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Previous results indicate the presence of an interferon (IFN) signature in type 1 diabetes (T1D), capable of inducing
chronicinflammation and compromising B cell function. Here, we determined the expression of the IFN response
markers MxA, PKR, and HLA-I in the islets of autoantibody-positive and T1D donors. We found that these markers
can be coexpressed in the same islet, are more abundant in insulin-containing islets, are highly expressed in islets
with insulitis, and their expression levels are correlated with the presence of the enteroviral protein VP1. The
expression of these markers was associated with down-regulation of multiple genes in the insulin secretion path-
way. The coexistence of an IFN response and a microbial stress response is likely to prime islets for immune de-
struction. This study highlights the importance of therapeutic interventions aimed at eliminating potentially
persistent infections and diminishing inflammation in individuals with T1D.

INTRODUCTION

Type 1 diabetes (T1D) is a chronic autoimmune disease that mani-
fests when a critical amount of B cell mass is lost. B cell death leads
to insulin deficiency, meaning that patients with T1D need exog-
enous insulin for life. Recent studies have shown that T1D can de-
velop throughout the first six decades of life, affecting not only
children and adolescents but also adults. Forty-two percent of T1D
cases occur in those aged >30 years (1). Moreover, the incidence of
T1D is increasing by 2 to 3% per year (2).

Although genetic components accounts for ~80% of T1D heri-
tability (3), the triggering events are believed to depend on envi-
ronmental factors (4). In particular, epidemiological, clinical, and
pathological studies in humans support an association between viral
infections and T1D (5, 6). However, there is uncertainty regarding
their potential role as causative agents. Enteroviruses (EVs), and es-
pecially coxsackievirus B (CVBs), are most frequently associated with
T1D (7, 8). EVs are non-enveloped, positive-sense, single-stranded
RNA viruses that belong to the family Picornaviridae and preferentially
replicate in the respiratory and gut mucosa (9, 10). There are six
serotypes of CVB (CVB1 to CVB6), which bind to and are internal-
ized via the coxsackie and adenovirus receptor (CAR) (11). CAR is
a transmembrane protein that belongs to the tight junction protein
family and is highly expressed in B cells (12, 13). CVB display pan-
creatic tropism (I13) and infects pancreatic islets during systemic
infections in infants, with weaker effects on the exocrine pancreas.

Recent studies have shown an association between EV infections
and the appearance of islet autoantibodies or T1D (5, 14). More re-
cently, The Environmental Determinants of Diabetes in the Young
study analyzed the entire known virome in stool samples obtained
from newborns with increased genetic risk for T1D (15). The study
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revealed that prolonged shedding of the same EV serotype was strong-
ly associated with islet autoimmunity, whereas multiple, indepen-
dent infections without prolonged shedding were less likely to be
associated with T1D (15). EVs have also been detected in the islets
of pancreatic biopsies from living adults with recent-onset T1D and
in pancreatic samples from children and adults obtained at organ
donation or postmortem (16, 17).

Islet cells can detect viral infections through specialized mole-
cules that are activated at an early stage of infection. One of these is
the double-stranded RNA (dsRNA) sensor protein kinase R (PKR),
which belongs to the eukaryotic initiation factor 20 (eIF20) phos-
phorylating family of kinases, and it is induced by interferons (IFNs)
and thus play a more prominent role in immune responses than other
members of this family (18). Upon viral infection, the activation of
PKR leads to inhibition of general protein synthesis (19) while in-
ducing autocrine IFN production (20). However, PKR is also acti-
vated in response to other stress signals, suggesting that it is likely to
play an important role in diseases associated with chronic inflam-
mation and cellular stress, such as T1D. Enhanced PKR gene expres-
sion was detected in human islets infected with CVBs or exposed to
cytokines (21). In addition, PKR was detected in the islets of donors
with and without diabetes (22) and on cells positive for the EV capsid
protein VP1 (23).

It is now well accepted that an IFN-I transcriptional signature
precedes the appearance of autoantibodies (24). Increased respon-
siveness to IFN-I has been recently identified as a feature of T1D,
suggesting its potential use as a biomarker (25). In addition, a sig-
nificant increase in nearly half of the IFN-stimulated genes assessed
was detected in laser-captured islets obtained from living donors with
recent-onset T1D (26). This includes up-regulation of the human
myxovirus resistance protein (MxA) by more than twofold in insu-
litic islets. MxA is a key mediator of the IFN-inducible antiviral re-
sponses against a wide range of viruses, and it is often used as a
surrogate marker for IFN activity. IFN-I is also a potent inducer of
human leukocyte antigen I (HLA-I) molecules, a hallmark of T1D
(27). HLA-I is hyperexpressed in the islets of T1D donors at the protein

10f12

1202 ‘62 [udy uo /610 Bewasuslos saoueApe//:dny Wwoiy papeojumod


mailto:teresa.rodriguez@helmholtz-muenchen.de
http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

and RNA levels, and its expression is correlated with that of signal
transducer and activator of transcription 1 (STAT1), a critical protein
involved in mediating the antiviral responses to IFNs (27). In the
context of T1D, it is therefore tempting to speculate that an IFN-
mediated increase in HLA-I expression is correlated with abnormal
antigen presentation, which would favor activation of autoreactive
T cells and ultimately cause P cell destruction.

