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Abstract 

 

The histological analysis of human pancreatic samples in type 1 diabetes (T1D) has been proven 

essential to move forward in the evaluation of in situ events characterizing T1D. Increasing 

availability of pancreatic tissues collected from diabetic multiorgan donors by centralized 

biorepositories which shared tissues among researchers in the field, allowed a deeper understanding 

of T1D pathophysiology, using novel immune-histological and high-throughput methods. In this 

review, we provide a comprehensive update of the main recent advancements in the characterization 

of cellular and molecular events involving endocrine and exocrine pancreas as well as the immune 

system in the onset and progression of T1D. Additionally, we underline novel elements which 

provide evidence that T1D pathological changes affect not only islet β-cells but the entire pancreas. 

  



1. Introduction  

The study of human pancreas using histological techniques is of pivotal importance, since it 

provides valuable contributions to the description of the scenario occurring in the pancreas of 

patients with Type 1 Diabetes (T1D). The generation and expansion of pancreatic tissue 

biorepositories, resulted in crucial advancements in the understanding of the disease processes and 

progression, with major contributions coming from tissues sharing, collaborative studies and 

consortia establishment. The analysis of pancreatic tissues collected through highly standardized 

operating procedures aimed at preserving morphological quality and molecular scenario, coupled 

with the use of cutting edge technologies, allowed the identification of novel disease mechanisms 

which led to several paradigm shifts in T1D (1,2). 

Noteworthy, even though analysis of pancreatic histological specimens represents the gold standard 

for the study of T1D pathogenesis at the level of the target organ, recent advances in non-invasive 

imaging techniques (e.g. molecular studies applied to Magnetic Resonance Imaging, Positron 

Emission Tomography and optical imaging) suggest that diagnostic imaging may represent a future 

valuable approach in the analysis of some specific aspects of the disease (e.g. determination of β-

cell number, β-cell mass and function, immune cells activity) (3,4). 

In this review, we report the main latest research advancements in T1D pathophysiology, obtained 

through the analysis of pancreatic specimens. 

 

2. Insights into Type 1 Diabetes pathogenesis: major contribution from tissue biobanks of 

pancreatic organ donors 

T1D is a chronic autoimmune disease, characterized by the progressive destruction and dysfunction 

of pancreatic insulin-producing β-cells in genetically susceptible individuals, leading to 

hyperglycemia, to the need of life-long exogenous insulin replacement therapy and to the risk of 

chronic complications development (5,6). T1D clinical onset occurs after a highly variable  time 

window, ranging from few weeks to many years (5), during which the immune-mediated attack 



against β-cells starts and perpetuates. In this pre-clinical/prodromic phase, a progressive decline of 

functional β-cell mass (secondary to the immune-mediated inflammatory destructive process) 

occurs, alongside with the appearance, in various titers and combinations, of disease-specific 

though non-pathogenic autoantibodies against β-cell autoantigens (7). In infants and in young 

children a more aggressive disease process seems to develop, resulting into overt disease as low as 

few months after the appearance of the first diabetes-associated autoantibody, whereas in older 

subjects the clinically silent phase may continue for more than 20 years (8–10). However, it should 

be noted that, although the majority of children positive for two or more islet autoantibodies will 

develop T1D (11), with some specific autoantibody combinations conferring higher risk to progress 

to disease onset (12), not all islet autoantibody positive subjects will advance to overt T1D. 

The immunohistological analysis of T1D donors pancreas is of pivotal importance in order to 

characterize molecular events occurring at the different stages of the disease. A strong contribution 

to the detailed characterization of T1D pancreas histopathology has been obtained through the 

analysis of tissues collected within historical T1D pancreatic tissue biorepositories and, more 

recently, by the establishment of specialized networks for T1D pancreatic organ donors collection, 

aimed at distributing tissue samples to the researchers upon specific requests and according to their 

experimental requirements. 

The world‟s biggest historical T1D pancreatic tissues biobank is represented by the retrospective 

UK collection of T1D pancreas obtained at autopsy, known as Exeter Archival Diabetes Biobank 

(EADB, UK) (13). EADB includes 169 cases, including 80 with a disease duration less than 1 year 

and with a mean age at onset of 12 years. Although many significant results have been obtained 

through the analysis of EADB collected tissues, pancreatic autoptic samples show several 

limitations; indeed, they are often subjected to variable degrees of autolysis and prolonged cold 

ischemia time, thus resulting into a reduction of morphological quality and stability of certain 

proteins/epitopes and of other classes of molecules (5,14,15). Additionally, EADB collection is 

exclusively composed of pancreatic tissue samples processed using formalin-fixation and paraffin 



embedding method, thus excluding the application of other techniques requiring snap frozen 

fixation procedure (13,16). 

In order to overcome these difficulties, pancreas with transplantation-grade quality obtained from 

brain-dead multiorgan donors have started to be used for research purposes, alongside with 

additional collected tissues, such as pancreatic lymph nodes, spleen and duodenum (17,18). 

The first established network is represented by the “Network for Pancreatic Organ Donors with 

Diabetes” (nPOD, USA), founded in 2007 thanks to the support of the Juvenile Diabetes Research 

Foundation (JDRF, www.jdrf.npod.org) (18). nPOD mission is to collect tissues from T1D and 

from islet autoantibody positive and islet autoantibody negative non-diabetic organ donors, as well 

as from organ donors affected by type 2 diabetes (T2D), gestational diabetes, pancreatitis or by 

other pancreas-affecting diseases, in order to establish a biobank of tissues available to investigators 

worldwide (17,18). An added value of this resource is that nPOD network team established multiple 

processing methods which follow rigorous standard operating procedures (SOPs) for the collection 

and handling of tissue samples, in order to render them ready to be analyzed using different 

methodologies (17,19). 

Similarly, the more recent “European Network for Pancreatic Organ Donors with Diabetes” (EU-

nPOD) project has been launched in the context of the INNODIA consortium (www.innodia.eu) 

(20), by adopting nPOD tissue processing workflows and making the collected tissues available to 

the consortium partners according to their needs and upon a specific project approval. 

An additional biorepository network inspired to nPOD has been established in 2016 in US. Indeed, 

Human Pancreas Analysis Program (HPAP) (https://hpap.pmacs.upenn.edu, USA) collects pancreas 

from T1D, T2D, islet autoantibody positive and islet autoantibody negative non-diabetic multiorgan 

donors with the aim to analyze islets function/physiology and pancreatic endocrine/exocrine tissue 

histology adopting the latest technologies, in order to perform a deep phenotyping of the human 

pancreas and its interactions with the immune system. Moreover, HPAP research results related to 

http://www.jdrf.npod.org/
http://www.innodia.eu/
https://hpap.pmacs.upenn.edu/


each analyzed tissue are available for the scientific community through a fully accessible user-

friendly web-database. 

Increasing evidence showed that post-mortem samples and multiorgan donors pancreatic tissue 

biorepositories significantly improved T1D research through the increased availability of high 

quality processed tissues from diabetic donors. However, at present, an intrinsic limitation is that 

the access to such tissues is often possible only several years after T1D onset, with only a minor 

fraction of collected tissues available from newly diagnosed diabetic donors or from multiple islet 

autoantibody positive non-diabetic donors. Such obvious intrinsic characteristic, limits the 

possibility to analyze pancreatic tissues in the early stages of the disease. This issue could be 

partially overcome by bioptizing pancreas of patients with new-onset T1D. In 2014, the Diabetes 

Virus Detection study (DiViD, Norway) successfully collected bioptic samples by adopting 

laparoscopic pancreatic tail resection from 6 new-onset T1D patients (less than 6 weeks from 

diagnosis). DiViD researchers processed pancreas bioptic tissue for multiple uses (formalin-fixed 

paraffin-embedded, OCT frozen, snap frozen, collagenase islet isolation, electron-microscopy 

grade, laser capture microdissection etc.), then shared tissues with many researchers worldwide in 

order to deeply characterize them (21). Unfortunately, the difficulty to perform pancreas biopsies, 

alongside with ethical considerations regarding the safety of the procedure, led to the closure of the 

DiViD study. However, despite the low number of patients recruited (n=6), analyses of T1D DiViD 

cases, as the result of multiple collaborative studies (21–29), led to an improved characterization of 

human pancreas during the early stages of T1D. 

  



3. Insulitis, β-cell loss and β-cell persistence in T1D 

 

3.1 Insulitis 

Insulitis is the main histopathological feature of T1D. It represents the typical sign and the hallmark 

of autoimmune attack against β-cells, and it is characterized by adaptive and innate immune cells 

surrounding and/or infiltrating pancreatic islets. Insulitis is a heterogeneous phenomenon; indeed, it 

is detected only in a subsets of T1D donors and, frequently, in a lobular manner (30,31) (Table 1). 

In 2011, a metanalysis of studies (from 1902 to 2010) which characterized insulitis in pancreas 

obtained from T1D donors, observed that insulitis was reported in 73% of young donors (<14 years) 

with a short disease duration (<1 month from diagnosis) and in 29% of T1D donors between 15-40 

years with a similar disease duration. In young T1D patients (<14 years), the proportion of those 

showing signs of insulitis, dropped from 73% of subjects with a short disease duration (<1 month 

from diagnosis) to 4% of those with longer disease duration (>1 year) (32). A more recent insulitis 

frequency analysis of pancreas collected within nPOD, aimed at reproducing data reported in the 

previous metanalysis, partially confirmed such inverse correlation with age and disease duration. In 

this study Campbell-Thompson ML and colleagues determined insulitis frequency by adopting 

criteria used in the 2011 metanalysis and analyzed 159 pancreas (80 from T1D, 18 from islet-

autoantibody positive 
 
and 61 from autoantibody negative non-diabetic organ donors). They found a 

significant inverse correlation between insulitis and diabetes duration but no significant correlation 

with age at onset. Of note, only 23% of T1D donors (age range 3- 26.3 years) showed evidence of 

insulitis. In these donors, insulitis was found in 33% of insulin-positive islets while only 2% of 

insulin-negative islets showed signs of lymphocytic infiltration (31). 

In DiViD study, Krogvold L and colleagues found evidence of insulitis in all pancreatic specimens 

derived from n=6 T1D donors recruited within 6 weeks from diagnosis; however, they observed a 

wide variability in terms of number of islets which satisfied insulitis criteria (5-58% of total), thus 

underlining the elevated heterogeneity of insulitis detected in pancreas of T1D donors and 



highlighting the “patchy” islet inflammation scenario occurring in autoimmune diabetes. Several 

additional observations were also reported: (i) a total of 82% of inflamed islets were insulin-

positive; (ii) lymphocytic infiltrates affected preferentially the islet periphery rather than the islet 

parenchyma; (iii) numerous CD3
+
 cells were found scattered within the exocrine tissue [most of the 

CD3
+
 cells (absolute numbers) resulted located within the exocrine tissue]. Collectively, these 

studies demonstrated that insulitis is more frequently observed in recent-onset donors vs. those with 

long-standing T1D, while no significant difference was observed between young and adult donors; 

additionally, insulitis is significantly associated with insulin-positivity being detected more 

frequently in insulin-containing islets vs. insulin-deficient islets (Figure 1) (23). 

Although several studies analyzed in details pancreatic lymphocytic infiltration in T1D and 

evaluated insulitis presence based on CD3
+
 cells, in 2013 specific consensus guidelines have been 

published in order to better define the presence of insulitis in T1D organ donors (33). The main 

statement provided focused on the positivity for CD45 (thus including also CD20
+
 B cells) and a 

threshold number of CD45
+
 cells/islet (≥15 based on lymphocytes counting in a cohort of control 

donors pancreas). Indeed, at present, insulitis positivity is ascertained when pancreatic lymphocytic 

infiltration consists of at least 15 CD45
+
 cells/islet in a minimum of 3 islets.  

Insulitis frequency and characterization studies revealed the extreme heterogeneity of this 

phenomenon (23,31,34). Additionally, detailed characterization of immune cells composing 

insulitic infiltrates has been reported to be heterogeneous as well. However, although insulitis 

composition greatly varies among T1D donors and among different islets of the same donor, CD8
+
 

cytotoxic T cells represent the predominant immune cells population followed by macrophages, 

CD4
+
 T cells and B-cells. Immunohistochemical analysis of T1D pancreatic samples from EADB 

collection represents a milestone study for the characterization of insulitis composition. Islet 

inflammatory infiltrates were described to be mostly composed of CD8
+
 cytotoxic T cells during all 

T1D stages. Macrophages (CD68
+
) were lower vs. CD8

+
 T cells, while CD4

+
 T cells were present 

but less abundant compared to CD8
+
 T cells and macrophages. A limited number of B cells 



(CD20
+
) were observed in the early stages of insulitis but their frequency increased alongside with 

the progression of β-cell death (24). Presence of Natural Killer (NK) cells has been reported (35) 

and, finally, FOXP3
+
 regulatory T-cells were detected only in a single donor, whereas widely 

identified in a murine model of T1D (Non-Obese Diabetic –NOD- mouse) (36). The authors 

observed that CD8
+
 T cells increased in number as β-cells started to be destroyed and then declined 

dramatically once β-cells were no longer present within the islets (Figure 2), while macrophages 

have been described as the most prominent immune cell type infiltrating β-cell-depleted islets. 

