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SUMMARY
Enteroviral infections have been associated with autoimmunity and type 1 diabetes (T1D), but reliable
methods to ascertain localization of single infected cells in the pancreas were missing. Using a single-mole-
cule-based fluorescent in situ hybridization (smFISH) method, we detected increased virus infection in pan-
creases from organ donors with T1D and with disease-associated autoantibodies (AAb+).
Although virus-positive b cells are found at higher frequency in T1D pancreases, compared to control donors,
but are scarce, most virus-positive cells are scattered in the exocrine pancreas. Augmented CD45+ lympho-
cytes in T1D pancreases show virus positivity or localization in close proximity to virus-positive cells. Many
more infected cells were also found in spleens from T1D donors.
The overall increased proportion of virus-positive cells in the pancreas of AAb+ and T1D organ donors sug-
gests that enteroviruses are associated with immune cell infiltration, autoimmunity, and b cell destruction in
both preclinical and diagnosed T1D.
INTRODUCTION

Elevated apoptotic signaling cascades, hyper-expression of his-

tocompatibility leukocyte antigen (HLA)-I clusters, as well as islet

infiltration by T cells and other immune cells represent key path-

ological hallmarks of type 1 diabetes (T1D), leading to interferon

response and T-cell-mediated b cell destruction, impaired insu-

lin secretion, and severe hyperglycemia.1 A complex genetic

susceptibility with polymorphisms in immune response, viral

response, and b cell function genes are strong risk factors for

disease development. Overall, approximately 50 loci have

been linked to T1D risk.2,3 Despite the genetic predisposition,

the rapid rise in the incidence of childhood T1D worldwide, at

an estimated average annual increase of 3.9% over the past de-

cades, is too high to result only from genetic causes;4–6 we also

know from monozygotic twins that genetics do not fully explain

T1D, given that disease concordance does not reach 100%

(30%–70% range).7 Earlier studies have linked T1D risk to

diverse environmental factors, including epidemiological, patho-

logical, and in vitro studies that have implicated enteroviruses as

initiators of autoimmunity and b cell failure in genetically suscep-

tible individuals.1,8–10 Enteroviral infection could indeed affect
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the pancreas, and numerous studies show that b cells are highly

susceptible to enteroviral infection in vitro, with subsequent acti-

vation of the interferon response pathway, upregulation of inter-

feron (IFN)-inducible genes, massive cytokine and chemokine

production, b cell death, T cell activation, and thus the triggering

of autoimmunity and T1D.11,12 Previous studies of pancreases

from deceased patients with T1D have reported increased prev-

alence of enterovirus infections by examining the presence of the

viral capsid protein (VP1)8 by immunohistochemistry. Yet detec-

tion of enterovirus RNA in pancreas has remained challenging, in

part due to limited access to suitable pancreas specimens and

sensitive methodology to detect RNA. Importantly, in the Dia-

betes Virus Detection (DiViD) study, enterovirus was found in

pancreas biopsies of newly diagnosed patients with T1D.13 As

part of the collaborative efforts of the Network for Pancreatic Or-

gan Donors with Diabetes (nPOD)-Virus Group, an international

collaborative effort that investigates the role of viruses in T1D,

we aimed at examining the presence of enterovirus in pancreas

samples from organ donors with and without T1D from the well-

characterized human pancreatic donor tissue established by

nPOD.14 To this end, we developed a robust and highly sensitive

method to detect very low amounts of virus RNA and potentially
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Figure 1. Pancreatic enteroviral RNA in AAb-positive and T1D patients within both the endocrine and exocrine pancreas

(A–H) Detection and quantification of viral RNA (red), insulin (green), and DAPI (blue) in FFPE pancreases from control donors without diabetes (n = 14), donors

without diabetes but expressing T1D-associated autoantibodies (AAb+) (n = 10), and donors with T1D (n = 15).

(A–C) Data are presented as (A) mean number of all viral RNA+ cells throughout the whole pancreas section, (B) the mean number of full-grade (full; R10 single

puncta/cell) or low-grade (low; 1–9 single puncta/cell) infected cells, and (C) their localization in the pancreas within insulin-containing islets (I), within the pe-

riphery of 3 cells of insulin-containing islets (Peri), and within the exocrine pancreas (Ex).

