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SUMMARY

Autoreactive B cells play an important but ill-defined role in autoimmune type 1 diabetes 

(T1D). We isolated pancreatic islet antigen-reactive B cells from the peripheral blood of non-

diabetic autoantibody-negative first-degree relatives, autoantibody-positive, and recent-onset T1D 

donors. Single-cell RNA sequencing analysis revealed that islet antigen-reactive B cells from 

autoantibody-positive and T1D donors had altered gene expression in pathways associated with B 

cell signaling and inflammation. Additionally, BCR sequencing uncovered a similar shift in islet 

antigen-reactive B cell repertoires among autoantibody-positive and T1D donors where greater 

clonal expansion was also observed. Notably, a substantial fraction of islet antigen-reactive B cells 

in autoantibody-positive and T1D donors appeared to be polyreactive, which was corroborated 
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by analysis of recombinant monoclonal antibodies. These results expand our understanding of 

autoreactive B cell phenotypes during T1D and identify unique BCR repertoire changes that may 

serve as biomarkers for increased disease risk.

In brief

Nicholas et al. demonstrate that pancreatic islet antigen-reactive B cells from individuals with type 

1 diabetes display a unique transcriptome and BCR repertoire compared with non-diabetic donors.

Graphical Abstract

INTRODUCTION

Type 1 diabetes (T1D) develops as a consequence of a sustained autoimmune attack on 

the insulin-producing beta cells in the pancreas. T1D has historically been classified as a 

T cell-mediated disease due to the destruction of pancreatic islet beta cells by autoreactive 

T cells. However, previous experiments in the non-obese diabetic (NOD) mouse model 

have provided evidence for autoreactive B cell involvement with disease progression. This 

evidence includes demonstration of their essential role in antigen presentation to T cells, 

protection from diabetes progression in mice lacking B cells, and requirement for islet, i.e., 

insulin, reactive B cells to develop autoimmune diabetes.1–9 Given the importance of B cells 

in the NOD mouse model, a phase 2 clinical trial was undertaken using the B cell depleting 

monoclonal antibody, rituximab, to target CD20+ B cells in recently diagnosed individuals 
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with T1D. The trial showed that patients treated with rituximab have preserved beta cell 

function 1 year post-treatment.10,11 These benefits were largely lost 2 years after treatment 

when the B cell compartment had fully recovered.12 Despite evidence for B cell involvement 

in T1D, few human B cell-focused studies have been completed, particularly those analyzing 

islet antigen-reactive (IAR) B cells. We previously analyzed insulin-binding B cells in 

the peripheral blood of subjects along a continuum of diabetes development and showed 

that anergic (unresponsive) insulin-binding B cells are lost in individuals with pre-clinical 

diabetes (autoantibody positive but not symptomatic) and individuals recently diagnosed 

with T1D.13,14 Follow-up studies in young-onset T1D revealed an increase in activated B 

cells within the anergic insulin-binding B cell subset, suggesting they have lost tolerance.15 

But exactly how these B cells become activated and their role in disease progression remains 

unknown.

Autoantibodies produced by B cells reactive with pancreatic islet antigens, e.g., insulin 

(INS), glutamic acid decarboxylase 65 (GAD), insulinoma associated antigen 2 (IA2), and 

zinc transporter 8 (ZnT8), are found in the serum of individuals prior to onset of T1D, 

and are used as biomarkers to identify individuals with a high likelihood of progression to 

T1D.16,17 Accumulation of multiple autoantibodies in individuals with pre-clinical diabetes 

(prediabetes) is strongly correlated with faster progression to T1D diagnosis.18 Despite 

this, current dogma based on mouse studies suggests that autoantibodies in T1D are not 

pathogenic.7 Instead, the role of B cells in T1D is likely through (auto)antigen presentation 

to T cells.3,19,20

It has been shown that up to 70% of newly generated B cells in the bone marrow are 

self-reactive.21 Normally these cells are purged through central tolerance mechanisms of 

receptor editing or clonal deletion or by the peripheral tolerance mechanism of anergy.22–

25 Individuals with autoimmunity, including T1D, exhibit an increase in autoreactive 

B cells that escape the bone marrow and enter the periphery. Importantly, these cells 

tend to be polyreactive, binding to two or more of the following antigens: INS, 

DNA, or lipopolysaccharide.13,23,26 Together these findings indicate that normal tolerance 

mechanisms are impaired and unregulated, autoreactive B cells play a role in the 

development of T1D.

Given how little is known about diabetogenic B cells, including their role in the 

pathogenesis of T1D and how their tolerance is broken, we sought to analyze the phenotype 

and BCR repertoire of islet-reactive B cells from the peripheral blood of subjects along a 

continuum of diabetes development. We designed a multiplexed single-cell RNA sequencing 

(scRNA-seq) method based on LIBRA-seq,27 a method developed to characterized antigen-

specific B cells, in order to study B cells reactive to three pancreatic islet antigens, INS, IA2, 

and GAD, as well as those reactive with the foreign antigen tetanus-toxoid (TET). While our 

lab has extensively studied the surface phenotype and functional properties of INS-reactive 

B cells using flow and mass cytometry, to our knowledge no such study has utilized 

scRNA-seq to study multiple IAR B cells in parallel. Our results demonstrate significant 

differences in the transcriptome and BCR repertoire of patients along a continuum of 

diabetes development compared with non-diabetic controls. These findings greatly expand 

our current knowledge regarding the phenotype of IAR B cells in T1D and suggest 
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some potential mechanisms by which self-reactive B cells may lose tolerance and become 

activated in T1D.

RESULTS

B cell subsets span all stages of B cell differentiation and are present in each donor group

To more deeply phenotype IAR B cells during T1D development and obtain information 

regarding their BCR repertoire, we performed single-cell RNA sequencing of B cells 

from first-degree relative non-diabetic (ND), autoantibody-positive prediabetic (AAB), and 

recently diagnosed (<100 days) T1D donors. We additionally employed the LIBRA-seq 

(linking B cell receptor to antigen specificity through sequencing)27 method to further 

analyze B cells reactive to antigens of interest including INS, IA2, and GAD. Peripheral 

blood was collected from five ND (Age: 14.2 ± 8.9 years [mean ± SD]), six AAB (Age: 

18.2 ± 11.8 years), and five T1D (Age: 15.8 ± 8.2 years) individuals and cryopreserved 

(Table S1). Autoantibody expression data were obtained from previous medical records and 

HLA testing, or HLA prediction based on mRNA expression was performed. All subjects 

in our study carried at least one high-risk T1D HLA allele, such as the DQ8 and/or DQ2 

risk alleles.28 PE-labeled antigen (INS, IA2, GAD, TET) tetramers, each carrying a unique 

barcode sequence, were freshly made on the day of each of the scRNA-seq experiments. In 

addition to these antigen tetramers, we included an “Empty” negative control tetramer that 

had its four binding sites occupied by biotin without protein antigen to detect any B cells 

that may be reactive to streptavidin, PE, biotin, or the DNA barcode. To minimize batch 

effects, four PBMC samples were thawed and processed in parallel, and eight samples were 

processed per day. Thawed PBMCs were incubated with the antigen and empty tetramers 

per LIBRA-seq,27 and stained with various flow and CITE-seq antibodies. PE-reactive B 

cells were sorted via fluorescence-activated cell sorting (FACS). In addition, a small number 

of non-PE-binding B cells were also sorted and combined with the PE-binding B cells 

to increase the number of total cells recovered for each 10x Genomics capture (Figure 

1A). FACS revealed a non-significant trend toward presence of more total antigen positive 

binding B cells as disease progressed through stages from ND (Mean 1.46% ± 0.25%) to 

AAB (Mean 1.63% ± 0.22%) to T1D (Mean 1.99% ± 0.36%) (Figure 1B).