Interestingly, B cells could be detected only in the presence of CD8
+ 

T cells (with the exception of a 

single islet only), demonstrating a potential link between B cells and the presence of CD8
+ 

cytotoxic 

T cells. Overall, the observed scenario suggests a progressive sequence of recruited immune cells to 

islets during T1D, with both CD8
+
 cytotoxic T cells and macrophages contributing to β-cell death, 

especially during the early stages of insulitis. Of note, CD20
+
 B cells, scarsely represented during 

the early stages and recruited in greater numbers during the late stages of the infiltrating process, 

may be addressed as developers/facilitators of insulitis and (indirectly) of β-cell death. More 

interestingly, later studies performed in Exeter, nPOD and DiViD cohorts (24,37) observed that 

CD20
+
 B cells primarily contribute to the identification of two insulitic profiles, defined as CD20

lo
 

(pancreatic islet infiltrates with a low frequency of CD20
+
 cells) and CD20

hi
 (pancreatic islet 

infiltrates with a high frequency of CD20
+
 cells). Such insulitic profiles distinguished patients 

diagnosed before the age of 7 years, characterized by higher proportion of CD20
+
 B cells and low 

residual β-cell content, from those diagnosed after the age of 13 years who showed a lower 

proportion of CD20
+
 cells and higher β-cell content. Importantly, the proportion of insulin-deficient 

islets increased with lower age at onset, thus being also positively correlated with B cells frequency. 

These data suggest that the two patterns of insulitis may reflect different degrees of severity, since 

patients with higher proportion of CD20
+
 B cells lose β-cells at a more rapid rate (24). Therefore, 

higher proportions of B cells in insulitic lesions potentially represent a marker of an early 

aggressiveness of the autoimmune process or of a rapid rate of β-cell loss (38). 



The identification and quantification of immune cells infiltrating the pancreas during T1D 

progression has also been recently reported by Damond N. and colleagues (39). Indeed, they 

adopted a novel technology for the characterization of tissue histology in a high-throughput manner. 

They combined laser ablation and mass cytometry (40) to simultaneously evaluate up to 35 typical 

markers of endocrine and exocrine pancreas and of immune cells, in pancreatic sections stained 

with metal-tagged antibodies. Firstly, they confirmed the increased number of immune cells in 

recent-onset T1D donors vs. non-diabetic and vs. donors with long-standing T1D. In recent-onset 

donors, T cells and macrophages represented the most prevalent immune cells population while B 

cells were scarsely represented. In donors with long-standing T1D, neutrophils represented the 

highest fraction of immune cells, followed by macrophages and T cells. Importantly, immune cells 

density was generally higher in exocrine tissue respect to the islets, except for B cells whose 

frequency was higher in islets than in exocrine tissue during all disease stages, thus underlining the 

importance of B cells in insulitic process and islet inflammation. 

Similar observations were reported in a parallel study adopting the same technology and analyzing 

pancreas deriving from nPOD and HPAP cohorts (41). 

 

3.2 β-cell loss 

Histological evidence generated throughout the different cohorts analyzed (EADB, nPOD, DiViD 

and others), significantly addressed β-cell loss as the most compelling sign which characterizes 

pancreas histopathology in T1D. 

β-cell loss has been addressed as the consequence of the insulitic process and inflammation. Indeed, 

although highly variable, β-cell loss has been reported in all T1D tissue collections, pediatric T1D 

donors usually are characterized by a marked disease severity vs adults donors, who retain a 

significant proportion of β-cells (40-60%) at disease diagnosis. Although β-cells destruction is a 

progressive phenomenon showing a decline of β-cell mass with increasing disease duration, it does 



not necessarily lead to a complete loss of functional β-cell mass; indeed, several studies clearly 

reported the persistence of residual β-cells even in donors with long-standing T1D (31,42–49). 

A recent study performed on pancreas derived from 47 nPOD T1D donors with a disease duration 

ranging from 0 to 41 years, found that 64% of them showed persistent insulin-containing islets, 

even though the total β-cell mass/area was reduced by 88-95% (49). 

Additionally, as previously observed (42,48,49), “patchy” and regional β-cell preservation areas 

were detected in distinct pancreatic lobes/lobules of some T1D donors. Of note, β-cell mass 

reduction was more pronounced in T1D donors with younger age at onset, thus underlining the 

diversity of disease progression between young and adults. The progressive loss of β-cells is 

paralleled by an increase of α-cells number and by the appearance of pseudoatrophic islets (Figure 

1 and Figure 2). 

Such results have been recently confirmed and better defined by Damond N. and colleagues using 

the novel high-throughput histological analysis method described above (39). Using this approach 

nPOD pancreatic tissue sections from 4 control donors, 4 recent-onset T1D and 4 donors with long-

standing T1D were analyzed. By taking into consideration data generated through the evaluation of 

multiple markers in 1581 islets, a time-resolved map of islets heterogeneity and of interactions 

between endocrine tissue and immune cells was developed, finally modeling the evolution of T1D 

at single-islet level based on cross-sectional data. The analysis of islets composition revealed a 

marked inter- and intra-donor heterogeneity: β-cell content was reduced by 62% in recent-onset 

T1D donors and, as expected, donors with long-standing T1D were mostly devoid of β-cells. As 

previously observed, the increase in α-cells proportion was clearly confirmed. Additionally, the 

generation of islet evolution profiles over time (pseudotime) based on multiple endocrine markers, 

allowed the classification of islets based on 3 different T1D stages (defined as „pseudostages‟). Of 

note, the authors observed that the progression to β-cell death is preceded by a significant 

downregulation of insulin (INS), Proinsulin (PINS), Islet Amyloid polypeptide (IAPP) and Protein 

Tyrosine Phosphatase Receptor Type N (PTPRN) expression which occurred between pseudostage-



1 and -2, while pan-endocrine markers and β-cell specific transcription factors remained unchanged. 

These data suggest that an initial β-cell phenotypic change, resembling an early de-differentiation 

event, may occur at the beginning of the autoimmune process during pseudostage-1, then leading to 

the progression to psudostage-2 and finally to pseudostage-3 and to β-cell death. Importantly, while 

the abundance of β-cell markers decreased with time, eventually leading to β-cell death, a striking 

overlap was observed between islet profiles/pseudostages of recent-onset donors and those with 

long-standing T1D , thus demonstrating that islet profiles are not necessarily associated with disease 

duration (39). 

 

3.3 β-cell persistence 

Although β-cell loss in T1D is a well-established phenomenon, several studies have demonstrated 

the presence of residual β-cells in donors with long-standing T1D (Figure 3). In 2010, the analysis 

of post-mortem pancreas from 9 T1D Medalist cohort donors (with >50 years of disease duration), 

highlighted the presence of insulin-positive cells in all cases examined. Such finding was associated 

to the evidence of detectable random serum C-peptide levels in the majority of T1D patients 

belonging to this cohort. 

More recently, an expanded study of Joslin Medalist cohort analyzed 68 post-mortem pancreas from 

long-standing T1D donors, in order to further evaluate the presence of residual β-cells and their 

function. All cases analyzed (68/68) showed scattered singlet/doublet insulin-positive cells, while in 

59/68 donors scattered β-cells were also identified in some islets. Of note, 14/68 donors showed the 

presence of several β-cells in some islets of few lobes. The authors classified T1D Medalist donors 

into 3 different categories based on residual β-cells presence, and associated them to increasing C-

peptide levels measured close to tissue procurement. Although some donors with elevated C-

peptide levels showed most numerous insulin-positive islets, it was reported that this was not 

always the case, with some subjects showing solely scattered singlet/doublet cells and high values 

of serum C-peptide or viceversa. These results suggest that even though the presence of insulin-



positive islets in several donors with long-standing T1D positively correlated with pre-mortem C-

peptide values (indicating a fully functional phenotype), the scenario is heterogeneous and the 

function of residual β-cells (both scattered and within islets) should be further studied (50). 

Residual β-cell persistence in long-duration T1D (Figure 3) led researchers to investigate the 

mechanisms which may contribute to β-cell survival and/or regeneration after many years from 

disease onset. A long debated issue regards the contribution of replication to β-cell survival and 

persistence during T1D progression. It is now well established that the rate of β-cell proliferation is 

high during fetal development, then rapidly declines during the postnatal period and remains low 

throughout the adult life (51). However, some evidence suggests that the rate of β-cell replication 

may increase temporarily in consequence of insulitis (52). Willcox A. et al.. analyzed autoptic 

pancreatic tissues obtained from pediatric patients with recent-onset T1D (<18 months, n=10), 

compared to non-diabetic donors (n=14) derived from EADB cohort, in order to establish whether 

islet cell proliferation was increased during the disease process. Paraffin-embedded pancreatic 

sections were stained  using specific antibodies recognizing the proliferation marker Ki-67 and the 

minichromosome maintenance protein-2 (MCM-2). The authors observed that in recent-onset T1D 

donors the fraction of islets showing Ki-67 positive cells was markedly increased vs. age-matched 

non-diabetic donors. Interestingly, increased Ki-67 positivity occurred both in α-cells and in β-cells 

and was positively correlated with the presence of insulitis in T1D donors. A significant increased 

proliferation of islet cells in T1D donors was also observed through MCM-2 staining. Noteworthy, 

T1D donors with longer disease duration  or T2D donors or donors with pancreatitis did not show 

evidence of increased islet cell proliferation vs. non-diabetic controls. These results suggest that 

islet cell proliferation can occur during the autoimmune process in the early stages of T1D natural 

history. We can speculate that infiltrating immune cells might mediate an enhanced proliferative 

response of islet cells through signals which promote cell mitosis (52). In contrast to these results, 

in a study aimed at analyzing the proliferation rate of islet cells in nPOD donors cohort, Lam  and 

colleagues did not observe any difference in terms of Ki67
+
 β-cells between T1D and control 



donors (both young and adults), thus highlighting that β-cell proliferation is unaltered in T1D 

donors vs. age-matched controls and that additional mechanisms may mediate β-cell persistence in 

T1D (49). The observed discrepancy in proliferation rate between these two studies may be due to 

different donors conditions (autopsy vs. brain dead), differences of time in ICU or pancreas 

harvesting experimental conditions (e.g. type of fixative, fixation time etc) (53). 

Additional explanations for β-cell persistence in T1D may be: (i) high regeneration potential 

(sustained by different mechanisms such as transdifferentiation, neogenesis from a not yet identified 

progenitor cells or resurrection of β-cells from a de-differentiated phenotype); (ii) protection from 

autoimmune destruction through elusive mechanisms adopted by specific β-cell subsets. 

Further studies are needed in order to clarify the mechanisms contributing to β-cells persistence 

during T1D progression. 

 

4. β-cell and α-cell responses to islet inflammation in T1D 

4.1. β-cells 

Advanced histological analysis of high quality pancreatic tissues, coupled to innovative methods 

and technologies, allowed the identification of novel factors playing a role in the progression of 

T1D: 

(i) β-cells actively participate in their own demise and death; 

(ii) During inflammation and T1D progression some β-cells acquire a “protected 

phenotype”; 

(iii) responses to inflammatory milieu in T1D pathogenesis do not involve only β-cells but 

include the entire islet, thus extending the focus on other islet cell types. 

 

One of the typical pathognomonic signs of islet/β-cell responses in T1D is represented by HLA 

class I hyperexpression. Although islet HLA class I hyperexpression in T1D was reported several 

decades ago, and then  consistently debated for a long time, it is a phenomenon undoubtedly 



observed in multiple studies (29,54–56). In 2016, a seminal paper by Richardson and colleagues 

(26) confirmed that islets of T1D donors express high levels of HLA class I. They adopted multiple 

in-situ approaches to analyze HLA class I expression in pancreas  derived from three different 

organ biorepositories (nPOD, DiViD and EADB), and concluded that HLA class I hyperexpression 

is a “defining feature of T1D” (26). Noteworthy, thanks to the entire bulk of studies performed and 

the availability of pancreas collected within repository biobanks, we know that HLA class I 

hyperexpression shows several peculiar characteristics:  

(i) hyperexpression occurs only in insulin-containing islets both in β-cells and in α-cells;  

(ii) it is a marked phenomenon in recent-onset T1D donors and in  donors with long-standing T1D 

up to 11 years of disease duration and declining thereafter;  

(iii) it is not correlated to evidence of insulitis (26); however, at least in donors with double 

positivity for autoantibodies, HLA class I expression was positively correlated with the presence of 

cytotoxic CD8
+
 T cells, in line to what previously observed. 

(iv) it has a lobular expression pattern (potentially associated to the expression of insulin), with 

some lobules containing islets which express high levels of HLA class I while others don‟t (56); 

(v) HLA class I hyperexpression is not confined to classical isoforms (HLA-ABC), but includes 

other isoforms, such as HLA-F which is hyperexpressed both at mRNA and at  level. 

Additionally, it has been demonstrated that HLA class I hyperexpression can be potentially induced 

by a variety of inflammatory mediators or stressors (57,58). As a matter of fact, in the same study 

(25) a significant correlation between HLA class I and STAT1 hyperexpression in β-cells of DiViD 

T1D donors was observed; STAT1 is an intracellular protein which mediates antiviral responses 

triggered by interferons. Therefore, such correlation suggests that viral infections may represent a 

potential triggering factor leading to HLA class I hyperexpression. Although HLA class I 

hyperexpression should be considered an epiphenomenon which follows to other events during the 

progression of T1D, one can speculate that β-cells which express high levels of HLA class I could 

be significantly exposed to the immune system due to a sort of increased “visibility”. 



