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Abstract: The different types of diabetes differ in disease pathogenesis but share the
impairment or loss of B-cell function leading to chronic hyperglycaemia. While immune
cells are present throughout the whole pancreas in normality, their number and activation
is increased in diabetes. Different patterns and composition of inflammation could be
observed in type 1, type 2 and type 3c diabetes. Immune cells, pancreatic stellate cells and
fibrosis were present in the islet microenvironment and could add to B-cell dysfunction and
therefore development and progression of diabetes. First studies investigating the use of
anti-inflammatory drugs demonstrate their ability to rescue remaining 3-cell function and
their potential benefit in diabetes treatment. This article provides an overview of immune cell
infiltrates in different types of diabetes, highlights the knowledge of their impact on B-cell
function and introduces the potential of immunomodulatory strategies.
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Introduction

Diabetes summarizes diseases of the pancreas
leading to continuous hyperglycaemia and with
that to side effects including microvascular and
macrovascular complications. There are different
types of diabetes with different disease patterns
and causes; however, high blood glucose levels
unify all of them. Different types of diabetes
include type 1 diabetes (T1D), type 2 diabetes
(T2D) and type 3c diabetes (T3cD). TI1D is
characterized by insulin deficiency caused by
immune-associated destruction of pancreatic f-
cells leading to chronic hyperglycaemia.! It
accounts for around 23% of all diabetes cases
with high global variation.!:2 It is believed to be
caused by genetic as well as environmental causes
with the gene predisposition possibly leading to
the presence of activated immune cells in the pan-
creas already early in life.! The impact of the dis-
ease on the pancreas includes loss of B-cells and
insulin expression and loss of pancreatic vol-
ume.!3 T2D is the most common form of diabe-
tes accounting for up to 90% of all cases.?* The
disease is characterized by insulin resistance and/
or impaired insulin secretion leading to chronic

hyperglycaemia.* Both environmental and genetic
risk factors impact on the development of T2D;
however, there seems to be a strong correlation
with environmental factors especially obesity.*
T3cD, also known as pancreatogenic or second-
ary diabetes, describes a group of diseases of the
exocrine pancreas leading to diabetes. These dis-
eases include most commonly chronic pancreati-
tis (CP), but also cystic fibrosis (CF) and
pancreatic cancer.? It is estimated that 1-9% of
patients with diabetes have T3cDj; however, the
number might be highly underestimated due to
difficulty with the diagnosis.? People with T3cD
can present with impaired islet function often
only evident during a glucose challenge and they
can also present with ‘brittle’ diabetes showing
through frequent hypoglycaemic events.>

In general, inflammation is a process dedicated to
eliminate infections in an acute response which
can turn into a chronic process if pathogens are
persistent.” The pathway of inflammatory
responses starts with inducers including microbes
or intracellular proteins triggering the production
of mediators for example cytokines to recruit
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leucocytes and resolve the impact of the inducer.®
Chronic inflammation can be accompanied by
fibrosis impacting on tissue morphology and
function.” Kl6ppel ez al. summarizing the staged
process of fibrosis in the pancreas: initial injury
leading to apoptosis/necrosis of cells during which
cytokines get released; clear up of damaged cells
by macrophages and activation of pancreatic stel-
late cells (PSCs) by the previously released
cytokines; production and deposition of extracel-
lular matrix (ECM).8 Following I set out to sum-
marize relevant literature to summarize the
immune cell infiltration in the different types of
diabetes, highlight key players, the impact of
inflammation on B-cell function and potential
implications of anti-inflammatory treatments for
people with diabetes.

Methodology: Search strategy

To find relevant literature for this review, a search
was conducted in the PubMed database as well as
Google Scholar with the following terms: ‘type 1
diabetes’, ‘type 2 diabetes’, type 3c diabetes’,
‘inflammation’, ‘immune cell infiltration’, ‘insuli-
tis’, ‘fibrosis’, ‘chronic pancreatitis’, ‘cystic fibro-
sis’, ‘pancreatic stellate cells’, ‘beta-cell function’,
‘cytokines’ and ‘anti-inflammatory treatment’. In
addition, a search in the references of found pub-
lications was conducted.

Immune infiltration in diabetes

Type 1 diabetes

With T1D having an autoimmune component,
immune cell infiltration in islets, called insulitis,
has been studied in rodent and human pancre-
ata. Research in the non-obese diabetic (NOD)
mouse, a well-characterized model of T1D pre-
senting with immune cell infiltration, allows the
investigation of cell infiltration over the develop-
ment of the disease. Studies highlighted the
recruitment of different immune cells in the pan-
creas starting with dendritic-like cell and mac-
rophage infiltration in vessels adjacent to islets
moving towards para- and peri-insular infiltra-
tion with increasing age of the mice.? In a later
stage, lymphocytes could be observed in the
combination, the infiltration moved into islets
and during these phases, -cell destruction was
observed.®10 Additional studies showed that
plasmacytoid dendritic cells are potent negative
regulators of insulitis.!! Although differences

between rodent models and man exist, many
similarities provide the possibility to investigate
disease development, longitudinal studies or
intervention experiments.39-11