To identify the B cell types present in our dataset irrespective of specificity, we completed 

standard pre-processing using the Seurat workflow29 followed by sample integration and 

batch correction using the MNN batch correction method (Figures S1A and S1B).30 

Following pre-processing, we identified nine unique B cell clusters in various stages of 

differentiation including naive, early memory, age/autoimmune-associated B cells (ABC),31 

classical memory, and plasmablasts (Figures 1C and S2). The plasmablast cell type cluster 

may also contain plasma cells. Figure 1D confirms these cell subtypes by visualizing the 

expression of a selection of established genes for each cell type.32–35 To determine whether 

there were differences in representation of B cell subsets between the donor groups, we 

plotted the frequency of each B cell subset as a percentage of total B cells that were found 

in ND, AAB, and T1D subjects (Figure 1E). While all B cell subsets could be found in 

each participant group, there was a non-significant increase in the frequency of ABC and 

plasmablasts in the ND group. Upon further analysis of the five ND individuals, the increase 
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in frequency of ABC was found only in subjects 107 and 108, who, interestingly, are the ND 

half-sister (107) and ND fraternal twin (108) of T1D subject 109. The increase in frequency 

of plasmablasts was solely attributable to ND subject 110, who had a large expansion of 

plasmablasts among their sorted B cells. While all subjects reported that they had not been 

sick in the 2 weeks prior to their blood draw, it is possible this individual was in the early 

stages of an illness or had been recently vaccinated, the latter of which was not an exclusion 

factor for entry into our study. Thus, these five major B cell subsets were identified in our 

dataset and were present across ND, AAB, and T1D donor groups.

IAR B cells are higher in frequency in AAB and T1D groups, occur in all five major B cell 
subsets, and tend to bind to more than one antigen

To determine the degree of IAR reactivity among the samples, we next defined a threshold 

of positive reactivity for each of the antigens. We calculated a binding score for each antigen 

using a quantile approach based on antigen binding to non-B cells, which would reflect 

non-specific background binding (Figure S3). A binding score greater than one indicates 

a positive binding event and was calculated for each individual antigen. As expected, the 

scRNA-seq readout revealed an increase in IAR B cells as a percent of all B cells in AAB 

and T1D donors, though this was not significant after adjusting for multiple testing (Figure 

2A). Interestingly, while the proportion of INS-reactive B cells appeared stable across donor 

groups, we captured a greater percentage of GAD and IA2-reactive B cells from AAB 

and T1D compared with ND individuals. Importantly, reactivity to the empty tetramer was 

consistently low across all samples, indicating a low frequency of B cells reactive to any of 

the streptavidin, biotin, PE, or DNA components of the reagent. However, we were surprised 

to find that the largest share of IAR B cells was composed of B cells that appeared to bind 

one pancreatic islet antigen and at least one additional antigen in our assay, which we termed 

“Islet_Multi” reactive B cells. When we analyzed the antigen reactivities found among the 

Islet-Multi reactive B cells, we found B cells that bound to every possible combination of the 

five antigen tetramers, such as some that bound both INS and GAD and others that bound all 

five antigen tetramers (Figure S4). When we quantified the percent of Islet_Multi reactive B 

cells that bound to each antigen tetramer, we found that Islet_Multi reactive B cells bound 

to the islet antigens at an increased frequency compared with the empty and TET controls 

(Figure 2B).

To determine whether any of the B cell subsets (Figure 1) clustered together because of 

shared antigen reactivity, we plotted the antigen-reactive B cell groups onto the B cell 

subset UMAP. As seen in Figure 2C, antigen-reactive B cells could be found in each of 

the B cell subsets, indicating B cell subsets were not clustered based on their antigen 

reactivity. When we quantified the frequency of antigen-reactive B cells within the five 

major B cell subsets in each subject group, we found that the increased proportion of IAR 

B cells in AAB and T1D donors is most pronounced in the more antigen experienced ABC, 

memory, and plasmablast B cell subsets (Figure 2D). Given that IAR B cells were found 

at decreased but notable levels in the ND group compared with AAB and T1D donors, 

we next determined whether there was a difference in the level of antigen-tetramer binding 

in ND compared with AAB and T1D donors. Most strikingly, when the antigen binding 

score was summarized across donor groups for each antigen, the AAB and T1D donors 
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had higher average binding scores than ND donors (Figure 2E). This indicates that the 

amount of antigen-tetramer binding was higher in the B cells of those donors as compared 

with non-B cells, possibly reflecting increased affinity for antigen. The observed increased 

binding events for INS-reactive B cells was not due to differential insulin receptor (INSR) 

expression between donors (Figure S5). Overall, these results demonstrate that IAR B cells 

from AAB and T1D donors are increased in frequency, particularly in more mature B cell 

subsets, compared with ND donors, and tend to be polyreactive.

IAR B cells display distinct mRNA expression patterns across T1D development

To further characterize the differences between B cells between status groups, we assessed 

mRNA gene expression patterns of IAR B cells. Differential gene expression between AAB 

and ND donors and T1D and ND donors uncovered expression changes as stages of disease 

progress (Figure 3A). Gene set enrichment analysis identified enrichment of genes in many 

cell-signaling pathways in AAB and T1D donors when compared with ND. We clustered 

a selection of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways significantly 

altered in our data and grouped them into six broad signaling themes: Proinflammatory, 

BCR and General Signaling, Antigen Processing and Presentation, Bacterial Infection, Viral 

Infection, and Autoimmunity (Figure 3B). As highlighted in Figure 3C, BCR signaling 

pathway gene expression was significantly increased. These included increases of BLNK, 
PTPRC (CD45), SKAP2, CD79B, BANK1, and SYK in AAB and T1D donors—all 

promoting B cell activation upon antigen binding to the BCR.36 Downregulated genes 

that can contribute to inhibition of BCR signaling included LYN and the phosphatases 

DUSP1, DUSP2, and DUSP5.37,38 Additionally, IAR B cells in autoimmune donors showed 

increased expression of markers related to antigen presentation including CD40, CIITA, 

and numerous HLA genes, supporting their role as active participants in an autoreactive 

immune response beyond autoantibody production. KEGG pathways for proinflammatory, 

bacterial, and viral infection response contained some genes that were common among 

these pathways, suggesting IAR B cells from AAB and T1D donors exhibit an overall 

proinflammatory phenotype compared with ND donors.

Based on the differential expression analysis, donors 107, 108, and 109 appeared to have 

exceptionally similar gene expression patterns irrespective of disease status. These donors 

are siblings, with donors 108 and 109 being fraternal twins. In returning to the pre-batch 

corrected and normalized data, we found that those three individuals were part of an 

obvious batch effect when compared with all other donors (Figure S6A). The twins clustered 

together away from all other donor’s cells with their half-sister, donor 107, clustering 

between the twins and other donors. Differential gene expression analysis between the twin 

sisters, among the three sisters, and among all donors confirmed high overlap of genes 

between the sisters and all donors with few genes unique to the sister comparisons (Figure 

S6B). These findings reveal that although these siblings cluster separately from the other 

donors, the differential gene expression patterns observed across all donors are not affected 

by unique gene expression due to a batch effect among these siblings.
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AAB and T1D B cells have greater BCR repertoire diversity than ND B cells

Next, we wanted to delve into the BCR repertoires of IAR B cells between donor groups. 