In addition, HLA class I hyperexpression in β-cells seems to be associated also to a recently 

discovered mechanism occurring in T1D: Thompson et al. identified  a subpopulation of 

“senescent” β-cells actively promoting the immune-mediated destruction process (59). Interestingly, 

it was observed that during the natural history of T1D, both in humans and in NOD mice, a subset 

of β-cells acquires a senescence-associated secretory phenotype pattern (SASP), thus defining them 

as SASP β-cells. The exposure of β-cells to a variety of inflammatory cytokines derived from 

infiltrating immune cells, triggers strong stress responses which, in turn, induce a senescent fate 

characterized by the activation of a DNA damage response (DDR). Of note, persistent DDR leads to 

chromatin molecular changes and to the acquisition of a specific secretome pattern phenotype 

composed of cytokines, chemokines, growth factors, proteases and extracellular matrix components, 

commonly known as senescence-associated secretory phenotype. The presence of senescent cells 

within pancreatic islets can disrupt tissue architecture and lead to β-cell dysfunction, thus 

representing a potential actor in T1D pathogenesis. Using different approaches, including 

immunohistochemistry, it was demonstrated that β-cells display the hallmarks of DNA-damage 

induced senescence. Elimination of SASP β-cells stopped the immune-mediated β-cells destruction, 

thus generating protection. These data support the contribution of SASP β-cells to disease 

progression and suggest that clearing such cells may represent a novel therapeutic approach for T1D 

(59). In pancreatic sections derived from nPOD donors, SASP β-cells have been  identified through 

the immunohistochemical co-detection of CDKN1A, SERPINE1 and IL-6, whose presence 

gradually increased from non-diabetic controls to islet autoantibody positive and T1D donors. 

Collectively, these data show that the appearance of SASP β-cells is triggered by inflammatory 

mediators (60), which are particularly active on a specific subtype of β-cells, thus enhancing islet 

inflammation and resembling a β-cell fragility model and an inflammatory loop. As a matter of fact, 

SASP β-cells have been demonstrated to express and secrete pro-inflammatory chemokines as well. 

In particular, the pro-inflammatory chemokine CXCL10 seems to be directly induced by acquisition 

of a senescent phenotype and is involved in the recruitment of autoreactive T-lymphocytes in 



pancreatic islets, thus contributing to insulitis and β-cell destruction. In accordance to these results, 

previous studies showed that CXCL10 is expressed in islet endocrine cells of T1D donors and plays 

a critical role in disease pathophysiology (61–63). Roep et al.. observed that the elevated levels of 

this chemokine in islets of recent-onset T1D donors,  corresponded with the juxtaposed infiltration 

of lymphocytes bearing its cognate receptor CXCR3; of note, both CXCL10
+
 endocrine cells and 

CXCR3
+ 

lymphocytes were undetectable in pancreas of non-diabetic control donors (64,65). In line 

with these data, it has been reported that the chemokine CCL2 is also expressed and secreted by β-

cells, thus contributing to the recruitment of specific CCR2
+
 immune cells to the site of 

inflammation (66). 

An accurate evaluation of inflammatory effects on β-cell response is of fundamental importance in 

order to identify therapeutic strategies. Indeed, several studies have elucidated the role of cytokines 

(e.g. TNF-α, IL-1β and IFN-γ) in the pathogenesis of T1D, particularly on β-cell apoptosis or 

dysfunction (67). As a matter of fact, concordant results showed that inflammatory cytokines induce 

an initial dysfunction followed by a pro-apoptotic signal through the activation of several 

intracellular mediators (68,69). Additionally, as previously reported, cytokines have been shown to 

induce the expression and secretion of chemokines (CXCL10, CCL2, CXCL1-2) (70,71) on β-cells, 

thus enhancing insulitis and inflammation.  

Recently, it has been demonstrated that inflammatory mediators are able to activate checkpoint 

inhibitory signals between β-cells and immune cells, thus suggesting a tentative preservation of 

tolerance toward pancreatic β-cell antigens as a mechanism of intrinsic β-cell defense and escape. 

The Programmed Death receptor-1 (PD-1) and its ligand Programmed Death-Ligand 1 (PD-L1) 

have been recently suggested to play a crucial role in this phenomenon. Colli M et al.. evaluated the 

expression of PD-L1 in pancreatic sections from T1D donors (from DiViD study and from EADB 

UK cohort) and from non-diabetic controls (EADB UK cohort) (72). Interestingly, in T1D donors, 

PD-L1 expression was exclusively observed within pancreatic islets, preferentially in insulin-

positive cells (occasionally in α-cells), and was negatively correlated with the degree of islet CD8
+
 



T cell infiltration. Of note, PD-L1 was not expressed in insulin-deficient islets, gradually decreased 

with disease duration and was absent or barely detectable in islets from non-diabetic donors, 

suggesting that islet inflammation is a requisite for PD-L1 expression. As a matter of fact, in-vitro, 

PD-L1 expression was induced by exposure of human islets or EndoC-βH1 cells to interferon-α or 

interferon-γ. These results suggest that β-cell specific PD-L1 expression in patients with T1D may 

occur as a response to the inflammatory process and contribute to the dialogue between β-cells and 

immune cells during inflammatory insults (72). Such results have been confirmed in nPOD cohort , 

comprising T1D,  non-diabetic, islet autoantibody-positive, -negative and T2D donors. This 

analysis confirmed the PD-L1 expression pattern in T1D cases and further demonstrated that PD-L1 

was absent in islets from non-diabetic and T2D donors, while it was specifically expressed in β-

cells and gradually increased in non-diabetic autoantibody positive and T1D donors (73). As 

suggested by several authors, we can speculate that the expression of PD-L1 on β-cells during 

disease progression can be associated to the acquisition of a de-differentiated phenotype (39,74–76). 

Indeed, increasing evidence showed that under certain conditions (e.g. prolonged subtle 

inflammatory stress), β-cells loose the expression of their specific markers while acquiring those 

associated to a de-differentiated phenotype, thus leading to the loss of specialized functions (e.g. 

glucose-induced insulin secretion) and to the acquisition of a protective phenotype (76,77). 

Although such concept is taken into consideration by T1D research community, it requires further 

evidence on human samples and additional in-vitro studies. 

 

4.2. α-cells 

An important role for glucagon in T1D pathophysiology has been suggested. Indeed, increased 

plasma glucagon in response to mixed-meal test was observed in children and adolescents with 

recent-onset T1D (78). In such context, α-cell dysfunction seems to be increasingly important, 

resulting in the exacerbation of hyperglycemia due to paradoxical hyperglucagonemia and to 

potentially severe hypoglycemic episodes, as a consequence of a defective counterregulatory 



system. Of note, during autoimmune diabetes progression, α-cells have been described as 

hypertrophic and hyperplastic, both in humans and in multiple rodent models. An explanation for α-

cell hypertrophy/hyperplasia could reside in the loss of insulin-mediated inhibition of α-cells 

activity, leading to their aberrant expansion and to hyperglucagonemia (79). In order to gain insight 

into α-cell function in T1D, Brissova M. et al.. (80) analyzed pancreas and isolated islets collected 

from the same T1D donors. They observed an impaired glucagon secretion that correlated with 

specific alterations of α-cell gene expression profiles. More in detail, although T1D islets showed 2-

fold more α-cells than non-diabetic controls, glucagon secretion was decreased. In addition, α-cell 

response was reduced when normalized to islet glucagon content and failed the appropriate increase 

at low glucose concentrations following 30-min high glucose inhibition. These functional changes 

were associated with a reduced expression of multiple α-cell transcription factors (e.g. ARX, 

MAFB, RFX6) and of their downstream targets, suggesting both direct and indirect impact on 

glucagon secretory pathways. Immunofluorescence was employed to analyze the expression and 

localization of α-cell transcription factors (MAFB and ARX) in formalin-fixed paraffin-embedded 

pancreatic sections obtained from nPOD T1D donors with different disease duration (3, 6 and 31 

years). Interestingly, it was found that the fraction of α-cells positive for such transcription factors 

decreased progressively with disease duration. Furthermore, a progressive increase of α-cells 

expressing the β-cell specific transcription factor NKX6.1 was observed. Finally, the authors 

demonstrated that α-cell gene expression alterations were partially restored when T1D islets were 

transplanted into a normoglycemic non autoimmune environment (NSG mice). These results 

suggest that: (i) in T1D, an intrinsic α-cell defect may explain the dysregulated glucagon secretion 

previously observed in T1D patients; (ii) such defects are correlated with the progressive loss of α-

cell specific transcription factors; (iii) NKX6.1 expression in α-cells raises the possibility of a 

partial switch toward a β-cell phenotype, even though additional stimuli may be needed in order to 

obtain a complete transdifferentiation α-to-β; (iv) the observed molecular changes are reversible 

upon removal of stress stimuli, thus suggesting the possibility of a therapeutic intervention (80). 



Importantly, it has been shown that α-cells may contribute to the islet inflammatory environment. 

Anquetil F and colleagues analyzed pancreatic tissue samples from nPOD donors (9 non-diabetic 

islet autoantibody negative, 5 non-diabetic islet autoantibody positive, 6 T1D and 6 T2D donors) in 

order to evaluate intra-islet expression of pro-inflammatory cytokine IL-1β and to determine its 

cellular origin. Although IL-1β expression (both at mRNA and at protein level) was independent of 

disease status, results revealed that the main source of IL-1β was retained by α-cells (40-68% of 

total α-cells) respect to β-cells (1-21% of total β-cells) (81). Potentially, IL-1β produced by α-cells 

could exert different paracrine effects on β-cells expressing IL-1 receptor, thus representing a 

potential crosstalk mediator between α- and β-cells (81). 

Collectively, these studies suggest that α-cells are of importance in T1D progression, thus requiring 

further studies in order to explore the causes and the origin of α-cell dysfunction in T1D. 

 

5. Adaptive Immune cells: deciphering in-situ autoreactive CD8
+
 T cell specificities 

Autoreactive cytotoxic CD8
+
 T-lymphocytes appear to be the main mediators of β-cell destruction, 

showing an exclusive specificity toward islet autoantigens (55). In 2012 Coppieters KT and 

colleagues provided the first histological in-situ evidence of autoreactive CD8
+
 T cells against β-

cell autoantigens, thus underlining their contribution to T1D pathogenesis. Of relevance, the use of 

in-situ immuno-histochemical tetramers (TMRs) staining which adopts specific targeting peptides 

loaded on MHC class I and linked to a detectable marker, allowed the identification of CD8
+
 T cells 

bearing a T cell Receptor (TCR) specificity against typical β-cell autoantigens. Using this approach, 

the authors demonstrated that specific CD8
+
 T cells directed against β-cell autoantigens (GAD-65, 

insulin, PPI, IA-2, IGRP) are within or in close proximity to pancreatic islets of T1D adult donors. 

The identification of CD8
+
 autoreactive T cells in insulitic infiltrates was associated to by insulin 

containing islets and HLA class I hyperexpression, the latter  reported as a typical pathognomonic 

sign of recent onset T1D (see above). Additionally, it was found that CD8
+
 T cell diversity in 

targeting specific autoantigens, increased concomitantly with T1D progression, being higher in 



donors with longer disease duration; indeed, insulitic lesions of donors with long-standing T1D vs. 

those with recent-onset diabetes were characterized by the presence of CD8
+
 T cells autoreactivity 

to multiple β-cell autoantigens, thus suggesting the complexity of immune response throughout the 

natural history and progression of T1D (55). More recently, additional evidence highlighted and 

confirmed the in-situ identification of specific autoreactive CD8
+ 

T cells, both in collagenase-

isolated human islets (82) and in pancreatic tissue sections derived from T1D donors from nPOD 

tissue biobank (83,84). Interestingly, in the latter, Culina S et al.. showed that the frequency of a 

autoreactive CD8
+ 

T cells directed against a specific peptide of ZnT8 (Zinc Transporter 8) protein 

(186-194aa) was increased in pancreas but not in peripheral blood of T1D patients vs. islet 

autoantibody positive and islet autoantibody negative- non-diabetic controls. Of note, such 

pancreas-infiltrating specific autoreactive CD8
+
 T cells also showed an antigen-experienced 

phenotype, being positive for CD45RO and demonstrating the potential effector function of these 

cells in the pancreas. Of note, in peripheral blood, non-diabetic subjects showed similar frequencies 

of ZnT8-specific autoreactive CD8
+
 T cells vs. T1D patients, thus moving the focus at the level of 

the target organ and introducing for the first time the concept of “benign autoimmunity” in non-

diabetic subjects. In regard to this, it has been hypothesized that in non-diabetic individuals, these 

potentially pathogenic self-reactive circulating CD8
+
 T cells are controlled by multiple mechanisms 

of peripheral tolerance (83), including the suppression by regulatory T (Treg)-cells, which play a key 

role in maintaining self-tolerance (85). Interestingly, although patients with T1D display similar 

numbers of peripheral Treg-cells compared to non-diabetic subjects, Treg-cells isolated from T1D 

patients show a decreased suppressive activity in vitro, suggesting an impaired function of this type 

of immune cells in T1D individuals (86,87); alternatively, effector T cells may be resistant to such 

immune regulation (85). However, the increased frequency of autoreactive CD8
+
 T cells in the 

target-organ, not paralleled by peripheral blood differences between T1D patients and non-diabetic 

subjects, suggests the involvement of additional factors, which may contribute to the diabetogenic 

effects of CD8
+
 T cells in the pancreas, ranging from a different T cell regulation and tolerance 



induction (as described above) to enhanced β-cell fragility/vulnerability or defects which increase 

their visibility to the immune system (84). 

