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The adaptive immune repertoire plays a critical role in type 1 diabetes (T1D) pathogenesis. However, efforts to
characterize B cell and T cell receptor (TCR) profiles in T1D subjects have been largely limited to peripheral blood
sampling and restricted to known antigens. To address this, we collected pancreatic draining lymph nodes (pLN),
“irrelevant” nonpancreatic draining lymph nodes, peripheral blood mononuclear cells (PBMC), and splenocytes from T1D
subjects (n = 18) and control donors (n = 9) as well as pancreatic islets from 1 T1D patient; from these tissues, we
collected purified CD4+ conventional T cells (Tconv), CD4+ Treg, CD8+ T cells, and B cells. By conducting high-
throughput immunosequencing of the TCR β chain (TRB) and B cell receptor (BCR) immunoglobulin heavy chain (IGH)
on these samples, we sought to analyze the molecular signature of the lymphocyte populations within these tissues and
of T1D. Ultimately, we observed a highly tissue-restricted CD4+ repertoire, while up to 24% of CD8+ clones were shared
among tissues. We surveyed our data set for previously described proinsulin- and glutamic acid decarboxylase 65–
reactive (GAD65-reactive) receptors, and interestingly, we observed a TRB with homology to a known GAD65-reactive
TCR (clone GAD4.13) present in 7 T1D donors (38.9%), representing >25% of all productive TRB within Tconv isolated
from the pLN of 1 T1D subject. These data demonstrate diverse receptor […]
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Introduction
Helper CD4+ T cells and cytotoxic CD8+ T cells are thought to serve a primary role in driving β cell destruc-
tion during the development of  type 1 diabetes (T1D) (1, 2). This notion emanates from studies strongly 
linking genetic risk to the HLA region (3). A pathogenic role for adaptive immunity is also supported by the 
development of  T1D in recipients of  bone marrow transplants from both twin and unrelated T1D donors 
(4, 5). In addition, adoptive transfer experiments in the NOD mouse model support the notion that T cells 
are both necessary and sufficient for disease development (6) and are retained in pancreatic draining lymph 
nodes (pLN) prior to and after disease onset (7, 8). Hence, there is great interest in monitoring and tracking 
the T cell repertoire during T1D pathogenesis.

Autoreactive T cells capable of  recognizing β cell autoantigens (e.g., insulin, glutamic acid decarboxyl-
ase [GAD], and insulinoma-associated protein-2 [IA-2], ref. 9) are present within the memory T cell pool 
in peripheral blood at higher frequencies in T1D subjects than in healthy controls (10, 11). However, the 
detection of  autoreactive T cells presents numerous challenges and limitations, most notably a low precur-
sor frequency coupled with a technical bias toward known antigens presented by a limited number of  HLA 

The adaptive immune repertoire plays a critical role in type 1 diabetes (T1D) pathogenesis. 
However, efforts to characterize B cell and T cell receptor (TCR) profiles in T1D subjects have been 
largely limited to peripheral blood sampling and restricted to known antigens. To address this, 
we collected pancreatic draining lymph nodes (pLN), “irrelevant” nonpancreatic draining lymph 
nodes, peripheral blood mononuclear cells (PBMC), and splenocytes from T1D subjects (n = 18) 
and control donors (n = 9) as well as pancreatic islets from 1 T1D patient; from these tissues, 
we collected purified CD4+ conventional T cells (Tconv), CD4+ Treg, CD8+ T cells, and B cells. By 
conducting high-throughput immunosequencing of the TCR β chain (TRB) and B cell receptor (BCR) 
immunoglobulin heavy chain (IGH) on these samples, we sought to analyze the molecular signature 
of the lymphocyte populations within these tissues and of T1D. Ultimately, we observed a highly 
tissue-restricted CD4+ repertoire, while up to 24% of CD8+ clones were shared among tissues. 
We surveyed our data set for previously described proinsulin- and glutamic acid decarboxylase 
65–reactive (GAD65-reactive) receptors, and interestingly, we observed a TRB with homology 
to a known GAD65-reactive TCR (clone GAD4.13) present in 7 T1D donors (38.9%), representing 
>25% of all productive TRB within Tconv isolated from the pLN of 1 T1D subject. These data 
demonstrate diverse receptor signatures at the nucleotide level and enriched autoreactive clones at 
the amino acid level, supporting the utility of coupling immunosequencing data with knowledge of 
characterized autoreactive receptors.
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molecules. Technological advances, including the application of  immunosequencing, have made it possible 
to analyze the molecular signature of  a broad array of  T and B cells as potential biomarkers of  disease.

Despite playing a key role in disease development, questions remain regarding the diversity of  the 
adaptive immune repertoire that gives rise to T1D. Namely, are there public (i.e., shared) T cell clones that 
are preferentially selected in patients with T1D, or is each person’s path to the disease unique? In T1D sub-
jects, T cell receptor (TCR) sequencing efforts have detected clonal T cell expansions in pancreatic islets, 
spleen, and peripheral blood, but these studies were limited in sample size and have yet to be confirmed 
(12–14). Moreover, TCR overlap among pathogenic CD4+ effector T cells and protective Treg have yet to 
be investigated in human T1D. Likewise, B cell receptor (BCR) sequencing efforts have been limited overall 
(15, 16) and, in particular, in patients with T1D (17), despite a known role for B cells in contributing to T1D 
through their capacity to present antigens (18).

NOD mice spontaneously develop T1D and exhibit conserved autoreactive (e.g., insulin- and GAD-
specific) TCR (19, 20). We reasoned that specific TCR and BCR sequences shared among patients would 
likely identify clones with a strong role in T1D pathogenesis and that these could then serve as informative 
biomarkers. Thus, we sought to address some of  these long-standing questions, including whether certain 
autoreactive TCR and BCR sequences could be detected at greater frequency in tissues relevant to T1D 
(e.g., pLN and islets) relative to other tissues.

Treg TCR diversity is proposed to be beneficial in maintaining self-tolerance (21). Given emerging con-
cepts of  T cell plasticity, and its potential contribution to autoimmunity in animal models, we compared 
TCR overlap between Treg and conventional T cell (Tconv) populations from the pLN in T1D and control 
subjects. We hypothesized that Treg instability in T1D could result in clonal outgrowth of  inflammatory T 
cells from Treg expressing shared TCR. To address these questions, we studied cells from pLN, mesenteric 
and/or inguinal “irrelevant” lymph nodes (iLN), spleen, peripheral blood, and intraislet samples obtained 
via the Network for Pancreatic Organ Donors with Diabetes (nPOD). Specifically, we isolated CD8+ T 
cells, CD4+CD127+ Tconv, CD4+CD127–CD25+ Treg, and CD19+ B cells by FACS and then examined the 
TCR and BCR repertoire through immunosequencing (22). Herein, we report on the diversity and tissue 
distribution of  T and B cells in T1D and announce a public sequence databank, against which TCR and 
BCR sequences can be queried in future investigations.

Results
Organ donor tissue sample set. Prior studies characterizing the adaptive immune repertoire in T1D, particular-
ly in living subjects, have been primarily restricted to studies of  peripheral blood. A limited number of  pan-
creatic biopsies of  living T1D patients have been undertaken; however, this procedure resulted in significant 
complications (23). To overcome this limitation, we obtained specimens from nPOD organ donors with 
and without T1D, which allowed us to determine whether such studies in peripheral blood broadly reflect 
the distribution of  T and B cells in the target organ and pLN. Thus, we FACS-purified 100,000–250,000 
cells of  each lymphocyte subset (Treg, Tconv, CD8+ T cells, and B cells) to conduct immunosequencing of  
the TCR β chain (TRB) and BCR immunoglobulin heavy chain (IGH) from the pLN, spleen, iLN, periph-
eral blood, and, in one case, pancreatic islets, of  nPOD organ donors (24). Given variability in donor organ 
availability and consortium sample constraints, not all samples were represented for each subject. The sam-
ples obtained for each donor and the TRB or IGH productive clonality, as determined by using the amino 
acid (AA) sequence of  the third complementarity determining region (CDR3), are summarized in Figure 1.

nPOD donor demographic and health information is presented in Supplemental Table 1 (supplemental 
material available online with this article; doi:10.1172/jci.insight.88242DS1). Reported associations between 
HLA class II haplotypes (DRB1-DQA1-DQB1) and risk of  developing T1D are summarized from the lit-
erature in Supplemental Table 2 (25, 26), and donors were categorized based on whether they carried T1D-
protective or T1D-susceptible HLA class II haplotypes (Supplemental Table 3). As expected, the majority of  
T1D donors possessed at least one of  the T1D risk HLA haplotypes, while the majority of  controls possessed 
at least one protective allele (25, 26). Despite this enrichment of  susceptible HLA donors in T1D subjects, two 
controls were determined to also carry T1D risk-associated HLA (nPOD 6174 and 6254).