In this study, we took advantage of the availability of tissues from
the Network for Pancreatic Organ Donors with Diabetes (nPOD),
which provides human pancreas samples for research purposes. We
present a fully quantitative, systematic study aimed at investigating
the expression of IFN and microbial stress response markers, includ-
ing PKR, MxA, and HLA-I, and the presence of viral footprints, such
as dsRNA and VP1, in human pancreas samples obtained from non-
diabetic, autoantibody-positive (AAb*), and recent-onset T1D do-
nors. Our findings point to the existence of an antiviral signature in
T1D that affects a selective group of islets and is likely to contribute
to B cell destruction by increasing cellular stress, diminishing insu-
lin production, and attracting immune cells to the islets. The results
also highlight the importance of therapeutic interventions aimed at
eliminating potentially persistent infections and diminishing in-
flammation in individuals with T1D.

RESULTS
HLA-I hyperexpression can be detected in double AAb*
subjects and is present in 6.0 to 40.5% of islets in T1D donors
HLA-I expression increases upon IFN-I stimulation, and cells with
enhanced HLA-I expression might become better targets for cyto-
toxic T cells recognizing viral and/or autoantigens. HLA-I expres-
sion was analyzed in all of the islets from 12 nondiabetic (13,262
islets), 7 AAb™* (5035 islets), and 9 T1D (4629 islets) donors. Frozen
pancreatic sections were stained by immunofluorescence. Blinded
analysis was performed on each tissue section, and each islet was
classified into three categories based on the staining intensity as normal,
elevated, or hyperexpressed, as previously described (27). Heatmaps
in which each cell was color coded according to its mean intensity
value were used for visualization (Fig. 1A). Normal HLA-I expres-
sion levels were detected in all of the donors, with nearly all islets in
the nondiabetic group showing normal expression (percentage of
islets: mean, 95.5% and range, 63 to 100%) (Fig. 1B). The percentage
of islets showing elevated HLA-I expression was higher in T1D (mean,
13.3% and range, 6.2 to 17.3%) and AAb" (mean, 16% and range,
0.4 to 37.9%) donors than in nondiabetic donors (mean, 4% and range,
0 to 37%). HLA-T hyperexpression was exclusively present in the islets
of AAb" (mean, 10.7% and range, 0 to 52.1%) and T1D (mean, 18.1%
and range, 6.0 to 40.5%) donors (Fig. 1B). The highest percentage of
islets showing HLA-I hyperexpression was detected in an AAb" do-
nor with multiple islet autoantibodies (no. 6450; mean, 52.1%). Hyper-
expression of HLA-I was detected in B cells and other islet cells, as
reported previously (27). HLA-I expression did not differ in sec-
tions obtained from the head, body, or tail of the pancreas (fig. S1A).
To provide a complete overview of HLA-I expression in the exo-
crine and endocrine compartments, we also analyzed the exocrine
tissue and classified HLA-I expression as normal, elevated, or hyper-
expressed. For each section, the mean HLA-I intensity of each cell
was determined. The endocrine compartments were then excluded
from this analysis. Heatmaps were also used for visualization, as de-
scribed above (Fig. 1C), and the pixel intensity values from all the
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exocrine cells were visualized as histograms (Fig. 1D). Unlike endo-
crine HLA-I expression, we found no differences in exocrine HLA-I
expression between the three groups. Normal, elevated, or hyperex-
pressed exocrine HLA-I was detected in individuals from any donor
group, regardless of disease status (Fig. 1D) and was not correlated
with pancreatitis or immune infiltration.

MxA and PKR are expressed in a significantly higher
percentage of islets in T1D donors

To investigate the islet expression of IFN response proteins, tissue
sections were stained for PKR and MxA by immunofluorescence
and blinded analysis was performed (Fig. 2A) in all of the islets
from 12 nondiabetic (13,262 islets), 7 AAb* (5035 islets), and 9 T1D
(4629 islets) donors. PKR expression was higher in a greater per-
centage of islets from AAb" (percentage of islets: mean, 5.7% and
range, 0.4 to 14.7%) and T1D (mean, 10.3% and range, 4.6 to 14.6%)
donors than islets from nondiabetic donors (mean, 1.5% and range,
0 to 5.4%) (Fig. 2, B and C). When present, PKR was detected mainly
in o cells, although a scattered, punctuate staining pattern was also
observed in B cells. PKR expression was very low in the exocrine
pancreas, but it was occasionally expressed in immune cells in a
few donors.

MxA, which is induced by type I and type III IFNs, was expressed
in a higher percentage of islets from AAb" (mean, 7.7% and range,
1.1t0 29.5%) and T1D (mean, 9.7% and range, 3.1 to 20.6%) donors
than from nondiabetic donors (mean, 3.1% and range 0 to 9%)
(Fig. 2, B and C). In positive islets, MxA was expressed in all islet
cells, not just B cells. Conversely, it was not expressed in acinar cells
but was only detected in fiber-like structures scattered across the
pancreas. The highest percentage of PKR" and MxA™ islets was de-
tected in the multiple AAb* donor no. 6450.

To investigate whether this response is a possible consequence of
ongoing viral replication, we evaluated the expression of dsRNA. Only
two donors presented >10% of islets that contained dsRNA-positive
cells (nondiabetic no. 6413 and AAb" no. 6400), whereas no signif-
icant differences were found between the donor groups (Fig. 2,
B and C). Last, no differences in PKR, MxA, or dsRNA positivity
were found between sections from the head, body, or tail of the
pancreas (fig. S1B).