Noteworthy, the plethora of newly discovered β-cell autoantigens targeted by the immune system in 

T1D is currently expanding and latest findings indicate the presence of other relevant neoantigens 

and corresponding autoreactive specific CD8
+
 T cells, which dictate direct β-cell damage. In a 

collaborative study using a peptidomic approach, Gonzalez-Duque S and colleagues uncovered a set 

of β-cell neoepitopes (secretogranin V, secretogranin V splice form 009, proconvertase-2, 

urocortin-3, ISL-1 and islet amyloid polypeptide transpeptidation) whose HLA class I mediated 

presentation by β-cells is increased under inflammatory circumstances. Correspondingly, using 

tetramers immunostaining, they identified specific CD8
+ 

T cells directed against IAPP15-17/5-10, 

ISL1276-284 and UCN31-9 and whose presence in pancreatic tissue sections was more abundant in 

T1D and in non-diabetic islet autoantibody positive donors respect to non-diabetic controls. 

Additionally, fluorescent confocal microscopy on pancreas sections from a T1D donor, showed that 

61.7% of CD8
+
 cells were also CD45RO

+
 and that 5.4% of them were positive for pooled tetramers 

directed against IAPP15-17/5-10/ISL1276-284/UCN31-9, thus demonstrating also the antigen-

experienced phenotype of these cells (84). 

 

6. Innate Immune cells: novel players in T1D pathogenesis 

Although the presence and involvement of CD8
+
 autoreactive T cells has been confirmed and 

associated to T1D pathogenesis, the immunological scenario might be more complex, involving 

additional immune cells. Therefore, the need to explore other potential factors participating to T1D 

pathogenesis , prompted research efforts to focus also on innate immunity and inflammation. In this 

regard, recent evidence highlighted a potential role for neutrophils and mast cells in T1D 

pathogenesis. 

Neutrophils have been recently associated to the development and progression of T1D and their 

presence has been clearly highlighted in pancreas of T1D donors deriving from multiple organ 



biobank collections (28,88,89). A strong trigger to the initial evaluation of neutrophils in T1D, 

derives from the fact that such cells are more active immunological mediators than previously 

thought. Indeed, their role has been found critical in multiple human autoimmune diseases (e.g. 

lupus erithematosus, vasculitis, rheumatoid arthritis etc) and causally associated to the onset of such 

diseases in several animal models (90,91). In animal models of T1D, neutrophils recruitment in 

pancreas during autoimmune diabetes progression has been shown to be essential in disease onset 

and severity (88). In human T1D, even though neutrophils dynamics and causal relationship are still 

missing, we certainly know that they can infiltrate the pancreas and are strongly increased in T1D 

donors vs. islet autoantibody positive and negative non-diabetic controls, while such increase has 

not been reported in T2D pancreas (89). In such context, neutrophils were mostly found in exocrine 

portion of the pancreas being tightly associated with acinar tissue (28,89); however, some of them 

were also found in close proximity or within insulitic lesions, thus ascribing neutrophils as 

potentially involved in insulitic immune network. Although the exact mechanism of neutrophils 

involvement in human T1D initiation or progression has not yet been clarified, it is believed that 

they are not simply bystander elements. Indeed, it is well known that neutrophils are key cells in 

recognition and elimination of pathogens and they can be activated into a mechanism defined as 

NETosis, namely by extracellularly extruding macromolecules complexes composed of 

decondensed DNA, associated with specific proteins (citrullinated proteins, elastin, 

Mieloperoxidase), commonly known as Neutrophils Extracellular Traps (NETs) (92). Such 

mechanism is also adopted by neutrophils to sense self-components, thus being involved in tissues 

repair and clearing (93). Although beneficial, in certain conditions this process may trigger or 

amplify autoimmune reactions. Vecchio F and colleagues recently demonstrated that neutrophils are 

increased in pancreatic tissues deriving from T1D donors vs. islet autoantibody positive and 

negative non-diabetic control donors and that a proportion of them generates NETs, thus co-

expressing citrullinated histone H3, mieloperoxidase and decondensed DNA (28). Moreover, the 

increase of neutrophils in pancreas of T1D organ donors, concomitantly correlates with the 



reduction of peripheral blood circulating neutrophils, thus leading to the hypothesis of a pancreas-

centered massive migration (tissue sequestration) of these cells under specific pathological 

conditions. Such reduction has been recently highlighted also in another longitudinal T1D study 

cohort (TEDDY) which observed a significant reduction of peripheral blood circulating neutrophils 

in at-risk children positive for multiple islet autoantibodies, therefore indirectly corroborating the 

hypothesis of neutrophils massive migration to the pancreas (94). Although the evidence for a role 

of neutrophils are increasingly important, additional studies are needed to decipher a mechanistic 

link between neutrophils migration to the pancreas and triggering or amplification of autoimmunity 

in T1D. 

Innate immune cells infiltration in T1D includes also mast cells which seem to be involved in the  

pathogenesis of disease (95,96). Although mast cells are mostly considered the first defense line, 

mainly present in peripheral tissues near body surfaces and linked to allergic reactions, they have 

been strikingly associated to autoimmune diseases as well. Mast cells are able to directly interact 

with different immune cells (e.g. T cells, B cells) by inducing their differentiation and/or activation. 

Moreover, increasing evidence showed that mast cells are involved in the pathogenesis of several 

diseases like rheumatoid arthritis (RA) or multiple sclerosis (MS) (97); such evidence led some 

authors to re-define the role of mast cells within autoimmune reactions, thus attributing them equal 

importance in immune response exacerbation respect to T cells (98). Recently, a study investigated 

the presence of mast cells in pancreas obtained from adult donors with T1D (mostly long-standing 

donors - range disease duration: 2-10y -), T2D and age-matched non-diabetic donors. In this study, 

Martino L and colleagues demonstrated that mast cells preferentially infiltrate pancreas of T1D 

donors, being more numerous in T1D  vs. T2D and non-diabetic donors. The presence of these cells 

was demonstrated in exocrine tissue as well as in peri- and intra-islet area. More interestingly, T1D 

donors showed a higher number of islets having at least one mast cell in peri- or intra-islet area 

respect to T2D and non-diabetic donors, thus showing that these cells represent an active 

component of immune cells insulitis infiltration (99). By visualizing them using electron 



microscopy, pancreas-infiltrating mast cells appeared to be also partially degranulated (a specific 

feature of active mast cells during inflammation resolution), then potentially contributing to 

islet/beta-cell damage through degradative enzyme production (tryptase, histamine) or through 

complement production and activation. As a matter of fact, a specific subset of mast cells 

expressing C4 mRNA complement family member, has been described to infiltrate gut mucosa 

during autoimmune Crohn‟s disease and showed to actively participate in immune-mediated tissue 

damage (100). Interestingly, a 2013 report analyzing nPOD pancreas tissue sections highlighted the 

presence of complement C4d deposition in pancreas of T1D donors which was higher vs. T2D, islet 

autoantibody positive and negative non-diabetic organ donors (101) and in line with the increased 

mast cell infiltration in T1D pancreas sections. Such evidence suggest a potential function of mast 

cells in the production of complement members and their role as active immune cells in T1D. 

A relevant role of NK cells in T1D is currently emerging as well, contributing to define a scenario 

in which β-cells, innate and adaptive immune cells are engaged each other (102). The presence of 

NK cells has been shown in pancreas of mouse model of autoimmune diabetes, as well as in human 

pancreas from T1D donors (35). NK cells represent the interface between innate and adaptive 

immunity and their presence has been associated to viral infections, being involved in the defense 

against viruses. In this regard, the hypothesis that viruses could play a key role in the pathogenesis 

of T1D has a long history and enteroviruses, especially Coxsackievirus B-group (CVB), seem to 

trigger pancreatic islet autoimmunity through several mechanisms, including direct destruction of 

pancreatic β-cells, bystander activation of autoreactive T-cells, molecular mimicry and/or viral 

persistence (not mutually exclusive) (103). Both in vitro and in vivo studies have shown the 

capability of enteroviruses to infect human pancreatic β-cells, with consequent effects ranging from 

functional damage to cell death (104). As a matter of fact, in 2007, Dotta F. et al.. isolated for the 

first time a strain of CVB4 from a pancreatic sample of a recent-onset T1D organ donor. CVB4 

positivity was associated with NK cells islets infiltration (35). Moreover, capsid protein VP1 was 

detected in islets (but not in exocrine tissue) of pancreatic autopsy specimens from patients with 



T1D, as well as in β-cells (but not in α-cells) of islets from pancreatic biopsies of recent-onset T1D 

patients recruited in the DiViD study (29). We can hypothesize a scenario in which enteroviruses 

(in particular CVBs) could infect pancreatic β-cells by binding to specific receptors (such as human 

Coxsackie- and adenovirus receptor, hCAR) (105). After internalization into β-cells, viruses could 

be recognized by innate immune pattern recognition receptors (PRRs), triggering inflammatory 

signaling cascades and leading to the production of pro-inflammatory chemokines and cytokines, 

with subsequent expression of interferon-stimulated genes (ISGs), whose products could limit 

infection. Although local inflammation and activation of antiviral defenses, should eradicate the 

viral infection, in some genetically susceptible individuals these cellular attempts to neutralize the 

invading virus might be characterized by exaggerated inflammatory response, defective triggering 

of intracellular anti-inflammatory or defective anti-apoptotic responses, then inducing progressive 

inflammation and β-cell loss (106). 

  



7. Exocrine pancreas in T1D: not just a matter of islet cells 

 

7.1. Exocrine-Endocrine pancreas interconnection 

T1D is commonly considered a disease affecting the endocrine pancreas. However, increasing 

evidence suggest a critical involvement of the exocrine pancreas as well. Indeed, even though 

pancreatic endocrine and exocrine compartments are considered two separate entities 

(exocrine~98%, endocrine ~2% of the pancreatic tissue), they are not independent of each other. 

Indeed, they are anatomically and functionally related and the endocrine compartment seems to play 

a significant role in pancreatic digestive activities. 

First of all, pancreatic islet vessels are connected with those vascularizing the exocrine tissue 

through a network of capillaries. In addition, the interplay between the endocrine and the exocrine 

pancreas may be mediated by humoral factors and neurotransmitters also (107,108). In 1981, a 

paper by Henderson et al. described the effects of islet hormones on the exocrine pancreas 

homeostasis and function (109). However, to date, little is known about the potential role of the 

exocrine pancreas in the pathogenesis of T1D, nor if this involvement may be a consequence or a 

cause of the chronic inflammation and of autoimmune reaction associated with β-cell destruction 

(107,110). Consequently, studies clarifying the hypothetical active involvement of the pancreatic 

exocrine tissue in T1D development represent a novel and very interesting area of research. 

 

7.2 Exocrine pancreas inflammation 

Some evidence from literature suggest that pancreatic exocrine tissue can be affected by the same 

inflammatory process that classically characterizes islets in T1D. Nakanishi K et al. described an 

infiltration of LCA (leucocyte common antigen)-positive cells surrounding pancreatic acinar cells in 

autoptic samples derived from T1D patients (6 out of 12 patients studied). The same cells were not 

detectable in 5 non-diabetic subjects (with or without other pancreatic diseases). More recently, 

pancreatic exocrine pancreas was observed to be infiltrated by lymphocytes in 22/47 T1D patients 



of a Japanese cohort (111). In addition, few CD3
+
 T cells were found scattered in the exocrine 

pancreas of 42 autoptic long-standing T1D patients. In this study the authors identified 

macrophages within the exocrine tissue and adjacent to scattered β-cells in the exocrine 

compartment (112). 

Summers KL et al. described dendritic cells (DC) scattered in the exocrine tissue surrounding islets 

(but not within islets) in autoptic pancreatic samples from T1D patients. In contrast, DCs were not 

detectable in non-diabetic subjects. Authors argued that the presence of these cells in patients with 

T1D could suggest their contribution (either direct or indirect) to β-cell destruction, once migrated 

into the pancreas (113). The presence of DCs (identified as CD11c
+
 cells), together with T cells, 

were also investigated by Rodriguez-Calvo T. et al.. in pancreatic sections of T1D and non-diabetic 

[both islet autoantibody positive (AAb
+
) and islet autoantibody negative (AAb

-
)] organ donors from 

the nPOD cohort (110). Indeed, they found that CD8
+
 T cells (the predominant cell type identified 

in human pancreas in T1D), CD4
+ 

T cells and CD11
+
 cells were described to infiltrate the exocrine 

pancreas at a higher density in T1D (recent-onset as well as long-standing) compared to AAb
-
 non-

diabetic donors. Moreover, AAb
+
 non-diabetic donors showed a significantly higher density of 

CD11c
+
 cells compared to AAb

-
 non-diabetic donors. However, in T1D donors, both pancreatic 

DCs and CD4
+
 T cells were detected at a high frequency in the exocrine pancreas; of note,  a strong 

correlation between them was found, thus supporting the critical role of DCs as antigen-presenting 

cells to naïve CD4
+
 T cells. Interestingly, T1D donors showed a significant high number of CD8

+
 T 

cells in the exocrine tissue also, independently of age, BMI, ICU time, disease duration and 

presence of prominent insulitis or insulin-containing islets. These important observations regarding 

the distribution and localization of immune cell in T1D pancreas, were more recently confirmed by 

Damond N et al. and Wang YJ et al. (39,41) by adopting wide spectrum mass-cytometry approach, 

as described above.  

Detection of CD8
+
 T cells even in the absence of insulin-containing islets, suggests that their 

presence within the pancreas is not only antigen-driven; in addition, their location in high numbers 



within the exocrine tissue supports the hypothesis that this pancreatic component may be involved 

in T1D pathogenesis. In support to this, finally, preliminary data showed an increase of MHC class 

I expression in the pancreatic exocrine tissue of T1D donors, which may be related to the CD8
+
 T 

cells infiltration in the same compartment (110). 