In human tissue, analysis of fixed pancreas biop-
sies allows insight into immune cell infiltration
which seemed to be less frequent in human pan-
creas samples compared to rodent models.1? In
addition, infiltrating immune cells can also be
observed in non-diabetic control pancreata which
led to different definitions of insulitis in different
studies.>13-16 In auto-antibody positive (AA™)
donors, a state occurring prior to the T1D diag-
nosis, limited immune cell infiltration in islets was
observed.1417:18 Different studies investigating
samples from patients with recent onset diabetes
(<7years) or donors with young age showed
increased infiltrating immune cells in islets and
their periphery compared to control patients or
patients with longer standing diabetes.!8-25
However, the number of affected donors and
islets remains quite limited together with the
number of islet infiltrating immune cells.3:15:21
Majority of studies are reporting an increased
number of infiltrating immune cells in insulin
containing islets compared to insulin-deficient
islets indicating that insulitis might occur due to
an auto-immune process.>315:17:18,:20,23,26,27 A yari-
ability of immune cell composition and number
was observed in the different tissues indicating a
heterogeneity between different patients even
with similar disease stage.!%18:28 Studies investi-
gating immune cell composition in more detail
observed the majority of the infiltrates to be com-
posed of cytotoxic T-cells followed by mac-
rophages, B-cells and T-helper -cells.15:21,22,28
Deeper analysis of islet-derived cytotoxic T-cells
and T-helper cells from T1D donors revealed
their reactivity to islet auto-antigens indicating
their role in disease pathogenesis.?8:2° In addition
to insulitis, fibrosis as well as hyaluronan accu-
mulation inside of islets could also be observed in
some cases potentially impacting on stiffness of
the tissue and contributing to the inflammatory
process in the organ.3-19,20,30-32

The impact of T1D on the exocrine pancreas
becomes obvious by the decrease in whole pan-
creas weight in AA"™ and T1D organs.!82533 In
AA™" pancreata, cases of acute pancreatitis and
mild CP were observed in the exocrine paren-
chyma with T-helper cells as well as myeloid den-
dritic cells present.!”18 Some cases of T1D
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pancreata presented with focal acute pancreatitis,
mild-to-moderate chronic pancreatitis or diffuse
lymphocytic infiltrate in the acinar parenchyma,
in and around ducts or around vessels.17:18:25,26
Rodriguez-Calvo er al. reported a significant
increased number of T-helper cells, cytotoxic
T-cells and myeloid dendritic cells in the exocrine
tissue of T1D compared to control pancreata.!8

Taken together, these studies highlight the multi-
ple inflammatory components impacting (-cell
function in the pancreas of T1D. In the early
stages or prior of the disease, immune cells are
present in the exocrine tissue potentially being
recruited towards the islets with the progression of
the disease whilst dynamic changes in the compo-
sition can be observed. This highlights that the
immune cascade could be targeted early on to
dampen or prevent the progression towards the
islets and therefore halter B-cell destruction in
TI1D. Further studies are needed for a deeper
understanding of the activation patterns of tissue
resident immune cells and their recruitment
towards the islets. Additional multiplex staining or
isolation of immune cells in the pancreas or islets
following sequencing or proteomic analyses might
lead to a better understanding in the role immune
cells play in the development of diabetes.16:34

Type 2 diabetes

Increasingly more studies investigating inflamma-
tion in cases of T2D in animal models as well as
man, found the presence of immune cells in the
exocrine and endocrine parts of the organ.
Interestingly, there is evidence indicating that
insulitis can also be present in T2D with different
diabetic and obese animal models presenting with
immune cell infiltration into the endocrine com-
partment composed of mainly macrophages and
granylocytes.”-35:36 A rodent non-obese model of
T2D showed the progression of immune infiltra-
tion starting near ducts with granulocytes in
younger animals moving towards islets with gran-
ulocytes and macrophages in later stages of the
disease coinciding with presence of fibrosis.3%

Limited histological studies of islets in human
T2D pancreata showed an increased infiltration
of macrophages compared to non-diabetic con-
trols.13:34:35.37 However, the number of infiltrating
macrophages in T1D was observed higher than
T2D in some islets.!5 In addition, a significantly
increased number of cytotoxic T-cells was seen in

the periphery of islets in T2D with no difference
in islet infiltrating T-cells compared to islets of
non-diabetic pancreata.!8:34 Islet amyloid deposi-
tion, increasingly found in islets of T2D patients,
was shown previously to increase -cell apoptosis
and decrease B-cell function possibly by the
disturbance of cell-to-cell connections through
the oligomers.38 A transgenic mouse model
showed the impact amyloid can have on increased
expression of proinflammatory chemokines and
cytokines as well as other inflammatory mark-
ers.?® Resident islet macrophages can be stimu-
lated by islet amyloid polypeptide aggregation to
produce proinflammatory cytokines adding to the
inflammatory environment.4%4! In addition sig-
nificantly increased hyaluronan accumulation
was observed in an amyloid mouse model accom-
panied by increased macrophage infiltration
potentially impacting on inflammation as well as
stiffness of the islet microenvironment.32-39

The impact of T2D on the exocrine pancreas
can be seen in the decrease in pancreas weight
by 15% compared to non-diabetic controls.%?
Immune cell infiltration was also observed in the
exocrine tissue of some pancreata in different
studies which included cytotoxic T-cells, T-helper
cells and macrophages with the density of cyto-
toxic T-cells significantly higher in T2D than in
control pancreata.l7,18:34:43

In summary, these studies highlight the presence
of inflammation in the exocrine and endocrine
T2D pancreas and indicating potential impact in
the development and progression of diabetes as
well as potential targets for anti-inflammatory
treatments. The limited studies available so far
indicate differences in cell composition and exo-
crine/endocrine infiltration between T1D and
T2D; however, additional studies are required to
investigate the progression and impact of inflam-
mation in T2D pancreata and the involved
immune cell types in more detail.

Type 3c diabetes

Chronic pancreatitis. CP is characterized by pro-
gressive destruction of acinar tissue and its
replacement by inflammatory and fibrotic tissue
impacting on the function of the organ.*

Macrophage infiltration was observed in a mouse
model of CP accompanied with an increased
expression of macrophage-associated cytokines
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and chemokines indicating their presence and sig-
nalling in the pancreas.?> An anti-inflammatory
and anti-fibrotic acting microRNA (miR-29a)
was observed to be significantly reduced in the
acute phase of a pancreatitis mouse model as well
as locally in human CP tissue samples co-localiz-
ing with changed morphology.#% This shows par-
allels between the rodent model and human
samples and indicating the presence of fibrotic
changes in the investigated pancreata.