Interrogation of IAR BCR isotypes across cell types and antigen reactivities revealed that 

most cells in our study expressed IgM based on BCR sequencing (Figure 4A). Since 

we sorted all PE-binding B cells, irrespective of their differentiation state (i.e., naive vs. 

memory), these results are consistent with previous reports that ~60%–70% of peripheral 

blood B cells are naive and co-express immunoglobulin (Ig) M and IgD.39 It has been 

demonstrated previously that the CDR3 regions of autoreactive BCRs tend to be longer and 

contain more positively charged amino acids.40,41 We found a modest increase in CDR3 

amino acid length and positive charges in the IAR B cells (Figures 4B and 4C). There was 

no difference in level of somatic hypermutation (SHM) in the heavy or light chains of IAR 

B cells among donors, likely due to the high level of IgM isotype of B cells in the samples 

(Figures 4D and 4E). We next calculated a Shannon diversity score to measure the diversity 

of species in a community, where a larger score indicates greater diversity. Interestingly, we 

discovered significantly higher diversity scores in the autoimmune AAB and T1D donors 

compared with ND individuals across cell types and donor groups in total B cells (Figure 

4F). This trend was largely maintained in more mature cell populations of ABC, memory, 

and plasmablasts. The increased diversity of BCRs among autoimmune donors may reflect 

defects in central and peripheral B cell tolerance in individuals with T1D,23,26 allowing 

more autoreactive B cells to escape into the periphery.

AAB and T1D donors exhibit a unique BCR repertoire with significant enrichment of islet-
reactive heavy and light chain gene pairs

To determine whether there is any T1D-associated BCR gene usage, we next analyzed 

the overall heavy and light chain V gene repertoire across ND, AAB, and T1D B cells, 

irrespective of their antigen specificity (Figures 5A and S6A). We found significant 

differences in the frequency of heavy and light V genes identified in T1D and AAB 

individuals compared with ND individuals. An odds ratio test revealed IGHV4–4, IGHV1–3, 
IGHV3–64, IGHV3–66, IGHV4–61, and IGHV1–18 gene usage was significantly greater in 

AAB and T1D donors than in ND (Figure 5B). Light chain V genes used more frequently in 

both AAB and T1D were IGLV9–49 and IGKV1–8 (Figure S7B). Conversely, several heavy 

and light chain genes were expressed less among AAB and T1D donors; these included 

IGHV3–30, IGHV1–2, IGHV1–69D, IGHV3–11, IGHV4–30-4, IGHV2–70D, IGHV1–69, 
IGLV2–23, IGLV3–1, IGLV3–19, IGLV2–14, and IGKV1–33 (Figures 5B and S7B).

We next determined whether expression of any unique heavy and light chain gene pairings 

was increased in the autoimmune donors compared with ND donors. Multiple heavy and 

light chain gene pairs found included pairs that used the significantly increased heavy chain 

genes IGHV4–4, IGHV1–3, IGHV4–61, and IGHV1–18, as well as the light chain gene 

IGKV1–8 (Figure 5C). Interestingly, most of these pairings were observed in the AAB 

group. When we analyzed antigen reactivity of these paired heavy and light chains, we 

found that many bound islet antigens and were among the Islet_Multi group (Figure 5D). 

Altogether, we found unique BCR repertoire features in AAB and T1D donors compared 

with ND. These included significant increases in heavy-light chain gene pairs that exhibit 

islet reactivity.
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Clonally expanded IAR B cells are predominantly found among AAB and T1D donors

We next examined whether any IAR B cells were clonally expanded in the AAB and/or 

T1D donors compared with ND donors. While there was relatively equal representation 

of negative, empty, and TET reactive clones in ND, AAB, and T1D donors, we found 

that clonally expanded IAR B cells were almost exclusively found among the autoimmune 

donors, particularly in the AAB group (Figures 6A and 6B, Data S1). Given that previous 

studies have identified public (i.e., common) TCRs that associate with T1D disease,42,43 we 

searched for BCR sequences in our dataset that were enriched across donors. We identified 

89 public B cell clonal sequences across 16 donors with diverse V gene pairings (Figure 

6C). These public sequences varied in their representation among individuals and their donor 

group status but consisted of predominantly autoimmune AAB and T1D donors (Figure 

6D). When we analyzed the antigen reactivity of these public BCR sequences, we found 

that many were islet antigen-reactive (Data S1). Overall, these findings demonstrate that 

clonal expansions of both private and public IAR BCR sequences occur and are found 

predominantly in AAB and T1D donors.

Recombinant antibodies validate the antigen reactivity of BCR sequences

To validate the antigen reactivity of the BCR sequences identified using our quantile 

approach, we selected 27 paired heavy and light chain V(D)J sequences (Data S2) for 

recombinant antibody production. Sequences were selected from the private clones in AAB 

and T1D donors that were found to bind each of the islet antigens, tetanus, and some that 

were in the Islet_Multi group (Table S2). As shown in Figure 7, results demonstrated that 

the recombinant antibodies were positive for each of the antigens implicated in cell binding 

studies, although some only became positive at the highest concentration of antibody added 

(Figures 7A–7D). These results indicate that while the antigen reactivities confirmed our 

quantile scoring method, many of these antibodies had relatively low affinity/reactivity 

for their antigen. This is not surprising given all but two were IgM isotype and had not 

undergone extensive somatic hypermutations. We next tested the reactivity of all of the 

antibodies including those that were identified to have bound to two or more antigens in 

the Islet_Multi group against each of the islet antigens, tetanus, DNA, and PE. Four of 

the nine Islet_Multi sequences tested were from IgG class switched cells. We found that 

nine of nine B cells identified as Islet_Multi were indeed polyreactive, although a few were 

only lowly reactive to antigens. In addition, we found one Islet_Multi antibody was largely 

PE-reactive (Figure 7E). Polyreactivity was defined as binding two or more antigens at a 

level above two standard deviations above the mean baseline (no antigen added) OD value. 

Additionally, among the antibodies classified as single antigen reactive, we found that the 

majority maintained high specificity to their antigen identified by sequencing and only had 

low reactivity to other antigens at the highest concentration tested of 40 μg/mL. Based 

on our definition of polyreactivity, 12 of 17 single-reactive antibodies were polyreactive. 

However, most of these were only reactive to two antigens, while the majority of the 

Islet_Multi reactive antibodies bound at least three or more antigens, indicating a greater 

breadth of polyreactivity. One of the antibodies that we identified as solely TET reactive 

was reactive to all antigens tested including PE. Finally, while our quantile scoring approach 

closely agreed with the previous method (LIBRA-seq) to identify antigen-reactive B cells 

via scRNA-seq of single-reactive B cells, we found that the two methods did not agree 
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well for cells that were called Islet_Multi (Figure S8). Since each of the tested Islet_Multi 

antibodies were reactive to at least one antigen, and most were confirmed to be polyreactive 

(Figure 7E), we found that our quantile scoring method was much more accurate than the 

LIBRA-seq method for identifying polyreactive B cells.

DISCUSSION

Although most studies of T1D have focused on T cells, B cells are essential to the 

pathogenesis of T1D. Here we performed the first scRNA-seq study that focused on the 

phenotypes and BCR repertoire of peripheral blood B cells in both AAB and T1D donors. 

Moreover, by studying INS, GAD, and IA-2 reactive B cells, we incorporated analyses 

of the pertinent antigen-reactive B cells thought to contribute to the pathogenesis of T1D. 

Our findings revealed that IAR B cells from AAB and recent-onset T1D donors display a 

unique phenotype including altered gene expression in pathways related to cell signaling, 

antigen presentation, and inflammation compared with ND donors. In addition, IAR B cells 

from AAB and T1D donors are clonally expanded, tend to be polyreactive, and exhibit 

a distinct BCR repertoire compared with ND donors. These findings provide an excellent 

backdrop and resource to pursue further studies on the unique features of IAR B cells 

during progression to T1D. They will additionally aid in development of more tailored B 

cell-targeted therapies and to monitor B cell response to therapy.