Interestingly, Wiberg A et al. investigated the presence of CD45
+ 

cells in pancreatic samples 

obtained from non-diabetic donors (29 AAb
+
 and 31 age-matched AAb

-
 donors). CD45

+
 cells were 

identified in all donors, mostly scattered within the exocrine and the connective tissues; however, 

AAb
+
 donors with high GADA (glutamic acid decarboxylase antibodies) titers, showed 

significantly higher CD45
+
 cell numbers in the exocrine tissue compared to AAb

-
 subjects. Several 

donors showing high numbers and/or high density of CD45
+
 cells in the exocrine tissue (6 AAb

+
 

and 6 AAb
-
) were selected to further evaluate the presence of neutrophils, CD8

+
, CD4

+
 and 

regulatory T cells. CD8
+
 T cells represented the most abundant cell-type within the exocrine tissue 

of all donors, followed by neutrophils and CD4
+
 T cells, while regulatory T cells were present in a 

very few number. Of note, no differences were identified regarding analyzed immune cell type 

between AAb
+
 and AAb

-
 donors. 

In 1986, Foulis AK et al. identified polymorphonuclear cells in the interstitial tissue and 

surrounding ducts of 6 T1D donors (5 with recent-onset disease) from a cohort of 96 autoptic T1D 

cases (13). More recently, Valle A et al. showed the presence of neutrophils [identified by 

myeloperoxidase (MPO) positivity] in pancreatic exocrine tissue of three T1D donors (but not in 

T2D and non-diabetic donors). Neutrophils were mainly identified in small blood vessels but also 

interspersed among acinar cells (89). These findings were confirmed by another study reporting a 

massive neutrophils infiltration within pancreatic exocrine tissue of two new-onset T1D donors and, 

more recently, by Vecchio F et al. as described above (28). 

Collectively, these results indicate that immune cells can be extensively found within the exocrine 

pancreas of T1D donors, independently of the presence of insulin-containing islets, suggesting that 

β-cells are not necessarily required for the homing of cells of the immune system in the exocrine 



pancreas (110). However, several authors argued that immune cells would be recruited to pancreatic 

islets through the secretion of chemokines by β-cells and the subsequent generation of a 

chemoattractant gradient (114,115) which disappears once β-cells have been destroyed (62). 

Overall, a high number of T1D patients show clinically important inflammatory processes within 

the exocrine pancreas. As a matter of fact, Gepts W et al. identified focal to diffuse lesions of acute 

pancreatitis associated with mild atrophy of exocrine tissue in patients with “acute juvenile 

diabetes” (with short disease duration) compared to “chronic juvenile diabetic” patients, 

characterized by intra- and peri-lobular sclerosis (116). Interestingly, Gaglia JL et al. described a 

non-invasive imaging method to detect pancreatic inflammation, based on  magnetic resonance 

imaging (MRI) of the magnetic nanoparticle ferumoxytol (which reflects nanoparticle uptake by 

macrophages within pancreatic inflammatory lesions), evaluated in mouse models of autoimmune 

diabetes. In a recent study, it has been showed a higher accumulation of nanoparticles in recent-

onset T1D patients compared to non-diabetic healthy individuals, characterized by a little or no 

nanoparticle accumulation. Moreover, there was a high heterogeneity of intra- and inter-pancreatic 

signal in T1D patients, whereas pancreas appeared essentially homogenous in non-diabetic subjects 

(117). We can speculate that pancreatic exocrine inflammation may be associated to the loss of 

pancreas parenchyma and function in T1D patients.  

 

7.3- Exocrine pancreas functional alterations 

In addition to the inflammatory environment, functional and histological alterations of the exocrine 

pancreas have been described in T1D. Indeed, in 1940, Pollard HM et al. described a reduction of 

amylase and lipase levels after pancreozymin-secretin stimulation (107). The most common 

alterations observed by performing direct pancreatic function tests were represented by a reduction 

in amylase and bicarbonate output and a decreased of maximum bicarbonate concentration in T1D 

patients. Moreover, a mild to moderate decrease of lipase output has been described in few studies, 

as well as a major prevalence of decreased FE1 levels in T1D patients compared to non-diabetic 



subjects (118). However, it has not been clarified yet whether these modifications are caused by the 

same pathogenic factors participating in β-cell destruction or represent a consequence of β-cell loss. 

Interestingly, autoantibodies against exocrine antigens (e.g. carbonic anhydrase and lactoferrin) 

have been detected in several studies (119,120). 

In a recently published paper, Lundberg M et al. found a reduced density of parasympathetic axons 

(assessed by immunofluorescence and morphometry) in the exocrine pancreas of 6 recent-onset 

T1D patients undergoing pancreatic biopsy and 2 recent-onset T1D organ donors compared to 7 

long-standing T1D and 7 non-diabetic donors. In contrast, there was no difference in islet-

associated parasympathetic axons per islet (axons within islets or surrounding them) between 

groups, suggesting that islet parasympathetic innervation is not affected in T1D. Moreover, the non-

reduction of axons in long-standing T1D donors could reflect a re-innervation, or, alternatively, be 

caused by a reduced pancreatic volume with an unaltered amount of axons (121). 

 

8. Pancreas anatomical alterations in T1D 

In 1909, Cecil RL described a reduction in size (atrophy) and weight of the pancreas in diabetic 

patients compared to non-diabetic controls (122). Given the small contribution of the endocrine 

portion in determining pancreas size, the main responsible for this phenomenon has been suggested 

to reside within the exocrine pancreas. In consideration of the  paracrine trophic effect of the islet 

hormones on acinar cells (109,123), the destruction of β-cells which occurs in T1D could induce the 

loss of the insulinotropic impact on the exocrine tissue (107,124). Particularly, severe atrophy of 

acinar cells has been observed next-to insulin-deficient islets, a phenomenon that has not been 

observed in the acini adjacent to insulin-containing islets (125). Indeed, in the presence of high 

numbers of insulin-deficient islets, the exocrine pancreas is exposed to an altered balance of islet 

hormones, thus favoring atrophy. Moreover, diabetic microangiopathy has been suggested to be 

involved in pancreatic exocrine tissue atrophy, reflecting the vascular connections between the 

islets and the exocrine tissue. Finally, several authors hypothesized that pancreas volume is already 



reduced years before the clinical onset of T1D, suggesting an immune-mediated insult to the 

exocrine pancreas as well as to the endocrine counterpart (110). Exocrine pancreas fibrosis is also 

frequently observed in T1D patients; it can be of various degrees and localized only in the 

proximity of the ducts, or extended to the interlobular pancreas as well. 

 

8.2 Pancreas Volume reduction in T1D 

Over the years, several studies evaluated the size and weight of pancreas in patients with T1D. In 

1985, Fonseca V et al. measured the area of pancreatic head and body in 22 T1D patients and in 19 

non-diabetic healthy subjects, using ultrasound techniques. In T1D patients, pancreas size resulted 

to be reduced in comparison to non-diabetic individuals, without any correlation with body weight 

or diabetes duration (126). Later, Williams AJK et al. performed a study including 20 adult recent-

onset T1D patients and 24 non-diabetic healthy controls (all males) matched for age, to analyze 

pancreatic volume between these two groups. Using a non-invasive MRI, authors determined 

pancreatic volume and after an adjustment for body weight, they observed a significant reduction 

(26%) in T1D patients compared to healthy controls, without any correlation with diabetes duration, 

number or level of islet autoantibodies and markers of β-cell function (e.g. C-peptide); moreover 

any exocrine insufficiency was observed (124). The same authors, using MRI, observed a reduction 

(-48%) in the pancreatic volume of 12 long-standing T1D patients (evaluated 10 years after 

diagnosis) compared with 12 non-diabetic subjects (all males, age matched) (127). Moreover, 

Gaglia JL et al., using MRI, determined the mean pancreatic volume index (PVI) by dividing 

pancreatic volume by body-surface area in a cohort of 10 new-onset T1D patients and 10 non-

diabetic healthy controls (age-matched). A 31% reduction in the mean pancreatic volume index was 

found in T1D patients compared to controls, without any correlation between PVI and diabetes 

duration, age or islet autoantibodies titer (128). Recently, Regnell SE et al. observed a reduction of 

pancreatic volume (-27%) evaluated by MRI in 22 children with T1D and without exocrine 



pancreatic disorders compared to 29 non-diabetic children not correlating with diabetes duration 

(129). 

All the studies described above suggest that pancreatic atrophy could be a process starting before 

the clinical onset of diabetes; moreover, the exogenous insulin administration may decelerate 

pancreatic atrophy, as hypothesized by the authors of the last study who found a positive correlation 

between the reduction of pancreatic volume and insulin units/kg body weight/day in T1D patients 

(129). Finally, a recent meta-analysis by Garcia T.S. et al., including data from 8 selected studies 

evaluating pancreatic size (2 in terms of diameter, 2 area and 4 volume) determined by ultrasound, 

computed tomography (CT) or MRI in adult T1D patients compared to healthy controls, showed 

that pancreatic size was reduced in T1D patients, in particular in those with a long disease duration 

(130). These results are in agreement with those reported by Virostko J et al. in a study evaluating 

pancreatic volume (by MRI or CT) in 25 T1D patients and 25 age, sex and weight matched non-

diabetic subjects. Authors described a reduction (-47%) of pancreatic volume (normalized by body 

weight, body mass index and body surface area) in T1D patients compared to non-diabetic 

individuals. This reduction of pancreatic volume was particularly evident in long-standing T1D 

patients; moreover, a progressive reduction over time was observed in 4 T1D patients subjected to 

multiple imaging scans (separated temporally by 1 to 7 years). In contrast, 5 non-diabetic 

individuals did not show the same progressive reduction in pancreas volume over the years (131). 

Finally, in a recent study evaluating pancreas volume (PV) by MRI, Campbell-Thompson ML et al. 

described for the first time a significantly lower PV adjusted for BMI (PV-to-BMI ratio) in non-

diabetic T1D first-degree relatives (FDRs) with or without one/multiple autoantibodies positivity 

compared with unrelated control subjects. Moreover, patients with recent-onset T1D showed lower 

PV-to-BMI ratio compared to FDRs (132). 

 

8.3 Pancreas weight reduction in T1D 



Concerning the studies evaluating pancreatic weight, in 1965 Gepts W et al. observed a weight 

reduction in autoptic pancreas obtained from long-standing T1D patients (despite, however, of some 

variability) compared to recent-onset T1D and non-diabetic subjects (116). Moreover, pancreatic 

weight did not correlate with the age at disease onset, duration of diabetes and severity of pancreatic 

fibrosis (116). This data support the notion that pancreatic weight reduction in T1D patients could 

be attributable to a prolonged total absence of insulin or due to the chronic inflammation associated 

with insulitis. However, Campbell-Thompson ML et al. disputed these concepts with 2 studies 

describing a loss of weight in T1D donors, already present at the onset of disease. In the first study 

a reduced mean weight (adjusted for age and BMI) of pancreas was described not only in T1D but 

also in single AAb
+
 compared to AAb

-
 non-diabetic donors, suggesting that pancreatic atrophy 

could be an early important feature in the natural history of T1D. Subsequently, Campbell-

Thompson ML et al. compared pancreatic weight of 90 T1D organ donors (15 AAb
-
, 36 single 

AAb
+
 and 36 multiple AAb

+
) with 86 non-diabetic and 40 T2D donors. In order to normalize 

confounding inter-subject factors (such as age, sex, BMI and diabetes duration) the pancreas-to-

body weight ratio (relative pancreas weight) was calculated after determination of the entire-

pancreas and head, body and tail weight. Authors found that relative pancreatic weight was 

significantly reduced in T1D compared to non-diabetic donors, while the relative weight of 

pancreatic head, body and tail was lower in T1D compared not only to non-diabetic but also to T2D 

donors. In addition, in T1D donors, relative pancreatic weight did not correlated with diabetes 

duration and neither with C-peptide levels (when detectable) (133).  

Taken together, these studies suggest that pancreatic weight and volume are reduced in patients 

with T1D and in subjects at high risk to develop the disease. Since islets constitute only a small 

portion of the pancreatic mass, these reductions seem to be largely attributable to a significant 

exocrine tissue loss. In support of this concept, a decline in exocrine function (evaluated by 

chymotrypsin and elastase stool measurement) has been observed (47,125). Finally, an exocrine 

pancreatopathy (defined as a moderate-to-severe subclinical fibrosis and modest exocrine 



dysfunction, occurring in the absence of clinical or histopathological evidence of chronic 

pancreatitis) has been described to be associated with pancreatic size in T1D. Several authors, 

indeed, described the presence of pancreatic fibrosis in T1D patients (especially in those with long 

disease duration) (111,116,122,134) which appears quite intra-lobular and inter-acinar and 

sometimes diffuse. In 2 studies, in particular, pancreatic fibrosis was compared between T1D and 

non-diabetic individuals and scored from mild to severe. T1D subjects were more frequently 

affected by a moderate to severe fibrosis compared to non-diabetic subjects. 

  



9. Conclusions 

Increased tissues availability from organ donors affected by T1D together with an improved quality 

of pancreatic tissue sections from novel biobanks worldwide coupled to the use of recent and 

innovative technologies, significantly expanded our understanding of the disease, challenging some 

previously accepted dogmas. Taken together, the data reported in the studies mentioned above, 

suggest that we can consider T1D as a disease affecting the whole pancreas and not only of the 

endocrine component, with the participation of both adaptive and innate immunity. Such 

observations should be taken into consideration as a starting point to elaborate novel therapeutic 

approaches for autoimmune diabetes prevention and treatment. 

  



Authors' Contribution Statement: LN wrote the manuscript and drafted figures and tables. CM 

contributed to write the manuscript and to literature database search. GS contributed to write the 

manuscript, edited and revised the final version. FD edited and revised the final version of the 

manuscript. 