HLA-I, PKR, and MxA are coexpressed in a small but
significant number of islets

To further evaluate whether the IFN response proteins HLA-I, MxA,
and PKR and the viral replication marker dsRNA (hereafter, IFN
response markers for simplification purposes) were coexpressed on
the same islets, we combined data from each section and islet into a
single image. Marker maps were generated for each donor, as shown
in Fig. 3A. Each positive islet was assigned a color as follows: red for
the expression of one marker, yellow for two markers, purple for
three markers, and blue for four markers. Then, their expression levels
were quantified. The mean percentage of islets that expressed one
(mean nondiabetic donors versus AAb" versus T1D, respectively;
8.7 versus 27.8 versus 28.5%, respectively), two (1.5 versus 6.0 versus
10.2%, respectively), or three (0.1 versus 1.8 versus 2.9%, respectively)
markers was consistently higher in AAb* and T1D donors than in
nondiabetic donors (Fig. 3, B and C). Coexpression of four markers
on the same islet was rare, being 0% in nondiabetic, 0.1% in AAb",
and 0.1% in T1D donors. The double AAb" donor no. 6450 presented
the highest percentage of islets positive for one, two, and three
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Fig. 1. HLA-I hyperexpression is present in the islets of double AAb* and T1D donors. (A and C) Representative immunofluorescence images from islets (A) and
exocrine tissue (C) showing normal (top), elevated (middle), and hyperexpression (bottom) of HLA-I. The right panels display heatmaps based on the relative fluorescence
intensity unit of each cell. The maximum and minimum values are displayed in red and blue, respectively. Scale bars, 100 um. (B) Box plots showing median and first and
third quartile for the percentage of islets showing normal, elevated, or hyperexpression of HLA-I. The upper and lower whiskers extend from the hinges to the largest or
lowest value no further than 1.5 times the interquartile range from the hinge. Data beyond the end of the whiskers are called “outlying” points. Each dot represents a
donor. (D) Density plots showing the average HLA-I intensity in the exocrine tissue for a representative number of donors in each donor group. The level of expression is
shown in green (normal), light orange (elevated), and dark orange (hyperexpression). *P < 0.05, **P < 0.01, and ***P < 0.001; ns, not significant.

markers. The most common double and triple combinations were
HLA-I/MxA and HLA-I/MxA/PKR, respectively (table S1).

Islets expressing one or more IFN response markers show
decreased expression of genes that are important for islet
function and insulin secretion

We examined RNA expression level in laser-captured microdissected
(LCM) islets. For this, RNA was extracted from negative islets and
islets positive for one or at least two IFN response markers. Pooled
islets were harvested in a manner that did not differentiate between
insulin-containing islets (ICIs) and insulin-deficient islets (IDIs).
Because the expression profiles of islets with one or a least two markers
were similar, these islets were combined for further analysis. A total
of 721 unique Entrez Gene IDs with a fold change of >1.1 and P value
of <0.005 were differentially expressed between islets negative for
IEN response markers and islets expressing at least one marker.
Pathway analysis of these genes showed the strongest enrichment
for six pathways: Staphylococcus aureus infection, type 1 diabetes
mellitus, allograft rejection, insulin secretion, cell adhesion mole-
cules (CAMs), and maturity-onset diabetes of the young (MODY)
(tables S2 and S3). The pathway with the lowest P value was S. aureus
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infection, which encodes various proteins involved in immune re-
sponse and inflammation and contained genes that were up-regulated
in islets that expressed at least one IFN response marker. The sec-
ond pathway was type 1 diabetes mellitus, which included up-regulated
HLA-I and HLA-II genes, and shared them with the allograft rejec-
tion pathway. The insulin secretion pathway included genes that
were down-regulated in islets with at least one IFN response marker
and encodes proteins involved in glucose transport, voltage-gated ion
channels, and vesicle transport. The CAM pathway included up-
regulated and down-regulated genes that encode costimulatory and
cell-cell adhesion molecules. Last, the MODY pathway includes genes
involved in B cell identity and maturation, which were down-
regulated in islets expressing at least one marker.

Because the expression of genes involved in the insulin secretion
pathway was decreased in islets that expressed at least one IFN re-
sponse marker, we assessed insulin positivity for each islet and sec-
tion in T1D donors and evaluated the expression of all IFN response
markers, either alone or in combination. We found that HLA-I and
MxA were expressed in a significantly higher percentage of ICIs than
IDIs, with a similar tendency for PKR expression (Fig. 4A). In T1D
donors, the majority of IDIs (67.2%) were negative for all four markers
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Fig. 2. MxA and PKR are expressed in a significantly higher percentage of islets in T1D donors. (A) Representative immunofluorescence images of islets positive (+)
and negative (-) for PKR (top), MxA (middle), and dsRNA (bottom). Scale bars, 25 um. (B) Box plots showing median and first and third quartile for the percentage of islets
positive for MxA, PKR, and dsRNA. The upper and lower whiskers extend from the hinges to the largest or lowest value no further than 1.5 times the interquartile range
from the hinge. Data beyond the end of the whiskers are called outlying points. Each dot represents a donor. (C) Percentage of islets positive for MxA, PKR, and dsRNA for

each individual donor. *P < 0.05; ***P < 0.001; ns, not significant.