(D and E) All (D) viral mRNA+ cells were normalized to the pancreas area of the respective section and (E) viral mRNA+ cells in the exocrine area were normalized to

the exocrine area of the respective section.

(legend continued on next page)
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even replication-deficient virus in pancreas specimens.15 We

have previously established an adapted single-molecule in situ

hybridization (smFISH) method that can detect single RNA mol-

ecules in situ using short (�20 nt) fluorescently labeled oligonu-

cleotides, which anneal to common regions of the RNA genome

of the coxsackievirus family. We successfully detected viral RNA

in both cultured cells and formalin-fixed, paraffin-embedded

(FFPE) samples tissue sections, in combination with classical im-

munostaining. Short probes were able to detect viral infection at

lower viral loads than classical immunostaining and even

PCR.16,17 For initial validation, we performed several blinded

concordance studies using pancreases from control and T1D

patients with residual b cells, obtained from the nPOD and the

Exeter (UK) cohorts.17

Here, we report results from an in situ analysis of pancreatic

virus infiltration of nPOD organ donors without diabetes (control),

with T1D, and with T1D-associated autoantibodies (AAb+)

without diabetes, possibly representing individuals at increased

risk of future T1D. The aims of this study were (1) to identify

whether there is a correlation of pancreatic enteroviral RNA

expression, autoantibody positivity, and T1D and (2) to localize

and characterize enteroviral infection in the pancreas.

RESULTS AND DISCUSSION

smFISH detected increased enterovirus RNA in the
pancreas of T1D and AAb+ donors
With smFISH, we successfully detected enteroviral RNA in FFPE

fixed pancreases. As many of us undergo mostly asymptomatic

enteroviral infections throughout life, we had initially expected to

find viral RNA in all pancreases. The proportion of donors ex-

pressing enterovirus RNA in pancreatic cells were 64% (9/14)

among controls, 90% (9/10) in AAb+ donors without T1D, and

100% (15/15) among T1D donors (Tables S1–S3 for donors’ de-

mographic data).

Although control donors had a mean of 3.7 ± 1 (SE) viral RNA-

containing cells in their pancreases, there were 19- and 22-fold

more in pancreases from AAb+ (mean 71 ± 40 [SE]; p = 0.03)

and T1D donors (mean 82 ± 29 [SE]; p = 0.01), respectively,

compared to the control group (Figure 1A).

The aggregated signal from all enteroviral probes bound to a

single target molecule to produce a puncta signal requires >17

probes to bind before the observation of a fluorescence signal.18

This allows clear single-molecule viral RNA staining and the

counting of the corresponding puncta. Based on the numbers

of such puncta, we classified infections as low-grade (1–9

puncta per cell) and full-grade infection (R10 puncta per cell;

Figures 1B and 1H, lower left panel; Table S1). Although there

was a significant increase in low-grade infected cells in T1D do-

nors (9-fold), the numbers of full-grade infected cells were 26-

fold and 29-fold higher in AAb+ and T1D pancreases, respec-

tively, compared to controls (Figure 1B; Table S1). Moreover,

4/10 AAb+ and 9/15 T1D pancreases harboredmore than 10 fully
(F and G) Viral mRNA+ b cells (F) co-staining with insulin (absolute value) and vira

mm2).

(H) Representative microscopical pictures from immunostainings of control, AA

replicas. Scale bars depict 10 mm. *p<0.05 to control.
infected cells containing enteroviral RNA compared to 0/14 con-

trol pancreases (Table S1). A closer look at the virus-containing

cells depicts their morphological distinction from their neighbors,

with loss of structured membranes and cellular disintegration

(Figures S1A, S1B, S2, and S3, lower right panels), as observed

in response to viral infection.19

Initially, probes were designed to detect the positive-stranded

RNA of the entire range of group B enteroviruses.17 In order to

verify whether viruses have at least initially replicated in the

cell, an additional probe set was designed to detect the nega-

tive-stranded RNA of conserved regions of the coxsackievirus

B3 (CVB3) consensus-based sequence (M33854.1).17 Such

proof-of-concept approach delivered very similar results in the

pancreas, namely enteroviral RNA labeling within and in prox-

imity of the endocrine pancreas as well as scattered in the

exocrine part (Figures S1C–S1F).

