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University Hospital, 205 02 Malm€o, Sweden.

E-mail: corrado.cilio@med.lu.se

Summary

The current view of type 1 diabetes (T1D) is that it is an immune-mediated

disease where lymphocytes infiltrate the pancreatic islets, promote killing of

beta cells and cause overt diabetes. Although tissue resident immune cells

have been demonstrated in several organs, the composition of lymphocytes in

human healthy pancreatic islets have been scarcely studied. Here we aimed to

investigate the phenotype of immune cells associated with human islets of

non-diabetic organ donors. A flow cytometry analysis of isolated islets from

perfused pancreases (n 5 38) was employed to identify alpha, beta, T, natural

killer (NK) and B cells. Moreover, the expression of insulin and glucagon

transcripts was evaluated by RNA sequencing. Up to 80% of the lymphocytes

were CD31 T cells with a remarkable bias towards CD81 cells. Central

memory and effector memory phenotypes dominated within the CD81 and

CD41 T cells and most CD81 T cells were positive for CD69 and up to 50–

70% for CD103, both markers of resident memory cells. The frequency of B

and NK cells was low in most islet preparations (12 and 3% of CD451 cells,

respectively), and the frequency of alpha and beta cells varied between donors

and correlated clearly with insulin and glucagon mRNA expression. In

conclusion, we demonstrated the predominance of canonical tissue resident

memory CD81 T cells associated with human islets. We believe that these

results are important to understand more clearly the immunobiology of

human islets and the disease-related phenotypes observed in diabetes.
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Introduction

Type 1 diabetes (T1D) is generally considered a cell-

mediated autoimmune disease, which results in pancreatic

beta cell loss/dysfunction and leads to insulin deficiency

[1]. In humans the immunological mechanisms behind the

disease have not yet been understood fully. Insulitis has

been indicated as a hallmark of new-onset T1D and is

defined as inflammatory lesions of the islets of Langerhans,

with lymphocytes being the predominant population of

cells, directly surrounding the islets (peri-insulitis) or

throughout the islets parenchyma (intra-insulitis) [2]. The

current consensus for markers of insulitis is considered an

immunohistochemical positivity for no fewer than

15 CD451 cells within the islets [2]. Due to the paucity of

clear pathological inflammatory lesions found in the islets

of several T1D patients, the histopathology of the disease

has been challenged recently [3–6].

Based on histological examination, the dominant type of

lymphocytes in most cases of human T1D were CD81 T

cells and B cells at the more advanced stage of insulitis

[3,7,8]. Histopathology of the pancreas in autoantibody-

positive (aAb1) non-diabetic individuals has also been

investigated, showing the presence of T cells in non-

diabetic pancreases and no clear differences in comparison

to aab-negative (aAb–) subjects [9–11]. Intriguingly, an

increase of CD451 cells in the pancreatic exocrine tissue

has been observed in aAb1 non-diabetic organ donors

[11]. In line with these findings, another study confirmed

the rarity of insulitis in aAb1 non-diabetic subjects and

found only two cases with insulitis in the pancreas of 62

aAb1 and none in 62 control subjects [12].

Although immunohistological assessment allows deeper

understanding of the pancreas as an organ and defines the

tissue-specific cell interactions, it poses many limitations
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for a more comprehensive characterization of the composi-

tion and phenotype of immune cells in healthy and diabetic

subjects. More recently, Butcher et al. used flow cytometry

to characterize leucocytes present in human islet prepara-

tion of organ donors with and without type 2 diabetes

(T2D) and demonstrated the presence of T and B lympho-

cytes in all donors and a higher frequency of CD451 cells

in T2D islets [13]. However, the differentiation profile of

pancreatic islet-associated T cells has been investigated

poorly in humans.