Our analysis of AAB patients begins to unlock early disease phenotypes specific to IAR B 

cells. AAB individuals have phenotypic patterns similar to T1D donors yet remain distinct 

with increased unique V(D)J gene usage over ND donors and greater representation of 

clonally expanded IAR B cells compared with T1D donors. These findings suggest that 

altered B cell phenotypes may be most pronounced prior to clinical diagnosis of T1D. 

By the time of clinical diagnosis, B cells are likely less actively participating in direct 

autoimmune attack, and therefore, the unique gene signatures that we identified may be 

waning. Future studies will be aimed at extending these analyses to more ND autoantibody-

negative first-degree relatives to determine whether a B cell gene signature exists prior 

to seroconversion, and therefore could be used as the earliest biomarkers of disease 

described to date. An addition of healthy controls without detectable autoantibodies, non-

HLA-matched, and no family history of autoimmunity would provide useful information to 

determine whether a B cell biomarker such as expansion of a specific B cell phenotype or 

clone, is present in high-risk, non-diabetic autoantibody-negative individuals, and therefore, 

precedes development of autoantibodies.

During our investigation into differentially expressed genes in IAR B cells in AAB and T1D 

donors compared with ND donors, we found several disease-related markers. Significant 

differences in mRNA encoding BCR signaling proteins including BLNK, PTPN6 (SHP-1), 
LYN, CD79B, BANK1, and SYK were observed in AAB and T1D samples compared with 

ND donors. Many of these genes function as activating or inhibiting signals upon antigen 

binding to the BCR, depending on the context. LYN, an Src tyrosine kinase known for 

dual roles in BCR signaling including both activation and inhibition, was downregulated 

in AAB and T1D donors. Studies in mice have demonstrated that the inhibitory role of 

LYN is important in maintaining B cell tolerance to self-antigens.44,45 Perhaps the decreased 
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expression of LYN in AAB and T1D donors contributes to the rogue activation of IAR B 

cells. Our data also revealed that IAR B cells may function as antigen-presenting cells, as 

evidenced by increased expression of genes related to this pathway in AAB and T1D donors. 

While mouse studies have suggested the role of B cells in T1D involves antigen presentation 

to T cells,3,19,20 this has never been formally demonstrated in humans. Differential gene 

expression showed IAR B cells from AAB and T1D donors are enriched in genes related 

to inflammation, activation, and infection. Taken together, IAR B cells in AAB and T1D 

donors display signs of activation and loss of B cell anergy, which is consistent with 

previous reports.13,15 We compared our differentially expressed genes with a T1D GWAS 

study with 80 associated genes and found that there was an overlap of 32 differentially 

expressed genes between the two.46 Using a hypergeometric test, we found that this is a 

2-fold enrichment above what would be expected with a p value of 1.65e-5, indicating that 

our differentially expressed genes are associated with T1D risk.

Intriguingly, we detected a substantial number of polyreactive IAR B cells in our samples. 

Polyreactivity among early transitional and mature B cells has previously been established 

as a feature of multiple autoimmune diseases, including T1D.41,47 Strikingly, the AAB 

donors in our study had the most Islet_Multi polyreactive expanded clones, even more than 

T1D donors. We hypothesize that these findings reflect increased immune activation in 

AAB donors during the earlier stages of disease. The increase in polyreactivity and clonal 

expansion of IAR B cells may indicate B cells could be initially activated by an antigen 

other than islet antigens, such as DNA, or potentially by a foreign antigen, such as a virus. 

Then, through molecular mimicry and/or affinity maturation toward islet reactivity, those 

B cells begin targeting islet antigens.48–51 Environmental triggers, such as viral infection, 

have been proposed as precipitating events during the pathogenesis of T1D.52,53 While none 

of our subjects reported illness at the time of blood draw, infection can lead to loss of B 

cell tolerance, activation, and autoantibody production.54–56 Given that Epstein-Barr virus 

(EBV) infects B cells, we tested 14 of 16 donors for evidence of recent or prior infection 

with EBV. We found that three of five T1D, three of six AAB, and one of three ND donors 

were positive for anti-EBV IgG (Table S1). With this evidence along with the polyreactive 

nature of many of our antibodies, we chose eight to test for reactivity to EBV antigens 

by ELISA. One of those antibodies did react with EBV antigens and had been identified 

from AAB donor 117 who also was positive for EBV IgG in his serum (Figure S9). These 

results are in line with the hypothesis that molecular mimicry and B cell polyreactivity 

could have functional importance in the pathogenesis of T1D. Future studies in the lab 

will address this possibility in greater detail. Furthermore, it is important to note that 

these polyreactive B cells were identified using our quantile scoring approach and not via 

the previously published LIBRA-seq approach.27 The LIBRA-seq method combines CLR 

normalization with a Z score to define a cell as antigen binding. This method is consequently 

biased against the possibility of finding cells reactive to more than a single antigen. This is 

different from our quantile method where we determined a cutoff for antigen reactivity on 

a per-sample basis using the non-B cells captured in the experiment to set a threshold for 

positivity, which was better able to identify the polyreactive B cells.

Even though all donors in this study shared HLA T1D risk alleles28 and all ND donors 

were first-degree relatives of someone with T1D, we discovered BCR repertoire differences 
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between our donor groups. In particular, IGHV4–4, IGHV1–3, and IGHV3–64 were 

significantly enriched in individuals experiencing islet autoimmunity compared with ND 

donors. Interestingly, IGHV1–3 has previously been shown to be reactive to the EBV protein 

LMP-1.57 In addition, IGHV4–4 gene usage was enriched in antibodies found to target 

both rheumatoid arthritis (RA)-associated antigens and those from bacterial species.58 These 

results may support an infectious environmental instigator of T1D hypothesis. Interestingly, 

AAB and T1D donor B cells showed a significantly decreased usage of IGHV1–69, 
which has previously been enriched in RA and multiple sclerosis (MS).59–61 IGHV1–69 
polymorphisms have also been linked with varying responses to both natural infection and 

vaccine response.62 Despite the fact that IGHV4–34 gene usage is over-represented in many 

autoimmune diseases, including systemic lupus erythematosus (SLE), MS, and RA,40,63 

we did not find it to be enriched in our AAB and T1D donors. However, we did find 

significant enrichment for light chain IGKV1–8 in AAB and T1D donors compared with 

ND, and this paired with IGHV4–34 was found to be represented at a greater frequency 

in the autoimmune samples in this study. Moreover, there is 98.38% sequence similarity 

between IGHV4–4 and IGHV4–34, which may warrant further exploration. Taken together, 

our findings revealed significant differences in the BCR repertoire of AAB and T1D donors 

compared with ND. These results represent a foundation from which to consider new 

therapeutics to target only the pathogenic B cells, while preserving non-pathogenic B cells, 

as well as the possibility of using the BCR repertoire as a biomarker of increased risk for 

disease development and/or to monitor response to therapy.

Limitations of the study

While this study has expanded our understanding of the role of B cells and B cell 

phenotypes during development of T1D, it has a few limitations. We sequenced peripheral 

blood B cells from five to six donors per group, which is a relatively small number of 

subjects. Despite this, we found many significant differences in gene expression and BCR 

repertoire between donor groups, and adding more individuals would further improve our 

statistical power. In addition, by sequencing more individuals in the future, we hope to 

compare B cell phenotypes of young (<12 years) to adult (>18 years) AAB and T1D donors, 

given previous studies have demonstrated B cells likely play a more important role in 

individuals diagnosed with T1D at a young age.64–66 By focusing this study on peripheral 

blood B cells, we may have identified phenotypes that are not reflective of pathogenic B 

cells localized to the target tissue, such as the pancreas or pancreatic lymph nodes. Studies 

in our laboratory are currently under way to address this possibility. In addition, a large 

portion of the B cells that we captured were naive or IgM-expressing B cells. Recombinant 

monoclonal antibodies demonstrated that the affinities of the B cells were largely low 

affinity/reactivity, which is not unexpected given the low level of somatic hypermutations 

found in naive, non-class-switched B cells. However, autoreactive IgM+ cells have been 

found to still contribute to autoimmune pathogenesis in RA, autoimmune hemolytic anemia, 

and pemphigus or autoimmune neuropathy.67 Future studies in the lab also aim to sequence 

more memory-like B cells to further characterize these B cell subsets and their differences 

in T1D vs. ND donors. Finally, while the ELISAs that were performed to determine the 

reactivity of the recombinant antibodies were done in triplicate, some ELISA assays had to 
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be repeated, which was not able to be completed for all 27 recombinant antibodies due to 

sample depletion.