TRB or IGH gene usage in T1D. One Tconv sample derived from spleen (nPOD 6263) was sequenced in 
two separate runs. From this technical replicate, we approximated a clonal abundance threshold for repro-
ducible sampling of  the repertoire pool (0.50%; Supplemental Figure 1). For clones present at or above this 
cutoff, we examined pLN TRBV and IGHV gene usage and observed apparent trends toward unique V gene 
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family distribution within the T and B cell subsets for T1D versus control subjects (Figures 2 and 3). These 
data suggest that T1D subjects demonstrate multiple receptor biases (27); however, we cannot exclude the 
possibility that this observation may be subject to HLA influences or other components of  disease state.

The CDR3 loop of  the TRB (CDR3β), which is directly responsible for engaging antigenic peptides in 
the context of  HLA, is determined by the highly variable recombination events that join the TRB V(D)J 
gene segments (28). Similar recombination events result in the BCR IGH; thus, V(D)J gene usage is critical 
in determining the T cell and B cell repertoire. However, V and J gene usage and pairing in CD8+ T cells, 

Figure 1. Productive clonality for donor samples showing unique T cell receptors (TRB) and B cell receptors (IgH) depicted by heatmap. Organ donors are 
listed along the y axis according to Network for Pancreatic Organ Donors with Diabetes (nPOD) case number and disease status. FACS-isolated cell subsets 
and tissue source are listed on the x axis. This cohort analysis resulted in an average of 35,822 unique sequences per sample, totaling an average of 46,523 
total templates per sample. Dark gray boxes indicate samples that were not available for immunosequencing. Heatmap values depict productive clonality 
ranging from 0 to 0.6, with red to blue coloring centered at 0.1 (indicated by a black line). Productive clonality is a normalized score based on diversity and 
sample entropy, with higher values (blue) representing enriched oligoclones (samples with fewer predominant rearrangements). Conversely, clonality values 
approaching 0 (red) represent samples with highly diverse repertoire. For nPOD 6323, intraislet CD4+ and CD8+ T cells were also available for immunose-
quencing. †nPOD 6274 classification as T2D is based on a prior diagnosis, despite subsequent resumption of metabolic normalcy following gastric bypass 
surgery. pLN, pancreatic draining lymph node; iLN, “irrelevant” mesenteric and/or inguinal lymph node; PBMC, peripheral blood mononuclear cells; Tconv, 
conventional T cells; T1D, type 1 diabetes; T2D, type 2 diabetes; FDB, control, other/Flatbush diabetes; AAb+, autoantibody positive without diabetes.
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Tconv, Treg, and B cells within the pLN were not significantly different between control and T1D subjects, 
as determined by gene-wise comparison (Figures 4 and 5). There were also no significant differences in 
V(D)J gene usage when comparing T2D versus T1D or control donors (data not shown).

Receptor sharing across donor cohorts. We next analyzed receptor sequences for shared CDR3 (29) and 
sought to determine if  sharing was more common across T1D cases compared with non-T1D donors. 
Because the TCR repertoire is restricted by an individual’s particular HLA (30), we calculated the num-
ber of  shared CD8+ TCR CDR3β within the pLN across HLA-A*02-matched groups of  T1D (n = 7) and 
control subjects (n = 6). We also compared observed receptor sharing against a random distribution using 
a permutation test. We determined that TCR were not shared more prevalently in T1D patients than in 
control subjects (Supplemental Figure 2). In fact, while on average >750 unique CD8+ TCR CDR3β AA 
sequences were common between any two given individuals, only 14 CDR3β were common across all 7 
HLA-A*02 T1D donors (Supplemental Figure 2 and Supplemental Table 4), and several of  these CDR3β 
were also identified in control subjects (data not shown). To our knowledge, none of  these common 
receptors have been characterized as disease associated in the literature at the time of  this writing, but 
further investigation regarding antigen specificity and activation state is certainly warranted.

Distinct tissue distribution of  T and B cells. It is widely accepted that diabetogenic T cells are enriched 
within the pancreatic islets and pLN in NOD mice (8, 31). This notion emanates from animal model 
studies, such as those by Lennon et al., which demonstrated that islet entry and accumulation is an 
antigen-specific, cell-autonomous event (7). Limited access to the pancreas and pLN in living T1D 
subjects has prevented such investigations. While autoreactive T cells can be detected in blood via 
HLA-multimer staining (32), they have also been reported in healthy subjects without any history 
of  T1D (33). Thus, we sought to investigate the prevalence of  lymphocyte receptor sharing across 
multiple tissues. The percentages of  unique sequences shared between tissue compartments (spleen, 
iLN, and pLN) in Treg, Tconv, and B cell subsets were discernibly low (representative donors shown 
in Figure 6; mean overlap for all donors summarized in Supplemental Figure 3). For T1D donors, only 
6.00% ± 4.30% (mean ± SD) of  Treg and 9.20% ± 7.00% of  Tconv CDR3β were present in both the 
spleen and pLN, and values for control donors (12.20% ± 13.90% Treg and 11.80% ± 6.20% Tconv) 

Figure 2. Differences in T cell receptor β chain V (TRBV) gene family 
member usage in donors with type 1 diabetes (T1D) relative to control 
donors. The mean frequency counts of TRBV gene family members of 
pancreatic draining lymph nodes (pLN) from T1D donors were divided by 
the mean frequency counts of TRBV gene family members of pLN from 
control donors (calculations are described in detail in the Methods). 
These relative mean frequency counts are shown for (A) CD8+ T cells, 
(B) Treg, and (C) CD4+ conventional T cells (Tconv). Error bars represent 
standard error of the estimated difference in abundance. P < 0.05 was 
considered significant, indicated by blue bars, and determined using the 
Welch’s 2-tailed t test, as necessary. Red bars indicate that the differ-
ence is not significant (P ≥ 0.05).
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were similar. Conversely, CDR3β overlap among these tissues was more abundant in the CD8+ T cell 
compartment for T1D (36.00% ± 21.00%) and control donors (47.70% ± 19.10%) as well as in T2D 
donors (51.40% ± 7.90%) (Supplemental Figure 3).

