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Abstract
Aims/hypothesis Earlier studies of pancreases from donors with type 1 diabetes demonstrated enteroviral capsid protein 
VP1 in beta cells. In the context of a multidisciplinary approach undertaken by the nPOD-Virus group, we assessed VP1 
positivity in pancreas and other tissues (spleen, duodenum and pancreatic lymph nodes) from 188 organ donors, including 
donors with type 1 diabetes and donors expressing autoantibody risk markers. We also investigated whether VP1 positivity 
is linked to the hyperexpression of HLA class I (HLA-I) molecules in islet cells.
Methods Organ donor tissues were collected by the Network for Pancreatic Organ Donors with Diabetes (nPOD) from 
donors without diabetes (ND, n=76), donors expressing a single or multiple diabetes-associated autoantibodies  (AAb+, 
n=20;  AAb++, n=9) and donors with type 1 diabetes with residual insulin-containing islets (T1D-ICIs, n=41) or only 
insulin-deficient islets (T1D-IDIs, n=42). VP1 was assessed using immunohistochemistry (IHC) and HLA-I using IHC and 
immunofluorescence, in two independent laboratories. We determined assay concordance across laboratories and overall 
occurrence of positive assays, on a case-by-case basis and between donor groups.
Results Islet cell VP1 positivity was detected in most T1D-ICI donors (77.5%) vs only 38.2% of ND donors (p<0.001). VP1 
positivity was associated with HLA-I hyperexpression. Of those donors assessed for HLA-I and VP1, 73.7% had both VP1 
immunopositivity and HLA-I hyperexpression (p<0.001 vs ND). Moreover,  VP1+ cells were detected at higher frequency in 
donors with HLA-I hyperexpression (p<0.001 vs normal HLA-I). Among  VP1+ donors, the proportion with HLA-I hyper-
expression was significantly higher in the  AAb++ and T1D-ICI groups (94.9%, p<0.001 vs ND); this was not restricted to 
individuals with recent-onset diabetes. Critically, for all donor groups combined, HLA-I hyperexpression occurred more 
frequently in  VP1+ compared with  VP1− donors (45.8% vs 16%, p<0.001).
Conclusions/interpretation We report the most extensive analysis to date of VP1 and HLA-I in pancreases from donors 
with preclinical and diagnosed type 1 diabetes. We find an association of VP1 with residual beta cells after diagnosis and 
demonstrate VP1 positivity during the autoantibody-positive preclinical stage. For the first time, we show that VP1 positiv-
ity and HLA-I hyperexpression in islet cells are both present during the preclinical stage. While the study of tissues does 
not allow us to demonstrate causality, our data support the hypothesis that enterovirus infections may occur throughout the 
natural history of type 1 diabetes and may be one of multiple mechanisms driving islet cell HLA-I hyperexpression.
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IDI  Insulin-deficient islet
ND  Non-diabetic
nPOD  Network for Pancreatic Organ Donors with 

Diabetes
PLN  Pancreatic lymph node
T1D-ICI  Type 1 diabetes with insulin-containing islets 

(group)
T1D-IDI  Type 1 diabetes with insulin-deficient islets 

(group)
ULR  Univariate logistic regression
VP1  Virus capsid protein 1

Introduction

Substantial evidence supports an association of enteroviruses 
with type 1 diabetes [1–5]. Recently, the Environmental 
Determinants of Diabetes in the Young (TEDDY) 
study reported increased risk of islet autoimmunity in a 
genetically predisposed prospective cohort in the presence of 
coxsackievirus B (Enterovirus B species) in stool samples, 
especially when shedding was noted on multiple samples 
over time [3]; additional supporting evidence emerges from 
the prospective Finnish Type 1 Diabetes Prediction and 

Prevention study (DIPP) [6–9]. Pancreatic localisation of 
enterovirus infections and association with type 1 diabetes 
are supported by the more frequent detection of the virus 
capsid protein 1 (VP1) in islet cells of individuals with type 1  
diabetes [10–13].

A hallmark feature of pancreas pathology in type 1 dia-
betes is the hyperexpression of HLA class I (HLA-I) mol-
ecules by islet cells, typically observed in insulin-containing 
islets (ICIs) [14–16]. Islet HLA-I hyperexpression has been 
observed in organ donors with diabetes-associated autoan-
tibodies, considered in earlier stages of disease progression 
[17–19]. HLA-I hyperexpression is driven by IFNs, which 
can be induced by viral infections [20–22]. Whether hyper-
expression of HLA-I in islet cells is associated with entero-
viral infections as measured by VP1 positivity has not been 
determined.

Since inception in 2007, the Network for Pancreatic 
Organ Donors with Diabetes (nPOD) has obtained pancreas 
and other tissues from organ donors with type 1 diabetes 
and donors without diabetes expressing autoantibodies, pro-
viding impetus for a collaborative effort to investigate viral 
infections using synergistic approaches. In this broader con-
text, this investigation focused on examining VP1 immuno-
positivity in the pancreas and other disease-relevant tissues 
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(spleen, duodenum and pancreatic lymph nodes [PLNs]) and 
a potential association between VP1 positivity and HLA-I 
hyperexpression in islet cells.

Methods

Tissues from organ donors We studied 188 organ donors 
whose samples were provided by nPOD. Table 1 shows 
donor demographic information for each group, with indi-
vidual donor data listed (including Research Resource Iden-
tifiers [RRiD]) in electronic supplementary material (ESM) 
Table 1. Eighty-three donors had type 1 diabetes, classified 
as having residual insulin-containing islets (T1D-ICI group, 
n=41) or only insulin-deficient islets (T1D-IDI group, 
n=42); we included donors without diabetes expressing a 
single autoantibody  (AAb+ group, n=20) or multiple autoan-
tibodies  (AAb++ group, n=9), and autoantibody-negative 
donors without diabetes (non-diabetic [ND] group, n=76). 
We obtained consecutive 5 µm formalin-fixed paraffin-
embedded (FFPE) and frozen sections from different regions 
of the pancreas (head, body and/or tail). We also studied 
FFPE sections from spleen and duodenum from 96 (37 ND, 
nine  AAb+, four  AAb++, 16 T1D-ICI and 30 T1D-IDI) and 
70 (21 ND, nine  AAb+, four  AAb++, ten T1D-ICI and 26 
T1D-IDI) donors, respectively (ESM Table 2). PLNs were 
available from ten donors (one  AAb++; four T1D-ICI, five 
T1D-IDI). The majority of the donors were of white ethnic-
ity, and we attempted to match control donors to donors 
with type 1 diabetes (58 autoantibody-negative donors with-
out diabetes vs 66 donors with type 1 diabetes), as much 
as possible. We included all available individuals regard-
less of gender, which was provided in the medical charts. 
Research use of samples was allowed in donor consents and 
followed ethical institutional guidelines. All samples were 
de-identified and obtained by nPOD through its partnership 
organ procurement organisations as approved by the Uni-
versity of Florida Institutional Review Board (IRB), after 

consent for organ donation and research was obtained from 
family members. Figure 1 illustrates the sample distribution 
scheme from the nPOD Pathology Core to the participating 
laboratories.

Immunohistochemistry and immunofluorescence We 
examined pancreas sections from 188 donors, and sections 
were available for more than one pancreatic region from 70 
donors (31 ND, nine  AAb+, five  AAb++, 15 T1D-ICI and 
ten T1D-IDI). The total number of sections per region ana-
lysed was: head n=62; body n=74; and tail n=84. Sections 
were stained for insulin, glucagon, VP1 and HLA-I. Stain-
ing for VP1 was performed using the anti-enterovirus VP1 
clone 5D8/1 (Agilent, Stockport, UK). Its specificity has 
been demonstrated previously [23] and we further validated 
it by staining uninfected and virally-infected cell lines, and 
normal human tissue microarrays (TMA) (ESM Fig. 1). In 
Exeter, serial FFPE sections were heated in 10 mmol/l cit-
rate (pH 6.0) in a microwave pressure cooker for 20 min, 
then cooled at room temperature for 20 min. The anti-VP1 
monoclonal antibody (55 ng/ml) or the HLA-I (EMR8-5) 
monoclonal antibody (1/1500) (Abcam, Cambridge, UK) 
were incubated for 1 h at room temperature, and the EnVi-
sion HRP Detection System (Agilent) was used for antigen 
detection [10, 13, 23]. Serial sections were stained with anti-
insulin antibody (catalogue no. A0564; Agilent; 1:600 for 
1 h) and visualised using the Dako REAL Envision HRP 
detection system. Sections were subsequently stained with 
anti-glucagon antibody (K79bB10; Abcam, 1:2000 for 1 h) 
and visualised with the Vector AP-ABC kit combined with 
Vector Red substrate (Vector Laboratories, Newark, CA, 
USA). All slides were dehydrated and mounted in Agilent 
Fluorescence Mounting medium (Agilent). Sections were 
analysed by brightfield microscopy using either a Nikon 50i 
microscope fitted with a DS-Fi camera and DSL2 camera 
control unit, or the sections were scanned at 40× magni-
fication using an Akoya Biosciences Vectra Polaris Auto-
mated Quantitative Pathology Imaging System. In Tampere, 

