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A U T O I M M U N I T Y

Joint profiling of gene expression and chromatin 
accessibility in pancreatic lymph nodes and spleens in 
human type 1 diabetes
Maryam Abedi1,2,3,4,5†, Priyadarshini Rai1,2,3,4,5†, Yeqiao Zhou2,3,5,6†, Chengyang Liu2,4,5,7,  
Isabelle Johnson1,2,3,4,5, Aditi Chandra1,2,3,4,5, Maria Fasolino1,2,3,4,5, Susan Rostami2,4,5,7,  
Wei Wang2,4,5,7, Zaw Min2,4,5,7, Yanjing Li2,4,5,7, Ming Yu2,4,5,7, Atishay Jay1,2,3,4,5, Vung Lian2,8, 
Michael Silverman2,8,9,10, Klaus H. Kaestner1,3,4,5, Ali Naji2,4,5,7,  
Robert B. Faryabi2,3,5,6*, Golnaz Vahedi1,2,3,4,5*

Type 1 diabetes (T1D) is an autoimmune disease characterized by the destruction of insulin-producing β cells in 
the pancreas. While current therapies focus on managing the disease, a deeper understanding of the underlying 
molecular mechanisms is crucial for developing disease-modifying interventions. In this study, we conducted a 
comprehensive analysis of gene expression and chromatin accessibility in nearly 1 million immune cells from the 
pancreatic lymph nodes and spleens of 43 individuals with and without T1D. We found a distinct subset of CD4 
T cells specifically present in the pancreatic lymph nodes of organ donors representing the active disease stage. 
These cells exhibited elevated activity of NFKB1 and BACH2, along with extensive chromatin remodeling associ-
ated with these transcription factors, which we also corroborated in a mouse model of T1D. A better understand-
ing of these NFKB1-BACH2–expressing CD4 T cells may lead to therapeutic avenues for preventing or delaying 
T1D onset.

INTRODUCTION
Type 1 diabetes (T1D) is an autoimmune disease in which T lym-
phocytes target and destroy insulin-producing β cells in the pancre-
atic islets. Insulin, a hormone secreted by β cells, enables glucose 
uptake by peripheral tissues. For over a century, insulin replacement 
has been the only therapy for individuals with T1D (1). Nonetheless, 
the therapeutic landscape to delay or prevent T1D is rapidly chang-
ing as multiple ongoing clinical trials are examining immunothera-
peutic approaches targeting cytokines and chemokines or selectively 
controlling specific immune cell types (1–4). Despite the promise of 
immunotherapy for favorable clinical outcomes in T1D, the precise 
immune events during the progression of autoimmunity remain to 
be elucidated.

We reasoned that molecular profiling of immune cells in pancreas-
proximal immune organs could reveal the identity of immune subsets 
during disease progression. This approach became feasible through 
the National Institute of Diabetes and Digestive and Kidney Diseases 
[of National Institutes of Health (NIH)]–supported Human Pancreas 

Analysis Program (HPAP) (5–7). We received pancreatic lymph nodes 
(PLNs) from 43 organ donors grouped as nondiabetic controls, not 
diagnosed as diabetic but islet autoantibody positive (AAb+) donors, 
and clinically diagnosed T1D donors. We performed deep immune 
profiling on cells residing in the PLN, a critical site for the drainage of 
immune cells into the pancreas and priming of autoreactive T cells 
(8, 9) and the spleen tissues. We used single-nucleus multiome profil-
ing (10), which allowed us to measure chromatin accessibility and 
gene expression in the same cell across more than 1 million cells col-
lected from organ donors. This large-scale single-nucleus profiling 
revealed a distinct CD4 memory T cell subset in the PLNs and spleens 
of individuals with active T1D. These cells exhibited high NFKB1 and 
BACH2 expression and chromatin remodeling associated with these 
transcription factors. A similar subset was also found in the PLNs of 
the mouse model of T1D. Together, our work defines a conserved 
transcriptional and epigenetic program of CD4 memory T cells asso-
ciated with T1D across species.

RESULTS
Single-nucleus multiome profiling of pancreatic lymph 
nodes and spleens from individuals with T1D
We first profiled the PLNs procured by the HPAP team from 13 indi-
viduals with T1D, 8 AAb+ individuals without a diabetes diagnosis, 
and 14 healthy donors (HDs) as controls (Fig. 1A). Clinical informa-
tion related to donors used in our study is provided in data file S1 
and the PANC-DB portal (11). When feasible, our surgical team col-
lected PLN tissues from different anatomical sections, i.e., the head, 
body, and tail of the pancreas. Because the complete set of head, 
body, and tail compartments was not available in all donors (data file 
S1), we combined cells from different PLN compartments.

We conducted multimodal single-nucleus assay for transposase-
accessible chromatin (snATAC)/single-nucleus RNA sequencing 
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(snRNA-seq) experiments in 565,887 cells obtained from 46+ PLN 
samples in 35 organ donors (fig. S1, A to C). The two modalities were 
integrated using weighted nearest neighbor (WNN) analysis (10). 
Uniform manifold approximation and projection (UMAP) was used 
on the WNN graph (fig. S1C), and clustering was performed using the 
RNA modality (fig. S1D). We removed any potential doublets (fig. S1E) 
and further filtered cells that did not pass the quality control for sn-
RNA and snATAC assays (fig. S1, F to H). After this stringent filtering, 

we retained 302,631 individual cells with high quality in both RNA 
and ATAC modalities and observed mixing of samples in the UMAP 
plot (Fig. 1B and fig. S1, I to K), suggesting limited batch effects. To 
assess potential batch effects quantitatively, we calculated two estab-
lished metrics (12, 13), the local inverse Simpson’s index (LISI) and the 
average silhouette width (ASW). We observed strong donor mixing 
with minimal clustering driven by batch effects (LISI of 6.04 and ASW 
of −0.23). We then applied batch correction using Harmony (12) and 
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Fig. 1. Single-nucleus multiome profiling of pancreatic lymph node immune cells from organ donors with T1D. (A) Schematic outlining the experimental approach 
in this study for molecular profiling of immune cells in the PLN tissues. (B and C) UMAPs representing immune cells remained after quality control analysis labeled with 
donor status from 13 individuals with T1D, 8 islet autoantibody–positive (AAb+) individuals without a diabetes diagnosis, and 14 HDs as controls (B), and immune cell 
annotation (C). (D) UMAPs representing RNA levels of cell-type–specific markers. (E) UMAPs representing RNA levels of B and T cell–specific transcription factors in addi-
tion to motif analysis in cCREs. (F) Heatmap showing the gene expression of cell markers used for immune cell annotation. (G) Bar chart showing immune cell abundance 
for cells pooled in different donor groups. Asterisks represent adjusted P value of ≤0.05 (Wilcoxon test). NK, natural killer; TCM, central memory T cells; TEM, effector 
memory T cells; ILC, innate lymphoid cells; gdT, gamma-delta T cells; MAIT, mucosal-associated invariant T cells.
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observed only modest changes in the metrics after batch correction 
(LISI of 8.67 and ASW of −0.16). These findings indicate that batch 
and donor effects were already minimal and not major contributors to 
the observed clustering. Because integration approaches correcting for 
batch effects can obscure genuine biological signals, particularly in 
cross-tissue or cross-donor comparisons (14), we opted not to perform 
explicit batch correction to preserve biologically meaningful variation 
across donors and tissues.