Pancreatic enteroviral mRNA in AAb-positive and T1D
organ donors in both the endocrine and exocrine
pancreas
We found a significant increase of exocrine and endocrine cells

of the pancreas carrying low- and full-grade virus infections in

AAb+ and T1D, compared to controls, when we normalized to

the whole pancreas area (Figure 1D). Moreover, virus-positive

cells located in the exocrine pancreas normalized to the area

of the exocrine pancreas were increased in AAb+ as well as in

T1D pancreases compared to controls (Figures 1E and S2).

Double staining of viral RNA with the b cell marker insulin al-

lowed us to localize and quantify the viral RNA within b cells.

Despite variation and the low number of virus-positive b cells,

these were significantly more numerous among residual b cells

of T1D donors (Figures 1F and 1H), compared to control donors.

There was no significant difference for AAb+ donors. Normaliza-

tion of these virus-positive cells to the area of all remaining insu-

lin-containing islets showed again a high variation and a non-sig-

nificant tendency toward higher intra-islet viral RNA in T1D

(Figures 1G and 1H). Based on availability of T1D donors, they

were selected for the study to include donors with long (>3 years;

n = 5) and short disease duration (<3 years; n = 10), with most of

the donors presenting remaining insulin-containing islets (ICIs).

With longer disease duration, there was a significant reduction

in the number of ICIs, although the trend toward lesser virus-con-

taining cells was not significant (p = 0.07; Figure S3A).

Quantification of b cells in the pancreas also confirmed the ex-

pected b cell loss in T1D: the loss in number of islets per section;

the reduction in absolute b cell volume per section; as well as the

percentage of insulin containing to all pancreatic cells (Fig-

ure S3B–S3D). We also found a reduction in the proportion of b

cells relative to whole pancreas area in non-T1D AAb+ organ do-

nors from this cohort (Figures S3C and S3D), which has not been

seen before in similarly small cohorts,20–23 especially not in adult

donors, who show little evidence of b cell loss.24 Donor ages

across studies may explain the difference; our study analyzed
l mRNA+ cells (G) within islets normalized to islet area (insulin+ stained area in

b+, and T1D pancreatic sections. Stainings were performed in two technical
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younger AAb+ donors (mean age of 20 years; Tables S2 and S3)

than previous ones (mean age >30).20–23

These observations clearly show that enteroviruses do not

exclusively target b cells but are also found in the exocrine

pancreas. The observation of virus-positive cells in the exocrine

pancreas may provide a pathophysiological link to previous

studies reporting reduced pancreas weight in AAb+ and T1D or-

gan donors; moreover, living relatives of T1D patients with auto-

antibodies were reported to have a 25% reduction in pancreas

weight.25,26 Moreover, acinar loss has been reported in the

T1D pancreas.27,28 Altogether, we speculate that viral infections

may contribute to pancreatic both endocrine and exocrine ab-

normalities that are being reported throughout the natural history

of T1D.

Viral RNA is increased in lymphocytic cells in T1D
Many virus-positive cells did not stain for insulin or glucagon

(Figures S3E–S3H) nor were located within or near islets and

did not stain for amylase, which marks exocrine cells (Figure S2).