Table 1  Summarised donor demographics

Data are shown as median (IQR) unless stated otherwise

Donor group ND AAb+ AAb++ T1D-ICIs T1D-IDIs

No. of donors 76 20 9 41 42
Age, years 23.6 (15.4–38.8) 26.0 (18.8–41.4) 23.0 (22.0–38.7) 22.0 (14.1–26.8) 30.9 (20.6–41.6)
Age range, years 0.3–75.0 0.2–66.0 17.7–69.2 5–79 4.4–78
Sex, n male/n female (% male) 45/31 (59.2) 13/7 (65.0) 5/4 (55.5) 19/22 (46.3) 21/21 (50.0)
BMI, kg/m2 24.2 (20.5–29.2) 23.7 (19.8–27.4) 26.0 (22.4–29.0) 24.3 (21.1–26.8) 24.3 (22.5–26.9)
Diabetes duration, years NA NA N/A 5.0 (1.5–8.5) 15.0 (8.0–30.8)
Diabetes duration range, years NA NA NA 0.0–56.0 1.5–74.0
C-peptide, nmol/l 1.3 (0.8–2.6) 1.2 (0.5–2.7) 1.8 (0.5–3.9)
Donors with detectable C-peptide, n (%) 21 (51.2) 2 (4.8)
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FFPE sections were stained with the same VP1 antibody 
(clone 5D8/1, sourced from DakoCytomation, Glostrup, 
Denmark; 1:300) using a Ventana BenchMark LT (Ventana 
Medical Systems) and the ultraView Universal detection 
systems, as described [12]. Consecutive pancreas sections 
were stained using an anti-insulin antibody (Ab-6; Thermo 
Scientific, 1:2000), as reported [24]. Sections were analysed 
by brightfield microscopy using either an Olympus BX60 
microscope fitted with an Olympus Colorview III camera 
or scans of whole-slide images (SlideStrider scanner, Jilab, 
Tampere, Finland). In La Jolla/Munich, pancreatic frozen 
sections (n=118) were stained for insulin, glucagon and 
HLA-I. Tissue sections were fixed with 1% paraformalde-
hyde (% vol./vol.) and blocked with 2% goat serum (% vol./
vol.). The following primary antibodies were incubated for 
1 h at room temperature: polyclonal guinea pig anti-insulin 
(catalogue no. A0564, Agilent; 1:140), monoclonal recom-
binant rabbit anti-glucagon (catalogue no. ab92517, Abcam, 
UK; 1:400) and mouse monoclonal anti-human HLA-ABC 
(catalogue no. R7000, W6/32 clone; Agilent, 1:100). After 
incubation for 1 h at room temperature, and washes, sections 
were incubated with the following secondary, fluorescently 
labelled, antibodies: goat anti-guinea pig IgG (H+L)–Alexa 
Fluor 488; F(ab')2-goat anti-rabbit IgG (H+L)–Alexa Fluor 
555; and goat anti-mouse IgG2a–Alexa Fluor 647 (1:1000; 
all from Invitrogen, Waltham, USA). Sections were coun-
terstained with Hoechst 33342 (catalogue no. H3570, Inv-
itrogen; 1:5000) for 8 min and mounted with Prolong Gold 
Antifade (catalogue no. P36930, Invitrogen). Sections were 
analysed manually using a Nikon digital DXM1200C camera 
and Nikon ACT-1C Camera Controller Software or scanned 
by an Axio Scan.Z1 slide scanner (Zeiss, Jena, Germany) 

using a 20×/0.8 numerical aperture (NA) Plan-Apochromat 
(a=0.55 mm) objective lens. Scanned sections were visual-
ised using ZEN Blue 2.3 software (Zeiss, Jena, Germany). 
The analysis was performed by researchers blinded to the 
study groups.

Criteria for enterovirus and HLA‑I positivity For each donor 
and section, we evaluated the VP1 staining pattern in indi-
vidual cells and classified them as VP1 negative  (VP1−) or 
VP1 positive  (VP1+), as shown in Fig. 2a. A donor was con-
sidered  VP1+ in the presence of ≥1 strongly stained  VP1+ 
cells within any islet of a section. If multiple sections or pan-
creatic regions were analysed per donor, a  VP1+ cell in any 
of the sections/regions, from either of the different labora-
tories, was sufficient to define the donor as  VP1+. Thus, any 
donor identified as  VP1+ in either laboratory was recorded 
as  VP1+, and any donor scored positive but analysed in a 
single laboratory was included. We classified islets into three 
categories according to their HLA-I staining intensity (nor-
mal, elevated and hyperexpression), as previously described 
[15, 19], if they had at least one islet in these categories.

Quantification of  VP1+ islets and cells We quantified islets 
containing  VP1+ cells. First, we determined the total num-
ber of islets per section using a serial section stained for 
insulin and glucagon. This was performed through manual 
counting or using the tissue classifier module of HALO V3.0 
image analysis software (Indica Labs, Albuquerque, USA), 
where islets were defined as groups of endocrine cells cov-
ering an area of ≥1000 µm2 and/or comprising more than 
about ten insulin and/or glucagon positive cells. Then, we 
performed manual counting of  VP1+ islets on the serially 
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Fig. 1  Distribution of pancreas samples, summary of the types of 
assays performed and the number of donors assessed/assay or assay 
combination. FFPE sections were provided to laboratories in Exeter 
(UK) and Tampere (Finland) and frozen sections to La Jolla (USA) 
and Munich (Germany). For both enterovirus VP1 and HLA-I assays, 
serial sections (enterovirus VP1) or sections from comparable pan-
creas regions (HLA-I) from a subset of donors were sent to Exeter/

Tampere laboratories or to Exeter and La Jolla/Munich laboratories, 
respectively. All spleen, PLN and duodenum FFPE sections were 
distributed to Tampere and a subset of spleen samples (n=18) were 
sent to Exeter (ESM Tables 1 and 2). IF, immunofluorescence; IHC, 
immunohistochemistry; LJ, La Jolla; OCT, optimal cutting tempera-
ture compound
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stained sections and calculated the proportion of  VP1+ 
islets among the total islets examined. The number of  VP1+ 
cells per section, the percentage of  VP1+ islet cells and the 
percentage of  VP1+ acinar cells were enumerated using the 
DenseNet AI V2 and Cytonuclear modules within the Indica 
Labs HALO Image analysis platform (version 3.2.1851.354). 
The DenseNet AI V2 was used to identify islet and acinar 
areas, where islets were defined as groups of endocrine cells 
covering an area of ≥1000 µm2. As a subsequent step, we 
used the Cytonuclear module to identify  VP1+ cells across 
the total section, specifically within the islets or acinar area. 
 VP1+ cells were identified as areas of staining above the 
background level by applying optimised threshold values for 
intensity and cell size. We applied this pipeline to all corre-
sponding tissue sections. These analyses were performed for 
116 donors (ND n=39;  AAb+ n=18;  AAb++ n=8; T1D-ICI 
n=33; T1D-IDI n=18).