For cell-type annotation, we followed a unified strategy for refer-
ence assembly and transfer learning on the basis of the RNA modal-
ity, reporting 30 distinct immune cell types (data file S2) (15). We 
further labeled 4.35% of cells as “unknown” considering the low con-
fidence of cell annotation in these cells (Fig. 1C and fig. S1I). Visual-
izing the expression of marker genes across different annotated cell 
types on UMAP or heatmap, in addition to coverage plots of chro-
matin accessibility at cell-type–specific genomic loci, corroborated 
the high quality of our cell annotation (Fig. 1, D to F, and fig. S2A). 
Cells labeled as unknown as well as cell types represented by fewer 
than 100 cells were excluded from further analysis, resulting in 18 
major cell types (fig. S2, B to D). We next identified similarities and 
differences for cell composition across individual donors (fig. S2E) 
and compared cell-type frequencies for cells grouped as T1D, AAb+, 
and HD (Fig. 1G, fig. S2F, and data file S1). Our investigation did not 
yield substantial evidence indicating alterations in global cell com-
position in the PLN associated with T1D (Fig. 1G and fig. S2F).

We also determined the molecular landscape of CD45+ immune 
cells in the spleens from the same donors, resulting in multiome 
data for 459,983 cells (Fig.  2A and fig.  S3, A to C). We retained 
328,855 individual cells with high-quality RNA and ATAC modali-
ties (fig. S3, D to H). Dimensionality reduction with UMAP using 
spleen cells demonstrated mixing of cells across donors and disease 
groups (Fig. 2B and fig. S3, I and J). We followed a similar cell an-
notation strategy as described earlier and defined immune popula-
tions (Fig.  2C and fig.  S3J). The expression of marker genes and 
coverage plots of chromatin accessibility at cell-type–specific ge-
nomic loci also confirmed the high quality of our cell annotation 
strategy in the spleens (Fig. 2, D to F, and fig. S4A). Cells labeled as 
unknown (1.19%) were excluded from further analysis, along with 
annotated cell types with fewer than 100 cells (fig. S4, B to D). Be-
cause of the larger number of cells available from the spleens, we 
were also able to perform the trimodal assay transcription, epitopes, 
and accessibility sequencing (TEA-seq) (16) on a subset of samples. 
In TEA-seq, determination of transcript abundance and chromatin 
accessibility is combined with selected proteomics to further refine 
cell-type annotation (16). Integration of cells from a subset of sam-
ples with TEA-seq confirmed our strategy for cell-type annotation 
(fig. S4, E to G). Overall, only moderate differences in cell composi-
tion were detected in the spleens of T1D donors (Fig. 2G; fig. S4, H 
and I; and data file S1). Thus, multidimensional data in PLNs and 
spleens provided us with the opportunity to define molecular signa-
tures of T1D.

Large-scale changes in transcriptome of central memory 
CD4 T cells and memory B cells in T1D
We then conducted pseudo-bulk differential gene expression analy-
sis across the major annotated cell types to compare donor groups. 
This analysis identified genes demonstrating increased or decreased 
expression in pairwise comparisons between donor groups. The 
largest differences in gene expression were observed between cells 

from T1D donors and HDs (Fig. 3, A and B, red and dark blue bars). 
The gene expression levels of cells from AAb+ donors and HDs were 
also distinct. Nonetheless, comparison of T1D versus AAb+ donors 
demonstrated a minimal number of differentially expressed genes 
for most cell types (Fig.  3A). Notably, comparison of various cell 
types highlighted central memory CD4 T cells to be the most dis-
tinct cell type between T1D donors and HDs in the PLN samples 
(Fig. 3A). The heatmap visualization of gene expression levels from 
central memory CD4 T cells by donor type corroborated their dif-
ferential expression across donors (Fig. 3C). In the spleens, a greater 
number of genes were differentially expressed between donor groups 
compared with those in the PLNs. Monocytes and memory B cells 
exhibited the most pronounced changes in gene expression in the 
spleen T1D versus HD comparison (Fig. 3B). Notably, central mem-
ory CD4 T cells also showed a substantial number of differentially 
expressed genes in the spleens of T1D donors. Together, these find-
ings highlight central memory CD4 T cells and memory B cells as 
key cell types with substantial gene expression alterations in T1D 
organ donors.

Next, we identified pathways enriched in differentially expressed 
genes, using gene set enrichment analysis (GSEA) (17). In the PLNs, 
genes associated with type I and type II interferon pathways in addi-
tion to the nuclear factor κB (NF-κB) signal transduction were selec-
tively enriched among genes activated in central memory CD4 
T cells of T1D compared with those of HD (Fig. 3, D and F), as well 
as among central memory CD4 T cells of AAb+ versus HD donors 
(Fig. 3D). The interferon pathway has been implicated in many auto-
immune diseases, including T1D (18, 19). In the spleens, B cells and, 
to a lesser extent, CD4 T cells demonstrated enrichment of NF-κB 
pathways in T1D donors versus HDs (Fig. 3E). Expression levels of 
genes at the leading edge of the gene set representing the NF-κB 
pathway further confirmed their differential expression across do-
nors in the PLN samples (Fig. 3G). Together, our analysis reports a 
strong activation of the interferon and NF-κB pathways in CD4 T 
cells of T1D and AAb+ donors.

Large-scale chromatin remodeling in central memory CD4 T 
cells and memory B cells of T1D
Mapping chromatin accessibility using ATAC-seq at single-cell and 
bulk levels delineates candidate cis-regulatory elements (cCREs) and 
can be used to infer transcription factors that remodel the chromatin 
(20). From the 108,715 accessible chromatin regions identified in our 
ATAC modality, 80% overlapped ENCODE cCREs (21) and ~10% 
overlapped promoters (fig. S5, A and B). We then performed pseudo-
bulk differential accessibility analysis between donor groups for each 
annotated cell type in the PLNs and the spleens, separately. We re-
ported the number of cCREs whose accessibility increased or de-
creased in the pairwise comparisons between donor groups (Fig. 4, A 
and B). The largest number of differentially accessible cCREs was 
detected between T1D donors and HDs (Fig. 4, A and B). Although 
chromatin accessibly of cells from AAb+ donors and HDs was also 
different, the T1D versus AAb+ comparison demonstrated a minimal 
number of differentially accessible cCREs for any cell type (Fig. 4, A 
and B). In agreement with the gene expression analysis, central mem-
ory CD4 T cells of PLNs exhibited the most changes in chromatin 
accessibility between T1D donors and HDs (Fig. 4, A and C, and data 
file S3). In the spleens, memory B cells and CD14+ monocytes dis-
played the largest difference in chromatin accessibility levels in the 
T1D versus HD comparison (Fig. 4B).
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To identify potential transcription factors involved in chroma-
tin remodeling, we performed motif analysis within differentially 
accessible cCREs. We determined a strong enrichment of activa-
tor protein-1 (AP-1), in addition to NF-κB–p65, NF-κB–p50, and 
interferon-sensitive response element motifs, in cCREs selectively 
accessible in central memory CD4 T cells of T1D donors versus HDs 
(Fig. 4D). An even stronger enrichment of NF-κB–p65 along with 
AP-1 motifs was detected in cCREs selectively accessible in cen-
tral memory CD4 T cells in AAb+ donors versus HDs (Fig. 4D). The 