In summary, this study revealed significant differences in gene expression and the BCR 

repertoire of peripheral blood IAR B cells in individuals with prediabetes and T1D 

compared with ND donors. These findings provide insight into how autoreactive B cells 

can be solicited to participate in an autoimmune response, demonstrate the breath of 

polyreactivity that is present among self-reactive B cells, and suggest pathways and/or 

targets that could be manipulated for future therapeutics to treat or prevent T1D.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to Mia J. Smith 

(mia.smith@cuanschutz.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Single-cell RNA-seq fastq and process files have been deposited at NCBI GEO 

and are publicly available as of the date of publication. Accession numbers are 

listed in the key resources table. All scripts and the analysis pipeline written in 

‘snakemake’ v6.3.0 to replicate this analysis are publicly available on github (https://

github.com/CUAnschutzBDC/smith_nicholas_sc_antigen). All R analysis, scar, dropkick, 

and T1K were run through docker containers that are available on dockerhub (https://

hub.docker.com/repositories/kwellswrasman - smith_2024_scar, smith_2024_dropkick, 

smith_2024_r_docker, smith_2024_t1k). Full links to these images are listed in the key 

resources table. Any additional information required to reanalyze the data reported in this 

paper is available from Kristen L. Wells (kristen.wells-wrasman@cuanschutz.edu) upon 

request.

STAR★METHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design: This study sought to determine whether differences in the transcriptional 

phenotype and BCR repertoire of IAR B cells exist during development of autoimmunity. 

We generated uniquely barcoded PE-labeled antigen tetramers for INS, GAD, IA-2, and 

TET to identify antigen-reactive B cells using scRNA-seq. PBMCs from five ND first-

degree relatives, six AAB subjects, and five recent-onset T1D patients were incubated with 

the various tetramers. Then, PE-binding B cells were sorted and loaded onto the 10X 

Genomics platform to be analyzed for gene expression and BCR repertoire differences. 

Recombinant antibodies were generated to confirm antigen reactivity of some of the 

identified BCR sequences.
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Study participants: All participants were enrolled under study protocols approved by 

the Colorado Multiple Institutional Review Board (COMIRB #01-384). Written informed 

consent was obtained from each adult participant, or from parents or guardians of 

participants less than 18 years old. Assent was obtained from participants over the age 

of 7 years old who were cognitively able to consent. Participants were compensated for 

completing study procedures. All procedures were performed in accordance with COMIRB 

guidelines and regulations. Demographics and other data about research participants can be 

found in Table S1. Participants were recruited at the Barbara Davis Center at the University 

of Colorado Anschutz Medical Campus. Eligible subjects were male or female who had 

been recently diagnosed (<100 days) with T1D, Stage 1 or Stage 2 autoantibody positive 

prediabetic, or first-degree relatives of someone diagnosed with T1D. Stage 1 and 2 T1D 

subjects and first-degree relatives were recruited through TrialNet as local prospective 

collections under Ancillary Study #57 (PI Smith). Inclusion criteria for the first-degree 

relative group included: 1) autoantibody negative and 2) no history of autoimmune disease. 

All participants were required to have no history of illness within the last two weeks. HLA 

haplotypes and autoantibody levels against INS, IA-2, GAD65, and ZnT8 were determined 

at the CLIA certified Autoantibody/HLA Service Center at the Barbara Davis Center for 

Diabetes.

METHOD DETAILS

Blood sample processing: Between 15 and 45 mL of blood was drawn into sodium 

heparin tubes. The blood was rocked for no more than 2 h at room temperature prior to 

PBMC isolation using Ficoll density centrifugation. DNA for HLA typing was extracted 

from granulocytes using the DNA midi kit (Qiagen, Cat#51185). Diluted (1:1) plasma was 

collected from the Ficoll layer and frozen. PBMCs were cryo-frozen prior to use in the 

described experiments.

IA2 protein expression: A gene block was ordered from IDT containing the reverse 

transcription DNA sequence of most likely codons taken from the amino acid sequence of 

residues 605–979 of IA2 (i.e., PTPRN, which is known to bind IA2 specific autoantibodies 

in T1D individuals) and the appropriate flanking sequences for expression in our system 

(Data S3). 100 ng of the IA2 gene block was combined with PDonor 221 plasmid, 

BP clonase (Invitrogen, Cat#56481), and DH5-alpha competent cells were transformed 

and grown. Next, the IA2 transformed plasmid DNA was isolated and combined with 

Pet53dest plasmid, LR clonase (Invitrogen, Cat#56484), and DH5-alpha competent cells 

were transformed and grown. After this, the IA2 geneblock within the Pet53dest plasmid 

was isolated and mixed with BL21DE3 competent cells and grown prior to IPTG (Millipore 

Sigma, Cat#367–93-1) and EtOH induction of gene expression. The His-tagged IA2 was 

then purified with a NiNTA Agarose bead (Qiagen, Cat#1018244) packed column fraction 

collection. Pure IA2 fractions were determined by gel electrophoresis and proper folding and 

IA2 epitope accessibility was confirmed by the Barbara Davis Center Autoantibody Core. 

All cells and materials used in IA2 production were donated by Jay Hesselberth.

Generation of antigen tetramers: Human recombinant insulin (Millipore Sigma, 

Cat#19278), GAD65 (Diamyd Medical, Cat#45–08029-01), IA2 (described above), and 

Nicholas et al. Page 13

Cell Rep. Author manuscript; available in PMC 2025 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tetanus-toxoid (Colorado Serum Company, Cat# 11415) were biotinylated using the Thermo 

EZ-Link Sulfo-NHS-LC-Biotin Kit (Cat#A39257) with a 20 M ratio of biotin to protein. 

Excess biotin was removed using 7K Zeba columns for IA2, GAD, and TET (Thermo, 

Cat#89882). To ensure no loss of biotinylated INS, an Amicon 3kDa molecular weight 

cutoff centrifugal filter column was used to remove excess biotin and the top fraction 

was recovered (Millipore Sigma, Cat#UFC500396). Next, one mole of TotalSeqC PE 

Streptavidin was added to 4 mol of biotinylated antigen as follows: 0.5 μg of TotalSeqC 

PE Streptavidin was added to 1.54e-10 mol of biotinylated protein for 15 min on ice 

in the dark. This was repeated three times until a total of 2 μg (2 μg = 3.85e-11 

mol) of TotalSeqC PE Streptavidin had been added. For samples 107, 108, 109, and 

112, biotinylated insulin was combined with TotalSeq-C0961 PE Streptavidin (BioLegend, 

Cat#405155). All other samples were incubated with biotinylated insulin combined with 

TotalSeq-C0951 PE Streptavidin (BioLegend, Cat#405261). All samples were incubated 

with biotinylated tetramerized antigens as follows: GAD was combined with TotalSeq-

C0954 PE Streptavidin (BioLegend, Cat#405267), IA2 was combined with TotalSeq-C0953 

PE Streptavidin (BioLegend, Cat#405265), TET was combined with TotalSeq-C0952 PE 

Streptavidin (BioLegend, Cat#405263). For the “Empty” tetramer, TotalSeq-C0955 PE 

Streptavidin (BioLegend, Cat#405269) was quenched with biotin and excess biotin was 

removed using 7K Zebra columns (Thermo, Cat#89882). Validation of individual tetramers 

and appropriate dilutions to add to PBMCs was confirmed using flow cytometry. Tetramers 

were made fresh on the day of sample preparation for FACS sorting and 10X Genomics 

capture.

