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I M M U N O L O G Y

The healthy exocrine pancreas contains  
preproinsulin-specific CD8 T cells that attack islets 
in type 1 diabetes
Christine Bender1, Teresa Rodriguez-Calvo1,2, Natalie Amirian1,  
Ken T. Coppieters3, Matthias G. von Herrath1,4*

Preproinsulin (PPI) is presumably a crucial islet autoantigen found in patients with type 1 diabetes (T1D) but is 
also recognized by CD8+ T cells from healthy individuals. We quantified PPI-specific CD8+ T cells within different 
areas of the human pancreas from nondiabetic controls, autoantibody-positive donors, and donors with T1D to 
investigate their role in diabetes development. This spatial cellular quantitation revealed unusually high frequen-
cies of autoreactive CD8+ T cells supporting the hypothesis that PPI is indeed a key autoantigen. To our surprise, 
PPI-specific CD8+ T cells were already abundantly present in the nondiabetic pancreas, thus questioning the dogma 
that T1D is caused by defective thymic deletion or systemic immune dysregulation. During T1D development, 
these cells accumulated in and around islets, indicating that an islet-specific trigger such as up-regulation of 
major histocompatibility complex class I might be essential to unmask beta cells to the immune system.

INTRODUCTION
Type 1 diabetes (T1D) is a chronic autoimmune disease. Before the 
clinical diagnosis of T1D, the presence of autoantibodies against beta 
cell autoantigens such as insulin can predict future disease devel-
opment (1, 2). Autoreactive T cells recognizing islet autoantigens 
are then believed to infiltrate the pancreas and contribute to beta 
cell destruction (3).

During T1D development, CD8+ T cells are the principal T cell 
type infiltrating the pancreatic islets (4, 5). While some reports sug-
gest that the numbers of islet-reactive CD8+ T cells in the blood are 
higher in patients with T1D than those without the disease (6, 7), 
more recent data question this observation (8–10). Moreover, pre-
proinsulin (PPI) was recognized by peripheral blood CD8+ T cells 
(at low frequencies of 1:104 to 1:106) in healthy donors (11). It thus 
appears that the peripheral presence of PPI-reactive CD8+ T cells is 
the default state (i.e., not caused by a profound thymic defect) and 
that organ-specific rather than systemic tolerance mechanisms counter-
balance this in nondiabetic individuals.

Because of limited access to human pancreas samples, autoreactive 
T cells have traditionally been studied in human blood and thus 
quantitative information on their frequency at the target organ 
remains unknown. Our group was the first to demonstrate the pres-
ence of antigen-specific CD8+ T cells recognizing autoantigens, 
including PPI, in the islets of donors with recent-onset and long-
standing T1D (12). This particular epitope, shown to be naturally 
processed and presented by beta cells in vitro, facilitated the killing 
of beta cells by cytotoxic CD8+ T cells (13).

Little is known about the precise spatial distribution of autoreactive 
CD8+ T cells in the human pancreas. Therefore, we wanted to deter-
mine their exact location in pancreas tissue samples from donors 
diagnosed with T1D, autoantibody-positive (aab+; “at-risk”), and 

not-at-risk (aab−) healthy controls obtained through nPOD, the 
Network for Pancreatic Organ Donors with Diabetes (Table 1). 

We show here that the relative frequencies of PPI-specific CD8+ 
T cells detected in the exocrine regions are similar irrespective of 
disease status. In contrast to previous observations documenting 
such cells within the peripheral blood, frequencies in the pancreas 
are much higher, indicating a high degree of selective accumulation 
within the target organ. Our study thus questions the prevailing 
dogma that T1D is fundamentally caused by defective thymic selec-
tion, as well as systemic defects in immune regulation. It rather 
identifies the loss of local, organ-specific control mechanisms, as 
the most probable key driver of T1D development. Last, we found 
most of the CD8+ T cells close to or infiltrating insulin-containing 
islets (ICIs) in donors with T1D to be specific for PPI. This enrich-
ment of antigen-specific CD8+ T cells suggests that they become 
attracted to their key antigen in ICIs during disease development, 
possibly due to the previously documented up-regulation of major 
histocompatibility complex (MHC) class I (14) and accumulation 
of proinsulin (15), both hallmarks of T1D pathogenesis.