A significant increase in connective tissue and
mononuclear cells was observed in human CP
pancreata positively correlated with patient
reported pain intensity.*” Immune cell infiltration
with lymphocytes and macrophages was observed
in fibrotic areas in the exocrine part of the pan-
creas, but very rarely in islets.13:43:45:48 The impact
of pancreatitis on the whole pancreas was also
notable by an increase in stiffness observed in
acute and CP.49:50

In summary, the limited studies highlight the pres-
ence of focal inflammation in the exocrine pancreas
but limited presence in the islet microenvironment.
However, additional studies are needed to investi-
gate the impact of inflammation on islets as well as
the development of diabetes in people with CP to
gain a better understanding what part of inflamma-
tion is impacting on islet dysfunction.

Cystic fibrosis. CF is caused by mutations in the
CF transmembrane conductance regulator (CFTR)
channel impairing anion transport across the cell
membrane. In the pancreas, CF manifests by duct
dilation and extensive replacement of acinar
parenchyma by fibrosis and fat cells.’! A well-
studied animal model of CF, the CFTR-knock
out ferret, suggests that apoptotic damage due to
duct dilatation might be a trigger for the fibrous
and inflammatory process with young CF ferrets
presenting with increased fibrous tissue replacing
acinar parenchyma.5? Infiltration of neutrophils,
macrophages and lymphocytes into exocrine tis-
sue could already be observed in new-born CF
ferrets which was not observed in non-CF con-
trols.>2 Analysis of circulating mRNA expression
of cytokines revealed a significant increase and
peak expression of IL-8, IL-1f3,IL-6 and CXCL10
during early life phases of CF ferrets during which
these also experience a glycaemic crisis.>> Tumour
necrosis factor (TNF)-o and TGF-f1 showed
their peak expression earlier and before the gly-
caemic crisis indicating their potential role in the

start of the inflammation process in the pan-
creas.>3 Additional analysis of serum cytokine lev-
els, which were not significant different between
genotypes except in new-borns, indicated that
pro-inflammatory changes develop local rather
than systemic.53 Isolated neonatal islets from this
ferret model showed a significantly increased
expression of some cytokines in CF compared to
non-CF indicating the possible inflammatory sig-
nalling of islets themselves.>*

Studies investigating human CF pancreas,
observed leucocytes infiltrating in islets in young
CF donors and in decreased numbers in adult
donors with a fibrotic disease pattern.>!:5%:56 In
young donors, the infiltrates consisted mostly of
T-cells as well as macrophages which were not
visible in adult islet infiltrates.’> The number of
immune cell infiltrates did not correlate with
insulin expression of the islets.’5 Another study
reported no macrophage infiltration in islets;
however, IL-1f expression was detected indicat-
ing a proinflammatory signalling in the islet
area.>7 [solated islet-infiltrating T-cells showed to
be able to produce inflammatory cytokines which
are able to negatively impact -cell function.>®

Immune cells were also observed in the exocrine
tissue of CF donors independent of age with leu-
cocytes, T-cells and macrophages.5>57 However,
in older cohorts, the numbers of immune cells
was less and macrophages were not significantly
different to control pancreata.>®> Exocrine paren-
chyma of adult CF pancreata with a fibrotic pat-
tern contained more immune cells compared to a
lipoatrophic pattern.>1:55

Taken together, these studies show that in both
the animal model and the human CF pancreas,
inflammation can be observed in the exocrine and
endocrine department. This indicates that islets
can be negatively impacted by inflammatory cells
and their signalling leading to the development of
diabetes. Future studies are needed to investigate
the immune cell infiltration in more detail to get a
better understanding of the part inflammation
plays in the development of CF-related diabetes.

Example images of immune cell infiltration

and fibrosis in different pancreata
Immuno-phenotyping of different pancreata was
undertaken in the Quality in Organ Donation
(QUOD) pancreas expand biobank collecting

journals.sagepub.com/home/tae


https://journals.sagepub.com/home/tae

N Kattner

biopsies of whole donor pancreata in a standard-
ized manner for research purposes from deceased
donors after appropriate consent. A deeper analy-
sis of the cohort is ongoing, but following are
examples to visualize immune cell infiltration and
collagen deposition in the microenvironment of
islets in a non-diabetic control, T1D, T2D and
CF pancreas (Figure 1). The example of a female
and 39years old non-diabetic control (panels
C-1, C-2, C-3) pancreas shows a few leucocytes
(panel C1, brown) as well as T-cells (panel C-2,
red), but no B-cells (panel C-3, brown) in the
microenvironment of islets (dotted line). The col-
lagen is visualizing the basement membrane
around the islets, around vessels and around acini
(panel C-3). In the example of a male and 38 year-
old-donor with the history of T1D (panel T1D-1,
T1D-2, T1D-3), T-cells (panel T1D-1, red) as
well as macrophages (panel T1D-2) both CD68*
(brown) and CD163* (red) are present in the
microenvironment of islets. No B-cells (panel
T1D-1, brown) were visible in this case. Increased
collagen deposition can be observed in the exo-
crine parenchyma also in close proximity to the
pictured islets (panel T1D-3). In an example case
for T2D of a male donor, 53 years of age (panel
T2D-1, T2D-2, T2D-3), leucocytes (panel T2D-
1, brown) and T-cells (panel T2D-2, red), but no
B-cells (panel T2D-2, brown) were visible in the
periphery of islets. Collagen (panel T2D-3) is
present in and around the islets as well as in the
exocrine tissue appearing similar to the control
pancreas. The example of a male and 27-year-old
donor with CF shows the impact CF can have on
the pancreas with no acinar parenchyma visible
(panel CF-1, CF-2). Leucocytes are present in
the microenvironment of the islets (panel CF-1,
brown) and a high amount of collagen (panel
CF-2) is surrounding the pictured islets.