Two main subsets of memory T cells, named central

memory (Tcm) and effector memory (Tem) cells, have been

defined by their phenotype and function [14]. Studies on

parenchymal lymphocytes performed on mice ex vivo have

revealed a new subset of memory T cells, which are local-

ized stably within the organ [15,16]. These T cells, which

are usually termed canonical resident memory T cells

(Trm), are able to migrate into several non-lymphoid tis-

sues and differentiate into organ-specific non-recirculating

memory T cells by maintaining stable expression of CD103

(aE integrin) and CD69 [17–22].

Studies in mice suggest an important role for Trm in pro-

tective immunity against tissue-specific pathogens [17,22]

but, in contrast to some studies suggesting that recruitment

and maintenance of Trm in the tissue is an antigen-

dependent process [23], it has been demonstrated that Trm

can also be generated in the absence of antigens, and it

seems that signals from the local microenvironment are

crucial for their differentiation and/or survival [24,25]. The

specific role of Trm in protective responses is not under-

stood fully, but memory CD81 T cells positive for CD103

have been described to participate in the regulation of

murine ileitis [15], indicating a possible role in inflamma-

tory responses. While tissue CD81CD1221 T cells with

phenotypical markers related to central memory have been

described as regulatory cells in mice, the human counter-

part has not yet been identified [15].

In this study we have investigated the frequency and

phenotype of resident lymphocytes present in human pan-

creatic islet preparation of 38 non-diabetic aAb-islet

donors. Our main finding is the presence of CD41 and

CD81 T cells with memory and effector phenotype, repre-

senting the major subset of lymphoid cells in pancreatic

islets.

Material and methods

Human pancreatic islets

Human pancreatic islets of 38 non-diabetic brain-dead

organ donors (15 female and 23 male) were obtained from

The Nordic Network for Islet Transplantation, Uppsala

University, through the Human Tissue Laboratory at Lund

University Diabetes Center, Malm€o, Sweden. Islets were

isolated as described previously [26]. Briefly, a clamp was

used to compress the pancreatic duct at the head of the

pancreas, and the tissue adjacent to the clamp was taken as

a biopsy and stored in formalin for later immunohisto-

chemistry studies. Quality tests were performed on homog-

enized isolated islets using the Gyrolab workstation (Gyros,

Uppsala, Sweden) and purity was determined by dithizone

staining [27]. The average donor age was 59 6 11�27 years,

and the body mass index (BMI) averaged 26�4 6 4�12 kg/

m2 (Table 1). Due to ethical reasons, we were not able to

retrieve any information concerning the cause of death and

the time or the treatment organ donors received in the

intensive care unit (ICU) before the organs were explanted.

The Regional Ethics Committee in Lund, Sweden

approved the study according to the Act Concerning the

Ethical Review of Research Involving Humans. Subjects

were considered for inclusion if consent to donate organs

to research was obtained by the donor’s physician from the

potential donor or from the relatives of the deceased

donor.

Measurement of diabetes-associated autoantibodies

Autoantibodies against diabetes-associated antigens, glu-

tamic acid decarboxylase (GAD)65 and islet antigen

(IA)22A, were measured in the serum of all islets donors

using enzyme-linked immunosorbent assay (ELISA) (Elisa

GADAb and IA-2Ab; RSR Limited, Cardiff, UK). GADA

levels exceeding 5 IU and IA-2A levels exceeding 8 IU were

considered positive, in line with clinical practice in Sweden.

None of the donors resulted positive.

Analysis of pancreatic islet cells

The islets were cultured in CMRL1066 (ICN Biomedicals,

Irvine, CA, USA) supplemented with 10 mM HEPES,

2 mM L-glutamine, 50 mg/ml gentamicin, 0�25 mg/ml Fun-

gizone (GIBCO, Carlsbad, CA, USA), 20 mg/ml ciprofloxacin

(Bayer Healthcare, Berlin, Germany) and 10 mM nicotina-

mide at 378C (5% CO2) prior to RNA and single-cell sus-

pension preparation.