 

Conflict of Interest Statement: The authors declare no conflict of interest related to this 

manuscript.  

 

Acknowledgements. This project has received funding from the Innovative Medicines Initiative 2 

Joint Undertaking under grant agreement No 115797 (INNODIA). This Joint Undertaking receives 

support from the Union‟s Horizon 2020 research and innovation program and “EFPIA”, „JDRF” 

and “The Leona M. and Harry B. Helmsley Charitable Trust” 

  



References 

 

1.  Pugliese A, Vendrame F, Reijonen H, Atkinson MA, Campbell-Thompson M, Burke GW. 

New insight on human type 1 diabetes biology: nPOD and nPOD-transplantation. Curr Diab 

Rep. 2014 Oct;14(10):530.  

2.  Kaddis JS, Pugliese A, Atkinson MA. A run on the biobank: what have we learned about 

type 1 diabetes from the nPOD tissue repository? Curr Opin Endocrinol Diabetes Obes. 2015 

Aug;22(4):290–295.  

3.  Di Gialleonardo V, de Vries EFJ, Di Girolamo M, Quintero AM, Dierckx RAJO, Signore A. 

Imaging of β-cell mass and insulitis in insulin-dependent (Type 1) diabetes mellitus. Endocr 

Rev. 2012 Dec;33(6):892–919.  

4.  Signore A, Artiko V. Hybrid fusion images in diagnostic and therapeutic procedures. Q J 

Nucl Med Mol Imaging. 2018;62(1):1–2.  

5.  Atkinson MA, Eisenbarth GS, Michels AW. Type 1 diabetes. Lancet. 2014 Jan 

4;383(9911):69–82.  

6.  American Diabetes Association. 2. Classification and Diagnosis of Diabetes: Standards of 

Medical Care in Diabetes-2018. Diabetes Care. 2018;41(Suppl 1):S13–S27.  

7.  Skyler JS, Bakris GL, Bonifacio E, Darsow T, Eckel RH, Groop L, et al.. Differentiation of 

diabetes by pathophysiology, natural history, and prognosis. Diabetes. 2017;66(2):241–255.  

8.  Knip M, Virtanen SM, Seppä K, Ilonen J, Savilahti E, Vaarala O, et al.. Dietary intervention 

in infancy and later signs of beta-cell autoimmunity. N Engl J Med. 2010 Nov 

11;363(20):1900–1908.  

9.  Bonifacio E, Mathieu C, Nepom GT, Ziegler A-G, Anhalt H, Haller MJ, et al.. Rebranding 

asymptomatic type 1 diabetes: the case for autoimmune beta cell disorder as a pathological 

and diagnostic entity. Diabetologia. 2017;60(1):35–38.  

10.  Petrone A, Galgani A, Spoletini M, Alemanno I, Di Cola S, Bassotti G, et al.. Residual 

insulin secretion at diagnosis of type 1 diabetes is independently associated with both, age of 

onset and HLA genotype. Diabetes Metab Res Rev. 2005 Jun;21(3):271–275.  

11.  Ziegler AG, Rewers M, Simell O, Simell T, Lempainen J, Steck A, et al.. Seroconversion to 

multiple islet autoantibodies and risk of progression to diabetes in children. JAMA. 2013 Jun 

19;309(23):2473–2479.  

12.  Endesfelder D, Zu Castell W, Bonifacio E, Rewers M, Hagopian WA, She J-X, et al.. Time-

Resolved Autoantibody Profiling Facilitates Stratification of Preclinical Type 1 Diabetes in 

Children. Diabetes. 2019;68(1):119–130.  

13.  Foulis AK, Liddle CN, Farquharson MA, Richmond JA, Weir RS. The histopathology of the 

pancreas in type 1 (insulin-dependent) diabetes mellitus: a 25-year review of deaths in 



patients under 20 years of age in the United Kingdom. Diabetologia. 1986 May;29(5):267–

274.  

14.  In‟t Veld P. Insulitis in human type 1 diabetes: a comparison between patients and animal 

models. Semin Immunopathol. 2014 Sep;36(5):569–579.  

15.  Campbell-Thompson M. Organ donor specimens: What can they tell us about type 1 

diabetes? Pediatr Diabetes. 2015 Aug;16(5):320–330.  

16.  Foulis AK, McGill M, Farquharson MA. Insulitis in type 1 (insulin-dependent) diabetes 

mellitus in man--macrophages, lymphocytes, and interferon-gamma containing cells. J 

Pathol. 1991 Oct;165(2):97–103.  

17.  Campbell-Thompson ML, Montgomery EL, Foss RM, Kolheffer KM, Phipps G, Schneider 

L, et al.. Collection protocol for human pancreas. J Vis Exp. 2012 May 23;(63):e4039.  

18.  Campbell-Thompson M, Wasserfall C, Kaddis J, Albanese-O‟Neill A, Staeva T, Nierras C, 

et al.. Network for Pancreatic Organ Donors with Diabetes (nPOD): developing a tissue 

biobank for type 1 diabetes. Diabetes Metab Res Rev. 2012 Oct;28(7):608–617.  

19.  Campbell-Thompson ML, Heiple T, Montgomery E, Zhang L, Schneider L. Staining 

protocols for human pancreatic islets. J Vis Exp. 2012 May 23;(63):e4068.  

20.  Mathieu C, Lahesmaa R, Bonifacio E, Achenbach P, Tree T. Immunological biomarkers for 

the development and progression of type 1 diabetes. Diabetologia. 2018 Sep 

12;61(11):2252–2258.  

21.  Krogvold L, Edwin B, Buanes T, Ludvigsson J, Korsgren O, Hyöty H, et al.. Pancreatic 

biopsy by minimal tail resection in live adult patients at the onset of type 1 diabetes: 

experiences from the DiViD study. Diabetologia. 2014 Apr;57(4):841–843.  

22.  Krogvold L, Skog O, Sundström G, Edwin B, Buanes T, Hanssen KF, et al.. Function of 

isolated pancreatic islets from patients at onset of type 1 diabetes: insulin secretion can be 

restored after some days in a nondiabetogenic environment in vitro: results from the divid 

study. Diabetes. 2015 Jul;64(7):2506–2512.  

23.  Krogvold L, Wiberg A, Edwin B, Buanes T, Jahnsen FL, Hanssen KF, et al.. Insulitis and 

characterisation of infiltrating T cells in surgical pancreatic tail resections from patients at 

onset of type 1 diabetes. Diabetologia. 2016 Mar;59(3):492–501.  

24.  Leete P, Willcox A, Krogvold L, Dahl-Jørgensen K, Foulis AK, Richardson SJ, et al.. 

Differential Insulitic Profiles Determine the Extent of β-Cell Destruction and the Age at 

Onset of Type 1 Diabetes. Diabetes. 2016 Feb 8;65(5):1362–1369.  

25.  Lundberg M, Krogvold L, Kuric E, Dahl-Jørgensen K, Skog O. Expression of Interferon-

Stimulated Genes in Insulitic Pancreatic Islets of Patients Recently Diagnosed With Type 1 

Diabetes. Diabetes. 2016 Jul 15;65(10):3104–3110.  



26.  Richardson SJ, Rodriguez-Calvo T, Gerling IC, Mathews CE, Kaddis JS, Russell MA, et al.. 

Islet cell hyperexpression of HLA class I antigens: a defining feature in type 1 diabetes. 

Diabetologia. 2016 Nov;59(11):2448–2458.  

27.  Westermark GT, Krogvold L, Dahl-Jørgensen K, Ludvigsson J. Islet amyloid in recent-onset 

type 1 diabetes-the DiViD study. Ups J Med Sci. 2017 Aug 17;122(3):201–203.  

28.  Vecchio F, Lo Buono N, Stabilini A, Nigi L, Dufort MJ, Geyer S, et al.. Abnormal 

neutrophil signature in the blood and pancreas of presymptomatic and symptomatic type 1 

diabetes. JCI Insight. 2018 Sep 20;3(18).  

29.  Krogvold L, Edwin B, Buanes T, Frisk G, Skog O, Anagandula M, et al.. Detection of a low-

grade enteroviral infection in the islets of langerhans of living patients newly diagnosed with 

type 1 diabetes. Diabetes. 2015 May;64(5):1682–1687.  

30.  Pugliese A. Insulitis in the pathogenesis of type 1 diabetes. Pediatr Diabetes. 2016;17 Suppl 

22:31–36.  

31.  Campbell-Thompson M, Fu A, Kaddis JS, Wasserfall C, Schatz DA, Pugliese A, et al.. 

Insulitis and β-Cell Mass in the Natural History of Type 1 Diabetes. Diabetes. 2016 

Mar;65(3):719–731.  

32.  In‟t Veld P. Insulitis in human type 1 diabetes: The quest for an elusive lesion. Islets. 2011 

Aug;3(4):131–138.  

33.  Campbell-Thompson ML, Atkinson MA, Butler AE, Giepmans BN, von Herrath MG, Hyöty 

H, et al.. Re-addressing the 2013 consensus guidelines for the diagnosis of insulitis in human 

type 1 diabetes: is change necessary? Diabetologia. 2017 Jan 9;60(4):753–755.  

34.  Lernmark A, Klöppel G, Stenger D, Vathanaprida C, Fält K, Landin-Olsson M, et al.. 

Heterogeneity of islet pathology in two infants with recent onset diabetes mellitus. Virchows 

Arch. 1995;425(6):631–640.  

35.  Dotta F, Censini S, van Halteren AGS, Marselli L, Masini M, Dionisi S, et al.. Coxsackie B4 

virus infection of beta cells and natural killer cell insulitis in recent-onset type 1 diabetic 

patients. Proc Natl Acad Sci USA. 2007 Mar 20;104(12):5115–5120.  

36.  Takiishi T, Cook DP, Korf H, Sebastiani G, Mancarella F, Cunha JPMCM, et al.. Reversal 

of Diabetes in NOD Mice by Clinical-Grade Proinsulin and IL-10-Secreting Lactococcus 

lactis in Combination With Low-Dose Anti-CD3 Depends on the Induction of Foxp3-

Positive T Cells. Diabetes. 2017;66(2):448–459.  

37.  Arif S, Leete P, Nguyen V, Marks K, Nor NM, Estorninho M, et al.. Blood and islet 

phenotypes indicate immunological heterogeneity in type 1 diabetes. Diabetes. 2014 

Nov;63(11):3835–3845.  

38.  Leete P, Mallone R, Richardson SJ, Sosenko JM, Redondo MJ, Evans-Molina C. The effect 

of age on the progression and severity of type 1 diabetes: potential effects on disease 

mechanisms. Curr Diab Rep. 2018 Sep 26;18(11):115.  



39.  Damond N, Engler S, Zanotelli VRT, Schapiro D, Wasserfall CH, Kusmartseva I, et al.. A 

map of human type 1 diabetes progression by imaging mass cytometry. Cell Metab. 2019 

Mar 5;29(3):755–768.e5.  

40.  Giesen C, Wang HAO, Schapiro D, Zivanovic N, Jacobs A, Hattendorf B, et al.. Highly 

multiplexed imaging of tumor tissues with subcellular resolution by mass cytometry. Nat 

Methods. 2014 Apr;11(4):417–422.  

41.  Wang YJ, Traum D, Schug J, Gao L, Liu C, HPAP Consortium, et al.. Multiplexed in situ 

imaging mass cytometry analysis of the human endocrine pancreas and immune system in 

type 1 diabetes. Cell Metab. 2019 Mar 5;29(3):769–783.e4.  

42.  Gepts W, 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.  

43.  Butler AE, Galasso R, Meier JJ, Basu R, Rizza RA, Butler PC. Modestly increased beta cell 

apoptosis but no increased beta cell replication in recent-onset type 1 diabetic patients who 

died of diabetic ketoacidosis. Diabetologia. 2007 Nov;50(11):2323–2331.  

44.  Maclean N, Ogilvie RF. Observations on the pancreatic islet tissue of young diabetic 

subjects. Diabetes. 1959 Apr;8(2):83–91.  

45.  Evans DJ. Generalized islet hypertrophy and beta-cell hyperplasia in a case of long-term 

juvenile diabetes. Diabetes. 1972 Feb;21(2):114–116.  

46.  Löhr M, Klöppel G. Residual insulin positivity and pancreatic atrophy in relation to duration 

of chronic type 1 (insulin-dependent) diabetes mellitus and microangiopathy. Diabetologia. 

1987 Oct;30(10):757–762.  

47.  Foulis AK, Stewart JA. The pancreas in recent-onset type 1 (insulin-dependent) diabetes 

mellitus: insulin content of islets, insulitis and associated changes in the exocrine acinar 

tissue. Diabetologia. 1984 Jun;26(6):456–461.  

48.  Keenan HA, Sun JK, Levine J, Doria A, Aiello LP, Eisenbarth G, et al.. Residual insulin 

production and pancreatic ß-cell turnover after 50 years of diabetes: Joslin Medalist Study. 

Diabetes. 2010 Nov;59(11):2846–2853.  

49.  Lam CJ, Jacobson DR, Rankin MM, Cox AR, Kushner JA. β Cells Persist in T1D Pancreata 

Without Evidence of Ongoing β-Cell Turnover or Neogenesis. J Clin Endocrinol Metab. 

2017 Aug 1;102(8):2647–2659.  

50.  Yu MG, Keenan HA, Shah HS, Frodsham SG, Pober D, He Z, et al.. Residual β cell function 

and monogenic variants in long-duration type 1 diabetes patients. J Clin Invest. 2019 Jul 

2;129(8):3252–3263.  

