on beta cells to increase insulin produc-
tion [14]. Additionally, ILC2s were protective in type 2 diabe-
tes: ILC2-derived IL-5 was indispensable for recruitment of
eosinophils and M2-like Mϕs in visceral adipose tissue, and
loss of ILC2s resulted in increased insulin resistance [104]. An
ILC3-dependent network was also shown to maintain islet
homeostasis [98]. Specifically, gut microbiota stimulated
ILC3s to produce IL-22, which induced expression of mouse
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β-defensin 14 (mBD14) by pancreatic endocrine cells. mBD14
then induced regulatory B cells, which in turn induced regula-
tory macrophages and Tregs, limiting autoimmune diabetes in
NOD mice [98]. ILC3-derived IL-22 may be particularly
important in the pancreas, as both exogenous and endogenous
IL-22 protects beta cells from oxidation and endoplasmic retic-
ulum stress, thereby improving insulin production [105]. These
findings remain controversial, however, as exogenous IL-22
was separately shown to have no effect on the onset of diabetes
in NOD mice [106]. While data on human ILC3s in healthy
pancreas or in type 1 diabetes are limited, in the duodenum of
individuals with type 1 diabetes, ILC1s were increased in
number and frequency, with a concurrent decrease in the
proportion of ILC3s [107], supporting the possibility that ILC
dysregulation may occur in type 1 diabetes.

While we are still deciphering the role of ILCs in the
pancreas at steady state and in type 1 diabetes, two studies

reported that ILC populations can limit allogeneic immune
responses to transplanted islets. Following islet transplant,
NK1.1+ mouse ILCs were required for induction of tolerance
to islet allografts [108]. Since the mechanism for protection
was perforin dependent, it was most likely mediated by NK
cells rather than ILC1s or ILC3s, which also express NK1.1.
More recently, mouse IL-10-producing ILC2s were shown to
prevent islet allograft rejection by increasing Treg prolifera-
tion and inhibiting inflammatory immune cells [109].
Administration of IL-33 prior to allogeneic islet transplant
promoted ILC2 expansion, increased graft survival and
improved blood glucose control during i.p. GTTs.

With this foundation of knowledge, it will now be impor-
tant to untangle how human ILCs interact with other immune
and parenchymal cells in the pancreas at steady state, contrib-
ute to type 1 diabetes pathology, or could be harnessed as
therapies.
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Fig. 1 Proposedmodel for how beta cells interact with a network ofMϕs,
Tregs and ILCs. The crosstalk among Mϕs, Tregs and ILCs with beta
cells during diabetes induces beta cell regeneration. This process is domi-
nated by Mϕs, which are influenced by Tregs and ILCs. Two major
subsets of islet Mϕs may influence beta cells. Islets normally contain
resident Mϕs with an M1-like phenotype that produce low levels of
inflammatory cytokines. As diabetes develops, these Mϕs increase in
number and produce more inflammatory cytokines, which contribute to
beta cell death and dysfunction and enhanced autoimmunity. Emerging
data suggest that properties ofM2-likemacrophages, Tregs and ILCsmay
be harnessed to slow or reverse this process. During beta cell recovery,
islet Mϕs polarise to the M2 phenotype, and expression of proinflamma-
tory cytokines is decreased, while the secretion of several growth factors

that promote beta cell regeneration, including retinoic acid, TGF-β, IGF,
PDGF and Wnt, is increased. SMAD7 overexpression in beta cells
enhances proliferation by increasing cyclin Ds and inducing nuclear
export of p27. Tregs and ILCs influence factors such as AREG, IL-22
and mBD14 which can directly or indirectly support beta cell function,
with mechanisms often ultimately mediated by the islet-resident Mϕs. In
addition to direct effects on beta cells, secretion of VEGF by Mϕs is
critical for inducing angiogenesis, a process important for beta cell regen-
eration and pancreatic development [122, 123]. Additional signalling
pathways that have not yet been identified likely exist among Tregs,
ILCs,Mϕs and beta cells. This figure is available as a downloadable slide
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Technological advances enabling the study
of immune cell–islet cross talk