dimeric transcription factor complex AP-1 represents at least 15 
proteins, including JUN, BACH2, ATF, MAF, or FOS (22). All AP-1 
family transcription factors recognize the same core binding motif 
(TGASTCA, where S = C or G). Motif analysis tools arbitrarily as-
sign a representative member (e.g., FOS) to this shared motif, and 
additional modalities such as gene expression can narrow down a 
specific family member. De novo motif analysis and seq-logo visual-
ization of cCREs gained in T1D donors compared with HDs cor-
roborated selective enrichment of NF-κB and AP-1 motifs in central 
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Fig. 2. Single-nucleus multiome profiling of splenic immune cells from organ donors with T1D. (A) Schematic outlining the experimental approach in this study for 
molecular profiling of immune cells in the spleen tissues. FACS, fluorescence-activated cell sorting. (B and C) UMAPs representing immune cells that remained after qual-
ity control analysis labeled with donor status from 13 individuals with T1D, 8 AAb+ individuals without a diabetes diagnosis, and 14 HDs as controls (B), and immune cell 
annotation (C). (D) UMAPs representing RNA levels of cell-type–specific markers. (E) UMAPs representing RNA levels of B and T cell–specific transcription factors in addi-
tion to motif analysis in cCREs. (F) Heatmap showing the gene expression of cell markers used for immune cell annotation. (G) Bar chart showing immune cell abundance 
between donor status. Asterisks represent adjusted P value of ≤0.05 (Wilcoxon test).
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memory CD4 T cells residing in the PLNs (Fig. 4E). We did not de-
tect an enrichment of AP-1 and NF-κB motifs in central memory 
CD4 T cells of the spleens (fig. S5, C and D). Instead, the naïve B 
cells in spleens of T1D and AAb+ donors exhibited increased acces-
sibility at cCREs with enrichment of NF-κB–p65, interferon regula-
tory factor–BATF, and SpiB (ETS) transcription factor binding sites 
(fig. S5D). These data suggest de novo chromatin remodeling of im-
mune cells at different stages of T1D progression.

Association of T1D risk variants and chromatin accessibility 
in CD4 T cells
We next assessed the enrichment of T1D single-nucleotide poly-
morphisms (SNPs) within differentially accessible cCREs (fig. S6, A 
to H). We used a multiple regression model (23) and found that the 
strongest enrichment of T1D SNPs occurs within cCREs of central 
memory CD4 T cells whose accessibility increased in T1D donors 
compared with HD (fig. S6A and data file S4A). As described pre-
viously (24), we detected an enrichment of T1D-specific cCREs in 
SNPs associated with other immune-mediated diseases, such as 
rheumatoid arthritis (fig. S6A). We detected a strong enrichment of 
T1D SNPs within cCREs of regulatory T (Treg) cells whose accessi-
bility decreased in T1D donors compared with that in HDs, suggest-
ing a link between genetics of T1D and loss of tolerance (fig. S6B 
and data file S4B). There was no significant enrichment of risk loci 
for diseases with limited immune contribution such as type 2 diabe-
tes (T2D) and Alzheimer’s disease in differentially accessible cCREs 
(fig. S6, C and D). Similar analysis in spleens suggested the enrich-
ments of T1D SNPs within cCREs selectively accessible in CD14+ 
monocytes, natural killer cells, and CD8+ central memory T cells of 
T1D donors (fig. S6, E to H). Notably, we reported 56 genes whose 
proximal cCREs were differentially accessible in T1D and were 
proximal to T1D-associated SNPs (fig. S6I and data file S4A). To-
gether, T1D-associated variants are enriched within cCREs that 
gained accessibility in immune cells of individuals with T1D.

NFKB1highBACH2high CD4 T cells are detected in the PLNs 
during active T1D
Upon closely examining the levels of gene expression and chromatin 
accessibility across CD4 T cells from each individual donor (i.e., Figs. 3, 
C and G, and 4C), we detected heterogeneity in aggregated levels of 
two modalities among donors, leading us to examine factors poten-
tially contributing to this heterogeneity. In our cohort, the median age 
of T1D and AAb+ donors was lower than that of HD (data file S1A), 
raising the question of whether age contributed to the molecular 
changes and heterogeneity detected among donors. Because of the 
unique and limited availability of organ donors, achieving precise age-
matching across disease categories is challenging. To overcome this 
limitation, we performed single-nucleus experiments on eight addi-
tional donors: five T1D donors and three HDs (data file S1B). We pro-
cessed these new samples using the same analytical strategy and 
retained 24,918 high-quality individual cells, increasing our total do-
nor count to 43 (fig. S7, A to I). To create an age-matched cohort, we 
selected 24 donors, 8 from each disease group, with closely matched 
median ages (HD, ~24 years; AAb+, ~21.5 years; and T1D, ~18 years) 
and comparable cell counts across donors (Fig. 5A and data file S1, C 
and D). Using the age-matched cohort, we reexamined signatures 
identified from our initial analysis. We conducted in-depth analyses on 
non-naïve CD4 T cells and non-naïve B cells in the age-matched co-
hort. After pooling cells annotated as central memory or regulatory 

CD4 T cells from PLNs and spleens, stratification of these cells revealed 
seven distinct CD4 T cell clusters among the donor groups (0 to 6) 
(Fig. 5, B and C, and fig. S7, J and K). Upon examination of T cell mark-
ers, we excluded cells in cluster 6, which expressed B cell markers 
(fig. S7J). Treg cells grouped in cluster 1, expressing CTLA4 and other 
canonical markers (fig. S7L).

We next asked whether CD4 T cells from specific disease groups 
formed distinct clusters. Whereas cells in clusters 0 and 1 showed 
comparable frequencies across disease groups (fig.  S7K), cells in 
clusters 2 and 3 were restricted to T1D or AAb+ individuals (Fig. 5D). 
Informed by our earlier analysis (Fig. 3G), we examined the expres-
sion of transcription factor NFKB1 and found that it was moder-
ately expressed in cells of all clusters (Fig. 5, D and E). However, the 
expression of NFKB1 was markedly higher in cells grouped as clus-
ters 2 and 3 compared with cells of other clusters (Fig. 5, D and E). 
Whereas clusters 0 and 1 contained cells uniformly distributed 
across all donors (Fig. 5F), cells in cluster 3 were exclusively derived 
from the PLNs of specific donors (Fig. 5G and data files S1E and S5). 
Notably, cells from T1D donor 1, an individual diagnosed with T1D 
at the time of admission without prior suspicion, contributed sig-
nificantly to cluster 3 (Fig.  5G). Moreover, cells from the PLN of 
AAb+ donor 3 expressing high GAD titers and AAb+ donor 7 ex-
pressing three autoantibodies, GAD (glutamic acid decarboxylase), 
IA-2 (islet antigen-2), and ZnT-8 (zinc transporter 8), demonstrated 
transcriptome similarity to cells from the PLN of T1D donor 1 by 
aggregating in cluster 3. A smaller number of cells from other do-
nors including AAb+ donor 2 and T1D donor 2 grouped in cluster 3 
as well (Fig. 5G and data file S1E). Conversely, cells aggregated in 
cluster 2 were exclusively from the spleens and predominantly came 
from T1D donor 2 in addition to donors with major contributions 
to cluster 3 (AAb+ donor 3 and AAb+ donor 7, T1D donor 1),  AAb+ 
donor 5, and T1D donor 10 (Fig.  5, C and G, and data file S1E). 
Given that T1D donor 1 was confirmed as having active T1D and 
that individuals with multiple autoantibodies or high antibody titers 
are at increased risk of developing T1D, we designated donors in 
cluster 3 as representing active T1D.