Statistical methods We evaluated the agreement of VP1 
and HLA staining assays performed in different laborato-
ries; Gwet’s AC1 and AC2, respectively, were used to gen-
erate estimates of inter-rater reliability [25]. The strength 
of the agreement was based on a modification to a scale 
originally proposed for the κ coefficient [26]: 0.0–0.2 poor; 

>0.2–0.4 slight agreement; >0.4–0.6 moderate; >0.6–0.8 
good; and >0.8–1.0 excellent. Negative and positive per-
centage agreement, including 95% CIs, are reported for each 
comparison. A weighted overall percentage agreement was 
computed based on the number of samples in each assess-
ment. Two-sided Fisher’s exact tests with false discovery 
rate (FDR) corrections for multiple comparisons were used 
to determine differences in positivity between donor groups, 
Wilcoxon matched-pairs test when comparing islet and aci-
nar compartments, and Kruskal–Wallis test to determine 
proportion of  VP1+ cells in relation to HLA-I expression 
category. We examined the relationship between HLA and 
VP1 staining using univariate logistic regression (ULR) 
model testing. χ2 p value, the corresponding OR and the 
95% CIs are reported. The profile likelihood method was 
used to generate the reported statistical measures. All statis-
tical analysis was performed using SAS software, version 9.4 
TS Level 1 M3 (SAS Institute, Cary, USA.), the R program-
ming language version 3.6.1 (https:// www.R- proje ct. org/), 
or GraphPad Prism Version 10.2.3 (https:// www. graph pad. 
com/). An SAS macro written by J. S. Uebersax was modi-
fied to calculate positive and negative agreement as well as 
95% CIs (http:// www. john- ueber sax. com/ stat/ sp_ sas. txt; last 
accessed 4 April 2021). The R package irrCAC [27], was 
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Fig. 2  (a) Representative images of enterovirus VP1 staining in 
serial sections of an islet from nPOD donor 6084. The purple outline 
defines the islet. (b) Agreement of enterovirus VP1 immunostaining 
between laboratories. Samples taken from the same pancreatic block 
were evaluated in 91 donors in Exeter (Lab 1) and Tampere (Lab 2). 
Negative (N) or positive (P) agreement are coloured electric blue, and 
discordant results are displayed in black. A total of 48 samples were 

found to be negative for VP1 in both laboratories while 31 were posi-
tive. Three were negative in Exeter and positive in Tampere, whereas 
nine were positive in Exeter and negative in Tampere. (c) Comparison 
of blinded VP1 immunohistochemistry in two different laboratories 
(Lab 1, Exeter; Lab 2, Tampere) performed on serial sections. nPOD 
donor numbers are shown along the bottom. Grey,  VP1−; pink,  VP1+
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used to calculate Gwet’s AC1 and AC2 agreement coefficient 
statistics. All p values are two-sided, unadjusted and were 
considered significant if α<0.05, unless otherwise indicated.

Results

VP1 positivity is associated with type 1 diabetes in the largest 
cohort of nPOD donors evaluated to date We examined 
enterovirus VP1 in pancreatic islets from 186 nPOD donors, 
of whom 82 had type 1 diabetes. This is the largest cohort 
examined to date and it includes donors spanning a broad 
range of age and disease duration; 29 donors (35%) had 
disease duration <5 years (ESM Table 1). Importantly, 91 
donors from all groups (including 43 donors with type 1 
diabetes) were studied in two independent laboratories, using 
serial FFPE pancreas sections (Fig. 1). Each laboratory scored 
the VP1 immunopositivity in a blinded manner. Overall, 
there was 87% agreement between the Exeter and Tampere 
laboratories, resulting in good to excellent concordance of 
the VP1 datasets (p<0.001, Gwet’s AC1=0.75 [95% CI 0.61, 
0.88]). Specifically, there was 89% negative (95% CI 83%, 
95%) and 84% positive agreement (95% CI 74%, 93%) of all 
samples evaluated for VP1 by both laboratories (Fig. 2b). 
The inter-laboratory analysis of VP1 positivity for all the 
individual donors is illustrated as a heatmap in Fig. 2c.

Based on this concordance, data were collated and ana-
lysed with the criteria described in Methods. Donors from 
four groups had an overall similar prevalence of VP1 posi-
tivity: 29/76 (38.2%)  AAb− donors without diabetes (ND 
group); 11/42 (26.2%) T1D-IDI donors; and among AAb-
positive donors, 5/19 (26.3%)  AAb+ and 4/9  AAb++ (44.4%) 
(Fig. 3a). In contrast, VP1 positivity was found at higher 
frequency among T1D-ICI donors (77.5%, 31/40, p<0.001 
vs all groups except  AAb++).

As previously reported [10, 13, 19],  VP1+ islet cells are 
rare. We found a median of 0.054%  VP1+ islet cells per 
tissue section in the ND group (n=39), and similarly low 
frequencies of 0.013% in  AAb+ (n=18), 0.017% in  AAb++ 
(n=8) and 0.12% in T1D-IDI (n=18) groups (Fig.  3b). 
In contrast, T1D-ICI donors (n=33) had a higher median 
proportion of  VP1+ islet cells (0.45%, p<0.035 vs ND, 
p<0.0003 vs  AAb+). We identified islet and acinar cells 
using the HALO DenseNet AI classifier and quantified the 
number of  VP1+ cells in each compartment.  VP1+ cells 
were consistently more abundant in the islet compartment 
in all donor groups (Fig. 3c–g). We also evaluated VP1 
immunopositivity in spleen, PLNs and duodenum from a 
subset of donors, based on sample availability, in 96, 10 
and 71 donors, respectively (ESM Tables 2 and 3).  VP1+ 
cells occurred in all tissue types and all donor groups in 

the absence of statistically significant differences between 
groups (ESM Fig. 2a–d).

Islet cell HLA‑I hyperexpression is more frequent in  AAb++ 
and T1D‑ICI donors We evaluated HLA-I expression in 
the islets of 149 donors, from all groups, among whom 
118 were analysed in two independent laboratories. Sam-
ples were available from the following: (1) the same tis-
sue block (66 cases); (2) a different tissue block but from 
the same region of the pancreas (i.e. head, body or tail) 
(47 cases); (3) tissue blocks from different regions of the 
pancreas (3 cases); and (4) tissue blocks from unspecified 
regions (2 cases) (Fig. 4a). Overall, there was good con-
cordance between the results reported from each of the 
two laboratories (stratified weighted Gwet’s AC2=0.67). 
Good agreement (85%) between the two laboratories was 
obtained when samples were studied from the same tis-
sue block (p<0.001, AC2=0.68, 95% CI 0.53, 0.83), or 
when different blocks from the same region were assessed 
(84% agreement; p<0.001, AC2=0.73, 95% CI 0.58, 0.88). 
Insufficient data were available to statistically evaluate the 
extent of concordance between laboratories when sam-
ples were drawn from either different or unknown regions 
of the pancreas. Figure 4b shows a heat map illustrating 
the agreement between the two laboratories. Based on 
the agreement achieved, data from both laboratories were 
collated and analysed using the following criteria: (1) an 
individual was reported as having HLA-I hyperexpression 
or elevated expression when it was noted in any islet by 
either laboratory; and (2) outcomes from donors analysed 
in a single laboratory were also included. In the ND group, 
66.7% of donors had normal HLA-I expression, the remain-
der being classified as having elevated HLA-I expression; 
HLA-I hyperexpression was not detected (Fig. 4b, c). Con-
versely, HLA-I hyperexpression was found in most (37 of 
39; 94.9%) T1D-ICI donors (p<0.001 vs ND); this was not 
restricted to donors with a recent diagnosis. HLA-I hyper-
expression was also evident in T1D-ICI donors with longer 
disease duration (up to 32.5 years; median duration 5 years 
[IQR 1.7, 8.8]) and observed only in 7.4% (2 of 27) of T1D-
IDI donors (p<0.001 vs T1D-ICI). Most T1D-IDI donors 
had normal HLA-I expression (14 of 27; 51.9%) vs 2.6% 
(1 of 39) of T1D-ICI donors (p<0.001). Across all donors 
with type 1 diabetes, those with HLA-I hyperexpression 
had overall shorter disease duration than those categorised 
as having elevated (p<0.01) and normal (p<0.001) HLA-I 
expression (Fig. 4d). In the autoantibody-positive group, 
HLA-I hyperexpression was noted in 10% (2 of 20) of  AAb+ 
(p=0.07 vs ND) and 55.6% (5 of 9) of  AAb++ individuals 
(p<0.001 vs ND) while 80% (16 of 20) and 33.3% (3 of 9) 
were classified as normal, respectively (Fig. 4c).
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Islet cell VP1 immunopositivity is associated with HLA‑I hyper‑
expression in T1D‑ICI donors We investigated whether an asso-
ciation exists between enterovirus VP1 positivity and HLA-I 
hyperexpression in islet cells. The various patterns of HLA-I 
and VP1 expression can be seen in ESM Fig. 3. VP1 and HLA-I 
immunostaining outcomes were available from 147 donors (54 
ND, 19  AAb+, 9  AAb++, 38 T1D-ICI and 27 T1D-IDI). None 
of the pancreas samples from ND and T1D-IDI donors con-
tained islets that were  VP1+ and hyperexpressed HLA-I; in 
contrast, most T1D-ICI donors had both VP1 immunopositiv-
ity and HLA-hyperexpression (28/38, 73.7%, p<0.001 vs ND) 
(Fig. 5a). Some donors with islet autoimmunity also scored 
positive for both (10.5%, 2 of 19 of  AAb+, p=0.065 vs ND; 
and 33.3%, 3 of 9 of  AAb++, p=0.0021 vs ND). In those with 

normal HLA-I expression, VP1 immunopositivity was noted 
in a minority of ND (20.4%; 11 of 54),  AAb+ (10.5%; 2 of 19), 
 AAb++ (11.1%; 1 of 9) and T1D-IDI (11.1%; 3 of 27) donors, 
but never in T1D-ICI donors (p<0.001 vs ND; Fig. 5a). For 
all donor groups combined, HLA-I hyperexpression occurred 
more frequently in  VP1+ than in  VP1− donors (45.8%, 33/72 
vs 16%, 12/75, p<0.001, χ2 test).