The role of PSCs in inflammation of

the pancreas

Next to immune cells, PSCs are thought to play
an important role in the inflammation of the pan-
creas.>®-%0 PSCs are a myofibroblast-like cell type,
possess are star-like shape and can be identified
by a-smooth muscle actin and vimentin
expression.>8-61

Activated PSCs are thought to play an important
role in pancreas fibrosis evident through a close
proximity between these cells and affected
areas.’® %1 Cytokines including TGF-f and

platelet-derived growth factor released by acinar
cells in response to injury might induce activation
on PSCs.59:60:62,63 It might also be possible that
changes in the organ stiffness due to ECM depo-
sition impact on the activation of PSCs similarly
seen in hepatic stellate cells.®* Once activated,
PSCs produce fibril forming collagens including
type I, type III and type XI as well as fibronectin
and laminin contributing to the fibrotic changes
in the organ.59-61,63,65:66 PSCs also express matrix
metalloproteases (MMPs) including MMP-3 and
MMP-9 which are proteins important for ECM
degeneration.®® The secretion can be inhibited in
an autocrine manner by the secretion of TGF-3
which can impact on the collagen deposition dur-
ing injury.%>

Activated PSCs were observed in different pan-
creatic diseases including CP, CF and pancreatic
cancer which also present with inflamed
regions.>%01:66 In these tissues, the activation
could start either due to direct impact of the
stressor, for example alcohol, or following the
sequence of injury, necrosis and fibrosis.8:48:67 In
the initial stages of tissue injury in the pancreas,
activated PSCs as well as macrophages were
observed.#%:5¢ The potential markers of stellate
cell activation ACTAl and ACTA2 were
increased in islets obtained from early stages of a
CF ferret model indicating their role in the early
stages of the disease.>* Isolated PSCs from a CP
mouse model did secrete higher levels of cytokines
including I1.-4, IL-5, IL-10, IL-13 and TGF-f,
whereas the expression of interferon (IFN)-y,
TNF-a and IL-1f3 was very low.%> In addition, it
was shown that these cytokines and additional
secreted factors were able to promote macrophage
polarization towards M2 which could also be con-
firmed with human PSCs.¥ With macrophages
being key regulators of inflammation as well as
fibrosis in a variety of tissues including the pan-
creas, this indicates a close interplay of different
cell types during the course of inflammation in
the pancreas.%8

Inflammatory environment and B-cell

function

Next to direct T-cell-mediated impact on B-cell
viability, cytokine-mediated pathways might
impact on f-cell function. Cytokines and
chemokines were shown to be secreted by differ-
ent immune cells as well as PSCs and were shown
to decrease functionality of B-cells.” Different
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Figure 1. Example images of non-diabetic control (C), T1D, T2D and CF pancreata stained for immune cell
marker and collagen distribution in the proximity of pancreatic islets (dotted lines). The sections were stained
for immunohistochemistry by Novopath at RVl Newcastle with optimized and standardized protocols on a
Ventana Discovery Ultra TM (Roche Diagnostics, Burgess Hill, United Kingdom). The non-diabetic control
donor was female, 39 years old with no history of diabetes. C-1: CD45 in brown indicating the presence of
immune cells in the exocrine tissue of control pancreata. Brown arrows indicate examples of CD45* cells. C-2:
CD20 in brown and CD3 in red highlighting no positivity for B-cell or T-cell marker in the control pancreas.
Red arrows indicate examples of CD3* cells, no CD20* cells present in this image. C-3: SRFG staining shows
collagen in red indicating the distribution of the basement membrane in the normal pancreas. The donor with
a history of T1D was male, 38years of age. T1D-1: CD20 in brown and CD3 in red indicating the presence of
B-cells and T-cells in the T1D pancreas. Red arrows indicate examples of CD3" cells, no CD20* cells present
in this image. T1D-2: CD68 in brown and CD163 in red demonstrating the presence of macrophages in the
T1D pancreas. Brown arrows indicate examples of CD68* cells, red arrows indicate examples of CD163*
cells. T1D-3: SRFG highlighting the increased collagen deposition in this T1D pancreas. The donor with T2D
was male, 53years of age. T2D-1: CD45 staining in brown indicating the presence of immune cells in the T2D
pancreas. Brown arrows indicate examples of CD45* cells. T2D-2: CD3 in red and CD20 in brown highlighting
the presence of T-cells or B-cells in the periphery of islets in the T2D pancreas. Red arrows indicate examples
of CD3* cells, no CD20 cells present in this image. T2D-3: SRFG staining highlighting collagen distribution in
the T2D pancreas. The donor with a history of CF was male, 27years of age with end stage CF in the pancreas.
CF-1: CD45 in brown indicating the presence of immune cells in the CF pancreas. Brown arrows indicate
examples of CD45* cells. CF-2 SRFG highlighting severe changes in the exocrine tissue of the CF pancreas.
The non-diabetic control, T1D and T2D pancreas were kindly provided by the QUOD pancreas expand biobank
at Newcastle University. The CF pancreas was kindly provided by Prof Giinter Kloppel.

studies showed that cytokines including IL-1p3, was demonstrated previously that PSCs can
INF-y and TNF-a which are secreted by differ- impair B-cell function and induce death which
ent immune cells as well as PSCs can negatively can be incremented by hyperglycaemia.”>"3
impact on viability and function of B-cells.’*7! It Increased glucose/palmitate was leading to release
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Table 1. Present immune cells in human pancreatic tissue with T1D, T2D and T3cD in the exocrine and endocrine department.