In a case study of  a donor (nPOD 6323) with 6-year T1D duration; high-risk HLA (Supplemental 
Table 3); insulitis of  insulin– islets (Figure 7A) as well as of  islets containing residual insulin+ cells (Fig-
ure 7, B and C); and CD19+ B cell infiltrate around the islets (Figure 7D), we compared CDR3β AA 
sequence overlap across spleen, pLN, peripheral blood mononuclear cells (PBMC), and intraislet T cells; 
B cell samples were not available for this comparison. Of  the 399 CD8+ intraislet CDR3β AA sequences 
identified, 58 were also present in the pLN, and, of  these, 53 were found in PBMC (Figure 7E). Conversely, 
the intraislet T cell compartment included 527 unique Tconv CDR3β, but only 7 were also identified in the 
pLN, and of  these 7, none were also found in PBMC or spleen (Figure 7F). These data support the notion 
of  CD4+ T cell tissue restriction and CD8+ TCR overlap across tissues. Treg could not be FACS purified 
from the intraislet sample (Supplemental Figure 4, A–C); moreover, only 2 of  527 intraislet CD4+ T cell 
CDR3β AA sequences were common to the Treg subset in either pLN or spleen (Figure 7G). Despite this 
paucity of  FACS-isolated intraislet Treg, immunofluorescence staining demonstrated the in situ presence 
of  CD4+FOXP3+ Treg in the exocrine pancreas as well as islets detected by immunohistochemistry (Sup-
plemental Figure 4D). While these data represent a single case, they highlight several important concepts: 
(a) the islets and associated pLN may provide a highly restricted repertoire of  CD4+ T cells; (b) CD8+ T 
cells, as opposed to CD4+ Tconv or Treg, may provide better biomarkers of  T1D, given their overlap among 
tissues and in circulation; and (C) Treg may be present in the infiltrated islets, albeit sparsely, given the low 
levels of  insulitis in established T1D (34).

Comparable receptor diversity. It has been suggested that a lack of  Treg receptor diversity may contribute 
to the development of  autoimmunity and T1D (21). We also hypothesized that outgrowth of  autoreactive 
T cells might result in reduced diversity in the Tconv and/or CD8+ T cell compartments in T1D subjects. 

Figure 3. Differences in immunoglobulin heavy chain V (IGHV) gene family member usage in donors with type 1 diabetes (T1D) relative to control 
donors. The mean frequency counts of IGHV gene family members of pancreatic draining lymph nodes (pLN) from T1D donors were divided by the mean 
frequency counts of IGHV gene family members of pLN from control donors (calculations are described in detail in the Methods). These relative mean 
frequency counts are shown for CD19+ B cells from pLN tissue. Error bars represent standard error of the estimated difference in abundance. P < 0.05 was 
considered significant and determined using the Welch’s 2-tailed t test, as necessary. Red bars indicate that the difference is not significant (P ≥ 0.05).
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However, when comparing each sample type in the context of  disease state, clonal diversity scores were 
not found to be significantly different between T1D and control donors (Figure 8, A–C). While not signifi-
cant for independent subject cohorts, we did note a trend toward increased clonality (thus, reduced TRB 
diversity) within the pLN CD8+ T cells with donor age when all subjects were analyzed (r = 0.39, P = 0.07; 
Supplemental Figure 5, A–C). Productive clonality for CD8+ T cells (Supplemental Figure 5D), Tconv 
(Supplemental Figure 5E), and Treg (Supplemental Figure 5F) was comparable across T1D, T2D, and con-
trol donor groups with one exception: CD8+ T cell clonality was markedly increased in spleen samples from 
T2D donors, possibly related to older donors in the T2D group (Supplemental Table 1).

Treg lineage instability and T cell plasticity have been suggested to contribute to autoimmunity via the 
expansion of autoreactive CD4+ effector cells from a regulatory parent clone (35). We therefore expected to 
observe TRB sharing between Treg and Tconv in the pLN of subjects with T1D. However, for most donors, few 
TCR clones were enriched in both subsets, countering the notion of a common progenitor, and repertoire over-
lap was comparable in T1D, T2D, and control donor groups (Figure 8, D–G). It is important to consider that if  
Treg-to-Tconv conversion is highly efficient, we still may not have detected overlap between the two populations.

Figure 4. V and J gene usage and pairing for the top 30 T cell receptor β chain (TCRβ) V genes. Average V and J gene usage within the pancreatic draining 
lymph node (pLN) of (A, C, and E) T1D and (B, D, and F) control organ donors. Prevalence of each V-J gene pair was not significantly different between T1D 
and control donors within (A and B) CD8+ T cells (CD8), (C and D) CD4+ conventional T cells (Tconv), or (E and F) CD4+ Treg (P = NS, unpaired t test).
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Identification and frequency of  known autoreactive and enriched TCR in T1D. We examined our immunose-
quencing data to determine the total number of  reads corresponding to known T1D-related autoreactive 
TCR clones from the reported literature or our own data. On a broad scale, we compared their prevalence 
in the Tconv, Treg, and CD8+ T cell subsets for T1D versus non-T1D donors (i.e., T2D, Flatbush diabetes 
[FBD], AAb+, and control combined). For nearly all autoreactive clones described to date, significant differ-
ences in receptor frequencies were observed between T1D versus non-T1D donors (Tables 1 and 2).

We compared our immunosequencing data against a published list of  T cell clones (proinsulin specific 
and of  unknown reactivity) previously identified by Pathiraja et al. from the pancreatic islets of  a T1D 
organ donor (36) as well as a list of  GAD-reactive TCR characterized by Eugster et al. (37) (Supplemental 
Table 5). For the intraislet case (nPOD 6323), we identified 12 of  the GAD-reactive clones present within 
the pLN, and, of  these, 4 were common to multiple tissue types; however, none of  the Pathiraja or Eugster 
sequences were found in the intraislet region (Supplemental Table 6).

We also queried our immunosequencing data for 5 known autoreactive TCR CDR3β AA sequences for 
which we have TCR expression vectors to generate de novo antigen-specific T cells by lentiviral TCR gene 
transfer (data not shown). IGRP-reactive clone 32 (38) and insulin-A clone SD32.5 (39) were each found in 
only one sample at very low frequencies. Similarly, an insulin-B–reactive clone (40) and GAD clone R164 
(41) were identified at low frequencies in 3 and 4 samples, respectively. The latter was only detected among 
T2D and control subjects. Alternatively, GAD-PM1#11 (42) was found in 20 samples from T1D, T2D, and 
control donors (Supplemental Table 5); yet again, these clones were not observed in the intraislet sample.

We investigated the prevalence of  a known autoreactive TCR specific for GAD65(555–567) presented 
in the context of  HLA-DR*04:01 (CDR3β AA sequence: CASSLVGGPSSEAFF). This particular clone 
(GAD4.13), which uses TCR α chain V gene (TRAV) 12.1 and TRB V gene (TRBV) 5.1, was previously 
reported to be enriched in PBMC of  T1D patients in comparison with controls (10, 43) and has since been 
extensively studied in human HLA- and TCR-transgenic mouse models. Interestingly, a clone matching the 
GAD4.13 CDR3β sequence, which utilized TRBV 5.1 (specifically, β chain genes V05-01*01, D01-01*01, 
J01-01*01), was substantially enriched in one pLN of  a T1D donor positive for autoantibodies (AAb+) 
against GAD (Supplemental Table 5 and Figure 9) with T1D-permissive HLA class II alleles (nPOD 6265, 
Supplemental Table 3). In fact, this clone represented an astounding 25.2% of  the Tconv population in this 
pLN, indicating clonal dominance and making it the most abundant clone found in the pLN in this or any 
sample in this data set (Supplemental Figure 6). Additionally, the same CDR3β sequence was identified as 
the most abundant clone in the pLN Treg and CD8+ T cell subsets of  that same donor (Figure 9B). This 
intermediate-affinity GAD4.13 clone interestingly develops an IL-10–producing (i.e., reportedly tolero-
genic) phenotype in human HLA-DR*04-01 transgenic mice (41). This is in contrast to the higher affinity 
GAD(555–567)–specific clone R164 that shares the same TRAV 12.1 and TRBV 5.1 gene usage, differing from 
GAD4.13 in only 3 CDR3β AAs.

Notably, GAD4.13 was present in varying tissues of  6 other T1D subjects, including the intraislet 
sample of  nPOD 6323, and in only 1 of  the controls (nPOD 6254) at lower frequency. Of  note, control 
donor 6254 possessed T1D-permissive HLA (Supplemental Table 3) and exhibited histological evidence of  

Figure 5. V and J gene usage and pairing for the top 30 immunoglobulin heavy chain (IgH) V genes. Average V and J gene usage within the pancreatic 
draining lymph node (pLN) of (A) T1D and (B) control organ donors. Prevalence of each V-J gene pair was not significantly different between T1D and control 
donors within B cells (IgH) (P = NS, unpaired t test).
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chronic pancreatitis, with fatty deposits, fibrosis, and CD3+ lymphocytic infiltration, despite being negative 
for T1D-related AAb (Supplemental Figure 7); though available medical history is limited, and clinical 
diagnosis of  pancreatitis cannot be confirmed. Thus, in this case, the presence of  this clone may be related 
to inflammation within the pancreas without overt diabetes.