Sample preparation for FACS sorting: Four cryopreserved PBMC samples were 

thawed and processed together, and eight samples were processed per day to minimize 

batch effects. Cells were thawed in a 37 C water bath, washed twice with 10 mL 1X PBS, 

and kept on ice for cell staining. Cells were stained with LIVE/DEAD Fixable Near-IR Dead 

Cell Stain Kit at a 1:1500 dilution (ThermoFisher, Cat#L34975) in FACS buffer (1% BSA 

in 1X PBS) for 15 min on ice in the dark. Then, 2 μg of INS tetramer, 1 μg of IA2 and 

TET tetramers, and 0.75 μg of GAD and Empty tetramers in addition to 1:200 anti-human 

CD19-BV421 (BioLegend, Cat#363017) and 1:100 anti-human CD3-FITC (BioLegend, 

Cat#317305) were added to ~30e6 PBMCs in 1 mL total volume. Cells were stained on ice 

for 20 min in the dark. Finally, cells were washed twice in FACS buffer (400 × g for 5 min) 

prior to analysis on the cell sorter.

Sorting of PE-reactive B cells using FACS: After tetramer and antibody staining, 

cells were immediately brought to the CU Cancer Center Flow Cytometry Core. PE-binding 

B cells were sorted as Live/singlet/lymphocyte/CD19+/CD3−/PE + cells into 100 μL of 

FACS buffer. Up to 20,000 B cells were collected, and in some instances, PE-negative 

binding B cells were also sorted to increase the overall yield of B cells to be captured.

CITE-seq antibody staining: After the cells were sorted, they were stained with 1 

μL each of the following TotalSeqC surface antibodies: anti-human IgM (BioLegend, 

Cat#314547), anti-human IgD (BioLegend, Cat#348245), anti-human CD27 (BioLegend, 

Cat#302853), anti-human CD21 (BioLegend, Cat#354923), and anti-human CXCR5 
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(BioLegend, Cat#356939). Cells were stained for 15 min on ice in the dark, washed once 

(400 × g for 5 min), then loaded onto the 10X Genomics system for cell capture at the CU 

Genomics Core. This data is unreported in the manuscript but present within the publicly 

available sequencing data and processed files.

5′ single cell capture and library prep: The 10X Genomics Chromium 

system was used for 5′ mRNA capture with chip K according to user guide 

CG000330_ChromiumNextGEMSingleCell5-v2_CellSurfaceProtein_UserGuide_RevF.pdf. 

The deviations from this protocol included: 1.) Overloading the chip with up to 20,000 cells 

per well depending on the sample, and 2.) Using the Feature Barcode Kit Primer 4 (Cat# 

2000277) to detect and amplify TotalSeq C barcodes. Otherwise, the protocol was followed 

as written to produce gene expression, BCR V(D)J, and Feature Barcode Cell Surface 

Protein libraries for sequencing analysis. Library quality and quantity was determined using 

Agilent High Sensitivity D1000 TapeStation Screentape (Cat# 5067–5584), Reagents (Cat# 

5067–5585), and Qubit dsDNA Quantification Assay (Cat# Q32851).

Sequencing: The libraries produced for each sample were sequenced at 5,000 read pairs 

per cell for V(D)J and Cell Surface Protein Dual Index libraries and 20,000 read pairs per 

cell for the 5′ Gene Expression Dual Index library. They were sequenced paired end dual 

index on an Illumina NovaSeq6000 and demultiplexed all by the CU Genomics Core Staff.

Recombinant monoclonal antibody production: Representative V(D)J sequences 

from AAB and T1D subjects identified by our quantile scoring approach that were part of 

an expanded IAR clone were chosen for antibody synthesis. B cells designated Islet_Multi 

reactive were chosen and validated for polyreactivity. Most monoclonal antibodies were 

synthesized by Twist Bioscience. Briefly, sequences identified in these experiments were 

cloned into the company’s human IgG1, human kappa chain, or human lambda chain 

expression vectors. Heavy and light chain genes were co-transfected into HEK293 cells. 

Secreted monoclonal antibodies were then purified from the supernatant using protein A 

agarose beads. The HA-2B05 antibody was a gift from Jenna Guthmiller who described 

generation of this reagent in Guthmiller et al. 2021.81 The cardiolipin and APOH antibodies 

were gifts from Elena Hsieh who obtained them from Creative Diagnostics.

ELISA assay: High-protein binding microtiter plates (Corning, Cat#07–200-35) were 

coated overnight at 4 C with 10 μg/mL of antigen (INS, IA2, GAD, TET, DNA, or PE 

(Invitrogen, Cat#P801)) in 1X PBS. We included DNA of the same length and sequence as 

the TotalSeqC tags and PE as antigens to represent potential binding to the DNA barcode 

or PE fluorophore components of the tetramer probes. Plates were washed three times with 

1X PBS 0.05% Tween and blocked with 1X PBS 2% BSA blocking buffer for 1 h at room 

temperature. The plates were washed as before, and monoclonal antibodies were titrated 

down 2-fold onto antigen coated wells from 40–0.625 μg/mL in triplicate. Antibodies were 

incubated for 2 h at room temperature before washing. To detect antibody binding, goat anti 

human IgG (H + L) HRP (Invitrogen, Cat#31412) was added to wells at a 1:10,000 dilution 

for 1 h at room temperature in the dark. Plates were washed and developed using TMB 

solution (Life Technologies, Cat#002023). The reaction was stopped with addition of 1N 
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HCl and the plate was read at OD450nm using a BioTek Synergy H1 Microplate Reader. 

OD450 values from the blank wells included on each plate were subtracted to remove 

background signal from each test well prior to plotting with GraphPad Prism v9.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics: Statistical analysis was performed using R version 4.2.3. Comparisons between 

two groups were conducted using paired or unpaired Student’s t tests when comparing 

between samples given the small sample size. Bonferroni correction was always used when 

more than one comparison was run. Statistical analysis of sequencing data is described 

in depth below. Briefly, differential expression was run using MAST with multiple testing 

correction, gene set enrichment used a hypergeometric test, clustering of gene pathways was 

run based on jaccard distances and hierarchical clustering, differences in V gene usage was 

analyzed using an odds ratio test, and any differences between status groups using all cells 

were determined using a Wilcoxon rank-sum test.

Bioinformatic analysis

Pre-processing: Sequences from scRNA-seq were processed using 10x Genomics 

Cellranger v 7.1.0 software82 using the human 10x genomics refdata-gex-GRCh38–

2020-A reference downloaded from 10x genomics (https://www.10xgenomics.com/

support/software/cell-ranger/downloads). V(D)J data was aligned using the 10x 

genomics reference refdata-cellranger-vdj-GRCh38-alts-ensembl-5.0.0 downloaded from 

10x genomics (https://www.10xgenomics.com/support/software/cell-ranger/downloads). The 

antibody reference used can be found on our github https://github.com/CUAnschutzBDC/

smith_nicholas_sc_antigen/blob/main/files/antibodies.csv.