T2D T3cD

T1D
Endocrine Cytotoxic T-cells (CD3*/CD8*)
Pancreas B-cells (CD20+)

Macrophages (CD68*/CD163")

T-helper cells (CD3+/CD4*)
Exocrine T-helper cells (CD3*/CD4*)
Pancreas Myeloid cells (CD11c*)

Cytotoxic T-cells (CD3+/CD8*)

Macrophages (CD68*/CD163*)
Cytotoxic T-cells (CD3+/CD8+)

Leucocytes (LCA+/CD45+)
T-cells (CD3*)

Macrophages (CD68+/CD163")

Cytotoxic T-cells (CD3+/CD8+)
T-helper cells (CD3+/CD4+)
Myeloid cells (CD11c*)

Leucocytes (LCA+/CD45+)
T-cells (CD3*)
Macrophages (CD68+/CD163+)

of IL-6, IL.-8, chemokine KC and G-CSF in
mouse and human islets indicating the recruit-
ment of immune cells and/or the activation of
resident PSCs as a stress response.”-35 Surprisingly,
IL-6 was shown to positively impact on o-cells
promoting growth and function which is believed
to possible compensate for impaired B-cell func-
tion in diabetes.” Furthermore, it was shown that
the stiffness of surrounding microenvironment is
impacting on fB-cell function due to mechano-
sensing through Roh-associated protein kinase
(ROCK) and myosin light-chain kinase pathways
as well as B-catenin signalling.”* Changes in pan-
creas stiffness through inflammation and fibrosis
can add to the stress on B-cells possibly leading to
dysfunction.

Anti-inflammatory treatment options

Different studies with anti-inflammatory treat-
ments in patients with T1D or T2D showed the
potential benefit of these treatments on [-cell
function.”76 These therapies have different tar-
get opportunities with either impacting on
immune cells directly or intervening on their
secreted signals including cytokines.”>7¢ Various
studies targeting immune cells with anti-CD20 or
anti-CD3 antibodies in recent onset T1D showed
that these can partially preserve P-cell function
even with short-term treatments of 1year.7%77-79
In targeting cytokines including TNFa, a small
pilot study demonstrated a preserved p-cell func-
tion.8% Treatment of children, newly diagnosed
with T1D, with anti-inflammatory serum protein
o, -antitrypsin in a small cohort lead to improved
or maintained B-cell function in some of the
patients.8! However, a multi-centre trial with
IL-1 inhibition via antibody or receptor antago-
nist for 9-12 months showed no impact on B-cell
function compared to placebo treatments.82

Furthermore, another trail investigating the inhi-
bition of IL-1p did not reduce the incident of new
onset T2D and demonstrated no long-term
improvement of glycaemic levels.83 In addition,
well-known anti-inflammatory drugs including
salicylates demonstrated improved f-cell function
with improved glycaemic control in short-term
trials.8486 These trials show the potential to res-
cue remaining f-cell function with anti-inflam-
matory treatments making it possible to improve
treatments for different types of diabetes.”
However, to date, these treatments fail to cure
diabetes as well as prevent onset of diabetes, high-
lighting the need for further research in this aspect
of disease pathogenesis.”>:83

Conclusion

Taken together, it is evident that immune cells
are present in the normal pancreas and an
increased infiltration in endocrine and exocrine
departments can be observed in all types of diabe-
tes (Table 1). The studies present found a differ-
ence in the immune cell composition in the
different types of diabetes, potentially due to dif-
ferent disease pathogenesis. The process of
inflammation and fibrosis seems to be dynamic
with changes in cell composition at different
points of the disease progression. The impact of
the inflammatory mechanisms on islets and spe-
cific B-cells cannot be denied and can potentially
add to the stressors already present in diabetes
including hyperglycaemia. Anti-inflammatory
treatments are able to rescue remaining [(-cell
function indicating their potential in improving
care in different types of diabetes. Further
research will be required to better understand the
involvement of inflammation in the development
and progression of diabetes working towards
improved therapies.

journals.sagepub.com/home/tae


https://journals.sagepub.com/home/tae

THERAPEUTIC ADVANCES in

Endocrinology and Metabolism Volume 14

Declaration 4. DeFronzo RA, Ferrannini E, Groop L, ez al.
Type 2 diabetes mellitus. Nat Rev Dis Primers
Ethics approval and consent to participate 2015; 1: 15019.
Human donor pancreata were sampled under spe- 5. Dobson L, Sheldon CD and Hattersley AT.
cific ethical approvals (by the UK Human Research Conventional measures underestimate glycaemia
Authority (05/MRE09/48 and 16NE0230) in com- in cystic fibrosis patients. Diabetic Med 2004; 21:
pliance with the UK Human Tissue Act of 2004. 691-696.
Info_rmed written consent was provided by donor 6. Medzhitov R. Origin and physiological roles of
family. inflammation. Our Nar 2008; 454: 428-435.
Consent for publication 7. Donath MY, BéniTSCI}netzl'er M and Ellingsgaard
Not applicable H. Islet inflammation impairs the pancreatic
) B-cell in type 2 diabetes. Physiology 2009; 24:
I 325-331.
Author contributions
Nicole Kattner: Conceptualization; Writing — 8. Kloppel G, Detlefsen S and Feyerabend B.
original draft; Writing — review & editing. Fibrosis of the pancreas: the initial tissue damage
and the resulting pattern. Virchows Arch 2004;
445: 1-8.
Acknowledgements ..
g . .. 9. Jansen A, Homo-Delarche F, Hooijkaas H, ez al.
I want to thank Prof Gunter Kléppel and Prof . . L
haw f . Inful di . . Immunohistochemical characterization of
J ames Shaw .or their he_ plul discussions 1n p.rep'a— monocytes-macrophages and dendritic cells involved
ration for t.hls manuscript and access to their tis- in the initiation of the insulitis and p-cell destruction
sue collections. in NOD mice. Diabetes 1994; 43: 667-675.
F . 10. Burke SJ, Karlstad MD, Eder AE, ez al.
unding X . .
. . . Pancreatic f-Cell production of CXCR3 ligands
The author disclosed receipt of the following . )
f ial p h thorshi precedes diabetes onset. BioFactors (Oxford,
inancia suppqrt or tI'le re'searc , authors 1p England) 2016; 42: 703-715.
and/or publication of this article: The author is
supported by the Cystic Fibrosis Trust (SRC 11. Saxena V, Ondr JK, Magnusen AF, ez al. The
019) countervailing actions of myeloid and plasmacytoid
dendritic cells control autoimmune diabetes in the
nonobese diabetic mouse. ¥ Immunol 2007; 179:
Competing interests 5041-5053.
The author declares that there is no conflict of |, DiMeglio LA, Evans-Molina C and Oram RA.
Interest. Type 1 diabetes. ¥ Lancet 2018; 391: 2449-2462.
o ) 13. Campbell-Thompson ML, Atkinson MA, Butler
Availability of data and materials AE, et al. The diagnosis of insulitis in human type
Not applicable. 1 diabetes. Diabetol 2013; 56: 2541-2543.
14. In't Veld P, Lievens D, De Grijse J, ez al.
ORCID iD Screening for insulitis in adult autoantibody-
Nicole Kattner https://orcid.org/0000-0002- positive organ donors. Diabetes 2007; 56:
2930-5719 2400-2404.
15. Willcox A, Richardson SJ, Bone AJ, er al. Analysis
of islet inflammation in human type 1 diabetes.
References Clin Exp Immunol 2009; 155: 173-181.
1. Atki MA, Ei Michels AW. .
! 1nson. isenbarth GS a.nd .1c cls AW 16. Radenkovic M, Uvebrant K and Skog O.
Type 1 diabetes. ¥ Lancer 2014; 383: 69-82. L. . .
Characterization of resident lymphocytes in
2. Ewald N, Kaufmann C, Raspe A, ez al. human pancreatic islets. Clin Exp Immunol 2017;
Prevalence of diabetes mellitus secondary to 187: 418-427.
tic di t 3c). Diabetes/Metab R, . L.
pancreatic diseases (type 3¢). Diabetes/Metab Res 17. Coppieters KT, Dotta F, Amirian N, ez al.