We quantified  VP1+ islet cells in relation to the HLA-I 
expression category in each donor group and for all donors 
combined (Fig. 5c–g). As noted, ND donors were not 
found to have islets with HLA-I hyperexpression, regard-
less of VP1 positivity; ND donors with elevated HLA-I 
status had a higher median frequency of  VP1+ islet cells 
(p<0.05 vs normal HLA-I). Among T1D-ICI donors, the 
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Fig. 3  (a) Enterovirus  VP1+ islet cells are more frequently observed 
in T1D-ICI donors. The bar graph shows significantly higher VP1 
immunopositivity in the pancreas of T1D-ICI donors compared with 
ND,  AAb+ and T1D-IDI donors (***p<0.001, two-sided Fishers 
Exact Test; significant after FDR corrections for multiple compari-
sons). (b) The frequency of enterovirus  VP1+ islet cells is increased 
in donors with type 1 diabetes and residual beta cells (T1D-ICI). AI-
based image analysis was performed on a subset of donor pancreas 
sections stained in Exeter to determine the proportion of islet cells 
that were  VP1+ within each pancreatic section. Each data point rep-
resents an individual donor. The median, first and third quartile for 

the percentage of  VP1+ islet cells are shown. *p<0.05, ***p<0.001 
(one-way ANOVA with Kruskal–Wallis post-test). (c–g) Enterovirus 
VP1 is found more frequently in islet cells than in acinar cells in all 
donor groups. AI-based image analysis was performed on a subset of 
donor pancreas sections stained in Exeter to determine the proportion 
of islet or acinar cells that were  VP1+. Each data point represents an 
individual donor with a line linking the proportion of islet and aci-
nar  VP1+ cells. Blue (c), ND (n=39); green (d),  AAb+ (n=18); yel-
low (e),  AAb++ (n=8); orange (f), T1D-ICI (n=33); red (g), T1D-IDI 
(n=18). *p<0.05, **p<0.01, ***p<0.001 (Wilcoxon matched-pairs 
test)
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median frequency of  VP1+ islet cells was higher in those 
with HLA-I hyperexpression than in those with normal 
expression (p<0.01). Examining all donors together, the 
frequency of  VP1+ islet cells was highest in donors with 
HLA-I hyperexpression (p<0.001 vs normal HLA-I), 
intermediate in those with elevated expression (p<0.05 

vs normal HLA-I) and lowest in those with normal expres-
sion (Fig. 5g).

In ULR modelling, relative to pancreatic samples 
with normal or elevated HLA-I, detection of VP1 posi-
tivity was 10.63 times (95% CI 1.66, 97.32; p=0.0186) 
more likely if hyperexpression was found among 
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Fig. 4  (a) Agreement of HLA staining by region of pancreatic sam-
ple. HLA staining from 118 donors was performed in Exeter and La 
Jolla/Munich laboratories using FFPE and optimal cutting tempera-
ture compound (OCT) frozen samples, respectively. Of those, sam-
ples were examined from the same block in 66 cases, a different block 
but the same region (i.e. head, body or tail) in 47 cases, different 
regions in three cases and unspecified blocks or regions in two cases. 
Normal expression, elevated expression or hyperexpression was noted 
by both laboratories. Complete agreement is coloured in electric 
blue, complete disagreement in black and partial agreement in vio-
let. (b) Comparison of blinded HLA-I immunostaining in two differ-
ent laboratories (Lab 1, Exeter; Lab 2, La Jolla/Munich) on FFPE vs 
OCT material respectively. Blue, normal expression of HLA-I; yel-

low, elevated expression of HLA-I; pink, hyperexpression of HLA-I. 
(c) HLA-I hyperexpression was more frequently observed in T1D-ICI 
and  AAb++ donors compared with ND and T1D-IDI donors. Blue 
bars, proportion of donors with normal expression; yellow bars, ele-
vated expression; pink bars, hyperexpression ***p<0.001 (two-sided 
Fishers Exact Test; two-sided significance after FDR corrections for 
multiple comparisons). (d) Donors with type 1 diabetes and HLA-I 
hyperexpression had overall shorter disease duration than those cat-
egorised as having elevated and normal expression. Each data point 
shows individual donor values for disease duration (in years) in 
each of the three HLA-I expression categories (normal, elevated and 
hyperexpression). The median, first and third quartile are shown. 
**p<0.01, ***p<0.001
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 AAb+ or  AAb++ donors but not the other donor groups 
(Table 2).

Finally, in a multivariate logistic regression model, we 
re-examined the relationship between HLA-I expression 
and VP1 immunopositivity in T1D-ICI donors according to 
disease duration. There was no collinearity between HLA-I 
expression and disease duration (Satterthwaite corrected 
t test p=0.3210) and the relationship between VP1 and 
HLA-I expression was independent of disease duration 
(p=0.4864). Specifically, simultaneously testing disease 

duration in a model with VP1 and HLA-I showed that for 
every additional year of type 1 diabetes, the likelihood of 
VP1 positivity was 0.97 (95% CI 0.897, 1.059) times less 
likely, but this was not significant (p=0.5697); moreover, 
relative to pancreatic samples with normal or elevated 
HLA-I, detection of VP1 was 1.39 times (95% CI 0.02, 
51.78) more likely for every additional year of diabetes if 
hyperexpression was also present, but this was also not sig-
nificant (p=0.8776). Thus, disease duration did not impact 
the association between VP1 and HLA-I hyperexpression.
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Fig. 5  (a) Among  VP1+ donors, HLA-I hyperexpression is more 
frequently observed in T1D-ICI and double  AAb++ donors com-
pared with ND donors. Bar graphs show the proportion of donors 
that are  VP1+ and have normal expression (blue), elevated expres-
sion (yellow) or hyperexpression of HLA-I (pink) (N=72; ND n=24; 
 AAb+ n=5;  AAb++ n=4; T1D-ICI n=29; T1D-IDI n=10). *p<0.05, 
**p<0.001, ***p<0.001 (Kruskal–Wallis test). (b) HLA-I expression 
is more frequently normal in  VP1− ND,  AAb+ and T1D-IDI donors 
(N=75; ND n=30;  AAb+ n=14;  AAb++ n=5; T1D-ICI n=9; T1D-IDI 

n=17). **p<0.01, ***p<0.001; two-sided Fishers Exact Test; two-
sided significance after FDR corrections for multiple comparisons). 
(c–g) Dot plots show the proportion of  VP1+ islet cells in relation to 
HLA-I expression category in each donor group and for all donors 
combined. The median, first and third quartile are shown. Blue (c), 
ND; green (d),  AAb+/AAb++; orange (e), T1D-ICI; red (f) T1D-IDI; 
(g) all donors. *p<0.05, **p<0.001, ***p<0.001 (Kruskal–Wallis 
test)
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Discussion

Multiple studies have implicated enterovirus infections 
in type 1 diabetes [1–4]. Enteroviruses can impair beta 
cell function [28], promote inflammation and may trigger 
islet autoimmunity [3, 29, 30]. Earlier examinations of 
pancreas samples revealed the enteroviral capsid protein 
VP1 in islet cells from diabetic children and adults from 
geographically diverse cohorts; these studies involved pan-
creases obtained at autopsy from near diagnosis (Exeter 
Archival Diabetes Biobank [EADB] collection, UK, n=72) 
[10], from a subset (n=17) of nPOD donors with type 1 
diabetes [13], and via biopsy in six newly diagnosed adults 
[16]. Our study represents the most extensive examination 
of pancreases from donors with type 1 diabetes (n=83, 
including the 17 previously investigated), identified by 
nPOD in the USA. Unlike the EADB cohort, consisting of 
autopsy cases identified between the 1940s and 1980s, this 
is a contemporary organ donor cohort collected between 
2007 and 2019 across the USA; it also includes donors 
with broad age and disease duration ranges, including 
29 donors with disease duration <5 years, vs only six 
in an earlier analysis of nPOD donors [13]. In addition, 
we examined VP1 positivity in the pancreas of the larg-
est group to date (n=29) of rare organ donors expressing 
autoantibodies associated with type 1 diabetes, identified 
through the nPOD autoantibody screening of organ donors 
from the general population. Several pathological and 
functional alterations have been described in these donors 
[19, 31, 32], supporting the notion that this group repre-
sents a preclinical stage of type 1 diabetes. We included 
all available donors regardless of gender, and thus our 
approach observed gender equity. Given the number of 

donors examined in each group and that there is no clear 
sex bias reported for type 1 diabetes, gender was not for-
mally included as a variable in our analysis.