RESULTS
Many PPI15–24-specific CD8+ T cells reside in the human 
exocrine pancreas
On the basis of the evidence that CD8+ T cells are the predominant 
cell type in human T1D and can also be found in the exocrine pan-
creas of donors with T1D, we first analyzed a total of 261 exocrine 
regions from donor pancreas sections (Fig. 1, fig. S1, and table S1). 
Overall, CD8+ T cells were present in the exocrine pancreas in all 
donor groups. Among them, the density of CD8+ T cells was signifi-
cantly higher in aab+ (P < 0.0001) and T1D (P = 0.0006) donors 
when compared with donors without diabetes (Fig. 1A). In addi-
tion, there was a strong trend in increased PPI-specific CD8+ T cells 
in exocrine regions comparing donors with T1D to healthy controls 
(P = 0.0564; Fig. 1B), and compared to previously reported frequen-
cies (13) of such autoreactive CD8 cells in blood, this constituted a 
substantial enrichment. The mean ratios of PPI15–24-specific/total 
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CD8+ T cells were higher than 40% in all donor groups (Fig. 1C). 
Many PPI15–24-specific CD8+ T cells are already present in the exocrine 
pancreas of nondiabetic, aab− donors (Fig. 1, D and E). We conclude 
that the abundant presence of PPI-reactive CD8+ T cells in the exo-
crine pancreas is considerably higher in frequency than previously doc-
umented within peripheral blood mononuclear cells (PBMCs) (7, 11). 
The presence of autoantigen-specific CD8+ T cells in the pancreas is, 
therefore, the default state in humans without T1D, and CD8+ T cell 
density increases with the advancement of T1D.

PPI15–24-specific CD8+ T cells are attracted to the proximity 
of and into the islets already in aab+ donors and later 
on in T1D
To study whether PPI15–24-specific CD8+ T cells might be preferen-
tially infiltrating exocrine areas close to the islets, a total of 267 
neighboring islet areas were analyzed (Fig. 2, fig. S1, and table S1). 
We detected a higher density of CD8+ T cells close to the islets in 
aab+ donors compared with donors without diabetes (P = 0.0004; 
Fig. 2A). The number of PPI15–24-specific CD8+ T cells close to the 
islets was significantly increased in aab+ donors as compared with 
those without diabetes (P = 0.089; Fig. 2, B and E). Moreover, in 
donors with T1D, the number of PPI15–24-specific CD8+ T cells was 
further enriched in neighboring islet areas compared with aab+ donors 
(P = 0.0123) and those without diabetes (P < 0.0001; Fig. 2B). Fur-
thermore, the frequency of PPI15–24-specific CD8+ T cells was in-
creased in neighboring islet areas from donors with T1D compared 
with nondiabetic donors (P = 0.0061; Fig. 2C). Collectively, these 
data suggest a progressive attraction of autoreactive T cells from the 
exocrine pancreas toward the islets during the development of T1D.

PPI15–24-specific CD8+ T cells are found within the islets 
of donors with T1D
Next, a total of 302 islets were analyzed (Fig. 3). There were sig-
nificantly more islet-infiltrating CD8+ T cells in donors with T1D 
(P < 0.0001) than in those without diabetes (Fig. 3A and table S2). 

Furthermore, the total numbers of islet-infiltrating CD8+ T cells were 
higher in donors with T1D compared with islets from aab+ donors, 
but this finding did not extend to a correlation with disease dura-
tion (fig. S3A). In addition, the percentage of infiltrated islets among 
all islets analyzed was lower in aab+ donors and donors without 
diabetes compared with those with T1D (P < 0.0001; fig. S3B). The 
number of PPI15–24-specific CD8+ T cells in the islets was signifi-
cantly increased in donors with diabetes compared with those 
with aab+ (P < 0.0001) and without diabetes (P < 0.0001; Fig. 3B). 
Last, the mean frequency of CD8+ T cells recognizing PPI15–24 
was higher in islets from donors with T1D compared with donors 
without T1D (P < 0.0001; Fig. 3C). Thus, PPI-specific CD8+ T cell 
infiltration in pancreatic islets is only occasionally found in 
aab+ donors and is most prevalent in individuals who have been 
diagnosed with T1D.