We next assessed clonal sharing between our data set and that obtained from a T1D patient with recur-
rent autoimmunity following a simultaneous pancreas-kidney transplant (44). We hypothesized that these 
particular sequences would represent clones that were presumably long lived and pathogenic, given their 
enrichment concurrent with the reemergence of  GAD-autoreactive T cells and AAb and with β cell dys-
function (Supplemental Table 7). Indeed, we observed that a number of  the reported GAD(555–567)–reactive 

Figure 6. Immune subsets display distinct receptor distributions among various tissues. The percentage of unique T cell 
receptor β chain (TRB) and B cell receptor (BCR) immunoglobulin heavy chain (IGH) complementarity determining region 3 
(CDR3) amino acid (AA) sequences shared across the pancreatic draining lymph node (pLN, yellow), spleen (blue), and “irrel-
evant” mesenteric and/or inguinal lymph node (iLN, red) is shown for representative donors (control [nPOD 6271], T1D [nPOD 
6207], and T2D [nPOD 6273]) and donors within the Treg, CD4+ conventional T cell (Tconv), CD8+ T cell, and CD19+ B cell subsets. 
B cells were not available for the T1D donor. pLN and spleen B cells were compared for another T1D donor (nPOD 6264), and iLN 
B cells were also not available (n/a).
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TRB sequences (44) overlapped with sequences observed from a large number of  our study subjects (17 
matching samples), including an HLA-matched (HLA-DRB1*04-05) subject (subject 6249) at a frequency 
of  0.128% (Supplemental Table 8).

Pairing TCR α chain and β chain. CD4+ and CD8+ T cells expanded from the islets of  patient 6323. To resolve 
individual TCR, a microfluidic platform (Fluidigm C1) was used to isolate and amplify single-cell cDNA 
libraries. RNAseq analysis on these cells revealed the highest frequency CD4+ T cell clone (26.9%, after in 
vitro expansion) paired the TCR α chain gene TRAV 08-04 with TRAJ 10 (CDR3α: CALGGRGGGNKLTF) 
and β chain gene TRBV 11-02*02 with TRBD 01-01*01 and TRBJ 01-02*01 (CDR3β: CASSLVGQNYGY-
TF; Supplemental Table 8); although the actual specificity of  the intraislet clones is yet to be determined.

Searching for CASSLVGQNYGYTF within the high-throughput sequencing data reveals that 36 dif-
ferent DNA sequences contributed to the frequency of  that CDR3β within the 6323 intraislet CD4+ T cell 
sample. Further analysis revealed a bias toward its presence within autoimmune donors (within the 1 AAb+ 
donor and the 6 T1D donors), and, moreover, it was found exclusively in the Tconv compartment (7 of  
7) and predominantly within the pLN (6 of  7). Conversely, in control donors, the sequence was predomi-
nantly found in the Treg compartment (5 of  7), including both clones found within the pLN deriving from 
the Treg subset (2 of  2).

A similar single-cell sequencing approach was applied in an effort to gain additional TCR gene usage 
information from the pLN of  nPOD 6265. We obtained an additional sample of  cryopreserved pLN cells 
from the nPOD repository for single-cell sequencing, allowing for TCR α/β chain pairing. To our surprise, 
none of  the 94 CDR3β sequences matched that of  the GAD4.13 clone (Supplemental Table 9), despite the 
1 in 4 frequency of  abundance predicted from prior sampling (Figure 9). Absence of  the clone from this 

Figure 7. T cell receptor (TCR) sharing among intraislet and peripheral tissues. Spleen, peripheral blood mononu-
clear cells (PBMC), pancreatic draining lymph node (pLN), and pancreatic islets harbor distinct adaptive immune rep-
ertoires in a 22-year-old organ donor (nPOD 6323) with type 1 diabetes (T1D) for 6 years. (A) The CD3+ insulitis lesion 
is evident by histology of insulin– islets within the pancreas tail region (CD3, brown; glucagon, red; scale bar: 100 
μm). Serial sections of the pancreatic tail region show two islets with (B) insulitis (CD3, brown; glucagon, red) and (C) 
residual insulin+ β cells (Ki67, brown; insulin, red; scale bar: 200 μm). (D) CD19+ B cells were also observed surrounding 
an islet within the pancreatic head region (CD19, brown, glucagon, red; scale bar: 100 μm). The Venn diagrams show 
the absolute number of unique (E) CD8+ T cells, (F) CD4+ conventional T cells (Tconv), and (G) Treg complementarity 
determining region 3 β chain (CDR3β) amino acid (AA) sequences shared across PBMC (blue), intraislet (green), pLN 
(red), and spleen (orange) samples. Within the intraislet region, no Treg were isolated, so only total CD4+ or CD8+ 
sequences were available for comparison. The numbers show the CDR3β AA sequence overlap between the indicated 
tissue and the islet sample calculated for each clone that is detected in both samples: number of shared templates/
total templates in both samples. Additional histology is freely available for review at the nPOD Aperio database with 
login credentials (http://ahc-path-apr01.ahc.ufl.edu/Login.php, for which the password request form can be found at 
http://www.jdrfnpod.org/for-investigators/password-request-form/).
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second pLN sample was also observed using a HLA-DR*04-01 GAD-peptide-loaded tetramer (555–567; 
557I) that was originally used to isolate the GAD4.13 clone (data not shown) (45). These findings highlight 
the potential for heterogeneity among nPOD pLN; however, to evaluate the degree of  heterogeneity will 
require direct testing of  multiple pLN.

Identification of  BCR that bind insulin. Following our analysis of  autoreactive T cells, we sought to char-
acterize the BCR signature from pLN samples, as B cells are thought to play a key role in antigen presen-
tation. We specifically limited the analysis of  our immunosequencing data to IGH CDR3 (CDRH3) AA 
sequences of  B cells that were isolated based on binding to an insulin antigen (IBC) adsorbent followed by 
single-cell sorting (17). Thirty-one IBC CDRH3 sequences were determined de novo from the peripheral 
blood of  healthy subjects without diabetes. We queried our sequencing data derived from nPOD pLN, iLN, 
and spleen B cell samples for these 31 CDRH3 sequences, and two were identified; each returned 4 hits 
from 3 nPOD donors as partial matches for CDRH3 AA sequences (RRRMDV and DDYYDSSGYYP; 
Supplemental Table 10). Both of  the sequences were found at relatively high frequencies in T1D donor 
6161 (1.22% and 0.64%, respectively), but there were also matches in the control (nPOD 6271 and 6289), 
T2D (nPOD 6274), and FBD (nPOD 6284) cohorts, albeit at much lower frequencies.

We also compared insulin-reactive clones previously reported from peripheral blood by Wardemann et 
al. (46) and by Thomas (46, 47) to our immunosequencing data. We observed sequence overlap between 
two of  the CDRH3 AA sequences from those published by Wardemann et al. (46) (clones DRSYYYYG-
MDV and LWFGSYYYYGMDV). Indeed, the clones were identified at lower frequencies from 3 T1D 
subjects and 1 T1D subject, respectively, as well as 1 control and 1 FBD donor (Supplemental Table 10). No 
overlap was observed with clone sequences reported by Thomas (46, 47).