51.  Meier JJ, Butler AE, Saisho Y, Monchamp T, Galasso R, Bhushan A, et al.. Beta-cell 

replication is the primary mechanism subserving the postnatal expansion of beta-cell mass in 

humans. Diabetes. 2008 Jun;57(6):1584–1594.  



52.  Willcox A, Richardson SJ, Bone AJ, Foulis AK, Morgan NG. Evidence of increased islet 

cell proliferation in patients with recent-onset type 1 diabetes. Diabetologia. 2010 

Sep;53(9):2020–2028.  

53.  In‟t Veld P, De Munck N, Van Belle K, Buelens N, Ling Z, Weets I, et al.. Beta-cell 

replication is increased in donor organs from young patients after prolonged life support. 

Diabetes. 2010 Jul;59(7):1702–1708.  

54.  Richardson SJ, Morgan NG, Foulis AK. Pancreatic pathology in type 1 diabetes mellitus. 

Endocr Pathol. 2014 Mar;25(1):80–92.  

55.  Coppieters KT, Dotta F, Amirian N, Campbell PD, Kay TWH, Atkinson MA, et al.. 

Demonstration of islet-autoreactive CD8 T cells in insulitic lesions from recent onset and 

long-term type 1 diabetes patients. J Exp Med. 2012 Jan 16;209(1):51–60.  

56.  Rodriguez-Calvo T, Suwandi JS, Amirian N, Zapardiel-Gonzalo J, Anquetil F, Sabouri S, et 

al.. Heterogeneity and Lobularity of Pancreatic Pathology in Type 1 Diabetes during the 

Prediabetic Phase. J Histochem Cytochem. 2015;63(8):626–636.  

57.  Coomans de Brachène A, Dos Santos RS, Marroqui L, Colli ML, Marselli L, Mirmira RG, et 

al.. IFN-α induces a preferential long-lasting expression of MHC class I in human pancreatic 

beta cells. Diabetologia. 2018 Jan 5;61(3):636–640.  

58.  Marroqui L, Dos Santos RS, Op de Beeck A, Coomans de Brachène A, Marselli L, 

Marchetti P, et al.. Interferon-α mediates human beta cell HLA class I overexpression, 

endoplasmic reticulum stress and apoptosis, three hallmarks of early human type 1 diabetes. 

Diabetologia. 2017 Jan 6;60(4):656–667.  

59.  Thompson PJ, Shah A, Ntranos V, Van Gool F, Atkinson M, Bhushan A. Targeted 

elimination of senescent beta cells prevents type 1 diabetes. Cell Metab. 2019 May 

7;29(5):1045–1060.e10.  

60.  Horwitz E, Krogvold L, Zhitomirsky S, Swisa A, Fischman M, Lax T, et al.. β-Cell DNA 

Damage Response Promotes Islet Inflammation in Type 1 Diabetes. Diabetes. 2018 Aug 

27;67(11):2305–2318.  

61.  Antonelli A, Ferrari SM, Corrado A, Ferrannini E, Fallahi P. CXCR3, CXCL10 and type 1 

diabetes. Cytokine Growth Factor Rev. 2014 Feb;25(1):57–65.  

62.  Frigerio S, Junt T, Lu B, Gerard C, Zumsteg U, Holländer GA, et al.. Beta cells are 

responsible for CXCR3-mediated T-cell infiltration in insulitis. Nat Med. 2002 

Dec;8(12):1414–1420.  

63.  Collier JJ, Sparer TE, Karlstad MD, Burke SJ. Pancreatic islet inflammation: an emerging 

role for chemokines. J Mol Endocrinol. 2017 Apr 18;59(1):R33–R46.  

64.  Roep BO, Kleijwegt FS, van Halteren AGS, Bonato V, Boggi U, Vendrame F, et al.. Islet 

inflammation and CXCL10 in recent-onset type 1 diabetes. Clin Exp Immunol. 2010 

Mar;159(3):338–343.  



65.  Hanifi-Moghaddam P, Kappler S, Seissler J, Müller-Scholze S, Martin S, Roep BO, et al.. 

Altered chemokine levels in individuals at risk of Type 1 diabetes mellitus. Diabet Med. 

2006 Feb;23(2):156–163.  

66.  Sebastiani G, Ventriglia G, Stabilini A, Socci C, Morsiani C, Laurenzi A, et al.. Regulatory 

T-cells from pancreatic lymphnodes of patients with type-1 diabetes express increased levels 

of microRNA miR-125a-5p that limits CCR2 expression. Sci Rep. 2017 Jul 31;7(1):6897.  

67.  Cnop M, Welsh N, Jonas J-C, Jörns A, Lenzen S, Eizirik DL. Mechanisms of pancreatic 

beta-cell death in type 1 and type 2 diabetes: many differences, few similarities. Diabetes. 

2005 Dec;54 Suppl 2:S97–107.  

68.  Eizirik DL, Sammeth M, Bouckenooghe T, Bottu G, Sisino G, Igoillo-Esteve M, et al.. The 

human pancreatic islet transcriptome: expression of candidate genes for type 1 diabetes and 

the impact of pro-inflammatory cytokines. PLoS Genet. 2012 Mar 8;8(3):e1002552.  

69.  Ortis F, Cardozo AK, Crispim D, Störling J, Mandrup-Poulsen T, Eizirik DL. Cytokine-

induced proapoptotic gene expression in insulin-producing cells is related to rapid, sustained, 

and nonoscillatory nuclear factor-kappaB activation. Mol Endocrinol. 2006 Aug;20(8):1867–

1879.  

70.  Citro A, Cantarelli E, Piemonti L. The CXCR1/2 pathway: involvement in diabetes 

pathophysiology and potential target for T1D interventions. Curr Diab Rep. 2015 

Oct;15(10):68.  

71.  Diana J, Lehuen A. Macrophages and β-cells are responsible for CXCR2-mediated 

neutrophil infiltration of the pancreas during autoimmune diabetes. EMBO Mol Med. 2014 

Aug;6(8):1090–1104.  

72.  Colli ML, Hill JLE, Marroquí L, Chaffey J, Dos Santos RS, Leete P, et al.. PDL1 is 

expressed in the islets of people with type 1 diabetes and is up-regulated by interferons-α 

and-γ via IRF1 induction. EBioMedicine. 2018 Oct;36:367–375.  

73.  Osum KC, Burrack AL, Martinov T, Sahli NL, Mitchell JS, Tucker CG, et al.. Interferon-

gamma drives programmed death-ligand 1 expression on islet β cells to limit T cell function 

during autoimmune diabetes. Sci Rep. 2018 May 29;8(1):8295.  

74.  Wasserfall C, Nick HS, Campbell-Thompson M, Beachy D, Haataja L, Kusmartseva I, et al.. 

Persistence of Pancreatic Insulin mRNA Expression and Proinsulin Protein in Type 1 

Diabetes Pancreata. Cell Metab. 2017 Sep 5;26(3):568–575.e3.  

75.  Rodriguez-Calvo T, Zapardiel-Gonzalo J, Amirian N, Castillo E, Lajevardi Y, Krogvold L, 

et al.. Increase in Pancreatic Proinsulin and Preservation of β-Cell Mass in Autoantibody-

Positive Donors Prior to Type 1 Diabetes Onset. Diabetes. 2017 Jan 30;66(5):1334–1345.  

76.  Rui J, Deng S, Arazi A, Perdigoto AL, Liu Z, Herold KC. β Cells that Resist Immunological 

Attack Develop during Progression of Autoimmune Diabetes in NOD Mice. Cell Metab. 

2017 Mar 7;25(3):727–738.  



77.  Diedisheim M, Oshima M, Albagli O, Huldt CW, Ahlstedt I, Clausen M, et al.. Modeling 

human pancreatic beta cell dedifferentiation. Mol Metab. 2018 Apr;10:74–86.  

78.  Sherr J, Tsalikian E, Fox L, Buckingham B, Weinzimer S, Tamborlane WV, et al.. Evolution 

of abnormal plasma glucagon responses to mixed-meal feedings in youth with type 1 

diabetes during the first 2 years after diagnosis. Diabetes Care. 2014 Jun;37(6):1741–1744.  

79.  Yosten GLC. Alpha cell dysfunction in type 1 diabetes. Peptides. 2018;100:54–60.  

80.  Brissova M, Haliyur R, Saunders D, Shrestha S, Dai C, Blodgett DM, et al.. α cell function 

and gene expression are compromised in type 1 diabetes. Cell Rep. 2018 Mar 

6;22(10):2667–2676.  

81.  Anquetil F, Sabouri S, Thivolet C, Rodriguez-Calvo T, Zapardiel-Gonzalo J, Amirian N, et 

al.. Alpha cells, the main source of IL-1β in human pancreas. J Autoimmun. 2017 Jul;81:68–

73.  

82.  Babon JAB, DeNicola ME, Blodgett DM, Crèvecoeur I, Buttrick TS, Maehr R, et al.. 

Analysis of self-antigen specificity of islet-infiltrating T cells from human donors with type 

1 diabetes. Nat Med. 2016 Oct 31;22(12):1482–1487.  

83.  Culina S, Lalanne AI, Afonso G, Cerosaletti K, Pinto S, Sebastiani G, et al.. Islet-reactive 

CD8+ T cell frequencies in the pancreas, but not in blood, distinguish type 1 diabetic 

patients from healthy donors. Sci Immunol. 2018 Feb 2;3(20).  

84.  Gonzalez-Duque S, Azoury ME, Colli ML, Afonso G, Turatsinze J-V, Nigi L, et al.. 

Conventional and Neo-Antigenic Peptides Presented by β Cells Are Targeted by Circulating 

Naïve CD8+ T Cells in Type 1 Diabetic and Healthy Donors. Cell Metab. 2018 Jul 23;  

85.  Roep BO, Tree TIM. Immune modulation in humans: implications for type 1 diabetes 

mellitus. Nat Rev Endocrinol. 2014 Apr;10(4):229–242.  

86.  Brusko TM, Wasserfall CH, Clare-Salzler MJ, Schatz DA, Atkinson MA. Functional defects 

and the influence of age on the frequency of CD4+ CD25+ T-cells in type 1 diabetes. 

Diabetes. 2005 May;54(5):1407–1414.  

87.  Lindley S, Dayan CM, Bishop A, Roep BO, Peakman M, Tree TIM. Defective suppressor 

function in CD4(+)CD25(+) T-cells from patients with type 1 diabetes. Diabetes. 2005 

Jan;54(1):92–99.  

88.  Diana J, Simoni Y, Furio L, Beaudoin L, Agerberth B, Barrat F, et al.. Crosstalk between 

neutrophils, B-1a cells and plasmacytoid dendritic cells initiates autoimmune diabetes. Nat 

Med. 2013 Jan;19(1):65–73.  

89.  Valle A, Giamporcaro GM, Scavini M, Stabilini A, Grogan P, Bianconi E, et al.. Reduction 

of circulating neutrophils precedes and accompanies type 1 diabetes. Diabetes. 2013 

Jun;62(6):2072–2077.  



90.  Woodberry T, Bouffler SE, Wilson AS, Buckland RL, Brüstle A. The emerging role of 

neutrophil granulocytes in multiple sclerosis. J Clin Med. 2018 Dec 3;7(12).  

91.  Wright HL, Moots RJ, Edwards SW. The multifactorial role of neutrophils in rheumatoid 

arthritis. Nat Rev Rheumatol. 2014 Oct;10(10):593–601.  

92.  Kenny EF, Herzig A, Krüger R, Muth A, Mondal S, Thompson PR, et al.. Diverse stimuli 

engage different neutrophil extracellular trap pathways. Elife. 2017 Jun 2;6.  

93.  Wang J. Neutrophils in tissue injury and repair. Cell Tissue Res. 2018 Jan 30;371(3):531–

539.  

94.  Salami F, Lee H-S, Freyhult E, Larsson HE, Lernmark Å, Törn C, et al.. Reduction in White 

Blood Cell, Neutrophil and Red Blood Cell counts Related to Gender, HLA and Islet 

Autoantibodies in Swedish TEDDY Children at Increased Risk for Type 1 Diabetes. 

Diabetes. 2018 Aug 13;67(11):2329–2336.  

95.  Betto E, Usuelli V, Mandelli A, Badami E, Sorini C, Capolla S, et al.. Mast cells contribute 

to autoimmune diabetes by releasing interleukin-6 and failing to acquire a tolerogenic IL-

10(+) phenotype. Clin Immunol. 2017 May;178:29–38.  

96.  Carlos D, Yaochite JNU, Rocha FA, Toso VD, Malmegrim KCR, Ramos SG, et al.. Mast 

cells control insulitis and increase Treg cells to confer protection against STZ-induced type 1 

diabetes in mice. Eur J Immunol. 2015 Jul 30;45(10):2873–2885.  

97.  Brown MA, Hatfield JK. Mast cells are important modifiers of autoimmune disease: with so 

much evidence, why is there still controversy? Front Immunol. 2012 Jun 7;3:147.  

98.  Walker ME, Hatfield JK, Brown MA. New insights into the role of mast cells in 

autoimmunity: evidence for a common mechanism of action? Biochim Biophys Acta. 2012 

Jan;1822(1):57–65.  

99.  Martino L, Masini M, Bugliani M, Marselli L, Suleiman M, Boggi U, et al.. Mast cells 

infiltrate pancreatic islets in human type 1 diabetes. Diabetologia. 2015 Aug 

15;58(11):2554–2562.  