(Fig. 4B). Conversely, 45.6% of the ICIs expressed one marker. Sim-
ilar results were obtained for the expression of two (23.3%) and three
markers (12.3%) on the same islet, indicating that IFN response
markers are more frequently coexpressed in islets that retain insulin
(Fig. 4B).

In T1D donors, the majority of islets that express HLA-I, MxA,
or PKR, either alone or in combination, are highly infiltrated
by T cells

Insulitis is a hallmark of T1D, and T cells are the main cell type
implicated in B cell destruction. To investigate whether islets that
express one or more IFN response markers were preferentially infil-
trated by T cells, we stained sections for the marker CD3 (Fig. 5A).
Islet T cell infiltration was quantified using machine learning and
automated software analysis (4276 islets from nondiabetic donors,
1549 islets from AAb* donors, and 1815 islets from T1D donors),
and the T cell density was calculated for each islet and donor. Islets
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with a very high CD3" density were mainly detected in T1D individ-
uals and in the double AAb* donor no. 6267 (Fig. 5B). The CD3" cell
density was significantly higher in the islets of T1D donors (mean,
62.5 CD3" cells/fmm?) than in AAb* donors (mean, 26.6 CD3" cells/
mm?). Moreover, it was significantly greater in both of these donor
groups than in nondiabetic donors (mean, 14.6 CD3" cells/mm?)
(Fig. 5C). To study the association between the expression of IFN
response markers and T cell infiltration, we determined the number
of islets that fulfilled the definition of insulitis [at least six CD3" cells
immediately adjacent to or within the islet (28)]. Only 0.4% of islets
in nondiabetic, 2.5% in AAb*, and 6.9% in T1D donors satisfied this
criterion (Fig. 5D). In nondiabetic donors, 36% of the highly infil-
trated islets were positive for at least one marker, while the rest were
negative (Fig. 5E). Conversely, in AAb" donors, 53.9% were positive
for one, 20.5% for two, 12.8% for three, and 2.6% for all four mark-
ers analyzed. T1D donors were similar to AAb" donors, as 27% of
the infiltrated islets were positive for one, 39.7% for two, 18.2% for
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Fig. 3. IFN response markers are coexpressed in a significant number of islets in AAb* and T1D donors. (A) Representative immunofluorescence images of entire
tissue sections from a nondiabetic (top, donor no. 6278) and a T1D donor (bottom, donor no. 6362) stained for HLA-I, insulin, glucagon, and Hoechst. Each positive islet
was assigned a colored circle based on the number of expressed markers as follows: red for the expression of one marker, yellow for two markers, purple for three markers,
and blue for four markers. Scale bars, 290 um. (B) Box plots showing median and first and third quartile show the percentage of islets positive for one, two, three, or four
markers for each donor group. The upper and lower whiskers extend from the hinges to the largest or lowest value no further than 1.5 times the interquartile range from
the hinge. Data beyond the end of the whiskers are called outlying points. Each dot represents a donor. (C) Percentage of islets positive for one, two, three, or four markers

in individual donors. *P < 0.05; ***P < 0.001; ns, not significant.

three, and 0.8% for four markers (Fig. 5E). Overall, in T1D and
AAb* donors, more than 80% of the islets that fulfilled the defini-
tion of insulitis expressed at least one IFN response marker.

Viral footprints can be found in the islets of T1D donors

and are correlated with the expression of IFN

response markers

Previous reports have revealed an association between EV infections
and T1D, and the EV protein VP1 has been detected in the islets of
T1D subjects (16, 17, 23). To analyze the presence or absence of VP1,
formalin-fixed paraffin-embedded (FFPE) sections were stained in
a subgroup of donors, and VP1" islets were quantified by automated
software analysis as described in the STAR Methods. Islets (3337 from
nondiabetic donors, 1136 from AAb" donors, and 851 from T1D
donors) were classified as negative, weak VP1", or strong VP1* on
the basis of the intensity of staining (Fig. 6A). The percentage of
weak VP1" islets was significantly higher in T1D donors (47%) than
in nondiabetic (12.4%) and AAb* (5.7%) donors (Fig. 6B). Strong
VP1" cells were mainly present in the islets of T1D donors, with a
higher percentage (24.2%) than in nondiabetic (1.8%) and AAb* (1.4%)

Apaolaza et al., Sci. Adv. 2021; 7 : eabd6527 24 February 2021

donors. Despite the high percentage of islets in which at least one
VP1" cell was detected, the mean percentage of VP1" cells per islet
was low (5.2% in T1D versus 0.13% in AAb* versus 0.8% in non-
diabetic donors).