Rev 20125 28: 338-342.

3. In’t Veld P. Insulitis in human type 1 diabetes:
the quest for an elusive lesion. Islezs 20113 3:
131-138.

Demonstration of islet-autoreactive CD8 T cells
in insulitic lesions from recent onset and long-
term type 1 diabetes patients. ¥ Exper Med 2012;
209: 51-60.

journals.sagepub.com/home/tae


https://journals.sagepub.com/home/tae
https://orcid.org/0000-0002-2930-5719
https://orcid.org/0000-0002-2930-5719

N Kattner

18. Rodriguez-Calvo T, Ekwall O, Amirian N,
et al. Increased immune cell infiltration of the
exocrine pancreas: a possible contribution to the
pathogenesis of type 1 diabetes. Diabetes 2014;
63: 3880-3890.

19. Gepts W. Pathologic anatomy of the pancreas
in juvenile diabetes mellitus. Diaberes 1965; 14:
619-633.

20. Gepts W and De Mey J. Islet cell
survival determined by morphology an
immunocytochemical study of the islets of
Langerhans in juvenile diabetes mellitus. Diabetes
1978; 27 Suppl 1: 251-261.

21. Itoh N, Hanafusa T, Miyazaki A, er al.
Mononuclear cell infiltration and its relation
to the expression of major histocompatibility
complex antigens and adhesion molecules in
pancreas biopsy specimens from newly diagnosed
insulin-dependent diabetes mellitus patients. ¥
Clin Investig 19935 92: 2313-2322.

22. Gianani R, Campbell-Thompson M, Sarkar SA,
et al. Dimorphic histopathology of long-standing
childhood-onset diabetes. Diabetol 2010; 53:
690-698.

23. Pipeleers D and Ling Z. Pancreatic beta cells in
insulin-dependent diabetes. Diabetes Metabolism
Reviews 19925 8: 209.

24. Keenan HA, Sun JK, Levine ], et al. Residual
insulin production and pancreatic $3-cell turnover
after 50 years of diabetes: Joslin Medalist Study.
Diabetes 201035 59: 2846-2853.

25. Lohr M and Kloppel G. Residual insulin
positivity and pancreatic atrophy in relation to
duration of chronic type 1 (insulin-dependent)
diabetes mellitus and microangiopathy. Diabetol
1987; 30: 757-762.

26. Foulis AK, Liddle CN, Farquharson MA, ez al.
The histopathology of the pancreas in type I
(insulin-dependent) diabetes mellitus: a 25-year
review of deaths in patients under 20 years of age
in the United Kingdom. Diabetologia 19865 29:
267-274.

27. Boni-Schnetzler M, Ehses JA, Faulenbach M,
et al. Insulitis in type 2 diabetes. Diabetes Obes
Metab 2008; 10(Suppl. 4): 201-204.

28. Michels AW, Landry LG, McDaniel KA, ez al.
Islet-derived CD4 T cells targeting proinsulin in
human autoimmune diabetes. Diabetes 2017; 66:
722-734.

29. Babon JA, DeNicola ME, Blodgett DM, ez al.
Analysis of self-antigen specificity of islet-
infiltrating T cells from human donors with type
1 diabetes. Nat Med 2016; 22: 1482—-1487.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Nagy N, de la Zerda A, Kaber G, ez al.
Hyaluronan content governs tissue stiffness in
pancreatic islet inflammation. ¥ Biol Chem 2018;
293: 567-578.

Bogdani M, Johnson PY, Potter-Perigo S, ez al.
Hyaluronan and hyaluronan-binding proteins
accumulate in both human type 1 diabetic

islets and lymphoid tissues and associate with
inflammatory cells in insulitis. Diabetes 2014; 63:
2727-2743.

Hull RL, Bogdani M, Nagy N, ez al. Hyaluronan:
a mediator of islet dysfunction and destruction
in diabetes? ¥ Histochem Cytochem 2015; 63:
592-603.

Campbell-Thompson M, Wasserfall C,
Montgomery EL, et al. Pancreas organ weight in
individuals with disease-associated autoantibodies
at risk for type 1 diabetes. FAMA 2012; 308:
2337-2339.

Wu M, Lee MYY, Bahl V, er al. Single-cell
analysis of the human pancreas in type 2 diabetes
using multi-spectral imaging mass cytometry. Cell
Rep 2021; 37: 109919.