Discussion
There is a pressing need to understand the complexity of  the adaptive immune repertoire as it pertains to 
T1D pathogenesis. While significant progress has been made in identifying disease-related autoantigens, an 
extensive and unbiased analysis of  the T and B cell repertoire has yet to be conducted. In this study, we per-
formed immunosequencing of  the TCR and BCR loci on FACS-purified lymphocyte subsets from the pLN 
and other lymphoid tissues to determine the adaptive repertoire in organ donors with and without T1D. 
Previous efforts to characterize the TCR repertoire in T1D subjects have been limited to tissues obtained 
from few or even a mere single organ donor (12, 13) or were restricted to peripheral blood samples (14, 37). 
Furthermore, BCR sequencing data in human samples is limited, particularly in subjects with T1D (15, 16). 
Thus, to our knowledge, this report contains the most comprehensive TCR and BCR data set from human 
pLN, spleen, and islet tissues from T1D donors available to date.

Our analysis indicates that the frequency of  pLN TCR clone sharing across organ donors was limited 
and comparable between T1D and control groups. While there was a preference for certain Vβ gene fami-
lies in T1D versus control donors, we did not observe significant common V-J gene pairing across T1D 
donors. These data do not support the notion that overt repertoire shifts can readily discriminate T1D sub-
jects. However, it is possible that with more precise HLA matching and increased sample size, clone sharing 
may become more apparent near disease onset.

Treg and Tconv TCR repertoires show high exclusivity in pLN and spleen, with only CD8+ T cells 
showing appreciable receptor sharing across tissues. Similarly, in a T1D subject with insulitis (nPOD 6323), 
minimal Tconv repertoire overlap was observed between intraislet and pLN samples, in contrast to observa-
tions made in NOD mice (48, 49). While we could detect Treg in situ in the islets of  this donor by multi-
immunofluorescence, these cells were too few to allow isolation via FACS, preventing intertissue com-

Figure 8. Lymphocyte repertoire diversity was comparable between donors with type 1 diabetes (T1D) and control donors. Receptor repertoire diversity 
was calculated using the Shannon Diversity Index for CD8+ T cells (CD8), B cells (IGH), CD4+ T conventional cells (Tconv), and Treg isolated from (A) pancre-
atic draining lymph node (pLN), (B) spleen, and (C) “irrelevant” mesenteric and/or inguinal lymph node (iLN), and diversity scores were compared for T1D 
(gray) versus control (white) subjects (P = NS, all). Data are presented using box-and-whisker plots, with the points representing outliers defined as > (×1.5 
IQR + Q3) or < (Q1-1.5 × IQR). T cell receptor (TCR) clones observed in the Treg (x axis) and Tconv (y axis) subsets within the pLN of representative (D) T1D 
(nPOD 6285), (E) type 2 diabetes (T2D; nPOD 6273), and (F) control (nPOD 6254) subjects are shown in scatter plots, with each point representing a unique 
clone and its position along the axes representing the clone’s frequency in either subset. Sequences present in only the Tconv subset are to the left of the 
vertical dotted line, while those detected only in the Treg subset are below the horizontal dotted line. T cell clones common to both subsets are shown in 
the top right quadrant above and to the right of the dotted lines. (G) Box-and-whisker plots depict the percentage of TCR clones shared between Tconv and 
Treg subsets within the pLN (median ± distribution, P = NS, Mann-Whitney U test).
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parison of  the Treg repertoire. 
Twelve known GAD-reactive 
clones were found in the pLN 
of  case 6323, and four of  these 
were also present within the 
donor’s spleen and/or PBMC, 
albeit at low frequency. While 
previous studies using tetramers 
clearly indicate that islet-auto-
reactive T cells can be found in 
the periphery (10, 37), the data 
presented here from pLN and 
spleen suggest that these clones 
are extremely rare in peripheral 
blood, if  present at all. This 

Figure 9. Detection of a highly 
enriched T cell receptor β chain 
(TCRβ) complementarity deter-
mining region 3 (CDR3) identical to 
a known glutamic acid decarboxyl-
ase–reactive (GAD-reactive) clone 
in the pancreatic draining lymph 
node (pLN) of a subject with type 
1 diabetes (T1D). Heatmaps depict 
the (A) clone frequency and (B) 
clone rank of a TRB CDR3 region 
identical to that of the known 
GAD65-specific TCR clone GAD4.13 
detected within the regulatory 
T cell (Treg), conventional T cell 
(Tconv), and CD8+ T cell (CD8) 
subsets in the spleen, pancreatic 
draining lymph node (pLN), and 
“irrelevant” mesenteric and/or 
inguinal lymph node (iLN) of type 1 
diabetes (T1D; n = 7) and control (n 
= 1) organ donors. For nPOD 6323 
(seventh row), intraislet T cells were 
expanded prior to sorting, which 
prevented distinction of Treg from 
Tconv, so total CD4+CD8– T cells are 
depicted. Dark gray boxes indicate 
samples that were not observed 
to contain the TCR clone. For 
both heatmaps (A and B), orange 
represents the abundant clones, 
while blue represents those present 
at lower abundance. The amino acid 
(AA) sequence of the CDR3 from 
GAD4.13 was the most abundant 
receptor in the pLN of T1D subject 
nPOD 6265 (sixth row), representing 
approximately 25.2% of all produc-
tive TCR clones within the Tconv 
cells isolated from the pLN. (C) The 
packed bubble plot (Tableau Soft-
ware) depicts the frequency of the 
AA CDR3 from GAD4.13 (red circle, 
CASSLVGGPSSEAFF) in the nPOD 
6265 pLN Tconv sample relative to 
all other sequences (blue circles).
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reinforces the challenge of  detecting antigen-specific T cells without a period of  antigen-driven in vitro 
expansion. Additional studies of  AAb+ donors without diabetes or those with recent-onset T1D will be 
required to draw a firm conclusion regarding tissue distribution of  autoreactive clones at disease onset.

Insulitis in human T1D is limited and negatively correlates with disease duration (50). Of note, our data 
from case 6323 potentially identified only one known GAD-reactive clone (GAD4.13) in the islet region. This 
likely reflects low intraislet T cell recovery, but may also suggest high exclusivity between the islets and pLN. 
Alternatively, it is possible that within the pLN, detection of  pathogenic clones may depend upon the proxim-
ity of  the sampled LN to an active insulitis lesion. In contrast to NOD mice, human insulitis and HLA class 
I overexpression can be found in only a small percentage of  the pancreatic islets (50) and occurs in a lobular 
fashion (45, 51–53). This may imply that future studies investigating the T cell repertoire in the pLN should 
document the anatomical position of  the LN in relation to nearby histological findings within the pancreas.

The acquisition of  additional intraislet and antigen-specific T cells, as well as single-cell analyses, are 
currently ongoing in our laboratory along with several groups within the nPOD network and the Integrated 
Islet Distribution Program (12, 13, 36, 54). We expect these consortium efforts will improve resolution of  
the adaptive signature in T1D, particularly given the heterogeneous distribution of  insulitis within donor 
pancreata (50, 53, 55).

While searching our immunosequencing data for known autoreactive T cell clones, the CDR3β AA 
sequence of  GAD4.13 was readily identified in 7 T1D donors. This implies that a targeted search for well-
characterized TCR may be needed to identify key clones. GAD4.13 was solely and dramatically immuno-
dominant in a GADA+, C-peptide+ donor with longstanding T1D (nPOD 6265). Curiously, the receptor 
was not only identified in the Treg and Tconv subsets, but was also dominant in the CD8+ T cell population. 
Recent reports of  class II–restricted CD8+ T cells in both macaques and humans (56) would suggest that 
tetramer-sorting experiments are needed to examine a potential role for class II–restricted CD8+ T cells in 
T1D patients. Alternatively, this may imply alternate TCR α chain pairing and, thus, different antigen rec-
ognition or may have resulted from minor crossover sort contamination, given that the top clone from each 
sample shared the same nucleotide sequences. Inversely, 9 different clones, identified by dissimilar DNA 
sequences, contributed to the total GAD4.13 CDR3 within the 6265 pLN samples.