This study is part of a comprehensive effort undertaken 
by the nPOD-Virus group. In this setting, we tested concord-
ance and reproducibility by adopting a workshop format, and 
blinded samples were co-ordinately examined by multiple 
laboratories using multiple techniques [33, 34]. Here, we 
employed the monoclonal antibody clone 5D8/1 to detect 
enteroviral VP1 in tissue samples, since the specificity of 
this reagent had been extensively verified in earlier work 
[23] and in our unpublished data (Laiho JE, Zeissler M, 
Morgan NG, Hyöty H, Richardson SJ), and further vali-
dated here (ESM Fig. 1). Our analyses were conducted in 
a blinded fashion by two different laboratories. The extent 
of concordance of all findings (whether negative or posi-
tive) across laboratories was good (typically >85% between 
the two laboratories). This is remarkable given the very low 
prevalence of  VP1+ islet cells.

Our results confirm, expand and rigorously validate ear-
lier findings showing increased frequency of VP1 positivity 
in islet cells of donors with type 1 diabetes and residual beta 
cells (77.5% in our study), being significantly higher than in 
similarly aged donors without diabetes and the other groups 
considered (p<0.001, except vs  AAb++ donors). Moreover, 
we quantified the abundance of  VP1+ cells and report that 
T1D-ICI donors had a higher median proportion of  VP1+ 
islet cells than any other group. Among T1D-ICI donors, 
islet cell VP1 immunopositivity was not restricted to donors 
with short disease duration, as it was also detected in those 
with longer duration (median 5 years, up to 34.5 years, pro-
vided that residual ICIs were present). A major determinant 
of VP1 positivity was indeed the presence of ICIs, further 

Table 2  ULR analysis

Data are relative to pancreatic samples with normal or elevated HLA-I. Detection of VP1 positivity is 
10.63 times more likely if hyperexpression is found; this relationship was present only in AAb-positive 
individuals  (AAb+ and  AAb++)

Donor group VP1− VP1+ OR 95% CI p value

n Percentage n Percentage

ND
 Normal to elevated HLA-I expression 30 100 24 100 – – –
 HLA-I hyperexpression 0 0 0 0 – – –
AAb  (AAb+ and  AAb++)
 Normal to elevated HLA-I expression 17 89 4 44 – – –
 HLA-I hyperexpression 2 11 5 56 10.63 1.66, 97.32 0.0186
T1D-ICI
 Normal to elevated HLA-I expression 1 11 1 3 – – –
 HLA-I hyperexpression 8 89 28 97 3.50 0.13, 95.42 0.3941
T1D-IDI
 Normal to elevated HLA-I expression 15 88 10 100 – – –
 HLA-I hyperexpression 2 12 0 0 0.295 0.002, 4.131 0.5295
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linking enteroviruses to beta cells and type 1 diabetes. Less 
than 25% of T1D-IDI donors had  VP1+ cells in their insulin-
negative islet cells. Our observations and previous literature 
[13] concur in suggesting that islet cells are the preferential 
target of enteroviral infections in the pancreas (Fig. 3c–g), 
with the percentage of  VP1+ cells being higher in islets 
than in acinar cells. In a subset of donors with  VP1+ islet 
cells, the viral capsid protein could also be detected in other 
organs, including spleen, duodenum and/or PLNs, in further 
support of an ongoing enterovirus infection. The primary 
replication of enteroviruses takes place in the respiratory 
tract and/or gut mucosa (including in the lymphoid tissues 
found at these locations), from where the virus can spread 
to internal organs such as pancreas, spleen, heart and the 
central nervous system via the systemic circulation. Thus, 
extra-pancreatic tissues may act as a reservoir from which 
the virus may reach the pancreas. Enteroviral particles could 
possibly be carried by immune cells, perhaps from islet to 
islet, noting that enterovirus RNA was detected in  CD45+ 
cells near pancreatic islets in a previous study from our 
group [35]; enteroviral RNA is also present in blood cells 
from AAb-positive individuals, especially in antigen pre-
senting cells [36]. Considering the low frequency of  VP1+ 
cells in all groups, and the persistence of VP1 immunoposi-
tivity well beyond the time of diagnosis, these results suggest 
that islet enteroviral infections may be low grade or evolve 
into a low grade after an initial acute infection. An acute 
infection stage characterised by extensive cell lysis and the 
release of large numbers of viral particles was not observed 
in our study, yet it cannot be excluded.  VP1+ islet cells might 
represent a reservoir of virus and reflect a relative inability 
to completely eradicate the infection. Related, 5′ terminally-
deleted, replication-deficient enteroviruses forms have been 
reported in both heart and mouse pancreas, and are associ-
ated with pathology and virus persistence [37–39], which 
may promote chronic inflammation.

Enterovirus infections and detection of  VP1+ islet cells 
are not exclusive to individuals with type 1 diabetes. While 
this can be considered to challenge a role for enteroviruses 
in type 1 diabetes, the discrepancy may actually reflect other 
factors (genetic, immunological, etc.) that may impact the 
outcome of the infection. To this end, we focused on the 
host response by examining hyperexpression of HLA-I by 
islet cells and its relationship to VP1 immunopositivity. 
Earlier studies suggested that upregulation of islet HLA-I 
molecules precedes the onset of clinical disease, as HLA-I 
hyperexpression can be detected in some  AAb++ individuals 
[18, 19]. These donors would be reasonably considered to 
have reached, at minimum, the preclinical stage 1 of type 1 
diabetes, as defined by the presence of multiple AAbs [40]. 
HLA-I hyperexpression is regarded as a hallmark feature of 
pancreas pathology in type 1 diabetes. While HLA-I hyperex-
pression may be determined by several inflammatory signals, 

it is strongly promoted by IFN-α, which is released by most 
cells (including beta cells) in response to viral infection. A 
strong association of IFN-α with islet cell HLA-I expression 
has already been shown in type 1 diabetes [16, 20, 21, 41, 
42], and we focused on investigating the relationship between 
islet cell VP1 immunopositivity and HLA-I hyperexpression. 
Of note, only a single plane of each islet was studied in any 
given pancreas section; since  VP1+ cells are rare, we cannot 
exclude that an islet scored as  VP1− might contain  VP1+ 
cells outside the plane studied. With this caveat, we assessed 
the frequency at which VP1 immunopositivity occurs in the 
presence or absence of HLA-I hyperexpression, by donor 
groups. As we did with the VP1 analysis, assessment of 
HLA-I expression was conducted by two independent labora-
tories for 118 of 149 donors, with good concordance. Hyper-
expression of HLA-I was seen in most T1D-ICI donors and 
was not limited to those with a recent diagnosis, as long as 
ICIs were retained. In contrast, among  VP1+ donors, none 
of the pancreases from the ND and T1D-IDI groups con-
tained islets that were  VP1+ and hyperexpressed HLA-I. For 
all donor groups, HLA-I hyperexpression occurred more 
frequently in  VP1+ donors than in  VP1− donors (p<0.001). 
These novel phenomenological associations, which we sup-
port with statistical significance, suggest the hypothesis that 
enterovirus infection can be a trigger for HLA-I hyperexpres-
sion, although we fully acknowledge that other stimuli may 
be involved as well, and that the analysis of tissues does not 
allow to infer causality. Of note, HLA-I hyperexpression was 
not seen in ND donors, even those with VP1 positivity; this 
suggests that how, and to what extent, beta cells respond to 
viral infections may be critical for disease risk and progres-
sion. Such differences in responses may be explained by the 
genetic background, noting that type 1 diabetes susceptibility 
genes (e.g. IFIH1) may control innate responses to infection 
in both beta cells and immune cells. Furthermore, analysis 
of disease risk genes expressed in beta cells using Ingenuity 
Pathway Analysis has revealed top hits in pathways associ-
ated with ‘Interferon signalling’, the ‘Role of JAK1, JAK2 
and TYK in IFN signalling’ and the ‘Role of pattern recog-
nition receptors in recognition of virus and bacteria’ [43], 
supporting a more pronounced response to infection in those 
at genetic risk for type 1 diabetes. Other possible scenarios 
include the underlying autoimmune/inflammatory process, 
which could make beta cells more susceptible to infections 
and simultaneously trigger HLA-I upregulation on islet cells. 
VP1 expression may also reflect a non-cytopathic infection 
that chronically stimulates the antiviral immune response, 
promoting the upregulation of HLA-I.