We also assessed whether excluding the most dominant donor 
from each cluster (cells from T1D donor 1 in cluster 3 and cells from 
T1D donor 2 in cluster 2) would affect our gene expression analysis. 
We identified differentially expressed genes in cells from all donors 
in each cluster or excluding the top donor relative to the shared ref-
erence cluster (cluster 0) and then evaluated the correlation of fold 
changes (log2) between these differentially expressed genes lists. 
These comparisons revealed strong correlations in differences in 
gene expression values [coefficient of determination (R2) =  0.94], 
supporting the conclusion that multiple donors contribute to the 
disease-specific clusters identified in our study (fig. S7M).

We next sought to determine whether the elevated NFKB1 tran-
script levels were also reflected at the protein level in PLN tissues. 
Using limited fixed tissue samples collected by the HPAP team, we 
obtained PLN sections from the triple autoantibody–positive AAb+ 
donor 7, representing active T1D, and a healthy control donor. Im-
munofluorescence (IF) staining was performed to assess the expres-
sion of CD4, CD45RO (a marker of memory T cells), and NFKB1 
across the PLN sections (Fig. 5H). To quantitate the expression of 
three proteins in AAb+ donor 7 compared with that in the healthy 
control, we followed a rigorous computational approach relying on 
cell segmentation and grouped cells into naïve and memory CD4 T 
cells based on the expression of CD4 and CD45RO in both donors. 
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We evaluated the expression of NFKB1 protein across naïve and 
memory CD4 T cells in two representative images (Fig.  5H and 
fig. S7N). Given the age of these samples, collected over 8+ years, we 
expected some variation in data quality. To enable accurate com-
parisons, we applied quantile normalization to each protein staining 
dataset. Originally developed for microarray data analysis (25), 
quantile normalization corrects for systematic technical variation 
across samples while preserving relative differences within each 
sample. The HD PLN contained naïve and memory CD4 T cells with 
comparable levels of NFKB1 (Fig. 5H). In contrast, the mean NFKB1 
protein level was higher in memory CD4 T cells compared with that 
in naïve CD4 T cells of AAb+ donor 7 (Fig. 5H). These data con-
firmed elevated levels of NFKB1 protein in CD4 memory T cell 
populations in the donor expressing three autoantibodies represent-
ing active T1D.

We explored the identity of cells in T1D-associated clusters 2 and 
3 and evaluated the expression of genes encoding transcription fac-
tors, cytokines, and cell surface markers (Fig. 5, I to L). In addition 
to NFKB1 and REL associated with the NF-κB pathway, the AP-1 
transcription factor BACH2 was selectively expressed in cells com-
prising cluster 3 but not clusters 0 or 2 (Fig. 5K). BACH2 expression 
in T cells has been implicated in repressing effector responses (26) 
and enforcing stem-like T cell identity upstream of TCF-1 (27). The 
AP-1 transcription factors FOS, JUN, and JUNB, but not BACH2, 
were highly expressed in cells of cluster 2 compared with those in 
cells in clusters 0 or 3 (Fig. 5K). Cells in clusters 2 and 3, in addition 
to cluster 0, expressed very low level of cytokines and moderate lev-
els of TCF7, corroborating that cells in these clusters are not effector 
cells (Fig.  5, I and K). Transcription factors NFAT5 and NR4A1 
downstream of T cell receptor signaling were expressed in clusters 3 
and 2, respectively (Fig. 5K). Cells in cluster 3 expressed memory 
markers like CD44 and CCR7 in addition to TNFRSF25, also known 
as DR3, the receptor of the tumor necrosis factor (TNF) family cy-
tokine TL1A (Fig. 5, I and J). Cells in cluster 2 had moderate expres-
sion of BCL6, the master regulator of T follicular helper cells, 
although these cells did not express IL21. We also performed dif-
ferential gene expression analysis between clusters 3 and 0, which 
represented CD4 T cells from all donor groups (Fig. 5K). A unique 
set of genes was highly expressed in cells of cluster 3 including 
GPR183, also known as EBI2, which has a major role in immune cell 
trafficking (28), in addition to SIK3, EZR, HNRNPC, and SKIL. 
Genes associated with TNF signaling via NF-κB were also overex-
pressed in clusters 2 and 3 (Fig. 5M). Moreover, interferon-related 
genes were strongly up-regulated in cluster 2 cells from the spleens 
and cluster 0 cells from the PLNs, but not in cluster 3 cells from the 
PLNs (Fig. 5M). The enrichment of these pathways was stronger in 
cells of cluster 2 versus cluster 3 (Fig. 5M). Together, our analysis 
revealed transcriptional signatures of the T1D-associated CD4 T 
cell subpopulation.

NFKB1highBACH2high CD4 T cells have distinct chromatin 
signatures in the PLNs during active T1D
We next assessed whether chromatin accessibility measurements 
corroborate changes in gene expression in T1D-associated clusters 2 
and 3. To identify transcription factors affecting chromatin acces-
sibility during active T1D, we performed de novo motif analysis 
and detected strong enrichments for AP-1, NF-κB–p65, Rel, Nr4a1, 
Nfat, and Tcf7 motifs in cCREs selectively more accessible in T1D-
associated clusters 2 and 3 in comparison with cluster 0 (Fig. 5N). 

Notably, the most substantial motif within cCREs of clusters 3 and 2 
belonged to the AP-1 family. Because BACH2—but not other AP-1 
proteins such as FOS, JUN, or JUNB—is expressed in cluster 3 
(Fig. 5K), we inferred that the AP-1 motif enrichment in cluster 3 
cCREs likely reflects BACH2 activity rather than that of other AP-1 
family members. Hence, the elevated expression of BACH2, NFBK1, 
NR4A1, NFAT, and TCF7 from the cognate protein families cor-
roborates the footprint of these transcription factors on the open 
chromatin of cells in cluster 3 (Fig. 5N).

We next assessed the significance of the NFKB1 and BACH2 tran-
scription factors in T1D cells independent of clustering-based ap-
proaches. We inferred the enhancer-driven gene regulatory networks 
or “eRegulons” using SCENIC+ (Fig. 5, O and P, and fig. S8) (29). 
This method identifies candidate enhancers from ATAC-seq, defines 
enriched transcription factor-binding motifs, and links transcrip-
tion factors to candidate enhancers and target genes using ATAC-
seq and RNA-seq measurements. SCENIC+ allowed us to fully 
exploit the simultaneous profiling of gene expression and chromatin 
accessibility and inferred targets of NFKB1 and BACH2 (Fig. 5, O 
and P, and fig. S8). In line with our separate analysis of gene expres-
sion and chromatin accessibility, both NFKB1 and BACH2 had larg-
er eRegulons in T1D cells versus HD cells (NFKB1: 102 target genes 
and 143 target regions in T1D versus 34 target genes and 48 target 
regions in HD; BACH2: 145 target genes and 223 target regions in 
T1D versus 89 target genes and 118 target regions in HD) (Fig. 5, O 
and P, and fig. S8). Notably, two cCRE targets of BACH2 at CCR7 
and FLI1 loci overlapped with SNPs (rs607703 and rs112401631) 
disrupting transcription factor binding sites (fig. S8, G and H). Thus, 
a strategy using both modalities independent of clustering strategies 
also indicates the importance of elevated NFKB1 and BACH2 in 
T1D lymphocytes.