Flow cytometric analysis of human dispersed islets

Between 1500 and 10 000 islet equivalent (IEQ) human

islets were dissociated to single-cell suspension using Accu-

tase (Becton Dickinson, Franklin Lakes, NJ, USA) (between

8 3 104 and 3 3 106 total cells) dissociated islet cells were

Table 1. Demographic data of islets donors included in the study;

BMI 5 body mass index

No. of donors 38

Age (years) 59 6 11�27

Males 23

Females 15

BMI 26�4 6 4�12

HbA1c% 5�92 6 0�43

Resident T cells in human pancreatic islets
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maintained during the analysis process in CMRL 1066.

Flow cytometric analysis was performed according to

standard procedures and antibodies used were: CD3 fluo-

rescein isothiocyanate (FITC) [mouse anti-human immu-

noglobulin (Ig)G1,k clone UCHT1], CD56 phycoerythrin-

cyanin 7 (PE-Cy7) (mouse anti-human IgG1,k clone

B159), CD19 allophycocyanin (APC) mouse anti-human

IgG1,k clone SJ25C1 (BD Biosciences, San Jose, CA, USA),

CD8 APC-Cy7 mouse anti-human IgG1,k clone SK1 (BD

Pharmingen, San Diego, CA, USA), CD4 PacBlue mouse

anti-human IgG1,k clone RPA-T4 (BD Pharmingen),

CD25 FITC mouse anti-human, IgG1,k clone M-A251 (BD

Pharmingen), CD45RO PE-Cy7, mouse anti-human IgG2a

clone UCHL-1 (BD Biosciences), CD69 mouse anti-human

IgG1,k clone FN50 (eBioscience, San Diego, CA, USA),

CD103 PE-Cy7 mouse anti-human IgG1,k clone Ber-ACT8

(Biolegend, San Diego, CA, USA), CD27 APC mouse anti-

human IgG1,k clone O323 (eBioscience), CD16 PE mouse

anti-human IgG2a clone 5D2 (Immuno Tools, Friesoythe,

Germany), CD45 peridinin chlorophyll (PerCP) mouse

anti-human IgG1,k clone HI30 (Biolegend), flow cytome-

try intracellular analysis of insulin and glucagon content in

the islet cells were performed using insulin rabbit anti-

human IgG (Cell Signaling Technology, Danvers, MA,

USA) and glucagon mouse anti-human, IgG2a clone

181402 (R&D Systems, Minneapolis, MN, USA) conju-

gated with PE and APC, respectively, using Lightning-Link

technology (Innova Bioscience, Cambridge, UK). All anti-

bodies were tested previously for appropriate dilution and

for specificity using isotype control antibodies. Flow

cytometry data were acquired on a CyAN ADP (Beckman

Coulter, Brea, CA, USA) and analysed using FlowJo soft-

ware version 7.6.5 (TreeStar, Ashland, OR, USA).

Electronic compensation of fluorescence spillover was

performed using the fluorescence-minus-one (FMO)

approach for each antibody panel [28].

Immunohistochemistry

Sections of 6 mm formalin-fixed and paraffin-embedded

pancreatic biopsies were processed and labelled using a

standard immunoperoxidase technique for paraffin sec-

tions. A mouse monoclonal antibody (clone C8-144B;

Dako, Glostrup, Denmark) was used at 1 : 2000 dilution to

label CD81 cells according to the manufacturer’s instruc-

tions and detection was performed using the EnVision1

system-horseradish peroxidase (HRP) and alkaline phos-

phatase anti-alkaline phosphatase (APAAP). All sections

were counterstained with Mayer’s haematoxylin (HistoLab,

Gothenburg, Sweden). Human spleen was used as positive

control, as described previously [11]. Sections were visual-

ized using an Olympus X70 microscope and contrast phase

images were taken using U-PHOTO Universal Photo Sys-

tem (Olympus Corporation, Center Valley, PA, USA).