100.  Laufer J, Oren R, Goldberg I, Horwitz A, Kopolovic J, Chowers Y, et al.. Cellular 

localization of complement C3 and C4 transcripts in intestinal specimens from patients with 

Crohn‟s disease. Clin Exp Immunol. 2000 Apr;120(1):30–37.  

101.  Rowe P, Wasserfall C, Croker B, Campbell-Thompson M, Pugliese A, Atkinson M, et al.. 

Increased complement activation in human type 1 diabetes pancreata. Diabetes Care. 2013 

Nov;36(11):3815–3817.  

102.  Roep BO. β-Cells, autoimmunity, and the innate immune system: “un ménage á trois”? 

Diabetes. 2013 Jun;62(6):1821–1822.  

103.  Spagnuolo I, Patti A, Sebastiani G, Nigi L, Dotta F. The case for virus-induced type 1 

diabetes. Curr Opin Endocrinol Diabetes Obes. 2013 Aug;20(4):292–298.  



104.  Grieco FA, Sebastiani G, Spagnuolo I, Patti A, Dotta F. Immunology in the clinic review 

series; focus on type 1 diabetes and viruses: how viral infections modulate beta cell function. 

Clin Exp Immunol. 2012 Apr;168(1):24–29.  

105.  Ifie E, Russell MA, Dhayal S, Leete P, Sebastiani G, Nigi L, et al.. Unexpected subcellular 

distribution of a specific isoform of the Coxsackie and adenovirus receptor, CAR-SIV, in 

human pancreatic beta cells. Diabetologia. 2018 Aug 3;61(11):2344–2355.  

106.  Galleri L, Sebastiani G, Vendrame F, Grieco FA, Spagnuolo I, Dotta F. Viral infections and 

diabetes. Adv Exp Med Biol. 2012;771:252–271.  

107.  Campbell-Thompson M, Rodriguez-Calvo T, Battaglia M. Abnormalities of the exocrine 

pancreas in type 1 diabetes. Curr Diab Rep. 2015 Oct;15(10):79.  

108.  Barreto SG, Carati CJ, Toouli J, Saccone GTP. The islet-acinar axis of the pancreas: more 

than just insulin. Am J Physiol Gastrointest Liver Physiol. 2010 Jul;299(1):G10–22.  

109.  Henderson JR, Daniel PM, Fraser PA. The pancreas as a single organ: the influence of the 

endocrine upon the exocrine part of the gland. Gut. 1981 Feb;22(2):158–167.  

110.  Rodriguez-Calvo T, Ekwall O, Amirian N, Zapardiel-Gonzalo J, von Herrath MG. Increased 

immune cell infiltration of the exocrine pancreas: a possible contribution to the pathogenesis 

of type 1 diabetes. Diabetes. 2014 Nov;63(11):3880–3890.  

111.  Waguri M, Hanafusa T, Itoh N, Miyagawa J, Imagawa A, Kuwajima M, et al.. 

Histopathologic study of the pancreas shows a characteristic lymphocytic infiltration in 

Japanese patients with IDDM. Endocr J. 1997 Feb;44(1):23–33.  

112.  Meier JJ, Bhushan A, Butler AE, Rizza RA, Butler PC. Sustained beta cell apoptosis in 

patients with long-standing type 1 diabetes: indirect evidence for islet regeneration? 

Diabetologia. 2005 Nov;48(11):2221–2228.  

113.  Summers KL, Behme MT, Mahon JL, Singh B. Characterization of dendritic cells in humans 

with type 1 diabetes. Ann N Y Acad Sci. 2003 Nov;1005:226–229.  

114.  Coppieters KT, Amirian N, Pagni PP, Baca Jones C, Wiberg A, Lasch S, et al.. Functional 

redundancy of CXCR3/CXCL10 signaling in the recruitment of diabetogenic cytotoxic T 

lymphocytes to pancreatic islets in a virally induced autoimmune diabetes model. Diabetes. 

2013 Jul;62(7):2492–2499.  

115.  Sarkar SA, Lee CE, Victorino F, Nguyen TT, Walters JA, Burrack A, et al.. Expression and 

regulation of chemokines in murine and human type 1 diabetes. Diabetes. 2012 

Feb;61(2):436–446.  

116.  Gepts W. Pathologic anatomy of the pancreas in juvenile diabetes mellitus. Diabetes. 1965 

Oct;14(10):619–633.  



117.  Gaglia JL, Harisinghani M, Aganj I, Wojtkiewicz GR, Hedgire S, Benoist C, et al.. 

Noninvasive mapping of pancreatic inflammation in recent-onset type-1 diabetes patients. 

Proc Natl Acad Sci USA. 2015 Feb 17;112(7):2139–2144.  

118.  Mohapatra S, Majumder S, Smyrk TC, Zhang L, Matveyenko A, Kudva YC, et al.. Diabetes 

mellitus is associated with an exocrine pancreatopathy: conclusions from a review of 

literature. Pancreas. 2016;45(8):1104–1110.  

119.  Taniguchi T, Okazaki K, Okamoto M, Seko S, Tanaka J, Uchida K, et al.. High prevalence 

of autoantibodies against carbonic anhydrase II and lactoferrin in type 1 diabetes: concept of 

autoimmune exocrinopathy and endocrinopathy of the pancreas. Pancreas. 2003 

Jul;27(1):26–30.  

120.  Battaglia M, Nigi L, Dotta F. Towards an Earlier and Timely Diagnosis of Type 1 Diabetes: 

Is it Time to Change Criteria to Define Disease Onset? Curr Diab Rep. 2015 

Dec;15(12):115.  

121.  Lundberg M, Lindqvist A, Wierup N, Krogvold L, Dahl-Jørgensen K, Skog O. The density 

of parasympathetic axons is reduced in the exocrine pancreas of individuals recently 

diagnosed with type 1 diabetes. PLoS One. 2017 Jun 19;12(6):e0179911.  

122.  Cecil RL. A study of the pathological anatomy of the pancreas in ninety cases of diabetes 

mellitus. J Exp Med. 1909 Mar 1;11(2):266–290.  

123.  Greenberg GR, Mitznegg P, Bloom SR. Effect of pancreatic polypeptide on DNA-synthesis 

in the pancreas. Experientia. 1977 Oct 15;33(10):1332–1333.  

124.  Williams AJK, Thrower SL, Sequeiros IM, Ward A, Bickerton AS, Triay JM, et al.. 

Pancreatic volume is reduced in adult patients with recently diagnosed type 1 diabetes. J Clin 

Endocrinol Metab. 2012 Nov;97(11):E2109–13.  

125.  Foulis AK, Frier BM. Pancreatic endocrine-exocrine function in diabetes: an old alliance 

disturbed. Diabet Med. 1984 Nov;1(4):263–266.  

126.  Fonseca V, Berger LA, Beckett AG, Dandona P. Size of pancreas in diabetes mellitus: a 

study based on ultrasound. Br Med J (Clin Res Ed). 1985 Nov 2;291(6504):1240–1241.  

127.  Williams AJK, Chau W, Callaway MP, Dayan CM. Magnetic resonance imaging: a reliable 

method for measuring pancreatic volume in Type 1 diabetes. Diabet Med. 2007 

Jan;24(1):35–40.  

128.  Gaglia JL, Guimaraes AR, Harisinghani M, Turvey SE, Jackson R, Benoist C, et al.. 

Noninvasive imaging of pancreatic islet inflammation in type 1A diabetes patients. J Clin 

Invest. 2011 Jan;121(1):442–445.  

129.  Regnell SE, Peterson P, Trinh L, Broberg P, Leander P, Lernmark Å, et al.. Pancreas volume 

and fat fraction in children with Type 1 diabetes. Diabet Med. 2016 Apr 15;33(10):1374–

1379.  



130.  Garcia TS, Rech TH, Leitão CB. Pancreatic size and fat content in diabetes: A systematic 

review and meta-analysis of imaging studies. PLoS One. 2017 Jul 24;12(7):e0180911.  

131.  Virostko J, Hilmes M, Eitel K, Moore DJ, Powers AC. Use of the electronic medical record 

to assess pancreas size in type 1 diabetes. PLoS One. 2016 Jul 8;11(7):e0158825.  

132.  Campbell-Thompson ML, Filipp SL, Grajo JR, Nambam B, Beegle R, Middlebrooks EH, et 

al.. Relative Pancreas Volume Is Reduced in First-Degree Relatives of Patients With Type 1 

Diabetes. Diabetes Care. 2019;42(2):281–287.  

133.  Campbell-Thompson ML, Kaddis JS, Wasserfall C, Haller MJ, Pugliese A, Schatz DA, et 

al.. The influence of type 1 diabetes on pancreatic weight. Diabetologia. 2016 

Jan;59(1):217–221.  

134.  Bonnet-Serrano F, Diedisheim M, Mallone R, Larger E. Decreased α-cell mass and early 

structural alterations of the exocrine pancreas in patients with type 1 diabetes: An analysis 

based on the nPOD repository. PLoS One. 2018 Jan 19;13(1):e0191528.  

 

  



Table 1. Main characteristics of Insulitis. Insulitis is defined as lymphocytic infiltration 

of the islets which consists of at least n=15 CD45
+
 cells/islet in a minimum of n=3 islets. 

The immunohistochemical positivity for leucocyte common antigen CD45 has been 

preferred over CD3 positivity, because of the presence of CD20
+
 B in insulitic lesion 

other than T cells. 

 

Main characteristics of Insulitis 

 

 More frequently observed in recent-onset vs. long-standing T1D donors 
 

 More frequently detected in insulin containing islets  vs. insulin-deficient islets  
 

 Elevated heterogeneity among T1D donors and among different islets of the same 

donor 
 

 Predominant lymphocytic infiltration (CD8
+
 T cytotoxic T cells > macrophages > 

CD4
+
 T cells > CD20

+
 B-lymphocytes) 

 

 Presence of evolutionary phases (Figure 2) 
 

 Presence of pseudoatrophic islets (insulin deficient islets having a wide glucagon-

positive area) 
 

 Predominance of “peri-islets” insulitis (within islet periphery) vs. “intra-islets” insulitis 

(within islet parenchima) 

 

 

  



Figure Legends 

 

Figure 1. Insulin-Containing and Insulin-Deficient islets. Representative images reporting 

confocal microscopy immuofluorescence analysis of insulin (green), glucagon (red) and nuclei 

(grey) in a FFPE pancreatic section of a new-onset T1D donor. Left panel: pancreatic islet 

containing β-cells (green) and α-cells (red), identified as a typical insulin-containing islet or ICI. 

Immune cells infiltrate is clearly detectable (due to density, shape and size of the nuclei) on the 

right peripheral side of the islet. Scale bar size: 70μm. Right-panel: pancreatic islet showing no 

residual β-cells, identified as an insulin-deficient islet or IDI. Insulin-deficient islets are devoid of 

β-cells, mainly composed of α-cells and usually termed as pseudoatrophic islets due to their size 

(larger than usual) and/or to their altered cellular composition. Scale bar size: 50μm 

 

Figure 2. Progressive sequence of recruited immune cells to pancreatic islets relative to β-cell 

dysfunction/destruction during T1D. The scheme reports immune cells dynamics during insulitis 

and T1D progression according to the latest findings (43), which described insulitis as a progressive 

phenomenon characterized by several pseudo-stages (Pseudostage 2: early insulitis; Pseudostage-3 

in T1D recent onset: late stage insulitis; pseudostage-3 in T1D long-duration: very late stage 

insulitis. Dysfunctional (dedifferentiated) β-cells (narrow red) have been described during the initial 

phases of insulitis while transitioning to destruction (43), being replaced by α-cells (dark blue), with 

a consequent reduction of fully functional β-cells (red). Insulitis is present in 30% of β-cell rich 

islets while decreasing in β-depleted islets. Islet inflammatory infiltrates have been described to be 

composed abundantly by cytotoxic CD8
+
 T cells (violet) which increase alongside β-cell destruction 

then decline dramatically once β-cells are no longer present within islets. Macrophages are present, 

in fewer numbers, while increasing during progression of insulitis. CD4
+
 T cells are also present but 

less abundantly compared to CD8
+
 T cells and macrophages. B cells have been observed in small 

numbers throughout the stages of insulitis (32). Neutrophils are present both in exocrine and in 

insulitic area and increased during T1D progression (43). 

 

Figure 3. Insulitis heterogeneity and β-cell persistence in a donor with longstanding T1D. 

Presence of residual β-cells is typical in donors with long-standing T1D. The image reports an 

immunohistochemical staining for Insulin (red) and CD45 (brown) performed in a FFPE section of 



the head of the pancreas collected from a donor with long-standing T1D (21 years of disease 

duration, 39y, Female, GADA+ IA-2A- ZNT8-) belonging to INNODIA-EUnPOD collection. 

(a) Low magnification (4X) of INS-CD45 immunostaining of FFPE pancreas section showing the 

presence of residual β-cells; heterogeneity of residual β-cells distribution is clearly evident. Scale 

Bar 750 μm. (b) Magnification (20X) of an islet with many residual β-cells presenting n=5 CD45
+
 

infiltrating immune cells, thus not satisfying criteria to be defined an insulitic islet. Scale Bar 150 

μm. (c) Islet with a patchy distribution of residual β-cells presenting >15 CD45
+
 infiltrating immune 

cells (insulitic islet). Scale Bar 150 μm. (d) Magnification of a region of the pancreas lobule 

showing n=3 insulin-positive scattered cells; the presence of scattered insulin-positive cells is the 

hallmark of donors with long-standing T1D (49). Scale Bar 150 μm. Blue arrows indicate some 

CD45
+
 cells in (b) and (c). Black arrows indicate insulin-positive scattered β-cells in (d). 
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