T1D-associated B cells in the spleens show 
interferon-responsive signatures
Extending our in-depth analysis to non-naïve B cells in the PLNs 
and the spleens of our age-matched cohort led to grouping of B cells 
into nine clusters (0 to 8) (Fig. 6, A and B, and fig. S9A). Although 
clusters 0, 1, 2, 4, 5, and 8 were represented by cells from the three 
disease groups, cells grouped as clusters 3, 6, and 7 did not belong to 
any HDs (Fig. 6C). The expression of NFKB1 was the highest in B 
cells grouped in clusters 6 and 7 compared with that in other clusters 
(Fig. 6, C and D). Unlike T cells, disease-specific B cells were exclu-
sive to the spleens (Fig. 6, B and C). Clusters 0, 1, and 2 comprise 
cells from all donors across three disease groups (Fig.  6, E to G), 
whereas most of B cells from T1D and AAb+ donors contributed to 
disease-associated clusters 3 and 6 (Fig. 6, H to J). Cluster 3 con-
tained cells from AAb+ donor 6, T1D donor 1, T1D donor 6, T1D 
donor 2, AAb+ donor 5, and T1D donor 12, whereas cluster 6 con-
tained cells from AAb+ donor 3, AAb+ donor 7, and T1D donor 10 
(Fig. 6, H and I, and data file S1F). Cells in cluster 7 predomi-
nantly came from T1D donor 2 in addition to moderate contribu-
tions from donors AAb+ donor 6, AAb+ donor 7, and T1D donor 
1 (Fig. 6J and data file S1F). We also reported that the transcriptome 
landscape of disease-specific B cell clusters 3 and 6 was not depen-
dent on the most dominant donor (fig. S9B). Together, B cells in the 
spleens of AAb+ and T1D donors demonstrated distinct gene ex-
pression signatures.

We evaluated the expression of cytokines, transcription fac-
tors, and cell surface markers and obtained the top differentially 
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Fig. 6. T1D-associated splenic B cells show interferon-responsive signatures. (A and B) UMAP representing nonnaïve B cells after reclustering labeled with the cluster 
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expressed genes between clusters 3, 6, and 7 compared with those in 
cluster 0 (Fig. 6, K to N). The master regulator of germinal center B 
cells, BCL6, was not expressed in any of these clusters (Fig. 6L). Both 
CD27 and TNFRSF13B were moderately expressed in cells grouped 
in clusters 3 and 7, suggesting their annotation as memory B cells 
(Fig. 6M). Elevated activity of TNF signaling pathway via NF-κB, as 
well as interferon-γ responses, was detected in T1D-associated B 
cell clusters (fig. S9C). These observations were confirmed with mo-
tif analysis on differential accessible cCREs, which revealed the 
enrichment of NF-κB–related transcription factors like REL and 
interferon-related TFs like IRF4, and EGR1 in the T1D-associated 
clusters (fig. S9D). Thus, B cells in the spleens of most AAb+ and 
T1D donors differ markedly from those of HDs, showing elevated 
interferon-γ and NF-κB signatures.

NFKB1highBACH2high CD4 T cells are detected during 
presymptomatic stages in NOD mice
We examined whether T1D signatures of human CD4 T cells were 
generalizable to the nonobese diabetic (NOD) mouse strain. Fe-
male NOD mice develop diabetes at a rate of ~80% by 30 weeks of 
age, whereas males exhibit a significantly lower incidence. We per-
formed snATAC/snRNA multiome experiments on CD45+ im-
mune cells purified from the PLNs of a 9-week-old female NOD 
mouse (Fig.  7A). We also performed multiome experiments on 
CD45+ cells purified from the PLNs of a 19-week-old female with 
recent onset of diabetes established by glucosuria (Fig. 7, A to D). 
As a control, we analyzed age- and sex-matched Eα16/NOD litter-
mates, which are genetically identical to the NOD strain except for 
a targeted modification that enables the expression of the major 
histocompatibility complex (MHC) class II Eα transcript, confer-
ring protection against T1D (30–33). We measured gene expres-
sion and chromatin accessibility in CD45+ cells purified from the 
PLNs of four mice described above. Following our standard com-
putational workflow, we detected 44,453 cells across all mice, and 
after filtering doublets and low-quality cells, we focused our analy-
sis on 38,414 immune cells (fig. S10, A to C). We applied a similar 
clustering approach described earlier and detected 22 clusters 
(Fig. 7, E to G). On the basis of the expression of marker genes, we 
annotated clusters as naïve, effector, and memory T and B cells in 
addition to Treg cells (Fig. 7F and fig. S10C).

We first assessed the expression of the Nfkb1 transcription factor 
across all clusters in mice. CD4 T cells in cluster 14 expressing the 
memory marker Ccr7 had the highest level of Nfkb1 (Fig.  7H and 
fig. S10C). Cells in this cluster did not come from any specific mouse 
(fig. S10D). The expression of genes encoding cytokines, transcription 
factors, and cell surface markers confirmed cell annotation in cluster 
14 (Fig. 7, J to M). Similar to cluster 3 in human PLNs, CD4 T cells in 
cluster 14 expressed low levels of cytokine genes but high levels of 
Bach2 and Nfkb1 transcription factors (Fig. 7, J to M). Genes differen-
tially expressed in cluster 14 compared with all other CD4 T cells 
from mouse PLNs, such as Gpr183, Ezr, and Hnrnpc, were highly ex-
pressed in active T1D cluster 3 in the human PLNs (Figs. 5K and 7M). 
Notably, the top 200 up-regulated genes in cells forming cluster 3 in 
human PLNs, such as NFKB1, BACH2, SIK3, and GPR183, were en-
riched among genes up-regulated in cells forming cluster 14 in NOD 
mice (Fig. 7I). These 200 genes were also up-regulated in cells of clus-
ter 14 coming from 9-week-old NOD mouse in comparison with cells 
from 9-week-old Eα16 mouse (Fig. 7I). The comparison of cells from 
19-week-old NOD versus 19-week-old Eα16 animals grouped in 

cluster 14 did not show this enrichment (Fig. 7I). We also compared 
differentially expressed genes associated with mouse cluster 14 and 
human cluster 3 each in comparison with the reference nondisease 
clusters, resulting in 107 common genes between active T1D clusters 
in humans and mice (Fig. 7N and data file S6; Fisher’s exact test, odds 
ratio of 7.73, P < 2.2 × 10−16).

Using chromatin accessibility measurements, we examined tran-
scription factors whose recognition sites were selectively enriched 
within cCREs specific to cluster 14. We found recognition sites for 
NF-κB–p65, AP-1, Nr4a1, and Tcf7 motifs confirming the potential 
influence of Nfkb1, Nr4a1, and Tcf-1 on chromatin remodeling of 
cells in cluster 14 during active T1D (Figs. 5M and 7O). Similar to 
human PLNs, because Bach2 was highly expressed in cluster 14, we 
inferred that the AP-1 motif enrichment in cluster 14 cCREs likely 
reflects BACH2 activity. We also found 169 common gained cCREs 
among orthologous cCREs between cluster 14 in mice and cluster 3 
in humans (Fig. 7P; Fisher’s exact test, odds ratio of 5.04, P < 2.2 × 
10−16). Motif analysis on cCREs shared between active T1D clusters 
in humans and mice resulted in the enrichment of AP-1, Tcf7, Nr4a1, 
and Nfkb1 (Fig. 7Q). In sum, an Nfkb1highBach2high CD4 T cell state 
marked by gene expression and epigenetic similarities in the human 
and mouse PLNs are associated with active T1D.