RNA sequencing

Total RNA was extracted using the Qiagen AllPrep DNA/

RNA kit (Qiagen, Valencia, CA, USA) from nine islet

donors and RNA quality and concentration were measured

using an Agilent 2100 bioanalyser (Bio-Rad, Hercules, CA,

USA) and a Nanodrop ND-1000 (NanoDrop Technologies,

Wilmington, DE, USA). RNA sequencing and analysis of

gene expression was performed as described previously

[29]. Briefly, RNA-seq libraries were generated using the

TruSeq RNA sample preparation kit (Illumina, San Diego,

CA, USA) and sequenced on an Illumina HiSeq 2000 using

paired-end chemistry and 100-base pairs (bp) cycles to an

average depth of 32 M read pairs/sample. Reads were

aligned to the reference transcriptome (hg19) with Bowtie2

(http://www.genomebiology.com/2009/10/3/R25,http://

www.nature.com/nmeth/journal/v9/n4/full/nmeth.1923.

html) and gene expression was estimated as fragments per

kilobase of transcript per million mapped reads (FPKM)

using Rsem software (http://www.ncbi.nlm.nih.gov/

pubmed/21816040).

Statistical analysis

Statistical analysis was performed using Prism version 6

(Graphpad Software, San Diego, CA, USA) and SPSS version

20 for Windows (SPSS, Inc., Chicago, IL, USA). Linear

regression analysis was used to analyse an impact of purity

as covariate on P-values. Correlations were analysed using

the parametric Pearson’s correlation test and the non-

parametric Spearman’s correlation test. A P-value of less

than 0�05 was considered significant. All the data are pre-

sented as mean 6 standard deviation (s.d.).

Results

Lymphoid cell composition in pancreatic islets

To examine the lymphoid composition of human pancre-

atic islets, we analysed the frequencies and phenotypes of

CD451 cells present in dispersed pancreatic islets from 38

non-diabetic and diabetes-associated aAb-(GADA and IA-

2A) human organ donors by multi-colour flow cytometry.

CD31 T cells were found to be the major lymphocyte pop-

ulation in human pancreatic islets of non-diabetic donors

(Fig. 1a). The frequency of CD31 T cells among the lym-

phocyte population was consistent between all donors

(79 6 23�14%). The frequency of the total NK cell popula-

tion (CD3–CD161CD561) was very low for all donors

(3�16 6 3�89%) (Fig. 1b). Because we used anti-CD56 and

anti-CD16 conjugated to the same fluorochrome and ana-

lysed on the same flow cytometry channel, we were not

able to identify the two major NK cell subpopulations

CD56brightCD16dim/2 and CD56dimCD161. However, in a

pilot experiment performed in few donors from whom we

received a larger number of islets, we separated the analysis

R. Miljana et al.
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of CD56 and CD16 and could not observe a measurable

CD3–CD56bright cell population, and the frequency of the

CD3–CD56–CD161 population was extremely low, if not

absent (data not shown). The frequency of B cells, defined

as CD3–CD191, was generally low (12�50 6 22�23%),

except for seven donors where the percentage of B cells

was> 20% (Fig. 1b).

Within the T cell population, CD81 T cells were domi-

nant in most of the donors (78�05 612�79%) compared to

the lower frequencies of CD41 T cells (16�20 6 12�34%), as

shown in Fig. 1c. The expression of CD25 on the surface of

CD41 and CD81 T cells was very low, if not undetectable,

and a cumulative and statistical analysis could not be per-

formed. An example of flow cytometry analysis from a rep-

resentative donor showing detectable CD41CD251 T cells

is shown in Supporting information, Fig. S1.