PPI15–24-specific CD8+ T cell infiltration or retention 
in the islets depends on the presence of insulin
Given our results that CD8+ T cells infiltrate the islets of donors 
with T1D, we further studied the role of insulin in this process. We 
quantified the number of CD8+ T cells recognizing the PPI15–24 epi-
tope within or close to ICIs. A total of 56 ICI neighboring islet areas 
and 81 insulin-deficient islet (IDI) neighboring areas from 11 donors 
with T1D were analyzed (Fig. 4). Among them, PPI15–24-specific CD8+ 
T cells were predominately found close to ICIs rather than IDIs 
(P < 0.0001; Fig. 4A), with a higher frequency of PPI15–24-specific 
CD8+ T cells in ICI neighboring areas compared to IDI neighboring 
areas (P = 0.0453; Fig. 4B). PPI15–24-specific CD8+ T cells infiltrated 
mostly islets that still contained insulin compared with islets with-
out insulin (P = 0002; Fig. 4C). Furthermore, a significant difference 
was observed in the frequency of PPI15–24-specific CD8+ T cells in 
ICIs compared with IDIs (P = 0.0043; Fig. 4D). In addition, no 
significant differences in PPI15–24–CD8+ T cell density were found 
between donors with short and long disease duration (fig. S4). This 
marked decrease in PPI15–24-specific CD8+ T cell density in IDIs 

Table 1. General donor characteristics. The donor demographic information including age, percentage of females and males, ethnicity, body mass index 
(BMI), disease duration, C-peptide levels, and time in the intensive care unit (ICU). 

No diabetes aab+ Short-term TID, ≤2 
years

Long-term TID, >2–8 
years Total

Donors, n 6 5 7 4 22

Age (years) (mean ± SEM) 19.83 (±5.87) 25.52 (±7.17) 17.08 (±3.24) 21.15 (±4.00) 20.44 (±2.47)

Female, n (%) 2 (33.33) 3 (60) 5 (71.43) 3 (75) 13 (59.01)

Male, n (%) 4 (66.67) 2 (40) 2 (28.57) 1 (25) 9 (40.1)

Ethnicity, n (%)

  African American 2 1 2 0 5 (22.73)

  Caucasian 3 4 5 4 16 (72.73)

  Multiracial 1 0 0 0 1 (4.54)

BMI (mean ± SEM) 23.28 (±1.85) 20.14 (±1.88) 23.41 (±1.68) 25.1 (±1.23) 22.94 (±0.90)

Disease duration 
(mean ± SEM) - - 1.19 (±0.30) 5.75 (±1.11) 2.85 (±0.80)

C-peptide (ng/ml) 
(mean ± SEM) 10.57 (±2.35) 3.75 (±1.57) 1.62 (±1.45) 0.05 (±0.00) 4.26 (±1.20)

Time in ICU (days) 
(mean ± SEM) 3.71 (±1.05) 3.58 (±0.39) 3.35 (±0.55) 2.86 (±0.83) 3.41 (±0.36)
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suggests that the presence of insulin is critical to attract or retain 
PPI15–24-specific CD8+ T cells to the islets.

Most PPI15–24-specific CD8+ T cells are memory cells
To identify the phenotype of PPI15–24-specific CD8+ T cells in the 
human pancreas, the expression of the memory marker CD45RO 
was analyzed (Fig. 5). In the exocrine regions of all donor groups, on 
average, 50 to 60% PPI15–24-specific CD8+ T cells were CD45RO+ 

(Fig. 5A). In contrast, the CD45RO frequency was lower in neigh-
boring islet areas in donors without diabetes compared with donors 
with T1D (P = 0.02; Fig. 5B).