Last, to study whether there is an association between the pres-
ence of viral protein and the expression of IFN response markers in
islets, we performed a Spearman correlation analysis. The absence
of markers was negatively correlated with weak (r=-0.64, P=0.015)
and strong (r = -0.75, P = 0.003) VP1 positivity. Conversely, the
presence of one, two, or three IFN response markers showed mod-
erate to strong correlations with weak (one marker: r = 0.59, P = 0.030;
two markers: r = 0.63, P = 0.017; three markers: r = 0.65, P = 0.016)
and strong (one marker: r = 0.69, P = 0.007; two markers: r = 0.75,
P = 0.003; three markers: r = 0.76, P = 0.003) VP1 positivity. The
presence of strong VP1" cells, but not weak VP1" cells, was correlated
with islet CD3" infiltration (strong VP1%: r = 0.71, P = 0.007; weak
VP1": r = 0.48, P = 0.08). To visualize these correlations, we con-
structed a heatmap using centered and scaled data for the proportion
of islets expressing none or one, two, or three makers and weak and
strong VP1 positivity, as shown in Fig. 6D. Hierarchical clustering
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separated the donors into the different clinical groups with the ex-
ception of the nondiabetic donor no. 6254, who was positive for several
markers and weak VP1, and donor no. 6278, who had weak VP1
positivity but low expression of IFN response markers.

Last, we generated radar charts to summarize the expression of
IFN response markers, VP1 positivity, and CD3" infiltration in each
donor (fig. S2). For each variable, data were scaled proportionally to
the maximum value of the given variable across all donors.

DISCUSSION

In the present study, we systematically analyzed the expression of
antiviral immune and cellular host-response factors in the islets of
human organ donors with islet autoimmunity and T1D. In addition,
we provided a comprehensive analysis of the association of these
factors with the presence of viral footprints and immune infiltrates.
We have demonstrated the presence of high levels of HLA-I expres-
sion in the islets of T1D donors (27). Here, we show that HLA-I is
hyperexpressed in individuals with multiple autoantibodies. This
indicates that the increase in HLA-I expression in the islets is an
early phenomenon that starts before the onset of T1D and persists
thereafter. In addition, we show that milder elevations in HLA-I ex-
pression can be detected in AAb" and T1D donors, as well as in some
nondiabetic donors. This elevation, without reaching hyperexpression,
might be correlated with the initial level of inflammation, although
this remains to be proven. Nevertheless, as previously reported, high
levels of HLA-I in a subset of islets might reflect a sustained IFN
response (29) in which ongoing inflammation could act as a positive
feedback regulator, inducing progressively increasing responses to
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IFNs. Moreover, we report that HLA-I expression was also high in
the exocrine pancreas in some individuals and was not correlated with
pancreatitis or immune infiltration. This phenomenon does not seem
to be a feature of T1D per se because it was observed in donors with
and without disease. Further investigations are needed to decipher
the contribution of the exocrine compartment to pancreatic inflam-
mation in the context of T1D.

Because HLA-I hyperexpression could be a consequence of IFN-I
release in islets, we evaluated the expression of MxA, which is often
used as a surrogate marker of IFN production and is a key element
of the antiviral response to a wide variety of viruses. Here, we show
that MxA expression was significantly increased in islets from T1D
donors. Moreover, HLA-I/MxA was the most common combination
in islets positive for more than one marker, but some islets showed
HLA-T hyperexpression without MxA expression. Almost 30% of the
islets expressed MxA in the multiple AAb* donor no. 6450, indicative
of an ongoing IFN response affecting a large subset of islets. This
finding, together with the hyperexpression of HLA-I molecules and
the presence of IDIs, suggests that this individual might have been
close to developing overt disease at the time of donation. Therefore,
MXxA expression might be an early phenomenon in the pathogenesis
of T1D that is triggered in the initial phase of the islet immune re-
sponse, while HLA-I hyperexpression might persist for longer, as
previously reported (30).

In addition to MxA, we studied the expression of the dsSRNA
sensor PKR. This protein plays an important role in detecting viral
RNA, but it is also induced in response to IFN secretion. PKR acti-
vation leads to intracellular translational arrest, which affects not
only viral but also cellular mRNAs. Because of this unique feature,
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PKR belongs to the so-called microbial stress response in which stress-
related molecules are induced during microbial sensing and activate
multiple downstream signaling cascades (31). A previous study has
shown the presence of PKR in the islets of donors with T1D, espe-
cially in those containing VP1" cells (23). Here, we show that PKR
expression was significantly elevated in the islets from T1D and
double AAb* donors than in nondiabetic donors. It has been pro-
posed that infected cells may oscillate between inhibition of translation
through PKR activation and the production of antiviral cytokines such
as IFN to control the infection but to avoid apoptosis due to an ex-
cessively long translational arrest or due to sustained IFN release (31).
Nevertheless, in these islets, PKR activation is likely to affect hormone
production and perpetuate inflammatory and stress responses.

Apaolaza et al., Sci. Adv. 2021; 7 : eabd6527 24 February 2021

Despite the evident role of PKR as a dsRNA sensor, we only de-
tected weak dsRNA staining in the islets of a few donors, with no
significant differences between the three donor groups. However,
this might not be unexpected given the capacity of EVs to establish
persistence, with only minimal active replication (32, 33). We can-
not exclude the possibility that the antibody that we used was unable
to detect small quantities of dSRNA despite showing good perform-
ance on [polyinosinic:polycytidylic acid (poly (I:C))]-transfected cells.
Another possibility is that the RNA was partially degraded. The pan-
creas is prone to RNA degradation due to the numerous digestive
enzymes produced in the exocrine compartment, and several conditions
and procedures have been reported to contribute to RNA degradation
before extraction and before/during tissue processing (34). As previously
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reported, it is also possible that PKR is activated by IFN production
(35) or cellular stress (36), independently of the presence of dsRNA.