Thus, we evaluated their co-localization with markers of ductal

and immune cells and their proximity to such cells. We did find

a minority of CK-19-positive and viral-positive cells within

pancreatic ducts (1–3 cells/pancreas in 4 AAb+ and 1–15 cells/

pancreases in 6 T1D pancreases; data not shown), although

no virus-positive ductal cells were observed in controls. We

also found a significant increase of virus/CD45 co-positive cells

in T1D pancreases, compared to nondiabetic controls, in whom

no virus was found in CD45+ cells (Figure 2A). Virus/CD45 co-

positive cells were identified in 9 out of 15 T1D cases. Of note,

such virus/CD45 co-localization was only seen in pancreases

of two of three donors with dual AAb+, but not among single

AAb+ donors (Figure 2A). T1D pancreases and these two from

dual AAb+ donors also presented a higher number of CD45+ cells

within islets as well as in the exocrine pancreas, compared to

controls. There was no significant increase in CD45-lymphocyte

infiltration in pancreases from single AAb+ donors (Figures 2B

and 2C) compared to controls. As individuals with multiple islet

AAb have a higher risk of progression to T1D compared to those

with a single AAb (�80%–90% versus �10% in 5 years),24 the

higher pancreatic CD45-lymphocyte counts may be an indicator

of more aggressive pathology. As shown by representative ex-

amples (Figures 2D, S2, S3G, and S3H), virus-positive immune

cells are often found in close proximity within three cell layers

to insulin+ islet cells and in the exocrine pancreas. Moreover,

many virus+/CD45� cells were located in proximity (within three

cell layers) to CD45+ immune cells; further staining demon-

strated some of these cells included CD4+ and CD8+ T cells (Fig-

ure 2D). Staining for negative-stranded enteroviral RNA

confirmed viral replication in immune cells in T1D (Figure S1F).

The observed increased virus load in pancreatic immune cells

in dual AAb+ and in T1D donorsmay be a starting point of the dis-

ease; further studies on T1D at-risk donors are needed to

confirm such hypothesis.

Viral RNA is increased in the spleen in T1D
Well known from animal models of diabetes, the spleen harbors

autoreactive T cells, as splenocytes can cause disease in adop-

tive transfer experiments.29,30 Moreover, there is evidence that
4 Cell Reports Medicine 2, 100371, August 17, 2021
islet-infiltrating T cells from deceased patients are also present

in the spleen.31,32 Therefore, we investigated whether enteroviral

RNA is also carried by lymphocytes in the spleen. Indeed, viral

RNA was distributed throughout the spleen sections from nondi-

abetic controls, AAb+, as well as T1D donors, with manymore in-

fected cells than seen in the pancreas (188-fold in controls and 8-

fold higher both in AAb+ and T1D spleens, compared to the

respective pancreases; Figure 3). Quantification of virus+ cells/

spleen section area revealed increased virus+ cells in T1D do-

nors compared to controls (Figure 3A); virus+ cells either co-

stained with CD45 or were next to CD45+ cells (Figure 3C),

similar to what has been observed in the pancreas. The number

of virus load in spleen was independent from the pancreas, as

we could not find a correlation between the number of overall vi-

rus+ cells in pancreas and spleen from the same patients

(Figure 3B).

Increased enteroviral RNA found in the spleen in T1D is also in

line with identified enteroviral RNA in peripheral blood mononu-

clear cells (PBMCs) from patients with recent onset as well as

long-term T1D.33–36 Enterovirus presence in T1D-PBMCs is

linked with the T1D risk allele HLA-DR4, carried by all virus-pos-

itive patients in this previous study.35 Such correlations are diffi-

cult to predict from a small number of patients, as also in 4 out of

10 patients, no virus was identified in PBMCs in this previous

study. Also in our cohort, the limited sample size prevented

reaching conclusions about possible associations between

splenic or pancreatic virus loads and T1D HLA-risk alleles.

Although a double AAb+ donor with the virus load >200 infected

cells in the pancreas had the high-risk alleles HLA-DRB1*03

(DR3) and DQB1*03:02 (DQ8), neither another double AAb+

donor nor another single AAb+ donor with >300 infected cells

had the same high-risk alleles. Similarly, some T1D donors

with large numbers of infected cells had the high-risk alleles,

which contrasts to another donor with the same risk alleles but

with a relatively lower number of infected cells (Table S3).

Overall, we found increased presence of enteroviral RNA-posi-

tive cells in the pancreas of organ donorswith T1D-associated au-

toantibodies (without T1D) and with T1D, many of which had a

short disease duration and presented remaining insulin-containing

islets, suggesting an ongoing disease process. This was enabled

through a highly sensitive and specific RNA detection down to a

single RNA molecule in well-preserved FFPE pancreases with

the advantage of spatial cellular localization of viral RNA at a sin-

gle-cell level. Previous studies were limited to VP1 staining with

much lower sensitivity,17 as well as to PCR, although with similar

sensitivity, its limitation lies in the low accessibility and stability

of nucleic acids through RNA degradation in the pancreas.