Particularly in the context of human cells, past studies of natural
islet–immune cell interactions have been restricted by the rarity
of samples and the complexity of methods needed to untangle
phenotypic heterogeneity and cell interaction complexity [10].
Single-cell technologies now enable in-depth insight into the
range of immune cells found in proximity to islets as well as
molecular pathways that may be active or repressed. Novel
platforms may also address long-standing questions as to why
beta cells are resistant to regeneration, and hence inform strat-
egies that could be used to overcome this state [25, 102].
Spatial sequencing [110] and 3D imaging and modelling tech-
niques [111] offer further promise for developing an accurate
and reproducible map of islet–immune cell microenviron-
ments. Single cell-omics technologies such as assay of
transposable-accessible chromatin sequencing (ATAC-Seq)
and cellular indexing of transcriptomes and epitopes by
sequencing (CITE-Seq) are being leveraged to characterise rare
cell subpopulations in pancreatic tissue and address key ques-
tions about the anatomical features and functions of pancreatic
tissue [112]. Exciting technologies such as long-term pancreat-
ic cell culture using pancreas slices or organoids [113, 114] as
well as ‘organ on chip’ bioengineering methods will enable
studies to develop more sophisticated, longitudinal cell
network analyses to provide data on real-time lineage tracing
and pathophysiological development [113]. These are already
being used to model type 1 diabetes to expand the scope and
relevance of in vitro methods that can be used to dissect mech-
anistic pathways and model microenvironment conditions

[115, 116]. Finally, various online databases, such as the
Human Pancreas Analysis Program, are connecting various,
often extensive, pipelines of data together and will enable
detailed, multi-faceted characterisation of pancreatic tissue in
tandemwith the expansion of data science evaluations. Overall,
these new methods will enable sophisticated approaches to
unravel networks of immunoregulatory–beta cell interactions
so that their pro-regenerative effects can be harnessed
therapeutically.

Towards a network model of immune cells
and islets in type 1 diabetes

Defining how pancreas-relevant immunoregulatory and pro-
regenerative functions of immune cell subsets can be
harnessed in type 1 diabetes requires a detailed understanding
of the normal function of protective vs pathogenic subsets so
that strategies to marry immune therapies with beta cell
replacement or regeneration can be developed [10,
117–119]. It is notable that much of the evidence for
immune-mediated regenerative function seems to involve
networks of immune cells, often culminating with Mϕs medi-
ating the final effector function (Fig. 1). As research in this
area evolves, it will be important to consider whether, and
how, islet cells might feed back and mediate effects on the
immune cells themselves. As an example, insulin can promote
T cell-driven inflammation [120] and inhibit Treg suppression
[121], raising the possibility that the biology of pancreatic
tissue may directly contribute to autoimmune attack.

Table 1 Summary of key cytokines and growth factors produced by immunoregulatory cells that could contribute to beta cell regeneration and
functional restoration

Regenerative factor Cell source Effects on beta cells Reference

AREG Mϕs; ILC2s; Tregs IL-33-activated, EGFR-family growth factor; can promote
beta cell regeneration through TGF-β co-activation to suppress
inflammation and promote local stem cell differentiation

[20, 73, 80, 89]

IGF-1 Islet Mϕs Shift islet Mϕs from proinflammatory to pro-regenerative phenotype;
induce islet Mϕs to help maintain insulin secretion

[22]

IL-1β Islet auto-expression; islet-resident Mϕs Enhances glucose-stimulated insulin secretion [49, 50]

IL-10 Mϕs; Tregs; ILCregs; ILC2s Suppresses effector T cell activity and inflammation; unclear
evidence for direct effector function on beta cells

[79, 109]

IL-22 ILC3s; Tregs Anti-inflammatory; gut ILCs induce protective effect from pancreatic
ILCs via IL-22 pathway & mouse β-defensin

[76, 98]

PDGF Islet Mϕs Possible transdifferentiation from α cells [55]

Retinoic acid Islet-resident ILC2s Promote insulin secretion via IL-33 pathway [14]

TGF-β Mϕs; Tregs; ILCregs Cyclin D induction; translocation of p27 [17, 27, 78]

VEGF Islet endocrine cells; Tregs; NK cells Promotes pancreatic endothelial cell growth while suppressing beta
cell function; Mϕ recruitment restores beta cell proliferation

[51, 77, 97]

Wnt Mϕs Promotes beta cell proliferation by inducing expression of activated
β-catenin and cyclin D2

[53, 54]
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Despite the divergent origins and immune functions of Mϕs,
Tregs and ILCs, their tissue reparative properties seem to
converge on numerous common pathways/mechanisms—
specifically secretion of ligands for receptor tyrosine kinases
expressed on beta cells, or cytokines with anti-inflammatory
properties (Table 1). However, this convergence upon common
pathways may also arise from a bias toward investigating previ-
ously known mechanisms. A more complete understanding of
how networks of immunoregulatory cells work together to
promote beta cell regeneration will require a more holistic inves-
tigation of relevant immune cells and an unbiased investigation
of mechanistic pathways. These approaches are now being facil-
itated by numerous technological advances outlined above.
Overall, the potential to harness parallel functions of immune
suppression and beta cell regeneration is an exciting new area
of research that promises to lead to new insight into disease
pathogenesis and new therapeutic strategies for type 1 diabetes.
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