This study has several limitations. Due to the age distri-
bution of organ donors, we studied relatively few children, 
in whom the evidence implicating enterovirus infection is 
strongest [10, 13]. Our study also examined tissues from 
rare islet AAb-positive organ donors, and in some cases 
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we could find evidence of  VP1+ and HLA-I hyperexpres-
sion in the islets.

In conclusion, we present the most extensive analysis to 
date of pancreas specimens from organ donors at various 
stages (preclinical and clinical) of type 1 diabetes in whom 
we examined the prevalence of VP1 positivity and HLA-I 
expression in islet cells. The strong concordance between 
independent laboratories supports the reproducibility of 
our findings, proving robust evidence that VP1 positivity 
is commonly detected in the pancreas of individuals with 
type 1 diabetes who retain residual insulin-positive beta 
cells; this links enteroviral infections to the islet cell 
population lost in type 1 diabetes. We further demonstrate 
a previously unknown association between VP1 positivity 
and HLA-I hyperexpression in islet cells. Moreover, higher 
proportions of  VP1+ cells were found in islets with HLA-I 
hyperexpression, specifically in donors with type 1 diabetes 
and residual beta cells. The absence of extensive beta cell 
lysis and acute viral infection, even among donors examined 
near diagnosis or at the stage of multiple AAb positivity, 
and the presence of  VP1+ cells in insulin-positive islets 
several years after diagnosis support the hypothesis of a 
low-grade, possibly persisting or recurrent enterovirus 
infection that could trigger IFN responses, leading to or 
contributing to the hyperexpression of HLA-I molecules. 
This is consistent with recent epidemiological studies [3]. 
Therefore, this mode of enteroviral infection in type 1 
diabetes is now supported by epidemiological and pancreas 
pathology evidence.

Supplementary Information The online version contains peer-reviewed 
but unedited supplementary material available at https:// doi. org/ 10. 
1007/ s00125- 025- 06384-9.

Acknowledgements The authors wish to thank all families associ-
ated with organ donation for research purposes for their gift that made 
efforts like those in this programme possible. In addition, appreciation 
is given to the Organ Procurement Organisations (OPO) who make the 
nPOD programme possible. The authors would like to thank E. Eskola 
and E. Tolvanen (Faculty of Medicine and Health Technology, Tampere 
University, Tampere, Finland), N. Amirian (La Jolla Institute) and D. 
Balcacean (Helmholtz Munich) for technical assistance. The authors 
thank all the members of the nPOD-Virus group. A list is included as 
electronic supplementary material (ESM).

Data availability Data generated and analysed during this study are 
available through the corresponding author upon request.

Funding Open Access funding enabled and organized by Pro-
jekt DEAL. This research was performed with the support of 
the Network for Pancreatic Organ Donors with Diabetes (nPOD; 
RRID:SCR_014641), a collaborative type 1 diabetes research pro-
ject supported by grants from Breakthrough T1D (formerly known as 
JDRF), The Leona M. & Harry B. Helmsley Charitable Trust (3-SRA-
2023-1417-S-B) and the Helmsley Charitable Trust (2018PG-T1D053, 
G-2108-04793). The content and views expressed are the responsibility 
of the authors and do not necessarily reflect the official view of nPOD. 
OPO partnering with nPOD to provide research resources are listed at 
https:// npod. org/ for- partn ers/ npod- partn ers/.

The nPOD-Virus group was supported by Breakthrough T1D grants 
(3-SRA-25-2012-516 and 3-SRA-2017-492-A-N) awarded to AP, with 
sub-awards to members, and the European Commission (Persistent 
Virus Infection in Diabetes Network [PEVNET], Frame Programme 
7, Contract No. 261441). SJR is grateful to Breakthrough T1D for 
a Career Development Award (5-CDA-2014-221-A-N), to MRC for 
Project Grant MR/P010695/1 (joint with NGM) and is supported by 
a Steve Morgan Foundation DUK/JDRF Grant Challenge Senior Re-
search Fellowship (22/0006504). TRC is grateful to Breakthrough T1D 
for a Career Development Award (5-CDA-2020-949-A-N). JSK is also 
supported by a grant from the NIDDK-sponsored Human Islet Research 
Network (HIRN, RRID:SCR_014393; https:// hirne twork. org; UC24 
DK104162). JEL was supported by grants from Sakari and Päivikki 
Sohlberg’s Foundation, Yrjö Jahnsson’s Foundation, The Diabetes Re-
search Foundation in Finland and Finnish Cultural foundation. Studies 
from University of Exeter were supported by the National Institute for 
Health and Care Research Exeter Biomedical Research Centre. The 
views expressed are those of the author(s) and not necessarily those of 
the NIHR or the Department of Health and Social Care. The studies 
from Tampere University (HH) were also supported by the European 
Foundation for the Study of Diabetes (grant no. 97013), Sigrid Juse-
lius Foundation and Academy of Finland (grant no. 288671) and the 
Diabetes Research Foundation in Finland.

Authors’ relationships and activities HH is a board member and stock 
owner of Vactech Oy, a Finnish biotech company that has contributed 
to the development of a coxsackie B virus vaccine. MvH is employed 
by Novo Nordisk A/S. The authors declare that there are no other 
relationships or activities that might bias, or be perceived to bias, their 
work.

Contribution statement TRC, JEL, JSK, MAA, MvH, HH, NGM, AP 
and SJR contributed to the original idea. TRC, JEL, MO, PAk, CF, TW, 
PAp, JSK, IK, ST, MCT, MAA, MvH, HH, NGM, AP and SJR contrib-
uted to the design, performance and interpretation of the experiments 
and formal analysis. TRC, JEL, JSK, AP and SJR wrote the manuscript 
and it was edited by TRC, JEL, JSK, IK, MAA, HH, NGM, AP and 
SJR. All authors have read and reviewed the manuscript critically for 
important intellectual content, and have approved the final version. 
SJR, TRC, JEL, JSK and AP are the guarantors of this work and, as 
such, have full access to all the data in the study and take responsibil-
ity for the integrity of the data and the accuracy of the data analysis.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Yeung WCG, Rawlinson WD, Craig ME (2011) Enterovirus infec-
tion and type 1 diabetes mellitus: systematic review and meta-
analysis of observational molecular studies. BMJ 342(Journal 
Article):d35. https:// doi. org/ 10. 1136/ bmj. d35

https://doi.org/10.1007/s00125-025-06384-9
https://doi.org/10.1007/s00125-025-06384-9
https://npod.org/for-partners/npod-partners/
https://hirnetwork.org
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1136/bmj.d35


Diabetologia 

 2. Dunne JL, Richardson SJ, Atkinson MA et al (2019) Rationale 
for enteroviral vaccination and antiviral therapies in human type 
1 diabetes. Diabetologia 62(5):744–53. https:// doi. org/ 10. 1007/ 
s00125- 019- 4811-7

 3. Vehik K, Lynch KF, Wong MC et al (2019) Prospective virome 
analyses in young children at increased genetic risk for type 1 
diabetes. Nat Med 25(12):1865–72. https:// doi. org/ 10. 1038/ 
s41591- 019- 0667-0

 4. Oikarinen S, Krogvold L, Edwin B et al (2021) Characterisation of entero-
virus RNA detected in the pancreas and other specimens of live patients 
with newly diagnosed type 1 diabetes in the DiViD study. Diabetologia 
64(11):2491–501. https:// doi. org/ 10. 1007/ s00125- 021- 05525-0

 5. Isaacs SR, Roy A, Dance B et al (2023) Enteroviruses and risk 
of islet autoimmunity or type 1 diabetes: systematic review 
and meta-analysis of controlled observational studies detecting 
viral nucleic acids and proteins. Lancet Diabetes Endocrinol 
11(8):578–92. https:// doi. org/ 10. 1016/ S2213- 8587(23) 00122-5

 6. Oikarinen S, Martiskainen M, Tauriainen S et al (2011) Enterovi-
rus RNA in blood is linked to the development of type 1 diabetes. 
Diabetes 60(1):276–9. https:// doi. org/ 10. 2337/ db10- 0186

 7. Honkanen H, Oikarinen S, Nurminen N et al (2017) Detection 
of enteroviruses in stools precedes islet autoimmunity by several 
months: possible evidence for slowly operating mechanisms in 
virus-induced autoimmunity. Diabetologia 60(3):424–31. https:// 
doi. org/ 10. 1007/ s00125- 016- 4177-z