In addition to investigating the expression of HLA-I, MxA, PKR,
and dsRNA individually, we analyzed whether these markers are
coexpressed on the same islets because coexpression would indicate
the activation of multiple inflammatory and stress response path-
ways. We found that coexpression of multiple IFN response markers
was more common in AAb" and T1D donors than in nondiabetic
donors. In addition, in T1D donors, these markers were more fre-
quently expressed in ICIs than in IDIs. This suggests that, after the
onset of T1D, these responses can be detected in the early phase of
the destruction process, when B cells are still present, and tend to
disappear following their total loss. While the overall number of is-
lets that expressed more than one marker was small, these islets are
likely to have an ongoing inflammatory response and could become
perfect targets for the immune system. We previously showed that
individuals with T1D have greater infiltration in the exocrine and
endocrine pancreas than individuals without T1D (37). In agreement
with those findings, in the current study, we detected a significantly
higher percentage of infiltrated islets in AAb" and T1D donors, but
as expected, only a small proportion of these islets fulfilled the cur-
rent definition of insulitis (28). In T1D and AAb" donors, more than
80% of the islets with insulitis expressed one or more IFN response
markers. This suggests that the coexpression of IFN response and
microbial stress markers might contribute to the creation of an in-
flammatory microenvironment that could attract immune cells to
the islets. These inflammatory responses are likely to be common to
multiple pathogens, and therefore, they could be triggered by differ-
ent viruses.

IFN-o was shown to decrease insulin synthesis and secretion
in vitro, causing B cell dysfunction (38). Here, we performed tran-
scriptomic analysis of laser-captured islets and demonstrated that
islets expressing at least one IFN response marker showed decreased
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expression of genes important to islet function and insulin secre-
tion, including fundamental components of vesicles and membrane
fusion machinery. This suggests that the molecular machinery in-
volved in insulin secretion might be disrupted in islets with a sus-
tained IFN response. The gene with the lowest P value within the
top six pathways was HLA-B, which was up-regulated in islets that
expressed at least one marker. Moreover, genes involved in immune
response and inflammation were also up-regulated. Some of the top
genes in these pathways were FcyRIIA and CD40, which are expressed
in antigen-presenting cells (APCs) and are involved in phagocytosis
and APC activation, respectively. FcyRIIA expression increases in
response to IFN-I and IFN-II (39), and its activation induces the
production of proinflammatory cytokines, including IFN and tumor
necrosis factor-a (40). CD40 signaling on APCs favors their matu-
ration, induces cytokine production, and triggers T cell activation
and differentiation (41). In addition, CD40 is expressed on human
B cells upon cytokine treatment (42), and CD40-mediated signaling
has been implicated in the early development of insulitis (43). To-
gether, our data suggest that islets that express IFN response markers
might be the perfect scenario for antigen recognition, presentation,
and immune activation.

Recent studies have reported the expression of the EV capsid
protein VP1 in the pancreas of more than half of the recent-onset
T1D donors studied through the Exeter Archival Diabetes Biobank,
in the United Kingdom, and 80% of those analyzed in the nPOD
cohort (17). In the current study, weakly and strongly stained VP1"
cells were detected in all the T1D donors. A limitation of our study
is that no antibodies directed against EVs worked reliably on human
frozen tissue sections. Instead, we used a commercially available,
validated anti-VP1 antibody that works exclusively on paraffin-
embedded tissue sections (44). For this reason, we were unable to
directly evaluate the coexpression of IFN response markers and VP1
on the same islet. Despite this limitation, we found that expression
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of the viral protein is strongly associated with the presence of IFN
response markers. Another limitation is the cross-sectional nature
of the study, which does not allow us to conclude whether this is a
sign of a low-level, slow, and sustained infection that could induce
chronic inflammation. The existence of persistent, defective infec-
tions (32) and empty viral particles containing VP1 but no viral ge-
nome have also been reported (33). Several T1D gene risk variants
predispose to an exacerbated inflammatory and immune response
(including IFN-I production), which might decrease the magnitude
of infection and instead favor viral persistence (5). An interesting
point is that we could detect IFN responses in individuals with mul-
tiple autoantibodies, but we did not find any differences in the pres-
ence of VP17 islets between AAb" and nondiabetic donors. A
possible scenario is that in the context of autoimmunity, if antiviral
immune responses are sustained for a long time and/or a few per-
sistently infected cells remain in some islets, IFN and stress response
proteins could be constantly triggered and perpetuated over time.
As the disease progresses, the diabetogenic environment could make
the islets more permissive to new infections, increasing the likelihood
of detecting viral proteins and antiviral responses. This highlights
the importance of studying these responses in longitudinal samples
to further understand their temporal dynamics. As previously sug-
gested, multiple viral infections by one or more viruses, and the
potentially exacerbated and sustained immune response, could cre-
ate a fertile field in which infiltrating immune cells would become
activated (45).

