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IgD from atypical-like memory B cells and plasma 
cells targets commensal and environmental antigens
Roser Tachó-Piñot1,2*�, Habib Bashour3,4*�, Martyna Filipska1*�, Celia Corral-Vazquez1�, Mauricio Guzman1�, Xavi Marcos-Fa1�, 
Donata Martinuzzi1�, Hannah Honner1�, Pablo Canales Herrerias5,6�, Sonia Tejedor Vaquero1�, Alba Sáez Gordón1�, Julia Perera-Bel7�, 
Jorge Domı́nguez Barragán7�, Berta Arcos-Ribas1�, Leire de Campos-Mata1�, Andrei Slabodkin4�, Maria Chernigovskaya4�, 
Maria Luisa Rodŕıguez de la Concepción8,27�, Jose Gutierrez-Marcos3�, Ana Garćıa-Garćıa9,10,11�, Andres Nascimento Osorio12�, 
Mariona Pascal13,14,15,16�, Jordi Yagüe11,13,14�, Manel Juan11,13,14�, Juan Ignacio Aróstegui11,13,14,15�, Rafael Hijano Esqué1,17�, Albert Sánchez Font18�, 
Stephan Ehl19,20�, Bodo Grimbacher19,20,21�, Marta Rizzi19,20,21,22�, Laura Dotta23�, Kang Chen24�, Raffaele Badolato23�, Laia Alsina9,10,11,25�, 
Saurabh Mehandru5,6�, Charlotte Cunningham-Rundles26�, Jorge Carrillo8,28�, Giuliana Magri1,29�, Victor Greiff4**�, and Andrea Cerutti1,5,30**�

Human tonsils from the nasopharyngeal mucosa mount frontline antibody responses, including IgD secretion by IgD+IgM– 

plasma cells (IgD-PCs). The developmental origins and functional significance of these IgD responses remain poorly understood. 
Here, we show that most IgD-PCs clonally emerge from a heterogeneous population of IgD class-switched IgD+IgM– memory 
(IgD-ME) B cells that reside within the epithelial, subepithelial, and interfollicular areas of the nasopharyngeal mucosa and 
share transcriptional and phenotypic properties with atypical B cells. These IgD-ME B cells arise from a mutation-intensive 
pathway that involves integrated innate and adaptive signals and engenders reactivities to respiratory commensal bacteria, 
common environmental antigens, and allergens. Such reactivities weaken in germline IgD revertants. Thus, the secreted IgD 
response heavily relies on nasopharyngeal mucosal IgD-ME B cells via a germinal center–imprinted mutational program that 
presumably enhances mucosal homeostasis and environmental tolerance.

Introduction
The human nasopharyngeal mucosa includes palatine, pha
ryngeal, lingual, and tubal tonsils, which are organized lym
phoepithelial structures representing the human equivalent 
of the murine nasal-associated lymphoid tissue (Cerutti et al., 
2011). Fissure-like openings on the tonsillar surface, termed 
crypts, convey commensal, airborne, and food antigens from 

the lumen of the crypt to the underlying stratified epithelium, 
which is inhabited by abundant immune cells, including Ig
D+IgM− plasma cells (IgD-PCs) (Cerutti et al., 2011). These 
plasma cells (PCs) are thought to differentiate from IgD+IgM− 

germinal center (IgD-GC) B cell precursors that have under
gone IgM-to-IgD class-switch recombination (CSR) and somatic 
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Dysfunction Diseases in Children, Institut de Recerca Sant Joan de Déu (IRSJD), Barcelona, Spain; 11Clinical Immunology Unit, Hospital Sant Joan de Déu-Hospital Cĺınic, 
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hypermutation (SHM) in local lymphoid follicles (Chen et al., 
2020).