 8. Laitinen OH, Honkanen H, Pakkanen O et al (2014) Coxsackievi-
rus B1 is associated with induction of β-cell autoimmunity that 
portends type 1 diabetes. Diabetes 63(2):446–55. https:// doi. org/ 
10. 2337/ db13- 0619

 9. Oikarinen S, Tauriainen S, Hober D et al (2014) Virus antibody 
survey in different European populations indicates risk associa-
tion between coxsackievirus B1 and type 1 diabetes. Diabetes 
63(2):655–62. https:// doi. org/ 10. 2337/ db13- 0620

 10. Richardson SJ, Willcox A, Bone AJ, Foulis AK, Morgan NG 
(2009) The prevalence of enteroviral capsid protein vp1 immu-
nostaining in pancreatic islets in human type 1 diabetes. Diabeto-
logia 52(6):1143–51. https:// doi. org/ 10. 1007/ s00125- 009- 1276-0

 11. Dotta F, Censini S, van Halteren AGS et al (2007) Coxsackie 
B4 virus infection of beta cells and natural killer cell insulitis in 
recent-onset type 1 diabetic patients. Proc Natl Acad Sci U S A 
104(12):5115–20. https:// doi. org/ 10. 1073/ pnas. 07004 42104

 12. Krogvold L, Edwin B, Buanes T et al (2015) Detection of a 
low-grade enteroviral infection in the islets of langerhans of 
living patients newly diagnosed with type 1 diabetes. Diabetes 
64(5):1682–7. https:// doi. org/ 10. 2337/ db14- 1370

 13. Richardson SJ, Leete P, Bone AJ, Foulis AK, Morgan NG (2013) 
Expression of the enteroviral capsid protein VP1 in the islet cells 
of patients with type 1 diabetes is associated with induction of 
protein kinase R and downregulation of Mcl-1. Diabetologia 
56(1):185–93. https:// doi. org/ 10. 1007/ s00125- 012- 2745-4

 14. Bottazzo GF, Dean BM, McNally JM, MacKay EH, Swift PG, 
Gamble DR (1985) In situ characterization of autoimmune phe-
nomena and expression of HLA molecules in the pancreas in dia-
betic insulitis. N Engl J Med 313(6):353–60. https:// doi. org/ 10. 
1056/ NEJM1 98508 08313 0604

 15. Richardson SJ, Rodriguez-Calvo T, Gerling IC et al (2016) Islet 
cell hyperexpression of HLA class I antigens: a defining feature 
in type 1 diabetes. Diabetologia 59(11):2448–58. https:// doi. org/ 
10. 1007/ s00125- 016- 4067-4

 16. Foulis AK (1996) The pathology of the endocrine pancreas in 
type 1 (insulin-dependent) diabetes mellitus. APMIS Acta Pathol 
Microbiol Immunol Scand 104(3):161–7. https:// doi. org/ 10. 
1111/j. 1699- 0463. 1996. tb007 02.x

 17. Rodriguez-Calvo T, Richardson SJ, Pugliese A (2018) Pancreas 
pathology during the natural history of type 1 diabetes. Curr Diab 
Rep 18(11):124. https:// doi. org/ 10. 1007/ s11892- 018- 1084-3

 18. Benkahla MA, Sabouri S, Kiosses WB, Rajendran S, Quesada-
Masachs E, von Herrath MG (2021) HLA class I hyper-expression 
unmasks beta cells but not alpha cells to the immune system in 
pre-diabetes. J Autoimmun 119:102628. https:// doi. org/ 10. 1016/j. 
jaut. 2021. 102628

 19. Apaolaza PS, Balcacean D, Zapardiel-Gonzalo J et al (2021) Islet 
expression of type I interferon response sensors is associated with 
immune infiltration and viral infection in type 1 diabetes. Sci Adv 
7(9):eabd6527. https:// doi. org/ 10. 1126/ sciadv. abd65 27

 20. Marroqui L, Dos Santos RS, Op de Beeck A et  al (2017) 
Interferon-α mediates human beta cell HLA class I overexpres-
sion, endoplasmic reticulum stress and apoptosis, three hall-
marks of early human type 1 diabetes. Diabetologia 60(4):656–
67. https:// doi. org/ 10. 1007/ s00125- 016- 4201-3

 21. Coomans de Brachène A, Dos Santos RS, Marroqui L et al 
(2018) IFN-α induces a preferential long-lasting expression 
of MHC class I in human pancreatic beta cells. Diabetologia 
61(3):636–40. https:// doi. org/ 10. 1007/ s00125- 017- 4536-4

 22. Knebel UE, Peleg S, Dai C et al (2024) Disrupted RNA editing 
in beta cells mimics early-stage type 1 diabetes. Cell Metab 
36(1):48-61.e6. https:// doi. org/ 10. 1016/j. cmet. 2023. 11. 011

 23. Richardson SJ, Leete P, Dhayal S et al (2014) Evaluation of the 
fidelity of immunolabelling obtained with clone 5D8/1, a mono-
clonal antibody directed against the enteroviral capsid protein, 
VP1, in human pancreas. Diabetologia 57(2):392–401. https:// 
doi. org/ 10. 1007/ s00125- 013- 3094-7

 24. Oikarinen M, Tauriainen S, Honkanen T et al (2008) Analy-
sis of pancreas tissue in a child positive for islet cell antibod-
ies. Diabetologia 51(10):1796–802. https:// doi. org/ 10. 1007/ 
s00125- 008- 1107-8

 25. Gwet KL (2010) Handbook of inter-rater reliability. The Defin-
itive Guide to Measuring the Extent of Agreement Among 
Raters. Advanced Analytics, LLC, Gaithersburg, MD, USA

 26. Landis JR, Koch GG (1977) The measurement of observer 
agreement for categorical data. Biometrics 33(1):159–74. 
https:// doi. org/ 10. 2307/ 25293 10

 27. Gwet KL (2019) irrCAC: Computing chance-corrected agree-
ment coefficients (CAC). R package version 1

 28. Roivainen M, Rasilainen S, Ylipaasto P et al (2000) Mecha-
nisms of coxsackievirus-induced damage to human pancreatic 
beta-cells. J Clin Endocrinol Metab 85(1):432–40. https:// doi. 
org/ 10. 1210/ jcem. 85.1. 6306

 29. Sioofy-Khojine AB, Lehtonen J, Nurminen N et al (2018) Cox-
sackievirus B1 infections are associated with the initiation of 
insulin-driven autoimmunity that progresses to type 1 diabe-
tes. Diabetologia 61(5):1193–202. https:// doi. org/ 10. 1007/ 
s00125- 018- 4561-y

 30. Toniolo A (2023) Islet autoimmunity and type 1 diabetes asso-
ciated with enterovirus infections. Lancet Diabetes Endocrinol 
11(8):530–2. https:// doi. org/ 10. 1016/ S2213- 8587(23) 00133-X

 31. Rodriguez-Calvo T, Suwandi JS, Amirian N et al (2015) Het-
erogeneity and lobularity of pancreatic pathology in type 1 dia-
betes during the prediabetic phase. J Histochem Cytochem Off 
J Histochem Soc 63(8):626–36. https:// doi. org/ 10. 1369/ 00221 
55415 576543

 32. Rodriguez-Calvo T, Zapardiel-Gonzalo J, Amirian N et  al 
(2017) Increase in pancreatic proinsulin and preservation of 
β-cell mass in autoantibody-positive donors prior to type 1 dia-
betes onset. Diabetes 66(5):1334–45. https:// doi. org/ 10. 2337/ 
db16- 1343

 33. Laiho JE, Oikarinen S, Morfopoulou S et al (2025) Detection 
of enterovirus RNA in pancreas and lymphoid tissues of organ 
donors with type 1 diabetes. Diabetologia. https:// doi. org/ 10. 1007/ 
s00125- 025- 06359-w