Enteroviral RNA-infected cells could be located within the

endocrine and the exocrine pancreas; their appearance as well

as the close proximity to immune cells suggest virus-induced im-

mune cell attraction and infiltration. Viruses in multiple cell types

in the pancreas highlight their various impacts on diabetes pa-

thology, affecting the b cell, exocrine, and immune cells. What

signal is transferred from an infected immune cell? One can

speculate that it has either already transferred the virus to islets

or will do so soon.

The presence of enteroviral RNA in nondiabetic AAb+ donors is

in line with previous studies that have detected viral infection in
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Figure 2. Enteroviral RNA is increased in lymphocytic cells in T1D

(A–D) Detection and quantification of viral RNA (red), insulin (green), and CD45, CD4, or CD8 in bright field (dark red) in FFPE pancreases from autopsy from

control donors without diabetes (A, B, and D: n = 14; C: n = 6), with T1D-associated autoantibodies (A, B, and D: AAb+, n = 10; C: n = 5), and with T1D (A, B, and D:

n = 15; C: n = 5) and presented as (A) mean number of viral RNA+/CD45 co-positive cells throughout thewhole pancreas section and (B) quantification of CD45 co-

positive cells within insulin-containing islets and (C) within the exocrine pancreas. 15 randomly chosen parts of equal size of each pancreas section were

analyzed. The dashed boxes in (A) and (B) mark two donors of the study cohort with dual AAb+, showing increased virus/CD45 co-localization (A) and CD45+ cells

within islets (B), compared to controls and single AAb+ donors.

(D) Representative microscopical pictures from immunostainings of control, AAb+, and T1D pancreatic sections. White arrows show viral RNA+/CD45+ co-

positive cells, black arrows viral RNA+/CD45� cells, and blue arrows viral RNA�/CD45+ cells next to a viral RNA+ cell. Stainings were performed in two technical

replicas. Scale bars depict 10 mm. *p<0.05 to control.
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Figure 3. Enteroviral RNA is increased in the spleen in T1D

(AandB)DetectionandquantificationofviralRNA(red),CD45inbrightfield (dark red), andDAPI inblue inFFPEspleensectionsfromautopsy fromasubsetof theanalyzed

pancreas donorswithout diabetes (n = 8), with T1D-associated autoantibodies (AAb+) (n = 8), andwith T1D (n = 7) and presented as (A)mean number of viral RNA+ cells/

spleen section area and (B) a correlation of the mean number of viral RNA+ cells/spleen section area with the mean number of viral RNA+ cells/pancreas section area.

(C and D) Representative microscopical pictures from immunostainings of control, AAb+, and T1D pancreatic sections of viral RNA/CD45 double staining (C) and

viral RNA/DAPI double staining (D). White arrows show viral RNA+/CD45+ co-positive cells and black arrows viral RNA+/CD45� cells next to CD45+ cells.

Stainings were performed in two technical replicas. Scale bars depict 10 mm. *p<0.05 to control.
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children at risk for T1D.1,37–39 Multiple enteroviral infection rounds

through early childhood may trigger the disease,39 and as seen

here, viral sequences remain in the tissue for years after infection,

having either been among the initiating or participating factors to-

ward the damage of the pancreas and the vulnerable b cell.
Limitations of study
Although we could clearly observe increased enteroviral infec-

tion in spleens and pancreases in organ donors with T1D, the

small sample size did not allow a correlation of virus load with

other strong predictors of autoimmunity or T1D severity, e.g.,
6 Cell Reports Medicine 2, 100371, August 17, 2021
with HLA phenotype, number of autoantibodies, disease dura-

tion, or age of T1D diagnosis. Furthermore, our broad approach

in the enteroviral probe design did not enable identification of

specific viral sequences. Using smFISH, larger studies are

needed for the identification of the specific viral infection associ-

ation with autoimmunity and T1D.
STAR+METHODS
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Antibodies