DISCUSSION
Some beta cell–specific T cells are detected in the blood of healthy 
individuals (6, 7). However, here, we provide the first evidence that 
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Fig. 1. Many PPI15–24-specific CD8+ T cells reside in the human exocrine pancreas. Exocrine regions (no diabetes, n = 69; aab+, n = 63; and T1D, n = 129) were randomly 
selected from pancreas tissue sections of all 22 donors. (A) A higher density of CD8+ T cells was found in donors with aab+ (P < 0.0001) and T1D (P = 0.0006) compared with 
donors without diabetes. (B) A strong tendency to higher numbers of PPI15–24

+CD8+ T cells in donors with T1D compared to donors without diabetes was observed 
(P = 0.0564). (C) Frequencies of PPI15–24

+CD8+ T cells among detected CD8 T cells are similar between all donor groups. Every dot represents an exocrine region. Bars 
represent the mean ± SEM values in different groups. Every color represents a donor. For statistical analysis, nonparametric Kruskal-Wallis test followed by Dunn multiple 
comparison test was used to determine significance: ***P < 0.001 and ****P < 0.0001. (D and E) PPI15–24-specific CD8+ T cells are present in the pancreas of healthy, 
aab− donors. Representative immunofluorescence images of exocrine regions from nondiabetic donors stained with PPI15-24

−APC (allophycocyanin) tetramer, CD8-AF 
(Alexa Fluor) 488, and CD45RO-AF594 (pseudo-color white). PPI15–24-specific CD8+ T cells were counted manually, and the density was calculated per square millimeter. 
Images were taken with the AxioScan.Z1 slide scanner (Zeiss, ×20 magnification). (D) Donor #6271. To differentiate between staining and background signal or auto-
fluorescence, an additional channel (AF555, pseudo-color blue) was added during image acquisition. (E) Donor #6232.
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PPI-specific CD8 T cells constitute an integral and large fraction of 
the pancreatic CD8 T cell population in nondiabetic individuals and 
can locally be detected in large numbers. This finding extends ob-
servations from peripheral blood, where autoreactive CD8+ T cells, 
particularly PPI-reactive CD8 T cells, had been identified (6, 11, 16), 
albeit at much lower relative frequencies compared to our current 
findings within the pancreas. This observation suggests that defec-
tive thymic selection may not constitute a primary cause for auto-

immunity in T1D. Furthermore, it is unlikely that the failure of sys-
temic peripheral tolerance mechanisms is a key pathogenic feature of 
T1D, because the differences between donors with and without T1D 
were mostly observed in the target organ (7). It is, therefore, likely that 
events leading to islet attraction of autoreactive CD8+ T cells already 
within the pancreas may be a crucial mechanism in T1D development.

T1D is considered an autoimmune disease that affects the endo-
crine pancreas. However, more studies have indicated a critical 

A

C

B

D

E

Insulin Glucagon Hoechst

Neighboring islet area

PPI15–24CD8

CD8 PPI15–24 Overlay

CD8 PPI15–24 Hoechst

No diabetes aab+ T1D
0

20

40

60

80

100

200

400

600

800

1000

1200

Neighboring islet areas

C
D
8 
T
 c
el
ls
/m

m
2

               
***

         **

No diabetes aab+ T1D
0

20

40

60

80

100

200

400

600

800

1000

1200

Neighboring islet areas

# 
PP

I 1
5–

24
+ C

D
8+

 T
 c
el
ls
 / m

m
2

*

               
**

No diabetes aab+ T1D
0

10

20

30

40

50

60

70

80

90

100

Neighboring islet areas

%
 P
PI

15
–2
4
of
 C
D
8+

 T
 c
el
ls

**

Fig. 2. PPI15–24-specific CD8+ T cells are attracted to the proximity of and into the islets. Neighboring islet areas (n = 267) were randomly selected from pancreas 
tissue sections of all 22 donors (no diabetes, n = 57; aab+, n = 73; and T1D, n = 137). (A) A higher density of CD8+ T cells close to the islets in aab  donors compared with 
donors without diabetes (P = 0.0004). (B) The number of PPI15–24