 34. Richardson SJ, Rodriguez-Calvo T, Laiho JE et al (2025) Joint 
analysis of the nPOD-Virus Group data: the association of 

https://doi.org/10.1007/s00125-019-4811-7
https://doi.org/10.1007/s00125-019-4811-7
https://doi.org/10.1038/s41591-019-0667-0
https://doi.org/10.1038/s41591-019-0667-0
https://doi.org/10.1007/s00125-021-05525-0
https://doi.org/10.1016/S2213-8587(23)00122-5
https://doi.org/10.2337/db10-0186
https://doi.org/10.1007/s00125-016-4177-z
https://doi.org/10.1007/s00125-016-4177-z
https://doi.org/10.2337/db13-0619
https://doi.org/10.2337/db13-0619
https://doi.org/10.2337/db13-0620
https://doi.org/10.1007/s00125-009-1276-0
https://doi.org/10.1073/pnas.0700442104
https://doi.org/10.2337/db14-1370
https://doi.org/10.1007/s00125-012-2745-4
https://doi.org/10.1056/NEJM198508083130604
https://doi.org/10.1056/NEJM198508083130604
https://doi.org/10.1007/s00125-016-4067-4
https://doi.org/10.1007/s00125-016-4067-4
https://doi.org/10.1111/j.1699-0463.1996.tb00702.x
https://doi.org/10.1111/j.1699-0463.1996.tb00702.x
https://doi.org/10.1007/s11892-018-1084-3
https://doi.org/10.1016/j.jaut.2021.102628
https://doi.org/10.1016/j.jaut.2021.102628
https://doi.org/10.1126/sciadv.abd6527
https://doi.org/10.1007/s00125-016-4201-3
https://doi.org/10.1007/s00125-017-4536-4
https://doi.org/10.1016/j.cmet.2023.11.011
https://doi.org/10.1007/s00125-013-3094-7
https://doi.org/10.1007/s00125-013-3094-7
https://doi.org/10.1007/s00125-008-1107-8
https://doi.org/10.1007/s00125-008-1107-8
https://doi.org/10.2307/2529310
https://doi.org/10.1210/jcem.85.1.6306
https://doi.org/10.1210/jcem.85.1.6306
https://doi.org/10.1007/s00125-018-4561-y
https://doi.org/10.1007/s00125-018-4561-y
https://doi.org/10.1016/S2213-8587(23)00133-X
https://doi.org/10.1369/0022155415576543
https://doi.org/10.1369/0022155415576543
https://doi.org/10.2337/db16-1343
https://doi.org/10.2337/db16-1343
https://doi.org/10.1007/s00125-025-06359-w
https://doi.org/10.1007/s00125-025-06359-w


 Diabetologia

enterovirus with type 1 diabetes is supported by multiple mark-
ers of infection in pancreas tissue. Diabetologia. https:// doi. org/ 
10. 1007/ s00125- 025- 06401-x

 35. Geravandi S, Richardson S, Pugliese A, Maedler K (2021) Locali-
zation of enteroviral RNA within the pancreas in donors with T1D 
and T1D-associated autoantibodies. Cell Rep Med 2(8):100371. 
https:// doi. org/ 10. 1016/j. xcrm. 2021. 100371

 36. Sioofy-Khojine AB, Richardson SJ, Locke JM et  al (2022) 
Detection of enterovirus RNA in peripheral blood mononuclear  
cells correlates with the presence of the predisposing allele 
of the type 1 diabetes risk gene IFIH1 and with disease stage. 
Diabetologia 65(10):1701–1709. https:// doi. org/ 10. 1007/ 
s00125- 022- 05753-y

 37. Chapman NM, Kim KS, Drescher KM, Oka K, Tracy S (2008) 
5’ terminal deletions in the genome of a coxsackievirus B2 strain 
occurred naturally in human heart. Virology 375(2):480–91. 
https:// doi. org/ 10. 1016/j. virol. 2008. 02. 030

 38. Chapman NM, Kim KS (2008) Persistent coxsackievirus infection: 
enterovirus persistence in chronic myocarditis and dilated car-
diomyopathy. Curr Top Microbiol Immunol 323(Journal Arti-
cle):275–92. https:// doi. org/ 10. 1007/ 978-3- 540- 75546-3_ 13

 39. Tracy S, Smithee S, Alhazmi A, Chapman N (2015) Coxsackievirus 
can persist in murine pancreas by deletion of 5 ’ terminal genomic 
sequences. J Med Virol 87(2):240–7. https:// doi. org/ 10. 1002/ jmv. 24039

 40. Insel RA, Dunne JL, Atkinson MA et al (2015) Staging presymp-
tomatic type 1 diabetes: a scientific statement of JDRF, the endo-
crine society, and the American Diabetes Association. Diabetes 
Care 38(10):1964–74. https:// doi. org/ 10. 2337/ dc15- 1419

 41. Foulis AK, Farquharson MA, Meager A (1987) Immunoreactive 
α-interferon in insulin-secreting β cells in type 1 diabetes mellitus. Lan-
cet 330(8573):1423–7. https:// doi. org/ 10. 1016/ S0140- 6736(87) 91128-7

 42. Coomans de Brachène A, Alvelos MI, Szymczak F et al (2024) 
Interferons are key cytokines acting on pancreatic islets in type 
1 diabetes. Diabetologia 67(5):908–27. https:// doi. org/ 10. 1007/ 
s00125- 024- 06106-7

 43. Marroqui L, Dos Santos RS, Fløyel T et al (2015) TYK2, a can-
didate gene for type 1 diabetes, modulates apoptosis and the 
innate immune response in human pancreatic β-cells. Diabetes 
64(11):3808–17. https:// doi. org/ 10. 2337/ db15- 0362

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Teresa Rodriguez‑Calvo1  · Jutta E. Laiho2  · Maarit Oikarinen2  · Pouria Akhbari3  · Christine Flaxman3 · 
Thomas Worthington3  · Paola Apaolaza1  · John S. Kaddis4  · Irina Kusmartseva5  · Sisko Tauriainen6 · 
Martha Campbell‑Thompson5 · Mark A. Atkinson5 · Matthias von Herrath7,8,9 · Heikki Hyöty2,10,11  · 
Noel G. Morgan3  · Alberto Pugliese12  · Sarah J. Richardson3  · for the nPOD‑Virus group

 * Teresa Rodriguez-Calvo 
 teresa.rodriguez@helmholtz-munich.de

 * Sarah J. Richardson 
 s.richardson@exeter.ac.uk

1 Institute of Diabetes Research, Helmholtz Zentrum 
München, German Research Center for Environmental 
Health, Munich-Neuherberg, Germany

2 Faculty of Medicine and Health Technology, Tampere 
University, Tampere, Finland

3 Islet Biology Exeter (IBEx), Department of Clinical 
and Biomedical Sciences, University of Exeter Medical 
School, Exeter, UK

4 Department of Diabetes and Cancer Discovery Science, 
Arthur Riggs Diabetes and Metabolism Research Institute, 
Beckman Research Institute, City of Hope, Duarte, CA, USA

5 Department of Pathology, Immunology and Laboratory 
Medicine, College of Medicine, University of Florida, 
Gainesville, FL, USA

6 Institute of Biomedicine, University of Turku, Turku, Finland
7 Diabetes Research Institute (DRI), University of Miami 

Miller School of Medicine, Miami, FL, USA
8 Division of Endocrine, Diabetes and Metabolism, 

Department of Medicine, University of Miami Miller School 
of Medicine, Miami, FL, USA

9 Global Chief Medical Office, Novo Nordisk A/S, Søborg, 
Denmark

10 Department of Pediatrics, Tampere University Hospital, 
Tampere, Finland

11 Fimlab Laboratories, Tampere, Finland
12 Department of Diabetes Immunology, Arthur Riggs Diabetes 

& Metabolism Research Institute, Beckman Research 
Institute, City of Hope, Duarte, CA, USA

https://doi.org/10.1007/s00125-025-06401-x
https://doi.org/10.1007/s00125-025-06401-x
https://doi.org/10.1016/j.xcrm.2021.100371
https://doi.org/10.1007/s00125-022-05753-y
https://doi.org/10.1007/s00125-022-05753-y
https://doi.org/10.1016/j.virol.2008.02.030
https://doi.org/10.1007/978-3-540-75546-3_13
https://doi.org/10.1002/jmv.24039
https://doi.org/10.2337/dc15-1419
https://doi.org/10.1016/S0140-6736(87)91128-7
https://doi.org/10.1007/s00125-024-06106-7
https://doi.org/10.1007/s00125-024-06106-7
https://doi.org/10.2337/db15-0362
http://orcid.org/0000-0003-1531-8583
http://orcid.org/0000-0002-5443-4651
http://orcid.org/0000-0003-1329-1508
http://orcid.org/0000-0002-4127-9058
http://orcid.org/0000-0002-2699-2074
http://orcid.org/0000-0002-7550-054X
http://orcid.org/0000-0002-6752-7670
http://orcid.org/0000-0003-2614-0813
http://orcid.org/0000-0003-0370-4145
http://orcid.org/0000-0003-1537-8113
http://orcid.org/0000-0002-7211-0319
http://orcid.org/0000-0002-1160-6062

	Enterovirus VP1 protein and HLA class I hyperexpression in pancreatic islet cells of organ donors with type 1 diabetes
	Abstract
	Aimshypothesis 
	Methods 
	Results 
	Conclusionsinterpretation 

	Introduction
	Methods
	Results
	Discussion
	References