Nonetheless, the clear enrichment present in nPOD 6265 highlights the utility of  assessing clone fre-
quency of  well-characterized and validated TCR and the importance of  ongoing efforts to expand the list of  
known autoreactive clones for biomarker studies (20, 37). Toward expanding this notion, we have created an 
open-access TCR and BCR sequence (nucleic and AA) library (http://clonesearch.jdrfnpod.org/) that can be 
queried against to discover the frequency and tissue distribution of  additional clones present in our data set.

We sought to investigate if  chronic autoimmunity in T1D significantly altered conventional, Treg, or 
CD8+ T cell diversity across donor tissues. Overall, TCR diversity was not significantly different between 
T1D and control subjects in any of  the cell types or tissues evaluated. Future experiments identifying the 
predominant clones in tissues obtained from donors with recent-onset T1D (< 3 months) and multiple 
AAb+ donors without diabetes (considered to be progressing toward T1D onset, refs. 57, 58) would be of  
great interest in determining whether reduced Treg diversity in the pLN or peripheral lymphoid tissues 
precedes disease onset (59).

We expected T1D subjects to exhibit increased TRB overlap between Treg and Tconv subsets com-
pared to the degree of  sharing among control subjects. Aside from the enriched GAD4.13 clone in 
nPOD 6265, such TCR sharing was infrequent in both T1D and control subjects. Disease duration in 
T1D donors was 11.5 ± 6.24 years (Supplemental Table 1), so it is possible that diabetogenic clones 
had contracted by the time of  organ harvest in the majority of  donors, again indicating a need for 
investigation in recent-onset T1D and AAb+ donors. The potential for lineage plasticity and limitation 
of  one-time sampling make these questions challenging in humans but the loss of  FoxP3 expression 
and acquisition of  an effector phenotype in Tregs has been demonstrated through T cell lineage tracing 
studies in animal models (60).

The data presented here begin to elucidate the T and B cell repertoire in the human pancreas and/or 
pLN. One key limitation to a high-throughput approach is that TRB and IGH sequencing was performed 
on bulk DNA — not at the single-cell level; thus, we cannot truly denote function of  a particular clone as 
pathogenic versus regulatory. Further investigations, including a more detailed characterization of  naive 
versus activated/memory populations, identification of  the antigen specificity of  enriched clones, and in 
silico TCR (or BCR) reconstruction may be required to facilitate autoantigen discovery and validation. 
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Table 1. Previously described complementarity determining region 3 (CDR3) β chain amino acid (AA) sequences from autoreactive T cell 
receptor (TCR) clones reported in the literature identified in tissues from Network for Pancreatic Organ Donors with Diabetes (nPOD) 
organ donors

CDR3 AA sequence T1D Non-T1D
Treg CD8+ Tconv Treg CD8+ Tconv P value Reference

CSARTEAYEQYF 0 (0) 0 (0) 22 (1) 0 (0) 0 (0) 0 (0) –

39

CASSLAWGADQPQHF 0 (0) 0 (0) 0 (0) 0 (0) 34 (1) 0 (0) –
CASSSTYGYTF 78 (2) 31 (1) 91 (2) 48 (4) 178 (5) 160 (4) <0.0001
CASSSRIGNTIYF 0 (0) 0 (0) 0 (0) 157 (1) 0 (0) 0 (0) –
CASSLERDGYTF 0 (0) 0 (0) 11 (2) 0 (0) 0 (0) 59 (3) –
CASSLRDRGNYGYTF 0 (0) 0 (0) 45 (5) 21 (3) 0 (0) 24 (1) A<0.0001
CSARDAGASTDTQYF 14 (1) 0 (0) 0 (0) 2 (1) 0 (0) 0 (0) –
CASSLERETQYF 142 (5) 5 (1) 179 (7) 27 (3) 2 (1) 47 (2) 0.39
CSASGNEQFF 6 (2) 0 (0) 8 (4) 21 (3) 0 (0) 17 (3) A 0.73
CSAPLSGGSTDTQYF 0 (0) 0 (0) 15 (1) 0 (0) 0 (0) 0 (0) –
CASSPTTGGDEAFF 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 18 (1) –
CASSLGPGQRETQYF 0 (0) 0 (0) 8 (1) 0 (0) 4 (1) 0 (0) –
CASGTGDSPLHF 0 (0) 6 (1) 25 (2) 44 (1) 64 (1) 55 (1) <0.0001
CASSLEASSYNSPLHF 9 (1) 0 (0) 41 (3) 0 (0) 0 (0) 0 (0) –
CASSLGLAGSTDTQYF 226 (7) 32 (3) 274 (11) 57 (8) 7 (1) 101 (7) 0.09
CASRSGQVNTEAFF 0 (0) 0 (0) 2 (1) 0 (0) 0 (0) 0 (0) –
CASSADRVTDTQYF 0 (0) 0 (0) 37 (3) 9 (1) 0 (0) 4 (2) A<0.0001
CASSQVHGQ 354 (2) 0 (0) 28 (3) 6 (1) 0 (0) 14 (1) A<0.0001

68

CASSQVSGN 391 (5) 248 (5) 721 (10) 238 (5) 101 (3) 359 (7) <0.05
CASSQVHGN 4 (1) 53 (4) 0 (0) 0 (0) 0 (0) 40 (3) <0.0001
CASSQVAGAGT 0 (0) 8 (1) 0 (0) 0 (0) 0 (0) 0 (0) –
CASSQEGSGGPT 0 (0) 0 (0) 0 (0) 65 (1) 0 (0) 0 (0) –
CASSQVAGGPT 0 (0) 22 (3) 2 (1) 0 (0) 0 (0) 22 (1) B<0.0001
CASSQDGGLY 11 (1) 21 (1) 38 (2) 6 (1) 35 (2) 9 (1) <0.0001
CASSPTDGY 0 (0) 94 (4) 99 (6) 114 (2) 18 (2) 94 (2) <0.0001
CASSSTGTAN 86 (4) 3 (1) 116 (4) 7 (1) 21 (1) 45 (5) <0.0001
CASSLGDTL 11 (1) 28 (2) 152 (7) 63 (3) 105 (5) 83 (7) <0.0001
CASSQASGN 432 (7) 85 (6) 111 (7) 73 (5) 111 (4) 168 (5) <0.0001
CASSQDKGAA 36 (1) 2 (1) 0 (0) 0 (0) 0 (0) 0 (0) –
CASSQVTGEQ 42 (1) 14 (1) 16 (1) 0 (0) 3 (1) 47 (1) <0.0001
CASSQGSAGSY 0 (0) 0 (0) 5 (1) 0 (0) 5 (1) 0 (0) B<0.01
CASSQAGTGLG 21 (1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) –
CASSRTGYGYTF 378 (5) 13 (3) 242 (8) 211 (8) 86 (3) 210 (7) <0.0001

40

CASSPWDGSYEQYF 31 (1) 0 (0) 23 (2) 0 (0) 24 (2) 0 (0) <0.0001
CASSLGDQPQHF 322 (6) 434 (9) 481 (9) 513 (8) 277 (7) 263 (7) <0.0001
CATSDQETQYF 0 (0) 2 (1) 61 (4) 2 (1) 0 (0) 23 (1) 0.05
CASSRQGTGELFF 368 (7) 3 (1) 97 (7) 73 (4) 4 (1) 236 (8) <0.0001
CASSLTGELFF 475 (10) 565 (14) 484 (1)2 364 (10) 572 (12) 339 (11) <0.001
CASSPTGYEQYF 399 (9) 364 (10) 371 (10) 496 (9) 830 (10) 350 (7) <0.0001
CASSFQGSAYEQYF 0 (0) 0 (0) 36 (2) 0 (0) 0 (0) 0 (0) –
CSAKDRGNYGYTF 0 (0) 0 (0) 8 (2) 0 (0) 0 (0) 2 (1) –
CASSRGTEAFF 852 (10) 381 (12) 630 (10) 374 (9) 315 (5) 674 (9) <0.0001
CASSLVGGNEQFF 59 (3) 66 (5) 168 (6) 18 (2) 37 (4) 138 (7) <0.01
CSASRQGWVNEQFF 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 3 (1)C –