Central memory and effector memory T cells are
enriched in the pancreatic islets

In order to understand the differentiation stage of T cells

present in the islets of non-diabetic donors, we used

markers to distinguish the T cell subset of the memory

compartment. We defined the different stages of memory

differentiation based on the expression of CD45RO and

CD27 (Fig. 2). The majority of CD41 and CD81 T cells

displayed a central memory (Tcm, CD45RO1CD271) and

effector memory (Tem, CD45RO1CD27–) phenotype, while

terminal effector (Tte, CD45RO–CD27–) and naive T cells

(Tn, CD45RO–CD271) were generally low (Fig. 2a). Of the

CD41 T cells, 57 6 28�71% were Tcm, 28�80 627�90% Tem,

11�18 6 15�21% Tn and 3�32 6 6�74% Tte (Fig. 2b). The

CD81 T cell compartment consisted of 52�96 6 25�72%

Tcm, 30�87 6 25�42% Tem, 10�32 6 16�11% Tn and 5�26 6

7�18% Tte (Fig. 2c).

Immunohistochemistry analysis of CD81 T cells

In order to verify the presence and localization of CD81 T

cells within and around the islets, we performed immuno-

histochemistry analysis of paraffin-embedded pancreas

specimens from the biopsies of the organ before islets isola-

tion. The presence of CD81 T cells could be observed in

(a)

(b) (c)

Fig. 1. Ex-vivo flow cytometry analysis of B,

natural killer (NK) and T lymphocytes in

dissociated pancreatic islets of non-diabetic

donors. (a) Representative flow cytometry dot

plots showing the gating strategy used for the

identification of total lymphocyte (CD451), total

T cells (CD31), NK cells (CD3–CD561CD161),

B cells (CD191) as well as CD41 and CD81 T

cells in dissociated human pancreatic islets (b)

Cumulative analysis of CD41 and (c) CD81 T

cells within the T cell compartment in the

dissociated pancreatic islets from 38 organ

donors. The data are shown as the mean

percentage and standard deviation. [Colour figure

can be viewed at wileyonlinelibrary.com]

Resident T cells in human pancreatic islets
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the exocrine tissue and surrounding the islets and, in some

cases, also within the islets (Fig. 3a).

CD81 T cells have phenotypical characteristics of
canonical memory tissue resident T cells

To understand more clearly the nature of islets-associated

memory CD81 T cells, we investigated whether these cells

expressed markers of tissue-specific resident memory cells,

CD69 and CD103. We analysed an additional 15 non-

diabetic donors and demonstrated that most CD81 T cells

were CD691CD1031 (66�62 6 11�48%), while CD691

CD103– accounted for 20�42 6 10�48%. Conversely, CD81

CD6–CD103– (4�96 6 0�63%) and CD69–CD1031 (3�23 6

3�19%) were detected at very low frequencies (Fig. 3b,c).

Insulin and glucagon expression in human
pancreatic islets

In order to verify and validate the flow cytometry assess-

ment of alpha and beta cells, we correlated the percentage

of insulin- and glucagon-positive cells analysed by flow

cytometry (Fig. 4a,b) with the mRNA expression of insulin

and glucagon obtained through RNA sequencing (RNAseq)

of 19 islet preparations. We found a positive correlation for

insulin (r 5 0�706; P 5 0�04) and glucagon (r 5 0�904; P 5

0�02) between the two different methods analysing the pro-

tein and mRNA levels, validating the assessment of beta

and alpha cell proportion by flow cytometry (Fig. 4c,d).

Correlation between the frequency of insulin- and
glucagon-positive cells and different lymphocyte
populations

Next, we wanted to evaluate whether there was a statistical

correlation between the frequency and phenotype of pan-

creatic resident lymphocytes and the frequency of alpha

and beta cells in isolated islets. We therefore performed a

linear regression analysis with purity as covariate and

found that purity had no impact upon P-values. Naive

CD41 T cells correlated negatively with alpha cells (P 5

0�02; r 5 20�469) and frequency of CD41 Tte showed a

negative correlation with insulin-positive cells (P 5 0�05;

r 5 20�387). Within the CD81 T cell population, CD81

Tcm correlated negatively with glucagon-positive cells (P 5

0�015; r 5 20�435), whereas Tem correlated positively with

both glucagon- and insulin-positive cells (P 5 0�0084;

r 5 0�469 and P 5 0�049; r 5 0�360, respectively) (Support-

ing information, Table S1).