Raw data generated by Cellranger were then read into R v4.2.3 using the Seurat82 v4.3.0 

R package with at least 200 genes per cell and at least 3 cells. Cells were further filtered 

based on the number of genes per cell and the percent of mitochondrial reads per cell 

by finding outliers using ‘perCellQCMetrics‘ and ‘perCellQCFilters‘ from ‘scuttle‘ based 

on total RNA and ADT reads and features and percent mitochondria.83 The data were 

normalized by using ‘NormalizeData‘. For each sample, variable genes were found by using 

‘FindVariableFeatures‘ followed by removal of the immunoglobulin genes from the set and 

data was scaled using ‘ScaleData‘.

Doublet removal: Doublets were removed using ‘DoubletFinder‘68 using the default values 

except for pK, nExp, and PCs. The pK was identified using the pK associated with the 

maximum BCmetric value after running ‘find.pK‘ from doublet finder. All samples used 

PCs 1:20. After doublet removal, 2057 (110), 4240 (116), 4353 (108), 4466 (107), 2848 

(113), 9058 (114), 8815 (118), 4911 (106), 7949 (117), 8497 (115), 9265 (105), 10547 

(111), 9750 (102), 8609 (112), 11114 (119), 5135 (109) were used for downstream analysis.

Dimensionality reduction and clustering: Dimensionality reduction and clustering 

were performed using ‘RunPCA‘, ‘FindNeighbors‘, ‘FindClusters‘, and ‘RunUMAP‘. 

‘RunPCA‘ was run using the default values except all variable features (minus the 

immunoglobulin genes) were used for the features argument. ‘FindNeighbors‘ was run with 
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default parameters except for the dims argument (different for each sample but ranging 

between 25 and 35). ‘FindClusters‘ was run with default parameters except for the resolution 

argument (different for each sample but ranging between 0.6 and 1). ‘RunUMAP‘ was run 

with default parameters except for the dims and metric arguments (the same number of dims 

as for ‘FindNeighbors‘, metric = “correlation”).

Cell type identification: We named clusters using existing PBMC datasets68 as references 

and determined cluster identity using ‘clustifyr‘.69 For each reference, we used our 

previously identified variable genes passed to ‘query_genes‘ in the ‘clustify‘ function. The 

top correlated cell type from any reference to each cluster was used as the cell type.

Analysis of tetramers

Scar ambient background removal: Because we noticed high amounts of tetramer 

expression in empty droplets, we performed scar70 (single cell ambient remover) on 

each sample individually. To run scar, we followed the recommended steps (https://scar-

tutorials.readthedocs.io/en/latest/tutorials/scAR_tutorial_ambient_profile.html). First, we 

read in the raw and filtered ADT matrices. We then ran ‘scar.setup_anndata‘ to identify 

the ambient profile which we accessed with ‘filtered_object.uns[“ambient_profile_Antibody 

Capture”]‘. Using this ambient profile and the raw data, we then ran ‘scar.model‘, 

‘scar.train‘, and ‘scar.inference‘ using the recommended arguments to pull out the ambient 

corrected ADT values.

Libra seq normalization: Libra seq normalization was performed on each sample 

individually as previously described.70 We read in the corrected tetramer matrices from 

running scar ambient background removal. We then used the following formula

clrMat < − log 2 tetMat + 1
rowMeans tetMat

libraScore < − scale clrMat, center = TRUE, scale = TRUE

Any cells that had a value greater than 1 for the libra score for a tetramer were called 

positive for that tetramer.

Quantile normalization: Because we also had non-B cells captured in our sample, we used 

these to generate a second “quantile” tetramer score. Within each cell type individually, we 

used the cell types determined above and subset to only the non-B cells. We then read in the 

corrected tetramer matrices from running scar ambient background removal and identified 

the cutoff based on the 95th quartile. We generated our score by dividing each tetramer count 

for each cell by the cutoff determined for the given tetramer. In this way, like the Libra 

score, any score greater than 1 is considered positive for a given tetramer while any score 

less than 1 is considered negative.
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Sample merging

Merging: The 16 samples were merged using the ‘merge‘ function from Seurat. 

The merged data was then normalized and scaled using ‘NormalizeData‘, 

‘FindVariableFeatures‘ followed by removal of the immunoglobulin genes, and 

‘ScaleData‘ as described above. Dimensionality reduction and clustering were performed 

using ‘RunPCA‘, ‘FindNeighbors‘, ‘FindClusters‘, and ‘RunUMAP‘. ‘RunPCA‘ was run 

using the default values except all variable features were used for the features argument 

(except for immunoglobulin genes). ‘FindNeighbors‘ was run with default parameters except 

for the dims argument (dims = 1:30). ‘FindClusters‘ was run with default parameters except 

for the resolution argument (resolution = 0.8). ‘RunUMAP‘ was run with default parameters 

except for the dims and metric arguments (dims = 1:30, metric = “correlation”).

Batch correction: We tested both ‘harmony‘71 (using the default values except theta = 5) 

and ‘mnn‘27,29 (using default values) batch correction methods on our data. After a thorough 

comparison between the two and exploration into how well cells that had been previously 

assigned as the same cell types overlapped, we chose to use the ‘mnn‘ batch correction for 

all downstream analysis.

Cell type identification

Clustifyr: We made a first pass at naming clusters existing PBMC datasets68 as references 

and determined cluster identity using ‘clustifyr‘.69 For each reference, we used our 

previously identified variable genes passed to ‘query_genes‘ in the ‘clustify‘ function. The 

top correlated cell type from any reference to each cluster was used as the first determination 

of cell type.

Cluster markers and pathways: To identify markers of each cluster, ‘FindAllMarkers‘ was 

run using default settings except we set only.pos to TRUE. Genes were called differentially 

expressed if the adjusted p-value was less than 0.05 and the log fold change was greater than 

0.5. We inspected these marker genes to determine if the cell types determined above were 

correct.

V(D)J analysis

V(D)J statistics: V(D)J data was read in using ‘import_vdj‘ from ‘djvdj‘72 using 

the defaults except ‘filter_paired = FALSE‘ and ‘include_mutations = TRUE‘. The 

values read in by ‘djvdj‘ were used to determine V and J usage, CDR3 length, 

CDR3 charge, and percent somatic hypermutation. To calculate CDR3 charge, we 

used the ‘charge‘ function from ‘alakazam‘.73 Shannon diversity was calculated using 

‘calc_diversity‘ from ‘djvdj‘ using the ‘shannon‘ method from ‘abdiv‘.72,84 Odds ratios and 

p-values were determined by finding the total count of each V gene for each comparison 

(T1D vs. ND or AAB vs. ND) and the total count of all cells for each comparison. The Odds 

ratio was calculated using the following formula

or = a * d
b * c
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And the fishers exact test was run using

mat < − matrix c a, c, b, d , ncol = 2

res < − fisℎer ⋅ test x = mat

Where

a = total count of v gene × in status 1

b = total count of v gene × in status 2

totalA = total v genes in status 1

totalB = total v genes in status 2

c = totalA − a

d = totalB − b

Clonal analysis: Clones were identified using the ‘AssignGenes.py‘, ‘MakeDb.py‘ and 

‘DefineClones.py‘ from the Change-O package in the immcantation suite.73 Clones were 

found both within and between samples. These clones were found based on CDR3 similarity 

using a hamming distance of 0.15 (85% similarity). We further refined these clones to have 

the same V and J call in addition to the CDR3 similarity calculated by ‘DefineClones.py‘

Differential expression: Differential expression analysis between each of the 

different status groups was performed using ‘FindMarkers‘ from Seurat on each set of 

pairwise identities. Instead of using the default Wilcoxon test, we instead used the 

‘MAST‘ implementation. We performed DE using the same parameters on the twin sisters 

and the full family.