Here, we provide a fully quantitative and systematic analysis of
IFN-mediated microbial stress responses in the islets of nondiabetic,
AAb", and T1D human organ donors. We found that the IFN re-
sponse markers MxA, PKR, and HLA-I are expressed in the islets of
multiple AAb" and T1D donors and that these proteins (i) can be
coexpressed on the same islet, (ii) are more abundant in islets that
still retain insulin, (iii) are highly expressed in islets with insulitis,
and (iv) are correlated with the presence of the EV protein VP1.
Targeting IFN-a, the IFN receptor, or different elements of the IFN
pathway prevents or delays the onset of T1D in animal models (46, 47).
In addition, a recent study has shown that Janus kinase inhibitors
decrease HLA-I hyperexpression, endoplasmic reticulum stress, and
B cell apoptosis in human B cells (48). Together, our data support
the use of compounds targeting the IFN response pathway for po-
tential intervention in T1D, possibly in combination with antiviral
agents aimed at eliminating potential persistent infections (49). Our
data additionally indicates that applying these interventions early in
the disease process (before the onset of clinical T1D) might be crit-
ical to completely abrogate islet inflammation, infiltration, and, ul-
timately, B cell destruction.

MATERIALS AND METHODS

Study design

The objective of this study was to determine, in a fully quantitative
manner, the presence or absence of an IFN response in the pancreas
of individuals with and without diabetes and its possible association
with the presence or absence of viral protein and islet immune in-
filtration. We hypothesized that these responses would be detected
before the onset of T1D and that they would be associated with an
increased level of infiltration in the islets. Pancreas sections from cadav-
eric organ donors were collected through nPOD (www.jdrfnpod.org/).
Frozen sections were obtained from different regions of the pancreas
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(head, body, and/or tail) from nondiabetic (n = 12), recent-onset T1D
(within 0 to 2 years of onset, n = 9), and single (n = 2) and double
(n = 5) AAb" donors. Overall, 280 frozen tissue sections were ana-
lyzed. Islet hormones, IEN response markers, and immune infiltra-
tion were determined in four consecutive 5-um-thick sections. In
addition, two consecutive 10-um-thick frozen sections from the same
donors were used for LCM and transcriptomics analysis. Last, an
additional 4-um-thick FFPE section was used for immunohistochemical
staining of viral protein. Blinded assessment was performed in all
the sections from all the donors. Only subjects with residual ICIs were
included in this study. Table S4 provides a summary of the donor
characteristics for each group, with extended information in table
S5. All experimental procedures were approved by the Ethics Com-
mittee at the Technical University of Munich (protocol no. 215/17 S)
and the Helmholtz Zentrum Munich, Institute of Diabetes Research.

Antibody validation by immunocytochemistry

The polyclonal rabbit anti-MxA (1:200; Novus Biologicals), polyclonal
rabbit anti-EIF2AK2 (PKR) (1:100; Atlas Antibodies), and monoclonal
mouse anti-dsRNA [J2, immunoglobulin G2A (IgGs,), 1:100; Sci-
cons] antibodies were validated by immunocytochemistry using the
human retinal pigment epithelial cell line ARPE-19 (fig. S3). Cells
were incubated in Dulbecco’s Modified Eagle Medium: Nutrient Mix-
ture F-12 (DMEM/F-12) supplemented with 1% penicillin-streptomycin
(10,000 U/ml) and inactivated 10% fetal calf serum at 37°C in an
atmosphere containing 5% CO,. Cells were subcultured once week-
ly at a ratio of 1:2. To induce MxA and PKR expression, cells were
stimulated with IFN-02b (1000 U) for 24 hours before staining.
The presence of dsRNA was evaluated after transfecting cells with
fluorescein-labeled poly(I:C) (InvivoGen)-Lipofectamine complexes
(Invitrogen) for 24 hours. Afterward, IFN-treated or untreated cells
and transfected or nontransfected cells were cytospun, fixed with 1%
paraformaldehyde, and permeabilized with 0.1% Triton X-100. After
blocking with 2% goat serum, cells were incubated with the speci-
fied antibodies for 1 hour at room temperature. Detection was per-
formed by incubation at room temperature for 1 hour with the
following secondary antibodies: goat anti-mouse Alexa Fluor 647
(1:1000; Invitrogen) and goat anti-rabbit Alexa Fluor 555 (1:1000; In-
vitrogen). For nuclei visualization, Hoechst 33342 (1:5000; Invitro-
gen) was applied for 8 min and slides were mounted with ProLong
Gold Antifade (Invitrogen).

Immunofluorescence

Pancreatic frozen sections were stained for insulin, glucagon, HLA-I,
MxA, PKR, dsRNA, and CD3 by immunofluorescence. Tissue sec-
tions were fixed with 1% paraformaldehyde and blocked with 2%
goat serum. The sections were then incubated with the following
primary antibodies for 1 hour at room temperature: polyclonal guinea
pig anti-insulin antibody (1:140; Dako), monoclonal rabbit anti-
glucagon (EP3070 clone, 1:400; Abcam), monoclonal mouse anti-
glucagon (K79bB10 clone, IgGy; 1:400; Abcam), monoclonal mouse
anti-glucagon (181402 clone, IgGz,, 1:100; R&D Systems), mono-
clonal mouse anti-human HLA-ABC (W6/32 clone, 1gG;,, 1:100;
Dako), polyclonal rabbit anti-MxA (1:200; Novus Biologicals), poly-
clonal rabbit anti-EIF2AK2 (PKR) (1:100; Atlas Antibodies), mono-
clonal mouse anti-dsRNA (J2, IgGy,, 1:100; Scicons), and polyclonal
rabbit anti-CD3 (1:300, Dako). Detection was performed by incu-
bating the sections at room temperature for 1 hour with the follow-
ing secondary antibodies: polyclonal goat anti-mouse IgG,, Alexa
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Fluor 488, goat anti-mouse IgG; Alexa Fluor 555, or goat anti-mouse
IgG,, Alexa Fluor 647 (1:1000; Invitrogen); F(ab’), fragment of goat
anti-rabbit IgG (H + L) Alexa Fluor 647 (1:800; Jackson Immuno-
Research), F(ab’), fragment of goat anti-rabbit IgG (H + L) Alexa
Fluor 555, or F(ab’), fragment of goat anti-rabbit Alexa Fluor 488
(1:1000; Invitrogen); and polyclonal goat anti-guinea pig IgG (H + L)
Alexa Fluor 488 (1:1000; Invitrogen). Sections were counterstained
with Hoechst 33342 (1:5000; Invitrogen) for 8 min and mounted
with ProLong Gold Antifade (Invitrogen). Whole-tissue sections were
scanned by an Axio Scan.Z1 slide scanner (Zeiss, Jena, Germany)
using a 20x/0.8 numerical aperture (NA) Plan-Apochromat (a =
0.55 mm) objective lens.