Gene signatures of T1D detected in the spleens can be 
detected in circulation
We next aimed to examine whether the active T1D signatures that 
we identified in T and B lymphocytes of organ donors could be de-
tected in peripheral blood mononuclear cells (PBMCs) using pub-
licly available data (34, 35). We used T1D-associated gene sets from 
two studies that performed gene expression analysis using microar-
ray (34) and single-cell RNA-seq (35) technologies across distinct 
cohorts of patients with T1D. In the first study (34), the authors per-
formed microarray analysis on bulk PBMCs composed of all im-
mune cell types from 43 patients with newly diagnosed T1D and 
compared them with patients with newly diagnosed T2D. Our en-
richment analysis revealed that genes highly expressed in total 
PBMCs of patients with T1D were enriched in genes up-regulated in 
the disease-associated CD4 T cell cluster 2 from the spleens of T1D 
donors but not cluster 3 from the PLNs (fig. S10E). Moreover, genes 
highly expressed in total PBMCs of patients with T1D were highly 
enriched in genes up-regulated in the spleens of T1D-associated B 
cell clusters 3, 6, and 7 (fig. S10F). In the second study (35), the au-
thors generated single-cell transcriptomic data from PBMCs of 46 
T1D cases and 31 matched controls [“data file S3” in (35)]. Notably, 
the top differentially expressed genes associated with T1D in CD4 T 
cells from these data were enriched in genes up-regulated in the 
disease-associated CD4 T cell cluster 2 from the spleens but not clus-
ter 3 from the PLNs (fig. S10E). Moreover, the top differentially ex-
pressed genes associated with T1D in peripheral B cells from the 
dataset generated by Honardoost et al. were enriched in genes up-
regulated in the T1D-associated B cell clusters 3, 6, and 7 of the spleens 
(fig. S10F). Together, our cross-validation investigations across inde-
pendent cohorts suggest that the enrichment of molecular features of 
T1D detected in the spleens can be detected in circulation.

DISCUSSION
Here, we report a distinct subset of CD4 T cells with elevated expres-
sion of NFKB1 and BACH2, accompanied by chromatin remodeling 
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Fig. 7. NFKB1highBACH2high CD4 T cells representing active T1D in human PLNs are detected during presymptomatic stages in NOD mice. (A) Schematic outlining 
the experimental approach for NOD mice. (B and C) Diagrams depict representative pancreatic islets from a female 19-week-old Eα16 (B) and a littermate 19-week-old 
diabetic NOD mouse (C). (D) Bar chart indicating the insulitis score determined for each mouse. (E to G) UMAPs representing immune cells remaining after quality control 
analysis labeled with mouse age and strain (E), immune cell annotation (F), and cluster number (G). (H) Violin plot shows Nfkb1 expression across clusters. (I) Preranked 
GSEA assessing the enrichment of the top 200 up-regulated genes in cells forming cluster 3 in human PLNs among genes up-regulated in cells forming cluster 14 in NOD 
mice. (J to M) Heatmaps showing the expression of cytokines (J), transcription factors (K), cell surface markers (L), and top differentially expressed genes in cluster 14 
compared with all other CD4 T cells (M). (N) Venn diagram indicating the number of common differentially expressed genes between cluster 3 in human PLNs and cluster 
14 in mouse PLNs. Fisher’s exact test, odds ratio (OR) of 7.73, P < 2.2 × 10−16. (O) Seqlogo depicting de novo motif analysis using Homer in differentially accessible chro-
matin regions in mouse cluster 14 compared with all other CD4 T cells. (P) Venn diagram indicating the number of gained cCREs overlap between mouse cluster 14 and 
human cluster 3. Fisher’s exact test, OR of 5.04, P < 2.2 × 10−16. (Q) Seqlogo depicting de novo motif analysis using Homer in shared gained accessible chromatin regions 
between mouse cluster 14 and human cluster 3.
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linked to these transcription factors, in the PLNs of human organ 
donors representing active T1D. We also show an Nfkb1highBach2high 
CD4 T cell subset in the PLNs of NOD mice at presymptomatic stag-
es with extensive gene expression and epigenetic similarities to the 
human CD4 T cell subset. Although our data strongly indicate the 
existence of this CD4 T cell subset during the active stages of T1D, 
the specific identity and function of these cells remain unknown. 
These CD4 T cells lack the expression of cytokines and represent the 
expression of memory markers, suggesting that these cells are not 
naïve cells. The absence of Treg cell–associated marker genes further 
excludes a regulatory role. On the basis of their cytokine-deficient 
profile, moderate TCF7 expression (encoding TCF-1 protein), and 
high BACH2 levels, we speculate that these CD4 T cells may repre-
sent the autoimmune progenitor pool (9, 36).

TCF-1high CD8+ T cells with self-renewal properties have exten-
sively been studied in chronic infection and cancer. However, we did 
not find previously reported gene signatures of these subsets to be en-
riched in our CD4 T cell population. The importance of TCF-1high 
CD8+ T cells or TCF-1high CD4 T cells driving T1D has also been ex-
amined using the NOD model, although these studies did not report 
the expression of Nfkb1 in cells representing the stem-like T cell sub-
sets (9, 36). Bach2 can induce Tcf7, controlling stem-like CD8+ T cells 
(27). In CD4 T cells, Bach2 restrains effector responses (26), suggest-
ing that, in our setting, BACH2 may suppress cytokine expression in 
CD4 T cells representing cluster 3. NFKB1 expression might be in-
duced by T cell receptor activation (NR4A and NFAT), although it is 
possible that cytokines such as TL1A, a TNF family protein whose 
receptor DR3 is expressed in these cells (i.e., cluster 3), act as the up-
stream signal for NFKB1. The expression of NFKB1 and NR4A1 genes 
in stem-like TCF-1high CD8+ T cells can be found in studies focusing 
on these cells. The enrichment of motifs associated with NF-kB tran-
scription factor family members within the open chromatin regions 
of stem-like CD8+ T cells has been reported (37). Moreover, the in-
creased expression of Nfkb1, Rel, and Nr4a1/2 in exhausted precursor 
TCF-1high CD8+ T cells has been reported using single-cell RNA-seq 
(38). Our data suggest that the CD4 T cell subset in T1D PLNs is dis-
tinct from previously described TCF-1high CD8+ T cells, highlighting 
potentially unique mechanisms contributing to their identity and 
function. Additional mechanistic investigations in the NOD model 
may reveal the functional importance of these CD4 T cells.

Our focus on memory B and T cells in the spleens identified dis-
tinct enrichment of cells from AAb+ and T1D donors and the poten-
tial detection of these cells in circulation. B cells in the spleens of 
most AAb+ and T1D donors were transcriptionally and epigeneti-
cally distinct from memory B cells of HDs, and such disease-specific 
B cells have an elevated interferon signature. Whether these different 
aspects of immunity in T1D may contribute to the autoimmune pro-
cess or, alternately, represent secondary effects of the altered envi-
ronment in autoimmunity remains to be evaluated. Genes highly 
expressed in T1D-specific B and T cell clusters of the spleens could 
be detected in peripheral blood of T1D donors on the basis of pub-
licly available data collected by independent groups. These results 
are in alignment with reports suggesting changes in B cells from pe-
ripheral blood of patients with recent-onset T1D (39, 40). Together, 
our study suggests the importance of understanding the molecular 
features of immune cells in the spleen, because they can inform the 
development of blood-based biomarkers.