To find enriched pathways, we ran gProfiler274 through the ‘run_gost‘ function from 

the ‘scAnalysisR‘ package.75,76 We then selected only the kegg pathways and clustered 

them using a custom function. This function first finds all genes associated with a 

particular keg term using ‘keggLink‘ and ‘keggConv‘ from the ‘KEGGREST‘77 package 

and ‘mapIds‘ from the ‘AnnotationDbi‘79 package. Then, a matrix of jaccard distances for 

all pairwise gene sets is calculated. The jaccard distance was calculated with the following 

formula
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intersection = lengtℎ intersect a; b

union = lengtℎ a + lengtℎ b − intersection

jaccard = 1 − intersection
union

Where

a = gene list 1

b = gene list 2

Finally, this matrix is converted into a distance matrix using the ‘as.dist‘ function and 

clustered using ‘hclust‘. We used this clustering to narrow down the kegg pathways into 

discrete groups as displayed.

HLA typing: We identified HLA type using the ‘T1K‘78 package. We performed HLA 

prediction using the example for 10x genomics data in their tutorial https://github.com/

mourisl/T1K. Briefly, we used the R2 fastq as in input file, the R1 fastq as the barcode file, 

0 15 + as the barcode range, the whitelist provided by 10x genomics as the barcodeWhitelist, 

and the hlaidx rna seq fasta file provided by the T1K package for the reference file. We used 

the output HLA alleles to determine the HLA types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Aab+ and T1D donors have distinct gene expression changes

• BCR V gene enrichment is observed in Aab+ and T1D B cells

• Clonal expansions are greater among Aab+ and T1D donors

• Islet antigen-reactive cells appear polyreactive
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Figure 1. Sorted antigen-reactive B cells constitute nine B cell clusters among all donors
(A) Schematic overview of antigen-tetramer labeling of reactive B cells, FACS, and single-

cell sequencing.

(B) Representative flow cytometry plots of how total antigen-reactive (PE+) B cells from 

ND, AAB, and T1D donors were sorted.

(C) UMAP plot of total B cells collected across 16 donors clustered into nine 

subpopulations: three naive, three early memory, ABC, classical memory, and plasmablasts.
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(D) Dot plot of select gene expression across B cell clusters to confirm B cell subtype 

identity.

(E) Stacked bar chart of B cell subtype distribution as a percent of total B cells across donor 

status groups. See also Figures S1 and S2.
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Figure 2. AAB and T1D donors have increased IAR B cells compared with ND donors
(A) Stacked bar chart of antigen reactivity as a percent of total B cells across ND, AAB, and 

T1D donors.

(B) Table listing the frequency of cells that are antigen reactive and their percentage of the 

whole B cell population for each donor group.

(C) UMAP projections of all cells colored by antigen reactivity identity.

(D) Stacked bar chart of antigen reactivity as a percentage of total B cells separated by B 

cell subtype and donor group.
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(E) Violin plots of relative antigen reactivity score using the quantile approach, separated by 

donor group. See also Figures S3 and S4.
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Figure 3. Differential mRNA gene expression patterns are found in IAR B cells in AAB and T1D 
donors
(A) Heatmap showing differentially expressed gene patterns of IAR B cells in AAB and 

T1D donors compared with ND donors.

(B) Selected significantly enriched KEGG pathways for AAB and T1D donors grouped into 

six broad categories by general theme: Proinflammatory, BCR & General Signaling, Antigen 

Processing and Presentation, Bacterial Infection, Viral Infection, and Autoimmunity. 

Similarity between individual pathways, determined by jaccard distance, is shown by 

clustering dendrogram on the left side.
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(C). Volcano plots highlighting selected differentially expressed genes that are found in each 

of the KEGG pathways from (B). See also Figures S5 and S6.
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Figure 4. B cell receptor analysis reveals increased diversity in IAR B cells of AAB and T1D 
donors
(A) Stacked bar plot of BCR isotype usage determined by V(D)J analysis as a percent of all 

B cells. Cells are divided by subtype and antigen reactivity.

(B) Boxplots of amino acid length of heavy chain CDR3s for each antigen and donor group.

(C) Boxplots of heavy chain CDR3 net charge for each antigen and donor group.

(D and E) Violin plots of somatic hypermutation (SHM) frequency for each antigen and 

donor group for the heavy chain (D) and light chain (E).
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(F) Boxplots of Shannon diversity scores for each B cell subtype within each donor group. 

A t test was calculated for each donor group comparison. Significant differences are shown 

with *p < 0.05 and **p < 0.01.
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Figure 5. AAB and T1D donors have significant enrichment for particular heavy chain V gene 
usages
(A) Total B cells for each donor group were assessed for heavy chain V gene usage and 

plotted such that the size of each box is proportional to the frequency with which that 

gene was found among donors. Asterisks mark genes that were found to be significantly 

upregulated in AAB and T1D donors compared with ND.

(B) Odds ratios were performed for heavy chain V gene usage between T1D and ND donors 

and AAB and ND donors. p value is indicated by color where red indicates p < 0.05 for T1D 

vs. ND and orange indicates p < 0.05 for AAB vs. ND.
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(C) Circos plot of significantly enriched heavy and light chain gene pairings in T1D and 

AAB vs. ND. Heavy and light pairs are connected by lines colored by donor group and are 

thickened by the number of cells that used each segment.

(D) As in (C), but pairs are colored by antigen reactivity. See also Figure S7.

Nicholas et al. Page 36

Cell Rep. Author manuscript; available in PMC 2025 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Clonal expansions of IAR B cells are increased in AAB and T1D donors
(A) Circos plots of heavy and light V gene pairings from private (within a single individual 

donor) clonally expanded cells. Segment connections are colored by donor status groups and 

plots are separated by antigen reactivity.

(B) Stacked bar plot of the absolute number of private clonally expanded cells grouped by 

donor type and colored by antigen reactivity.

Nicholas et al. Page 37

Cell Rep. Author manuscript; available in PMC 2025 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C) Circos plot of V gene pairs from public (shared among at least two donors) clonally 

expanded cells. Segment connections are colored by individual donor ID. Shades of blue 

represent ND, shades of yellow represent AAB, and shades of red represent T1D donors.

(D) Stacked bar plot with the number of individual donors participating in each shared 

public clone (n = 89) colored by donor status.
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Figure 7. Antigen-reactive BCR V(D)J sequences were confirmed by ELISA
(A–D) Sequences identified from IAR B cells in AAB and T1D donors were used to 

make recombinant monoclonal antibodies, which were tested by ELISA against their 

identified antigen. One positive control INS-reactive sequence was tested alongside our 

other experimentally indicated INS-reactive sequences. Plots show OD450 values of three 

technical replicates at each antibody concentration. A gray dashed line indicates the level of 

assay background for each antigen tested.

(E) Along with the single-reactive antibodies tested in (A)–(D), an additional nine 

sequences identified from Multi-islet antigen-reactive B cells in AAB and T1D donors had 
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recombinant antibodies made. These were tested by ELISA against all experimental antigens 

present, including the PE and DNA molecules that were present in the tetramer probes. 

Negative control antibodies are included beneath the red dashed line. An antibody sequence 

negative for any antigen binding from a donor in the experimental cohort was tested along 

with three additional monoclonal antibodies with known specificities for influenza HA, 

human APOH, and human cardiolipin. This heatmap represents OD450 values for each 

antibody’s reactivity to each given antigen. OD450 values ≥2.0 are yellow. Molarity value 

conversions are as follows: 40 μg/mL = 267 μM, 20 mg/mL = 133.5 μM, 10 μg/mL = 66.75 

μM, 5 μg/mL = 33.38 μM, 2.5 μg/mL = 16.69 μM, 1.25 μg/mL = 8.34 μM, 0.625 μg/mL = 

4.17 μM, 0.312 μg/mL = 2.09 μM, 0.156 μg/mL = 1.04 μM, and 0.078 μg/mL = 0.52 μM. 

See also Figures S7 and S8.
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