LCM and RNA microarray analysis

Two consecutive frozen sections were used for LCM. From each do-
nor, islets were picked and pooled on the basis of the number of IFN
response markers (HLA-I, MxA, PKR, and/or dsRNA) expressed on
the same islet (zero, one, or two or more markers). A total of 108 sam-
ples from 28 donors (50 islet pools from 12 nondiabetic donors, 26 from
7 AAb" donors, and 32 from 9 T1D donors) were collected using
LCM. After pooling the islets, RNA was extracted and a microarray
was used for transcriptomics analysis. GeneSpring software (version
13.0; Silicon Genetics, Redwood, CA) was used to generate a list of
genes that showed differential expression between donors and/or mark-
ers. The online Gene Set Analysis Toolkit (WebGestalt) was used to
identify the pathways enriched by the differentially expressed genes.

Immunohistochemistry

FFPE sections were heated in 10 mM citrate (pH 6.0) in a pressure
cooker in a microwave oven at 800 W for 20 min and then cooled at
room temperature for 20 min. Sections were incubated with anti-
VP1 (5D8/1 clone, 55 ng/ml; Dako) at room temperature for 1 hour,
and the Dako REAL EnVision Detection System (Dako, Ely, UK) was
used for antigen detection. Sections were evaluated under a Sarastro
2000 confocal laser scanning microscope (Molecular Dynamics,
Sunnyvale, CA) and scanned using an Axio Scan.Z1 slide scanner (Zeiss,
Jena, Germany) with a 20x/0.8 NA Plan-Apochromat (a = 0.55 mm)
objective lens.

Image analysis

The numbers of insulin- and glucagon-positive islets, as well as the
presence of HLA-I, MxA, PKR, and dsRNA, were assessed manually.
Scanned tissue sections were visualized using ZEN Blue 2.3 software
(Zeiss, Jena, Germany). The analysis was performed by researchers
blinded to the study groups. Two different operators evaluated the
expression of every marker and islet independently and blinded.
Then, a third operator combined and revised all the analysis. Next,
results from consecutive sections stained for the different markers
were combined into a single image, and each islet was classified on
the basis of the presence of one, two, three, or four markers, as illus-
trated in Fig. 3. The generated images served as a guide for LCM of
islets for transcriptomic analysis.

QuPath (University of Edinburgh, Division of Pathology), an
open-source software for whole-slide digital pathology (50), was
used to count the number of VP1" and CD3" cells and determine
the percentage of islets with insulitis [defined as an islet with six or
more CD3" cells immediately adjacent to or within the islet (28)].
First, the tissue area and all of the cells within that area were detected.
Using machine learning, islets were automatically identified on the
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basis of hormone (insulin or glucagon) or hematoxylin and eosin
staining, depending on the slide and staining protocol. Briefly, a
manually trained random forest classifier included in QuPath, a
custom script, and Image] (National institute of Health) were as-
sembled in an analysis pipeline and applied to all of the correspond-
ing tissue sections. Only islets formed by >30 cells were included to
avoid possible detection errors derived from small artifacts. CD3"
cells and VP17 cells were identified as areas of staining above the
background level by applying optimized threshold values for inten-
sity and cell size. Last, all images were manually checked to identify
ICIs and IDIs and corrected for possible errors.

Statistical analysis

Continuous variables were compared between two independent groups
using the Mann-Whitney U test, and P values were corrected for
multiple comparisons using the Benjamini-Hochberg procedure.
Paired samples were compared using the Wilcoxon signed-rank test.
A Spearman correlation analysis was used to evaluate the correla-
tion between the presence of viral protein and the expression of IFN
response markers in islets. The significance level of two-sided P val-
ues was 0.05 for all statistical tests. Statistical analyses were performed
using R version 3.6.1 and Prism version 8. Differences in gene ex-
pression between the laser-captured islets of different histological
phenotypes were analyzed using Student’s f test and are presented
as the fold change with the P value. Pathway enrichment within the
lists of differentially expressed genes was estimated using WebGestalt
software (as described by the software developer; www.webgestalt.
org/) to calculate the probability that a random list with the same
number of genes would contain the same or more genes from the
specific pathway queried.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/9/eabd6527/DC1

View/request a protocol for this paper from Bio-protocol.
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