guinea pig anti-insulin Dako; now Agilent,

Santa C#lara, CA, USA

#A0546; RRID:AB_2617169

rabbit anti-glucagon #A0565; RRID:AB_10013726

mouse anti-CD45 #M0701; RRID:AB_2314143

rabbit anti-amylase Abcam, UK #21156; RRID:AB_446061

rabbit anti-CD4 #133616; RRID:AB_2750883

rabbit anti-CD8 #4055; RRID:AB_304247

biotin- conjugated donkey anti-rabbit Jackson Immuno

Research, PA, USA

#711-066-152; RRID:AB_2340594

biotin- conjugated donkey anti-mouse #715-065-150; RRID:AB_2307438

biotin- conjugated donkey anti- guinea pig #706-066-148; RRID:AB_2340452

FITC-conjugated donkey anti-rabbit #711-096-152; RRID:AB_2340597

FITC-conjugated donkey anti-guinea pig #706-096-148; RRID:AB_2340454

Biological samples

Human FFPE pancreatic sections from

organ donors

this paper; Kaddis et al.40

and Foulis et al.41
N/A

Chemicals, peptides, and recombinant proteins

Sudan Black Sigma-Aldrich #199664

Pepsin Sigma-Aldrich #MKCN5185

Critical commercial assays

VECTASTAIN ABC Kit Vector Labs, USA #PK-4000

DAB Peroxidase Substrate Kit #SK-4100

VECTASHIELD� with 4’,6-Diamidin-2-

phenylindol (DAPI)

#H-1200-10

Oligonucleotides

Sequences of probes and respective viral

target regions of probes sets CVB_1,

CVB_2, CVB_3

Designed with Stellaris� RNA

FISH Probe Designer (Biosearch

Technologies, Inc., Petaluma, CA)

This paper; See Table S3,

Busse et al.17

Software and algorithms

Vision Works LS Image Acquisition and

Analysis software Version 6.8

UVP BioImaging Systems, CA, USA N/A

NIS-Elements software, v3.22.11 Nikon GmbH, Germany N/A

GraphPad Prism v8.4.3 GraphPad N/A

ImageJ (v.1.52(100) NIH, USA N/A

Other

Nikon MEA53200 Nikon GmbH, Germany N/A
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kathrin

Maedler (kmaedler@uni-bremen.de)

Materials availability
This study did not generate new unique reagents.
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Data and code availability
Original/source data in the paper are available in Tables S1 and S3. This study did not generate any unique datasets or code.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Organ donor cohort and virus detection in FFPE tissue samples
Our study of organ donors included 15 with T1D (average disease duration 4 years, range 0-23 years), 10 autoantibody-positive

(AAb+) donors without diabetes, and 14 control donors (without diabetes, autoantibody-negative). Key demographic features are

described in Table S2. Formalin-fixed paraffin-embedded pancreatic and spleen tissue sections were obtained from well-character-

ized organ donors from the network for Pancreatic Organ Donors with diabetes (nPOD)40 and from a UK cohort41. Detection of viral

RNA was performed using custom Stellaris� FISH Probes, as described in detail in the supplemental methods and previously17.

Study approval
Ethical approval for the use of human pancreatic tissue had been granted by the Ethics Committee of the University of Bremen. The

study complied with all relevant ethical regulations for work with human tissue for research purposes. Organ donors are not identifi-

able and anonymous, such approved analyses using tissue for research is covered by the NIH Exemption 4 (Regulation PHS 398).

METHOD DETAILS

Virus detection in FFPE tissue samples
Custom Stellaris� FISH Probes, each recognizing various enteroviral strains, labeled with Quasar 570 were purchased from Bio-

search Technologies, Inc. (Petaluma, CA) as described previously17. Three probes sets were used for positive strand enteroviral

RNA detection, CVB_1 designed on the CVB3 consensus-based sequence (M33854.1) and for CVB_2 and CVB_3, 106 genome se-

quences of viruses belonging to the enterovirus group B family were aligned and divided into three subgroups based on sequence

similarities. For each subgroup probes were designed based on newly generated consensus sequences as described before42 and

were distributed throughout the whole target genome. For negative strand enteroviral RNA detection, the CVB_1 set in the 3’-5’orien-

tation was used.

Enterovirus mRNA detection was carried out by smFISH according to a previously established highly sensitive protocol17.

Deparaffinization of FFPE Tissue sections. Residual paraffin particles and wax crystals from the embedding procedure were

removed by a series of Xylene washes (20 min at 70�C; 10 min at 70�C; 10 min at room temperature), followed by rehydration by

ethanol (EtOH; 100%, 100%, 95%) for 10 min each and for 1 h in 70% EtOH at room temperature. Finally, sections were rehydrated

by washing with RNase free water 2 times for 2 min. All steps were performed with constant steering.