+CD8+ T cells is increased in donors with abb+ (P = 0.089) and T1D (P < 0.0001) compared with donors 
without diabetes. (C) Higher frequency of PPI15–24-specific CD8+ T cells in neighboring islet areas in donors with T1D compared with donors without diabetes (P = 0.0061). 
Every dot represents a neighboring islet area. Bars represent the mean ± SEM values in different groups. Every color represents a donor. PPI15–24-specific CD8+ T cells were 
counted manually, and the density was calculated per square millimeter. For statistical analysis, nonparametric Kruskal-Wallis test followed by Dunn multiple 
comparison test was used to determine significance: *P = 0.05, **P < 0.05, and ***P < 0.001. (D) Restaining of a pancreas tissue section from a donor with aab+ (#6154) 
for insulin and glucagon (see Supplementary Methods for more details). The image shows an insulin-containing islet. The neighboring islet area is demonstrated in 
brown. (E) PPI15–24-specific CD8+ T cells were found close to islets already in donors with aab+. White arrows indicate PPI15–24-specific CD8+ T cells.
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involvement of the exocrine pancreas in the pathogenesis of T1D 
(17–20). Consistent with previous studies (19), CD8+ T cells were 
detected in the exocrine pancreas of all donors. In addition, we 
found more CD8+ T cells in aab+ donors and donors with T1D than 

in donors without diabetes. This increase could be due to non-
specific inflammatory triggers related to viral infections (21) or, for 
example, a “leaky” gut (22), as both have a pathogenic role in T1D. 
The “pancreas-dwelling” CD8+ T cells have an antigen-experienced 
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Fig. 3. PPI15–24-specific CD8+ T cells are found within the islets of donors with T1D. Islets were randomly selected from pancreas sections of donors without diabetes 
(n = 63), aab+ (n = 83), and T1D (n = 156). (A) A higher density of CD8+ T cells in donors with T1D (P < 0.0001) compared with donors with aab+. (B) High numbers 
of PPI15–24-specific CD8+ T cells in donors with T1D (P < 0.0001). (C) The percentage of PPI15–24-specific CD8+ T cells in the islets is higher in donors with T1D. Every dot 
represents an islet (n = 302). Bars represent the mean ± SEM values. For statistical analysis, nonparametric Kruskal-Wallis test followed by Dunn multiple comparison test 
was used to determine significance: ****P < 0.0001. (D and E) Representative immunofluorescence images of a pancreas section from a donor with T1D (#6052, 1 year 
of disease duration). (D) Restaining for insulin and glucagon (see Supplementary Methods for more details). The image shows an insulin-containing islet. (E) In situ 
PPI15–24 staining (red) combined with CD8 (green) and nuclear marker (blue, Hoechst). PPI15–24-specific CD8+ T cells are shown in yellow. Magnification ×20. Scale bars, 
10 m for cropped images.
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phenotype (23–25), and we detected the expression of the memory 
marker CD45RO on most PPI15–24-specific CD8+ T cells, represent-
ing the activation status of these cells (26–28). A substantial fraction 
of these cells were PPI (autoantigen) specific.

Our study shows that many of these cells are PPI reactive. While 
a CD8+ T cell–rich environment has been described in target organs 
in humans (29, 30), why are so many cells in the exocrine pancreas 
PPI specific? Is it due to an abundance of PPI antigen in the pancreas? 
Perhaps in healthy individuals, beta cells under physiological condi-
tions are not visible, a status termed immunological “ignorance” (31). 
What then happens to these cells during disease development and 
during the aab+ state in the islet proinsulin area (15)? Single-cell 
resolution microscopy in the pancreas from diabetic mice revealed 

that islet-reactive T cells freely migrate through the exocrine tissue 
and do not arrest in the absence of their islet antigen (32). Foulis et al. 
(33) were the first to demonstrate that following a putative environ-
mental trigger, islet cells from patients with T1D start hyperexpress-
ing MHC class I and thus become visible targets to islet-reactive 
CD8+ T cells. This observation has since emerged as a histopatho-
logical hallmark of T1D (14). It might constitute a key reason for 
the PPI-specific T cells to spend more time during T1D pathogenesis 
at the site of antigenic presentation while progressively destroying 
beta cells.