Discussion

The nature and phenotype of immune cells associated with

pancreatic islets of non-diabetic subjects still remains

largely uncharacterized. In this study, we performed a flow

cytometry analysis of dissociated human pancreatic islets,

obtained from perfused pancreases of living organ donors,

in order to evaluate the presence, phenotype and frequency

of immune cells (T, B and NK cells). We found that the

vast majority of lymphoid cells in these islets were T cells,

Fig. 2. Naive and memory CD41 and CD81 T

cell subpopulations in dissociated pancreatic islets

of non-diabetic donors. Representative flow

cytometry dot-plots showing naive and memory

subpopulations of (a) CD41 and (b) CD81 T

cells from one representative organ donor. (c)

Cumulative analysis of naive and memory

subpopulation of CD41 (n 5 29) and D) CD81

T cells (n 5 35) cells from non-diabetic donors.

The data are shown as the mean percentage and

standard deviation. Tcm 5 central memory T cells,

Tem 5 effector memory T cells, Tte 5 terminal

effector T cells, Tn 5 naive T cells.

R. Miljana et al.
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with a clear predominance of CD81 versus CD41 T cells.

We continued our analysis and interrogated these T cells

regarding their memory differentiation status. First, we

found that the majority of CD41 and CD81 T cells have a

pronounced central memory phenotype

(CD45RO1CD271) and, interestingly, CD81 T cells com-

prised the majority of the lymphocyte population com-

pared to a low proportion of CD41 T cells, NK and B cells.

Using immunohistochemistry, we confirmed the presence

of CD81 T cells in the pancreatic tissue surrounding the

islets and most importantly also within the islets (Fig. 2a),

as also observed previously [11]. The predominance of

memory CD81 T cells within the islets-associated lymph-

oid cells in non-diabetic organ donors raises several ques-

tions, such as the origin of these cells, what is their

function in the pancreatic islets, their antigen specificities

and eventually their role in the development of T1D and

T2D. Interestingly, several studies have shown a higher fre-

quency of CD81 T cells in the inflammatory lesions in T1D

patients, and autoreactive CD81 T cells have been visual-

ized in the islets [8,30,31].

A more recent study has characterized immune cells

present in pancreatic islets of non-diabetic and T2D donors

using flow cytometry, and similarly to our results have also

found the presence of T cells and B cells in the islets of

non-diabetic donors [13]. However, our study is the first to

show a deeper phenotypical characterization of islet-

associated T cells using markers for memory compartment

(CD45RO and CD27), as well as for canonical tissue resi-

dent T cells (CD69 and CD103).

When T cells become activated, they change their pattern

of migration [14]. By definition, Tcm migrate between the

spleen, blood and lymph nodes while Tem cells migrate

between the spleen, blood and peripheral tissues [14,32].

Recent investigations indicate that CD81 T memory cells

can reside permanently in peripheral tissues such as kidney,

skin, intestines, lungs and brain and they do not re-enter

into circulation [16,19,22,24], whereas CD41 T cells that

Fig. 3. Characterization of resident CD81 T cells in

dissociated pancreatic islets of non-diabetic donors.

(a) Immunohistochemical analysis of CD81 T cells

in pancreatic biopsy of a representative donor

depicting the presence of CD81 T cells within and

in close proximity of one islet and in the

surrounding exocrine tissue and (b) several CD81

T cells spread within the exocrine tissue. Both

images were taken with 320 magnification. (c)

Representative flow cytometric dot-plots showing

the expression of CD69 and CD103 on CD81 T

cells in islets cell suspensions of one representative

organ donor. (d) Cumulative analysis of CD41 and

CD81 T cells expressing the CD69 and CD103

from 15 organ donors. The data are shown as the

mean percentage and standard deviation. [Colour

figure can be viewed at wileyonlinelibrary.com]

Resident T cells in human pancreatic islets
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reside in tissues have not been well defined. Also, aside

from differences in localization, it is currently a matter of

debate whether the profile of these cells differs from tissue

to tissue. It was demonstrated recently, for example, that

CD81 central memory T cells situated in the lung are cru-

cial for lung allograft acceptance and that they have regula-

tory properties, and that Trm differs between the gut

mucosa and other lymphoid tissue [16,33].