Prehybridization. Sections were incubated with 0.2M HCl for 20 min at room temperature, transferred to a 50 mL tube containing

prewarmed 2xSSC and incubated in a shaking water bath at 70�C for 15 min. The sections were then washed with PBS two times for

2min at room temperature, then incubated with prewarmed (37�C) pepsin (Sigma) for 10min at 37�C. The sections were thenwashed

2 times with PBS for 1 minute at room temperature then with 0.5% Sudan Black (Sigma-Aldrich) diluted in 70% EtOH for 20 min at

room temperature in order to quench any remaining autofluorescence from islets. Sections were then washed with PBS (3 times for

5 min at room temperature), then 2 times with washing buffer (1xSSC,10% formamide) for 5 min at room temperature.

Hybridization. Stellaris� FISH Probes (viral RNA 0.25 mM) were diluted 1:100 in hybridization buffer (10%w/v Dextran sulfate, 10%

formamide, 2xSSC). 50 mL of all three diluted probe sets were applied to the sections, coveredwith a glass and kept at 37�Covernight

in a humidified chamber.

Post hybridization wash. Coverslip was removed using 2xSSC, 10% formamide prewarmed to 37�C. Sections were then washed

with 37�C prewarmed solution in a shaking water bath at 37�C, centrifuged shortly between each wash in an empty tube to remove

washing liquid. Washing steps were as follows: 2 times 2xSSC+10% formamide for 20 min, 2 times with 2xSSC for 15 min, followed

by 2 times wash with 1xSSC for 15 min, then with 0.1xSSC for 15 min and lastly with 0.1xSSC for 5 min.

One day after smFISH, pancreas sections were co-stained by classical immunostaining43 for insulin (Dako#A0546), the exocrine

acinar marker amylase (Abcam#21156), the general lymphocyte marker CD45 (Dako#M0701), and the T cell activation markers CD4

(Abcam#133616) and CD8 (Abcam#4055). All spleen sections were co-stained for CD45.

VECTASHIELD� antifade mounting medium (Vector laboratories) including 4’,6-Diamidin-2-phenylindol (DAPI) was immediately

added and images were acquired with a Nikon Ti MEA53200 (NIKONGmbH, D€usseldorf, Germany) microscope. A 60x oil-immersion

objective was used to acquire images of the Quasar 570 labeled probes. Control images were always taken with the FITC filter at the

same exposure time to ensure no false-positive signals caused by a bleed-through from one channel to another.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of cells and tissues
Morphometrical measurement of enteroviral mRNA, insulin, CD4, CD8, CD45, CD68 and amylase and the respective pancreatic and

splenic tissue area was carried out using a NikonTiMEA53200 (NIKON GmbH, D€usseldorf, Germany) microscope. NIS-Elements BR
e2 Cell Reports Medicine 2, 100371, August 17, 2021
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software (NIKON GmbH, D€usseldorf, Germany) and ImageJ (NIH, USA) were used for image analysis. Number of virus infected cells

(single infected with 1-10 puncta or fully infected with R 10 puncta), number of islets and immune cells were counted manually

throughout the whole sections. Immune cells within the exocrine part of the pancreas were counted in 15 randomly selected areas

of equal size for each pancreas slide. Mean percentage of the b-cell area per pancreas was calculated as the ratio of insulin-positive

to whole pancreatic tissue area. The exocrine area was calculated as whole insulin-positive area subtracted from whole pancreas

area. ‘‘Islet periphery’’ was defined as signal localization within 3 cell layers of insulin containing islets, and ‘‘close proximity’’ as signal

localization within 3 cell layers to the respective islet cells or immune cells.

Statistical analyses
All biological replica referred to ‘‘n’’ for each individual human pancreas, which are means of two technical replica from independent

staining analyses and presented as means ± SEM. Mean differences were determined by Student’s t tests. A p value < 0.05 was

considered statistically significant. Investigators were blinded to the cases during staining and microscopical analysis.
Cell Reports Medicine 2, 100371, August 17, 2021 e3
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