We found significant enrichment of CD8+ T cells recognizing 
PPI15–24 in donors with T1D and in some aab+ donors compared 
with healthy donors. They predominantly infiltrated areas close to 
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Fig. 4. PPI15–24-specific CD8+ T cells infiltration or retention in the islets depends on the presence of insulin. Insulin-containing islets (ICIs; n = 69) and insulin-deficient 
islets (IDIs; n = 87) from donors with T1D (n = 11) were analyzed for the presence of PPI15–24-specific CD8+ T cells. (A) A higher density (P < 0.0001) and (B) frequency (P = 0.045) 
of PPI15–24

+CD8+ T cells was detected in close proximity to ICIs (n = 56) compared to IDIs (n = 81). The number (P = 0.0002) and percentage (P = 0.003) of PPI15–24
+CD8+ 

T cells are increased in ICIs compared to IDIs. (A and B) Every dot represents a neighboring islet area (n = 267) or (C and D) an islet (n = 302). Bars represent the 
mean ± SEM numbers (A and C) and frequencies (B and D) of PPI15–24

+CD8+ T cells per square millimeter. Every color represents a donor. For statistical analysis, the 
Mann-Whitney test was used to determine significance: *P = 0.05, **P < 0.05, ***P < 0.001, and ****P < 0.0001. (E) Representative immunofluorescence images of an ICI and 
IDI from a donor (#6052) with T1D (1 year of disease duration). PPI15–24-specific CD8+ T cells are shown in yellow.
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ICIs and islets that still contained beta cells, indicating that PPI is an 
important driver of autoreactivity. This finding supports the hypo
thesis that beta cells are, in part, responsible for their demise (34) by 
adopting a proinsulin-high, MHC class I–positive, “visible” pheno-
type that causes the exocrine T cells to arrest, form immune synapses, 
and execute killing. In the final phase of T1D immunopathology, 
islets lose insulin positivity and, in the absence of MHC I:antigen 
complexes, the T cells continue their random exocrine walk (32, 35). 
We show that PPI15–24-specific CD8+ T cell density is lower in IDIs 
versus ICIs irrespective of disease duration (up to 8 years), support-
ing the hypothesis that PPI15–24-specific CD8+ T cells leave the islets 
after beta cells are destroyed. These findings are in line with other 
studies of postmortem pancreas samples from recent-onset T1D that 
reveal that CD8+ T cells are primarily retained within the ICIs but 
are absent from IDIs (19, 36).

Another question is whether all subjects with T1D exhibit this 
marked increase of PPI-specific CD8+ T cells. We found that the 
numbers of PPI-specific CD8 T cells differ between donors and that 
some donors did not have this feature. Thus, it is possible that dif-
ferent “driver” autoantigens could exist for these individuals. How-
ever, based on our limited number of subjects, the proportion of 
patients harboring PPI reactivity could be at least 60 to 70%. In ad-
dition, while other islet-reactive specificities will probably contrib-
ute (12), a sizeable non–islet-specific “bystander” population may 
also be involved (37).

Collectively, our results document that PPI drives islet infiltra-
tion of CD8+ T cells during the development of human T1D. These 
antigen-specific CD8+ T cells are present in large numbers in the non
diabetic exocrine pancreas (with higher numbers in aab+ donors), 
arguing against a defective thymic selection of CD8 T cells and sys-
temic regulatory mechanisms as fundamental disease drivers. Last, 
their increased accumulation in pancreatic islets after clinical diag-
nosis suggests mechanisms that selectively “unmask” beta cells to 
the immune system such as up-regulation of MHC class I (14) pos-
sibly mediated by a viral trigger (38) as well as accumulation of pro-
insulin, potentially caused by beta cell metabolic stress (15, 39, 40), 
resulting in their recognition, functional impairment, and ultimately 
demise (34). Our findings strongly argue the case for a more beta 
cell–centric rather than a systemic therapeutic approach to tackle 
the complicated problem of T1D (41).