As well as the data indicating that CD81 Trm cells can

proliferate in situ upon antigen challenge [34,35], there is

evidence that these cells can also be maintained by the local

tissue environment [24,36]. In order to distinguish between

resident and circulating memory T cells, we analysed the

expression of CD69 and CD103 makers for canonical Trm

[16] in 15 non-diabetic donors. We demonstrated that the

vast majority of CD81 cells expressed these markers and

could be defined as canonical Trm cells. The predominance

of CD81 T cells in the pancreatic tissue (exocrine and

endocrine) has been reported recently in both

autoantibody-positive and -negative non-diabetic islets

donors which, although indirectly, support the presence of

canonical resident CD81 T cells in pancreatic islets in non-

diabetic individuals [11]. We were not able to analyse the

expression of CD69 and CD103 on CD41 T cells because

of the generally very low frequency of these cells in most of

the islet preparations.

Unfortunately, due also to the low numbers of islet-

associated immune cells, it was not possible at this stage to

determine the antigen specificities of the CD41 and CD81

T cells applying the most established T cell assays. Of

course, understanding whether islets and pancreas resident

T cells recognize self-antigens, recall antigens or reflect sim-

ply the polyclonality of peripheral T cells remains a very

relevant and unresolved question. We hope that investiga-

tions using new technologies, as RNAseq of sorted single

cells and mass spectrometry based-flow cytometry includ-

ing MHC class I and class II tetramers, will allow us in the

near future to address some of these questions and increase

our understanding of the function of these cells and, most

importantly, their role in the development of T1D.

The presence of canonical CD41CD25hi regulatory T

cells (Tregs) within the T cell pool was also investigated.

Surprisingly, the expression of CD25 was very low, if not

absent, and in the few individuals with detectable expres-

sion of CD25 on the surface of both CD41 and CD81 T

cells, a cell population with high expression of CD25 could

not be defined clearly (Supporting information, Fig. S1).

These data raise the question of whether Tregs circulate in

the pancreatic tissue and within the islets in physiological

condition or whether they are recruited only in case of

inflammatory injury. It could also be that their frequency is

too low to be detected unless large amounts of islets are

collected. Future experiments aimed, for example, at inves-

tigating specific gene expression and epigenetic signatures

of these cell populations at the single-cell level will hope-

fully answer some of these questions.

We also confirmed the presence of B cells, albeit at low

frequency, in pancreatic islets and in some donors even

higher than T cells. A recent immunohistological study

performed on post-mortem pancreas samples of recently

diagnosed T1D described two different entities of insulitis,

one with higher numbers of B cells CD201, considered as a

Fig. 4. Percentages of pancreatic insulin and

glucagon positive cell populations of non-diabetic

donors and their correlation with RNA

expression for insulin and glucagon. (a)

Representative flow cytometry analysis of islets

cell suspension depicting the percentage of

insulin and glucagon positive cells and (b)

cumulative analysis of 31 non-diabetic donors are

shown as the mean percentage and standard

deviation. Spearman’s correlation test between (c)

insulin and (d) glucagon gene expression level

determined by RNA sequencing in nine non-

diabetic donors and the percentage of insulin and

glucagon cells assessed by flow cytometry.

[Colour figure can be viewed at

wileyonlinelibrary.com]
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more aggressive form of autoimmune process, compared to

the other type of insulitis with low B cell numbers [30]. We

speculate that B cells present in healthy pancreas may also

be involved in promoting tissue-specific memory immune

responses, and could eventually influence autoreactive T

cell activation and proliferation through chronic antigen

exposure.