41CASSLAGGANSPLHF 0 (0) 0 (0) 0 (0) 2 (1) 4 (1) 12 (2)D –
CASSLVGGPSSEAFF 1690 (3) 3785 (3) 88139 (3) 27 (1) 137 (1) 10 (1) <0.0001
CASSPRANTDTQYF 9 (1) 0 0 0 0 0 0 0 0 0 0 –

42
CASGRSSYNEQFF 49 (2) 145 (5) 26 (2) 53 (1) 190 (5) 595 (1) <0.0001

The total number of reads corresponding to a given CDR3 AA sequence within the three T cell subsets examined (Treg, CD8+ T cell, and CD4+ conventional T 
cell [Tconv]) is reported for type 1 diabetes (T1D) and non-T1D (type 2 diabetes, control, autoantibody positive, and other/Flatbush diabetes combined) donors. 
The total number of donors with the CDR3 AA sequence is shown in parentheses. Data are derived from all tissue sources analyzed (spleen, peripheral blood 
mononuclear cells, pancreatic draining lymph node, “irrelevant” mesenteric and/or inguinal lymph node, and intraislets). Therefore, the first column for each 
subset represents the sum of reads corresponding to the CDR3 AA sequence from all tissue types from all T1D or non-T1D donors. The second column for each 
subset (numbers in parentheses) indicates the total number of T1D or non-T1D donors for which the CDR3 AA sequence was detected. Clone counts were 
compared for T1D versus non-T1D subjects using a χ2 test. –, there were too few reads corresponding to the CDR3 AA sequence for comparison by χ2 test. ACD8 
were excluded from analysis; BTreg were excluded from analysis; CAAb+ Case 6197 HLA-A*02:02; Dnon-T1D Case 6289 HLA-DRB1*04:11, 07:01.
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To this end, the use of  emerging technologies, including single-cell studies, could dramatically improve 
sample analysis throughput by in silico TCR α/β chain pairing.

While our data do not support the notion of  an overtly skewed TCR and/or BCR repertoire in 
T1D, they support the notion of  convergent recombination leading to a number of  enriched autoreactive 
clones present in T1D subjects. Our data also highlight the challenge of  restricted tissue distribution of  
CD4+ T cells, in particular, when considering T cells as biomarkers of  disease. However, it remains pos-
sible that, with increased sample size and HLA matching, high-resolution immunosequencing data could 
provide a powerful data set for the discovery and validation of  a combinatorial TCR and BCR signature 
in T1D. Acquiring a data set of  this breadth, in particular from pancreatic tissues, will almost certainly 
prove a prodigious effort. Despite these challenges, the application of  immunosequencing technologies 
offers the unique opportunity to understand the evolution of  the antigen-specific immune repertoire in 
T1D, effectively utilizing the molecular “barcode” of  the TCR and BCR for monitoring disease develop-
ment, therapeutic immune interventions, and antigen-directed therapies.

Methods
Human tissue donors. Tissues were recovered from transplant-grade organ donors (n = 18 T1D; n = 4 T2D;  
n = 9 control subjects without diabetes and negative for β cell AAb; n = 1 AAb+ subject without diabetes; 
and n = 1 subject with other/FBD), according to the inclusion criteria donor demographics, and clini-
cal values were determined via medical records; nPOD laboratories performed serological assessments as 
described (Supplemental Table 6) (24).

Histology. Paraffin sections were dewaxed, and low pH antigen retrieval was performed (Citra, Bio-
genex) followed by blocking with normal goat serum. Sections were then incubated with primary anti-
bodies (rat anti-human-FOXP3 [eBioscience, 14-4776-80; clone PCH101] and mouse anti-CD4 [Dako 
Cytomation, M7310]) overnight at 4°C, washed, and incubated with secondary antibodies (goat anti-
rat-AF488 and goat anti-mouse-AF555, Invitrogen). Sections were mounted with ProLong Gold Anti-
fade mounting media containing DAPI (Life Technologies). Positive controls included human spleen. 
Images were obtained with multichannel image acquisition software on a Zeiss Axiophot microscope 
using a ×40 objective (AxioVision, Carl Zeiss Inc.). Numbers of  CD4+ cells with and without specific 
nuclear FOXP3 staining were counted using Adobe Photoshop for islets (n = 23), exocrine regions 

Table 2. Complementarity determining region 3 (CDR3) β chain amino acid (AA) sequences from previously unreported autoreactive T 
cell receptor (TCR) clones identified in tissues from Network for Pancreatic Organ Donors with Diabetes (nPOD) organ donors

CDR3 AA sequence T1D Non-T1D 
Treg CD8+ Tconv Treg CD8+ Tconv P value Reference

CASRDRGGGEKLFF 0 (0) 0 (0) 67 (2) 0 (0) 0 (0) 18 (1) –

Maki Nakayama, unpublished data

CASSAETQYF 82 (2) 0 (0) 15 (4) 0 (0) 20 (2) 21 (3) <0.0001
CASSFRQGEQETQYF 0 (0) 0 (0) 2 (1) 0 (0) 0 (0) 0 (0) –
CASSISNTGELFF 6 (1) 24 (1) 32 (2) 47 (1) 59 (4) 30 (3) <0.0001
CASSLLAGDNEQFF 72 (2) 44 (3) 57 (3) 31 (2) 28 (3) 30 (2) 0.48
CASSLPGGAGNEQFF 0 (0) 3 (1) 5 (1) 0 (0) 0 (0) 0 (0) –
CASSPPGLGEQYF 0 (0) 0 (0) 39 (1) 0 (0) 0 (0) 0 (0) –
CASSPRDGSSYNEQFF 9 (1) 0 (0) 3 (1) 0 (0) 0 (0) 0 (0) –
CASSYGTVNSPLHF 0 (0) 0 (0) 38 (2) 0 (0) 0 (0) 105 (2) –
CATGLAANTGELFF 0 (0) 2 (1) 0 (0) 0 (0) 0 (0) 0 (0) –
CSVNRGGTDTQYF 0 (0) 0 (0) 25 (2) 0 (0) 0 (0) 14 (1) –

The total number of reads corresponding to a given CDR3 AA sequence within the 3 T cell subsets examined (Treg, CD8+ T cell, and CD4+ conventional T cell 
[Tconv]) is reported for type 1 diabetes (T1D) and non-T1D (type 2 diabetes, control, autoantibody positive, and other/Flatbush diabetes combined) donors. 
The total number of donors with the CDR3 AA sequence is shown in parentheses. Data are derived from all tissue sources analyzed (spleen, peripheral 
blood mononuclear cells, pancreatic draining lymph node, “irrelevant” mesenteric and/or inguinal lymph node, and intraislets). Therefore, the first column 
for each subset represents the sum of reads corresponding to the CDR3 AA sequence from all tissue types from all T1D or non-T1D donors. The second 
column for each subset (numbers in parentheses) indicates the total number of T1D or non-T1D donors for which the CDR3 AA sequence was detected. 
Clone counts were compared for T1D versus non-T1D subjects using a χ2 test. –, there were too few reads corresponding to the CDR3 AA sequence for 
comparison by χ2 test. 
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(n = 24), interlobular/periductal regions (n = 11), and spleen (n = 3). Proportions of  CD4+FOXP3+ 
cells were determined from the ratio of  CD4+FOXP3+ cell numbers to the sum of  CD4+FOXP3– + 
CD4+FOXP3+ cell numbers.