MATERIALS AND METHODS
Study subjects
Human pancreas samples from 22 HLA-A*02:01-positive donors 
were obtained through nPOD (jdrfnpod.org). These were subdivided 
into six donors without diabetes, five aab+ donors, seven donors with 
short-term T1D (0 to 2 years), and four donors with long-standing 
T1D (>2 to 8 years). Each donor case was color-coded (table S2). 
Information on demographics and medical history were obtained 
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Fig. 5. Most PPI15–24-specific CD8+ T cells are memory cells. The percentages of CD45RO+ cells of PPI15–24-specific CD8+ T cells are shown for (A) exocrine regions (no 
diabetes, n = 59; aab+, n = 36; T1D, n = 123), (B) neighboring islet areas (no diabetes, n = 48; aab+, n = 44; T1D, n = 126), and (C) islets (no diabetes, n = 53; aab+, n = 48; T1D, 
n = 143). Bars represent the mean ± SEM percentages of PPI15–24-specific CD8+ CD45RO+ T cells per square millimeter for each group. Every dot represents a region or an 
islet. Every color represents a donor. For statistical analysis, nonparametric Kruskal-Wallis test followed by Dunn multiple comparison test was used to determine signifi-
cance: *P = 0.05 and ****P < 0.0001. (D) Immunofluorescence images of PPI15–24-specific CD8+ T cells, including the CD45RO memory marker of a pancreas section from a 
donor with T1D (#6052, 1 year of disease duration). The image demonstrates an islet (complementary to Fig. 4E). Scale bar, 10 m for images with higher magnification.
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from the nPOD DataShare (Table 1 and table S3). All experimental 
procedures were approved by the La Jolla Institute for Immunology 
Institutional Review Board, approved protocol number DI-054-0218.

In situ immunofluorescence staining
In situ immunofluorescence staining of antigen-specific CD8 T cells 
on frozen pancreatic tissue sections (6 m) was performed using a 
PPI15–24 tetramer (ALWGPDPAAA) labeled with allophycocyanin 
(APC) from two different sources, the National Institutes of Health 
(NIH) Tetramer Core Facility, Atlanta, GA (1.4 mg/dl), and the Fred 
Hutchinson Cancer Research Center, Immune Monitoring Core, 
Seattle, WA (0.1 mg), to achieve a robust and reproducible staining 
approach. Unfixed, frozen tissue sections were first blocked with 
10% goat serum for 30 min at 4°C and incubated with the PPI15–24 
tetramer (1/1000 NIH and 1/500 Fred Hutchinson) diluted in 
phosphate-buffered saline containing 2% goat serum and a protease 
inhibitor cocktail tablet (Roche). After overnight incubation at 4°C 
and gentle washing, tissue sections were fixed with 1% paraformal-
dehyde for 20 min and incubated with mouse anti-APC antibody 
[1/1000; clone APC003, immunoglobulin G1 (IgG1), BioLegend] 
for 3 hours at 4°C. Afterward, the goat anti-mouse AF647 antibody 
(1/1000; Jackson ImmunoResearch Laboratories Inc.) was added for 
1 hour at room temperature to detect the tetramer signal. After a 
second blocking step with 10% mouse serum for 20 min, mouse mono-
clonal anti-CD8 (1/300; clone RFT8, IgG1, SouthernBiotech) and 
mouse monoclonal anti-CD45RO (1/200; clone UCHL1, BioLegend) 
antibodies directly conjugated to Alexa Fluor 488 (AF488) and AF594, 
respectively, were used to detect T cells (overnight at 4°C) and to 
confirm the specificity of the tetramer staining (fig. S1). To confirm 
the reliability of the tetramer, we developed a second in situ staining 
strategy. Briefly, after the blocking step, the polyclonal rabbit anti-CD8 
antibody (1/300; Abcam ab4055) was incubated with the tetramer 
overnight at 4°C. Following fixation and incubation with mouse anti-
APC antibody as described above, goat anti-mouse IgG AF647 anti-
body (1/1000; Jackson ImmunoResearch Laboratories Inc.) and goat 
anti-rabbit IgG AF488 antibody (1/1000; Thermo Fisher Scientific, 
A11070) were added for 1 hour at room temperature. Sections were 
counterstained with Hoechst (1/5000; Life Technologies). Upon 
mounting with ProLong Gold antifade mounting medium (Invitrogen) 
and drying, sections were scanned (image acquisition) using a 
Zeiss AxioScan.Z1 slide scanner (×20 magnification). In addi-
tion, the PPI15–24 tetramer was tested and validated using PBMCs 
(fig. S2). Consecutive sections were included as a negative con-
trol and incubated without the tetramer (fig. S5).