A limitation of our study is that most of AAb+ donors harbored 
only a single autoantibody, which may represent nonprogressive 

islet autoimmunity. Nonetheless, our goal in this work was to lever-
age the HPAP dataset to generate hypotheses and establish a foun-
dational resource for the field. In this regard, we view our study as a 
hypothesis-generating contribution that provides a framework for 
future cross-cohort analyses, biomarker discovery efforts, and flow 
cytometry–based validation studies.

MATERIALS AND METHODS
Study design
In this study, we conducted a comprehensive analysis of gene ex-
pression and chromatin accessibility in nearly 1 million immune 
cells from the pancreatic lymph nodes and spleens of 43 individuals 
with and without T1D. We found a distinct subset of CD4+ T cells 
selectively present in the pancreatic lymph nodes of organ donors 
representing the active disease stage. These cells exhibited elevated 
activity of NFKB1 and BACH2, along with extensive chromatin re-
modeling associated with these transcription factors. These findings 
were subsequently corroborated in a T1D mouse model.

Human participants
PLNs and spleens were obtained through the HPAP consortium 
(RRID:SCR_016202; https://hpap.pmacs.upenn.edu), a component 
of the Human Islet Research Network (https://hirnetwork.org). Pro-
curement was conducted under approval from the University of 
Florida Institutional Review Board (IRB no. 201600029) and the 
United Network for Organ Sharing. Informed consent for organ re-
trieval was obtained from a legal representative of each donor. T1D 
diagnosis was confirmed through medical chart review and mea-
surement of C-peptide levels following American Diabetes Associa-
tion guidelines. All donors were screened for islet autoantibodies 
before organ recovery, and autoantibody positivity was verified after 
tissue processing and islet isolation.

NOD mice
NOD/ShiLtJ (NOD) mice were obtained from the Jackson Labora-
tory. We used age- and sex-matched Eα16/NOD littermates, which 
are genetically identical to the NOD strain except for a targeted 
modification that enables the expression of the MHC class II Eα 
transcript, conferring protection against T1D (30–33). Eα16/NOD 
mice were obtained from the Silverman laboratory. Littermate fe-
male mice of 9 and 19 weeks old were used in the study. The animal 
work was done based on the Institutional Animal Care and Use 
Committee of the University of Pennsylvania and the Children Hos-
pital of Pennsylvania in accordance with NIH guidelines. Insulitis 
was assessed following dissection of the pancreases, which were fixed 
in 10% formalin. The fixed tissue was embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin. At least 75 pancre-
atic islets per mouse were scored under bright field microscopy by 
two examiners blinded to the identity of the samples. Scores for each 
islet ranged from 0 to 2; 0 indicates the absence of insulitis, 1 de-
notes peri-insulitis or the presence of leukocytes within the periph-
ery of the islets, and 2 signifies the filtration of leukocytes into the 
islets. The insulitis score represents the mean insulitis value for all of 
the islets evaluated from each mouse pancreas.

Tissue processing
R10 medium [500 ml of RPMI medium 1640 (Gibco/Invitrogen), 10% 
fetal bovine serum, penicillin (100 U/ml), and 2 mM l-glutamine] with 
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50 μl of deoxyribonuclease (DNase) I (Thermo Fisher Scientific, cata-
log no. EN0521) was prepared. The fat tissue around PLN tissues was 
cut away in a dish, and the tissue was rinsed with the prepared medium. 
The PLN tissues were cut into small pieces and placed in the 70-μm 
strainer into a dish and smashed using the top end of a 5-ml syringe. 
The medium consisting of PLN cells was strained through the 70-μm 
strainer into a 50-ml conical tube. The cells were centrifuged at 800g for 
5 min. The cells were washed again with R10 medium and counted. 
After centrifugation, the cells were resuspended in freezing medium 
(Gibco, catalog no. 12648010) and stored in Mr. Frosty (Nalgene, cata-
log no. 5100-0001) freezing container at −80°C for 1 day, and, then, 
they were transferred to a liquid nitrogen tank (Thermo Fisher Scien-
tific). For spleen tissue, 50 μl of DNase and 50 μl of collagenase D 
(Roche, catalog no. 11088866001) have been added to 50 ml of R10 
medium. The spleen tissue was cut into small pieces and transferred to 
the gentleMACS C tube (MACS Miltenyi, catalog no. 130-093-237) 
with medium. After dissociation, the dissociated tissue was smashed 
through a 100-μm strainer using the top end of a 5-ml syringe into a 
dish. The medium consisting of spleen cells was strained through the 
100-μm strainer into a 50-ml conical tube. The cells were centrifuged 
and 5 ml of ACK (ammonium-chloride-potassium) lysis buffer (Qual-
ity Biological, catalog no. 118-156-721) was added to lysis red blood 
cells and incubated for 5 min. Then, R10 medium was added to the 
cells, and the cells were centrifuged at 800g for 5 min. The cell pellets 
were resuspended in R10 medium and counted. After centrifugation, 
the cells were resuspended in freezing medium and stored in a Mr. 
Frosty at −80°C for 1 day, and, then, they were transferred to a liquid 
nitrogen tank. For NOD mice, PLNs were harvested and placed in the 
70-μm strainer in a 50-ml conical tube and smashed using the top end 
of a 5-ml syringe. The cells were washed with medium and counted.

IF experiments and image analysis
In our microscopy experiments, microscope make and model was 
Leica DMi8CEL Advanced inverted Microscope; the imaging mo-
dality was confocal laser scanning microscopy; autofocus system 
was Leica LAS X Adaptive Focus Control, the objective lens specifi-
cations were 63×/1.4 oil immersion; the imaging environmental 
conditions was slides in dark at room temperature; the fluorescent 
filters were filter cubes configured for 4′,6-diamidino-2-phenylindole 
(DAPI), fluorescein isothiocyanate, and tetramethyl rhodamine iso-
thiocyanate; the laser lines were multiline laser module (e.g., 405, 
488, 561, and 633 nm); the camera/detector type was photomulti-
plier tubes and hybrid detectors; the motorized components were 
motorized XY stage, focus drive, and objective turret; the image ac-
quisition software was Leica LAS X (Leica Application Suite X), ver-
sion 3.5.7; and the image processing software was LAS X.

The lymph nodes were harvested from the peripancreatic tissues 
of organ donors. The samples were fixed in 10% formalin (24 ± 
8 hours) and then embedded in paraffin. The tissue blocks were man-
ually sectioned using a microtome to obtain 5-μm slices. For IF stain-
ing, after dewaxing, the slides were boiled in a citrate buffer at pH 6.0 
for 20 min to repair the antigens. After incubation with the blocking 
buffer at room temperature for 1 hour, the slides were incubated over-
night at 4°C with the antibody at the optimal dilution. The antibodies 
used were NFKB1 (Proteintech, Rosemont, IL) and CD4 and CD45RO 
(Abcam, Cambridge, MA), separately. All slides were washed in the 
washing buffer and then incubated for 1 hour with the tyramide sig-
nal amplification kit (Thomas Scientific, Swedesboro, NJ) for second-
ary antibody incubation for CD4 and NFKB1 antibodies. Tyramide 

conjugate was added to 0.03% H2O2 in phosphate-buffered saline 
(PBS) and incubated in the dark at room temperature for 10 min. 
Last, the slides were washed and sealed with ProLong Gold reagent 
containing DAPI before scanning (Invitrogen, catalog no. P10144).