Ehses JA, Perren A, Eppler E, ez al. Increased
number of islet-associated macrophages in type 2
diabetes. Diabetes 2007; 56: 2356-2370.

Homo-Delarche F, Calderari S, Irminger

J-C, et al. Islet inflammation and fibrosis in a
spontaneous model of type 2 diabetes, the GK
rat. Diabetes 2006; 55: 1625-1633.

Richardson SJ, Willcox A, Bone A], ez al. Islet-
associated macrophages in type 2 diabetes.
Diaberol 2009; 52: 1686-1688.

Ritzel RA, Meier J], Lin C-Y, er a/. Human

islet amyloid polypeptide oligomers disrupt cell
coupling, induce apoptosis, and impair insulin
secretion in isolated human islets. Diabetes 2007;
56: 65-71.

Meier DT, Morcos M, Samarasekera T,

et al. Islet amyloid formation is an important
determinant for inducing islet inflammation
in high-fat-fed human IAPP transgenic mice.
Diabetologia 2014; 57: 1884—1888.

Westwell-Roper CY, Ehses JA and Verchere CB.
Resident macrophages mediate islet amyloid
polypeptide-induced Islet IL-1p production

and B-cell dysfunction. Diabetes 2014; 63:
1698-1711.

Masters SL, Dunne A, Subramanian SL, er al.
Activation of the NLRP3 inflammasome by islet
amyloid polypeptide provides a mechanism for
enhanced IL-1f in type 2 diabetes. Nar Immunol
2010; 11: 897-904.

journals.sagepub.com/home/tae


https://journals.sagepub.com/home/tae

THERAPEUTIC ADVANCES in
Endocrinology and Metabolism

Volume 14

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Rahier J, Guiot Y, Goebbels RM, ez al. Pancreatic
beta-cell mass in European subjects with type 2
diabetes. Diabetes Obes Metab 2008; 10 Suppl 4:
32-42.

Sun J, Ni Q, Xie ], er al. B-Cell dedifferentiation
in patients with T2D with adequate glucose
control and nondiabetic chronic pancreatitis.

F Clin Endocrinol Metab 2019; 104: 83-94.

Sasikala M, Talukdar R, Pavan kumar P, er al.
-Cell dysfunction in chronic pancreatitis. Dig Dis
Sci 20125 57: 1764-1772.

Xue J, Sharma V, Hsieh MH, ez al. Alternatively
activated macrophages promote pancreatic
fibrosis in chronic pancreatitis. Nat Commun
2015; 6: 7158.

Dey S, Udari LM, RiveraHernandez P, et al.
Loss of miR-29a/b1 promotes inflammation
and fibrosis in acute pancreatitis. JCI insight
2021; 6.

Di Sebastiano P, Fink T, Weihe E, ez al. Immune
cell infiltration and growth-associated protein

43 expression correlate with pain in chronic
pancreatitis. Gastroenterol 1997; 112: 1648-1655.

Detlefsen S, Sipos B, Feyerabend B, et al.
Fibrogenesis in alcoholic chronic pancreatitis:
the role of tissue necrosis, macrophages,
myofibroblasts and cytokines. Mod Pathol 2006;
19: 1019-1026.

Sezgin O, Yaras S and Ozdogan O. The course
and prognostic value of increased pancreas
stiffness detected by ultrasound elastography
during acute pancreatitis. Pancreatol 2021; 21:
1285-1290.

Zhu L, Guo ], Jin Z, et al. Distinguishing
pancreatic cancer and autoimmune pancreatitis
with in vivo tomoelastography. Eur Radiol 2021;
31: 3366-3374.

Lohr M, Goertchen P, Nizze H, er al. Cystic
fibrosis associated islet changes may provide a
basis for diabetes. An immunocytochemical and
morphometrical study. Virchows Archiv. A 1989;
414: 179-185.

Olivier AK, YiY, Sun X, ez al. Abnormal endocrine
pancreas function at birth in cystic fibrosis ferrets.
F Clin Investig 20125 122: 3755-3768.

YiY, Sun X, Gibson-Corley K, ez al. A transient
metabolic recovery from early life glucose
intolerance in cystic fibrosis ferrets occurs during
pancreatic remodeling. Endocrinol 20165 157:
1852-1865.

Sun X, Yi Y, Xie W, ez al. CFTR influences
beta cell function and insulin secretion through

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

non-cell autonomous exocrine-derived factors.
Endocrinol 2017; 158: 3325-3338.

Bogdani M, Blackman SM, Ridaura C, ez al.
Structural abnormalities in islets from very young
children with cystic fibrosis may contribute to
cystic fibrosis-related diabetes. Sci Rep 2017; 7:
17231.

Hart NJ, Aramandla R, Poffenberger G, et al.
Cystic fibrosis-related diabetes is caused by
islet loss and inflammation. JCI Insight

2018; 3.

Hull RL, Gibson RL, McNamara S, ez al. Islet
interleukin-1f immunoreactivity is an early

feature of cystic fibrosis that may contribute to
B-cell failure. Diabetes Care 2018; 41: 823-830.

Omary MB, Lugea A, Lowe AW, ez al. The
pancreatic stellate cell: a star on the rise in
pancreatic diseases. ¥ Clin Investig 2007; 117:
50-59.

Bachem MG, Schneider E, Gross H, ez al.
Identification, culture, and characterization
of pancreatic stellate cells in rats and humans.
Gastroenterol 1998; 115: 421-432.

Haber PS, Keogh GW, Apte MV, er al.
Activation of pancreatic stellate cells in human
and experimental pancreatic fibrosis. Am ¥
Patholog 1999; 155: 1087-1095.

Casini A, Galli A, Pignalosa P, er al. Collagen
type I synthesized by pancreatic periacinar stellate
cells (PSC) co-localizes with lipid peroxidation-
derived aldehydes in chronic alcoholic
pancreatitis. ¥ Pathol 2000; 192: 81-89.