In line with published studies showing the presence of

resident NK cells with anti-viral and anti-tumour activity

in several tissues [37], we found also a low frequency of NK

cells in human isolated islets, which might be important to

maintain islets immune-surveillance activity in situ.

We next examined whether different subsets of pancre-

atic resident immune cells have any impact upon islet cells.

Importantly, CD41 Tte showed a negative correlation with

beta cells and CD81 Tcm correlated negatively with alpha

cells, whereas Tem correlated positively with both alpha and

beta cells. Thus, it appears that whereas CD81 Tem would

have a positive impact in maintaining endocrine cell num-

bers, CD41 Tte and CD81 Tcm would have the opposite

effect. Also, B cells have shown negative and NK cell-

positive correlation with frequency of beta cells. Although

these results should be taken with caution, it is tempting to

speculate that resident T cells might play a role in main-

taining islet cell homeostasis, most probably through the

secretion of soluble factors. More direct biological evidence

of this process needs to be gathered to understand the sig-

nificance and relevance of these observations.

It is worth noting that the organ donors included in this

study were aged between 40 and 60 years. This raises ques-

tions of whether resident T cells accumulate during age and,

if so, whether they are relevant in the context of T1D, which

is known to develop mainly during childhood. However,

although there are only few studies addressing age-related

changes in human tissue resident lymphocytes, a study by

Thome et al. has demonstrated that tissue-specific Trm cells

are maintained stably over life in mucosal tissues, while in

lymphoid sites they undergo age-associated changes [16]. It

remains to be determined whether Trm also populate the

pancreas at early ages and whether these cells are important

for the establishment of immunological tolerance after birth.

In order to ensure that our flow cytometry analysis was

not biased by the proportion of alpha and beta cells due to

the preparation of islet cell suspension, we performed a

correlation study between the percentage of insulin- and

glucagon-positive cells measured by flow cytometry with

RNA expression from non-dissociated islets by RNA

sequencing. We were able to demonstrate a significant lin-

ear correlation showing homogeneity of islet composition.

Taken together, our results suggest that the majority of T

cells found associated with human pancreatic islets of non-

diabetic donors are resident memory T cells predominantly

of central memory phenotype. Further work will be

required to determine whether accumulation of these cells

in the pancreas is antigen-driven, as well as the function of

these cells in the pancreas and the maintenance of immu-

nological tolerance to islet antigens. In any case, it appears

clear that the presence of lymphocytes in pancreatic islets is

not driven per se by autoimmunity, and careful comparison

between T1D and healthy pancreases should be necessary

to understand fully the interplay between the immune sys-

tem and islet cells in immunopathology.

In conclusion, we have characterized successfully the

phenotype of pancreatic islet-associated resident lympho-

cytes in non-diabetic organ donors and demonstrated the

striking predominance of CD81 T cells with a canonical

Trm phenotype, highlighting their possible role in islet

immune-regulation and maintenance of immune-

surveillance in situ. These results are important to under-

stand the interplay between the immune system and the

pancreatic islets and will be instrumental when investigat-

ing the histopathological lesions in human forms of diabe-

tes to shed light into the pathogenesis of these diseases.
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Supporting information

Additional Supporting information may be found in the

online version of this article at the publisher’s web-site:

Fig. S1. Flow cytometry analysis of CD25 expression on the

surface of CD41 and CD81 T cells in dissociated pancreatic

islets of non-diabetic donors. CD451CD31 T cells were

gated on CD41 and CD81 cells to evaluate the expression

of CD25. The frequency of CD25 on both T cells

population was extremely low, if not totally undetectable, in

all donors analysed (n 5 10) and it was not possible to dis-

tinguish between CD25hi and CD25low cell populations.

Table S1. Correlation between the percent of lymphocyte

subsets and the percentage of glucagon- and insulin-

positive cells determined by flow cytometry. Statistical

significance are shown as P-values and they were calcu-

lated using Pearson’s correlation test. The numbers in

bold type are significant.
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