Intensity measurements of IF-stained HPAP tissues were per-
formed using Fiji (41). First, to account for technical variation in 
signal intensity between different tissue sections, “Quantile-Based 
Normalization” plugin was used to normalize the distribution of 
pixel values across the CD4, CD45RO, and NFkB1 channels for each 
tissue (“Plugins” → “Process” → “Quantile-Based Normalization”). 
For each of the three channels, the quantiles were replaced with 
“Mean” pixel values without rescaling the original image.

Cell segmentation was completed using the “MorphoLibJ” plu-
gin (42). Images of the CD4, CD45RO, and NFkB1 channels were 
first converted to 8-bit gray images and subtracted for background 
signal (“Process” → “Subtract background”) with a “rolling ball ra-
dius” of 10 pixels with “Sliding paraboloid” enabled. Watershed seg-
mentation was performed with the input images classified as “border 
image” with a tolerance of “30” selected to increase the stringency of 
segmentation and reduce oversegmentation. Results of segmenta-
tion were displayed as “Watershed lines” on the original input im-
age. Cell annotation was performed using the “Analyze Particles” 
tool with a ‘size’ of 50– to 6000–square pixel area and a “circularity” 
within the range 0 to 1.00. Cell annotations were added to the “ROI 
manager” tool and overlaid with the CD4, CD45RO, and NFkB1 
channels for each tissue. Mean intensity of annotated cells were 
saved to CSV files using the “Measure” function within the “ROI 
manager.” This process was repeated for all three channels per tissue.

Segmented cells were grouped into memory CD4+ CD45RO+ 
and naïve CD4+ cells (i.e., CD45RO) using R running on RStudio 
(version 2022.07.2 + 576). Cells were classified into the two groups 
on the basis of a threshold inferred from the mean intensity values 
of annotated cells and confirmed by visual inspection of signal mor-
phology (i.e., radial signal pattern for both CD4 and CD45RO indi-
cating cell surface expression). Annotated cells were first filtered 
using the CD4 mean intensity threshold (>53.06 for HD and >59.587 
for AAb+3) and the cells that had higher intensity were subjected to 
a second filtering using the CD45RO mean intensity threshold 
(>75.746 for HD and > 74.119 for AAb+3). Cells that passed the 
second threshold were grouped into memory CD4+ CD45RO+ cells, 
while cells that failed were grouped as naïve CD4+ T cells. NFkB1 
mean intensity was plotted for both filtered groups and compared.

Fluorescence-activated cell sorting
Frozen cells were incubated in a water bath at 37°C. Thawed cells 
were transferred quickly to labeled 50-ml tubes consisting of 10 ml of 
warm R10 medium. Cells were centrifuged at 400g for 5 min at 4°C, 
and the supernatant was discarded. For the second wash, PBS (Gibco) 
was added to the cells, and the cells were centrifuged again. After 
centrifuging, 100 μl of diluted viability dye [1:500 L/D Aqua (Invitro-
gen, catalog no. L34957)] was added to the cells and incubated at 4°C 
in the dark for 20 min. After incubation time, PBS was added to the 
cells, and they centrifuged at 400g for 5 min. Cells were resuspended 
in 100 μl of PBS, and then 10 μl of human TruStain FcX (BioLegend, 
catalog no. 422302) was added and cells were incubated at 4°C in the 
dark for 10 min. After centrifuging, antibodies CD45 (clone HI30; 
BioLegend, catalog no. 304005) and CD15 (clone W6D3; BioLegend, 
catalog no. 323043) were diluted in PBS buffer, and the panel was 
added to the cells and incubated for 30 min at 4°C in the dark. Cells 
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were stained with 7AAD (eBioscience, no. 00-6993-50) for live cell 
staining 10 min before sorting. Cells were washed and resuspended 
in PBS. Cells were sorted on a FACSAria fusion I using FACSDiva 
software 8.0.2 (BD Biosciences). Cells were sorted to collect live 
CD45+ CD15− cells.

For mice PLNs, cells were incubated with 100 μl of diluted viability 
dye (1:500 L/D Aqua, Invitrogen) for 20 min at 4°C in the dark. After 
incubation, cells were washed once with PBS and centrifuged at 400g 
for 5 min. The pellet was resuspended in 100 μl of PBS, followed by 
addition of 10 μl of mouse TruStain FcX (BioLegend, catalog no. 
101319) and incubation for 10 min at 4°C in the dark. Cells were then 
stained with antibodies against CD45 (clone 30-F11; BioLegend, cata-
log no. 103133) and CD15 (clone MC-480; BioLegend, catalog no. 
125617) diluted in PBS for 30 min at 4°C in the dark. Ten minutes 
before sorting, 7AAD (eBioscience) was added for live/dead dis-
crimination. Live CD45+ CD15− cells were sorted on a FACSAria II 
(BD Biosciences).

Single Cell Multiome ATAC + Gene Expression
Single-cell multiome data were generated using Chromium Next 
GEM Single Cell Multiome ATAC + Gene Expression kit (10x Ge-
nomics). Nucleus isolation with some modifications was performed 
on the basis of the 10x Protocol (CG000365). The modifications in 
the nucleus isolation protocol were as follows. Diluted lysis buffer was 
made using 400 μl of diluted lysis solution [10 mM NaCl, 10 mM tris-
HCl (pH 7.4), 3 mM MgCl2, 1 mM dithiothreitol, 1% bovine serum 
albumin, ribonuclease inhibitor (1 U/μl), and nuclease-free water] 
and 200 μl of lysis buffer (CG000368), and the cells were incubated on 
ice with the 100 μl of diluted lysis buffer. The rest of the protocols 
were followed on the basis of the manufacturer’s instructions. The 
quality of libraries was assessed using TapeStation 2200 (Agilent) and 
quantified using Kapa (Roche, catalog no. 07960140001). The se-
quencing was performed on the NovaSeq6000 (Illumina). Bcl2fastq 
conversion and sample aggregation were performed using Cell Rang-
er ARC 2.0.2 (10x Genomics).

Hashtag antibody staining
For donors which were added to create the age-matched cohort, we 
used hashtag (HTO) antibodies (BioLegend, catalog nos. 394601, 
394603, 394605, 394607, 394609, 394611, 394613, and 394615) to 
multiplex PLN samples for single-cell multiome. Cells were stained 
with hashtag antibody for 30  min at 4°C and washed with PBS. 
Hashtag library was prepared according to the TEA-seq protocol 
and was sequenced with RNA library. Counts for HTO library were 
obtained using 10x Cell Ranger multi. HTO counts were normalized 
using the centered log ratio (CLR) transformation.

TEA-seq
After thawing the cells, the TEA-seq protocol (16) was used to stain 
the cells with TotalSeq A cocktail antibody (BioLegend, catalog no. 
399907) according to the manufacturer’s instructions. The required 
oligos were obtained from the TEA-seq protocol and were ordered 
from Integrated DNA Technologies. The modifications to multiome 
assay to obtain the antibody-derived tag (ADT) library along with 
RNA and ATAC modalities were performed on the basis of the 
TEA-seq protocol. To process single-cell ADT, BarCounter (https://
github.com/AllenInstitute/Barcounter-release) was used, and ADT 
counting was performed on the basis of the software guideline. ADT 
counts were normalized using the CLR transformation. After adding 

ADT modality to the multiome object, the dataset was processed 
using our multiome pipeline.

Statistical analysis
Statistical analysis is available in the Supplementary Materials.
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