Apte MV, Haber PS, Darby S]J, ez al. Pancreatic
stellate cells are activated by proinflammatory
cytokines: implications for pancreatic
fibrogenesis. Gur 1999; 44: 534-541.

Schneider E, Schmid-Kotsas A, Zhao ],

et al. Identification of mediators stimulating
proliferation and matrix synthesis of rat
pancreatic stellate cells. Am ¥ Physiol Cell Physiol
2001; 281: C532-C543.

Olsen AL, Bloomer SA, Chan EP, ez al. Hepatic
stellate cells require a stiff environment for
myofibroblastic differentiation. Am ¥ Physiol
Gastrointest Liver Physiol 20115 301: G110-G118.

Shek FW, Benyon RC, Walker FM, ez al.
Expression of transforming growth factor-beta

1 by pancreatic stellate cells and its implications
for matrix secretion and turnover in chronic
pancreatitis. Am ¥ Pathol 2002; 160: 1787-1798.

Erkan M, Weis N, Pan Z, et al. Organ-,
inflammation- and cancer specific transcriptional

journals.sagepub.com/home/tae


https://journals.sagepub.com/home/tae

N Kattner

fingerprints of pancreatic and hepatic stellate
cells. Mol Cancer 2010; 9: 88.

67. Vonlaufen A, Phillips PA, Xu Z, et al. Withdrawal
of alcohol promotes regression while continued
alcohol intake promotes persistence of LPS-
induced pancreatic injury in alcohol-fed rats. Guz
2011; 60: 238-246.

68. Distler JHW, Gyorfi A-H, Ramanujam M, ez al.
Shared and distinct mechanisms of fibrosis. Naz
Rev Rheumatol 2019; 15: 705-730.

69. Oleson BJ, McGraw JA, Broniowska KA, ez al.
Distinct differences in the responses of the
human pancreatic -cell line EndoC-fH1 and
human islets to proinflammatory cytokines. Am ¥
Physiol Regulatory Integr Comp Physiol 2015; 309:
R525-R534.

70. Brozzi F, Nardelli TR, Lopes M, et al. Cytokines
induce endoplasmic reticulum stress in
human, rat and mouse beta cells via different
mechanisms. Diabetol 2015; 58: 2307-2316.

71. Gurgul-Convey E, Mehmeti I, P16tz T, ez al.
Sensitivity profile of the human EndoC-BH]1 beta
cell line to proinflammatory cytokines. Diabetol
20165 59: 2125-2133.

72. Zang G, Sandberg M, Carlsson P-O, ez al.
Activated pancreatic stellate cells can impair
pancreatic islet function in mice. Ups ¥ Med Sci
2015; 120: 169-180.

73. Zha M, Xu W, Zhai Q, ez al. High glucose
aggravates the detrimental effects of pancreatic
stellate cells on beta-cell function. Int ¥ Endocrinol
2014; 2014: 165612.

74. Nyitray CE, Chavez MG and Desai TA.
Compliant 3D microenvironment improves
B-cell cluster insulin expression through
mechanosensing and -catenin signaling. Tissue
Eng Part A 2014; 20: 1888-1895.

75. Tsalamandris S, Antonopoulos AS, Oikonomou
E, er al. The role of inflammation in diabetes:
current concepts and future perspectives. Eur
Cardiol Rev 2019; 14: 50-59.

76. Donath MY. Targeting inflammation in the
treatment of type 2 diabetes: time to start. Nar
Rev Drug Discov 2014; 13: 465-476.

117.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Daifotis AG, Koenig S, Chatenoud L, er al.
Anti-CD3 clinical trials in type 1 diabetes
mellitus. Clin Immunol 2013; 149: 268-278.

Pescovitz MD, Greenbaum C]J, Bundy B, ez al.
B-lymphocyte depletion with rituximab and f-cell
function: two-year results. Diabetes Care 2014;
37: 453-459.

Pescovitz MD, Greenbaum CJ, Krause-Steinrauf
H, ez al. Rituximab, B-lymphocyte depletion, and
preservation of beta-cell function. N Engl ¥ Med
2009; 361: 2143-2152.

Mastrandrea L, Yu J, Behrens T, et al. Etanercept
treatment in children with new-onset type 1
diabetes: pilot randomized, placebo-controlled,
double-blind study. Diabetes Care 2009; 32:
1244-1249.

Gottlieb PA, Alkanani AK, Michels AW, ez al.
al-Antitrypsin therapy downregulates toll-like
receptor-induced IL-1 responses in monocytes
and myeloid dendritic cells and may improve
islet function in recently diagnosed patients with
type 1 diabetes. ¥ Clin Endocrinol Metab 2014; 99:
E1418-E1426.

Moran A, Bundy B, Becker D], er al.
Interleukin-1 antagonism in type 1 diabetes

of recent onset: two multicentre, randomised,
double-blind, placebo-controlled trials. ¥ Lancet
2013; 381: 1905-1915.

Everett BM, Donath MY, Pradhan AD, ez al.
Anti-inflammatory therapy with canakinumab
for the prevention and management of diabetes.
F Am Coll Cardiol 2018; 71: 2392-2401.

Fleischman A, Shoelson SE, Bernier R, ez al.
Salsalate improves glycemia and inflammatory
parameters in obese young adults. Diabetes Care
2008; 31: 289-294.

Goldfine AB, Conlin PR, Halperin F, ez al. A
randomised trial of salsalate for insulin resistance
and cardiovascular risk factors in persons with
abnormal glucose tolerance. Diaberol 2013; 56:
714-723.

Faghihimani E, Aminorroaya A, Rezvanian H,
et al. Salsalate improves glycemic control in
patients with newly diagnosed type 2 diabetes.
Acta Diabetol 2013; 50: 537-543.

Visit Sage journals online
journals.sagepub.com/
home/tae

S Sagejournals

journals.sagepub.com/home/tae


https://journals.sagepub.com/home/tae