Immunofluorescence restaining
The slide scanner allows for analysis of entire pancreatic sections 
and the use of only four different fluorophore combinations. After 
the acquisition of the tetramer, CD8, and CD45RO staining combi-
nation, tissue sections were incubated with 3% H2O2 for 1 hour at 
room temperature, to inactivate fluorophores chemically, as described 
previously (42). Subsequently, the same tissue section was restained 
using guinea pig anti-insulin (1/1000; Dako), rabbit antiglucagon 
(1/1000: clone EP3070, Abcam), and mouse anti–HLA-ABC (1/100; 
clone W6/32, IgG2a, Dako) antibodies. The secondary antibodies 
were incubated for 1 hour at room temperature and used as follows: 
anti-rabbit AF555 (1/1000; Invitrogen), anti–guinea pig AF488 
(1/500, Jackson ImmunoResearch Laboratories Inc.), and anti-mouse 
AF647 (1/1000; Thermo Fisher Scientific). After washing and mount

ing, tissue sections were scanned using a Zeiss AxioScan.Z1 slide 
scanner (×20 magnification). This approach is essential for in situ 
studies to visualize the exact location of such autoreactive T cells in 
the pancreas relative to the islets (fig. S1).

Image analysis
Among all donors, a total of 302 islets, 267 neighboring islet areas, 
and 261 exocrine regions were analyzed (table S1). First, using the 
restained image (insulin, glucagon, and MHC class I), exocrine 
regions and islets were picked randomly across the tissue section 
based on the presence or absence of insulin (fig. S1). Islets with an 
area of ≥10,000 m2 were chosen (fig. S6). The exocrine area sur-
rounding the islets was defined as a neighboring islet area. The same 
area was picked and analyzed using the tetramer image (PPI15–24, 
CD8, and CD45RO) (fig. S1C). The number of PPI15–24-specific 
CD8+ T cells (cells/mm2) in the three defined pancreatic compart-
ments (exocrine region/neighboring islet area/islet) was determined 
by manually counting the cells using the ZEN 2.5 lite software (Zeiss).

Statistical analysis
Islets, neighboring islet area, and exocrine regions were picked ran-
domly and combined per group (Table 1 and table S1). In the non-
diabetes group (n = 6), a total of 63 islets, 57 neighboring islet areas, 
and 69 exocrine regions were selected. Furthermore, in the aab+ group 
(n = 5), a total of 83 islets, 73 neighboring islet areas, and 63 exo-
crine regions were picked. Last, a total of 69 ICIs, 87 IDIs, 137 
neighboring islet areas, and 129 exocrine regions were selected for 
the T1D group (n = 11). Group differences were analyzed using 
Kruskal-Wallis followed by a Dunn multiple comparison test. Dif-
ferences between ICIs versus IDIs were analyzed with the Mann-Whitney 
test. The analysis was performed using GraphPad Prism version 7 
(GraphPad Software, San Diego, CA). Data in graphs and tables are 
presented as mean ± SEM. Findings were assumed as statistically 
significant at P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/42/eabc5586/DC1

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