Tissue processing. Spleen, pLN, and iLN were dissociated in HBSS + 10% human (male, type AB) 
serum (Atlanta Biologicals) with the gentleMACS tissue processor (Miltenyi Biotech). Tissues were further 
homogenized by a tissue douncer (40 ml; loose pestle; Wheaton) and passed through a 100-μm, 70-μm, and 
30-μm preseparation filter (Miltenyi) to generate single-cell suspensions. Islets were isolated by a modified 
collagenase-based (Serva NB1 and Neutral Proteases GMP grade) digestion protocol at the Institute of  
Cellular Therapeutics at Allegheny General Hospital (Pittsburgh, Pennsylvania, USA) (61). Dissociated 
intraislet T cells were expanded with anti-CD3/CD28 beads for 14 days prior to FACS.

FACS. PBMC and spleen, iLN, and pLN cells were labeled for 30 minutes at 4°C with fluorescent-conju-
gated antibodies against CD19 (FITC; clone HIB19), CD8 (APC-Cy7; clone SK1), CD4 (Pacific Blue; clone 
RPA-T4), CD25 (APC; clone BC96), and CD127 (PE; clone A019D5). Because Treg markers were not read-
ily distinguishable after expansion, intraislet T cells were sorted for the CD8+ and total CD4+ subsets. Based 
on post-sort recovery, 1 × 105 to 4 × 105 cells were combined with 400 μl DNA/RNA Lysis Buffer (Zymo 
Research) and frozen at –80°C, and DNA was extracted using the Zymo ZR-Duet DNA/RNA MiniPrep 
kit. Mean post-sort purities were typically mean = 93.6% (range = 86.1%–98.4%) for B cells, 97.9% (96.4%–
99.3%) for CD8+ T cells, 99.7% (99.3%–99.9%) for Tconv, and 99.1% (97.9%–99.8%) for Treg.

Immune receptor deep sequencing. Samples were sequenced with the immunoSEQ assay (in-kind gift 
from Adaptive Biotechnologies) using deep-level resolution to identify and quantitate TRB and BCR IGH 
sequences. In brief, the somatically rearranged CDR3 of  these loci was amplified from 0.145 μg to 7.5 
μg genomic DNA using a 2-step, amplification bias-controlled multiplex PCR approach (22, 62). CDR3 
libraries were sequenced, and Illumina sequence reads were demultiplexed. Sequence data have been 
made publicly available (http://clonesearch.jdrfnpod.org/), and an open-access TCRβ and IgH sequence 
library is available for analysis and download from Adaptive Biotechnologies (http://doi.org/10.21417/
B73S3K). Additionally, demultiplexed sequence files can be downloaded from the NCBI Sequence Read 
Archive (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA348342; accession PRJNA348342).

Insulin-binding B cell Ig gene sequencing. Eligible subjects were healthy controls who did not meet the 
American Diabetes Association criteria for classification of  disease. Cells were stained and enriched for 
insulin-binding B cells, as previously described (17). Briefly, PBMC were stained with 0.1 μg of  biotinyl-
ated insulin and other B cell surface antibodies/106 cells/25 μl of  biotinylated insulin and other B cell 
surface antibodies, followed by streptavidin-Alexa Fluor 647. Insulin-binding B cells were then enriched 
using anti-Cy5/anti-Alexa 647 microbeads (Miltenyi Biotec). Cells were passed over a magnetized col-
umn, and cells that bound the magnetic beads were positively collected. Insulin-binding B cells were then 
single-cell sorted on a FACS Aria (BD) directly into RT buffer in 96-well plates. Variable region ampli-
fication and sequence analysis were completed as previously described (17, 63). Briefly, variable region 
genes were amplified by RT-PCR to identify and sequence the Ig heavy and light chain genes. Ig CDR3 
regions were sequenced using IgBlast, and sequences were entered into the JDRF clone search website 
(http://clonesearch.jdrfnpod.org/) to determine homology with those from nPOD donors.

TRB deep-sequencing data analysis. Raw Illumina sequence reads were demultiplexed and processed to 
remove adapter and primer sequences; to identify and correct for technical errors introduced through PCR 
and sequencing; and to remove primer dimer, germline, and other contaminant sequences. The data were 
then filtered and clustered using both the relative frequency ratio between similar clones and a modified 
nearest-neighbor algorithm to merge closely related sequences. The resulting sequences were sufficient to 
allow annotation of  the V(N)D(N)J genes constituting each unique CDR3 and to obtain the corresponding 
AA sequence. V, D, and J gene definitions were based on annotation in accordance with the IMGT data-
base annotations (http://www.imgt.org/).

Single-cell TCR sequencing. After intraislet T cells were isolated and expanded with anti-CD3/CD28 
beads (ExpAct, Miltenyi Biotech), cells were FACS purified into CD4+ and CD8+ populations. Individual 
cells were then sequestered using the Fluidigm C1 platform, mRNA sequences were amplified, and TCR 
α/β–pair sequences were identified using the TraCeR protocol, as previously described in published meth-
ods (64–66).

For the 6265 PLN sample, single CD4+ and CD8+ cells were FACS sorted into each well of  96-well plates, 
followed by direct cell lysis and reverse-transcription reaction using random hexamers and primers specific for 
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the TRA and TRB constant regions. Gene segments were then amplified from each cell by a 3-step multiplex 
PCR using primers specific for individual TRAV and TRBV genes. PCR products ligated to multi-identifier 
oligonucleotides to distinguish sequences for each cell were sequenced on Illumina MiSEQ, followed by anal-
ysis for identifying V, J, and CDR3α/β sequences using the IMGT/HIGHV-QUEST algorithm.

Venn diagram preparation and analysis of  receptor sharing across tissues. For Venn diagrams, the percentage 
of  shared unique receptor sequences among different tissue compartments was calculated after downsam-
pling the number of  unique receptor sequences found in each tissue compartment to the lowest number 
of  unique receptor sequences within the set. For Venn diagrams relative to case 6323, absolute sequence 
numbers were reported for T cells within the pLN, blood, spleen, and islet tissue rather than percentage of  
shared receptor sequences.

Waterfall graphs and V gene family skewing. For waterfall graphs, the following sample calculations were 
performed for each TRBV or IGHV family. First mean frequency counts were determined as follows: YT1D 
= (XT1D/NT1D), where YT1D stands for the mean frequency count for reads belonging to the gene family from 
T1D pLN; XT1D stands for the total number of  TRBV or IGHV sequence reads belonging to the gene family 
from T1D pLN; and NT1D stands for the total number of  T1D pLN samples sequenced. Similarly, YControl = 
(XControl/NControl), where YControl stands for the mean frequency count for reads belonging to the gene family 
from control pLN; XControl stands for the total number of  TRBV or IGHV sequence reads belonging to the gene 
family from control pLN; and NControl stands for the total number of  control pLN samples sequenced. Then, 
we calculated and reported the relative mean frequency counts with the following formula: YT1D/YControl.

Heatmaps and packed bubble charts. Figure 1, Figure 4B, Figure 7D, Supplemental Figure 1D, Supple-
mental Figure 5B, and Supplemental Figure 6F were created with Tableau Public v9.3 (Tableau Software). 
Interactive versions of  heatmaps, tables, and packed bubble charts for each of  the 192 samples sequences 
can be found at the nPOD Adaptive Immune Repertoire (https://public.tableau.com/profile/npod.adap-
tive.immune.repertoire#!/).

Statistics. Statistical analyses were performed using R. Sample diversity was calculated using the Shan-
non Diversity Index (SDI) and clonality by the equation [1 – (SDI)/log2(productive unique sequences)] 
(67). Data were analyzed via Mann-Whitney U test, Welch’s 2-tailed t test, and χ2 test, as indicated. Data 
are reported as mean ± SD or median ± distribution. A P value of  less than 0.05 was considered significant.

Study approval. Coded nPOD human donor tissue samples were obtained and processed by nPOD 
under a University of  Florida Institutional Review Board–approved protocol (IRB201600029). To isolate 
insulin-binding B cell samples, human blood samples were obtained with informed consent at the Barbara 
Davis Center for Childhood Diabetes using a University of  Colorado Institutional Review Board–approved 
protocol (COMIRB #01-384).
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