In both humans and mice, CSR from IgM to IgD occurs 
through an unconventional pathway that initiates IgD responses 
to both autologous and microbial antigens (Chen et al., 2009; 
Choi et al., 2017; Koelsch et al., 2007; Rouaud et al., 2014; Xu et al., 
2022). In humans, the IgD-GC B cells involved in IgD responses 
express highly hypermutated Ig heavy (IgH) and light (IgL) 
chain genes (Chen et al., 2020) and differentiate into IgD-PCs 
characterized by biased usage of IgL chains of the type lambda 
(Igλ) (Chen et al., 2009; Arpin et al., 1998). Due to the pro
nounced autoreactivity of IgD class-switched cells and their 
putative inability to further switch to downstream IgG, IgA, or 
IgE isotypes, class switching to IgD has been proposed to have a 
tolerogenic function, serving as a “sink” for autoreactive B cells 
(Koelsch et al., 2007).

While tonsillar IgD-GC B cells are thought to constitute the 
major precursors of IgD-PCs (Chen et al., 2020; Arpin et al., 
1998), direct evidence of the clonal relationship between IgD- 
GC B cells and IgD-PCs remains limited at best. It is also unclear 
whether tonsillar IgD-GC B cells generate IgD+IgM− memory 
(IgD-ME) B cells and whether these IgD class-switched cells 
can further differentiate into IgD-PCs. In this regard, IgD-ME 
B cells have mostly been reported in the general circulation 
(Koelsch et al., 2007; Stensland et al., 2023) and their pheno
typic, transcriptional, and molecular landscapes, including clo
nal relationship with IgD-PCs and canonical ME B cell subsets, 
remain elusive. Moreover, it is unknown whether IgD from 
tonsillar IgD-PCs targets environmental antigens commonly 
present in the nasopharyngeal mucosa. This possibility would 
echo recent findings, suggesting that IgD responses to some 
airborne or food allergens correlate with enhanced tolerance to 
these allergens (Shan et al., 2018; Boonpiyathad et al., 2020; 
Suprun et al., 2020; Itoh et al., 2021; Satitsuksanoa et al., 2025).

Here, we found that IgD+IgM− B cells included a phenotypi
cally and transcriptionally heterogeneous population of IgD-ME 
B cells that mostly inhabited epithelial and interfollicular areas 
of the tonsillar mucosa and shared some properties with atypical 
memory B cells (ABCs). In agreement with their extensive clonal 
affiliation with IgD-PCs, IgD-ME B cells differentiated into IgD- 
PCs via a mutation-intensive pathway that required a complex 
mix of innate and adaptive signals. This IgD response targeted 
multiple sinonasal and bronchial commensal bacteria in addition 
to common environmental antigens, including airborne aller
gens. By showing that germline IgD revertants exhibited atten
uated reactivity to these antigens, our data suggest that IgD 
responses emerge from an IgD-ME B cell–centered mutation- 
dependent nasopharyngeal program presumably aimed at en
hancing mucosal homeostasis, immunity, and tolerance.

Results
IgD-ME B cells differ from other tonsillar IgD+ B cells and 
mostly inhabit epithelial areas
Previous studies have identified a population of circulating Ig
D+IgM−CD27+ B cells, potentially representing IgD-ME B cells 
(Koelsch et al., 2007; Stensland et al., 2023), but their existence 

in aerodigestive tissues remains elusive. We implemented un
biased clustering of tonsillar IgD+IgM− B cells by analyzing IgD, 
IgM, CD10, CD19, CD27, CD38, and other surface molecules 
through spectral flow cytometry. Cluster visualization onto a 
t-distributed stochastic neighbor embedding (t-SNE) projec
tion revealed four major IgD+IgM− B cell subsets, including 
CD10−CD27hiCD38hi IgD-PCs, CD10+CD38+ IgD-GC B cells, puta
tive CD10−CD27+CD38− IgD-ME B cells, and CD10−CD27−CD38low 

anergic naive (IgD-AN) B cells (Fig. 1 A and Fig. S1 A). This last 
subset is autoreactive and downregulates IgM (Duty et al., 2009), 
thereby mimicking IgD class-switched IgD+IgM− B cells.

Consistent with the known bias of IgD class-switched B cells 
for Igλ expression (Chen et al., 2009), IgD-ME B cells and IgD- 
PCs showed a high usage of Igλ (Fig. S1 A). In agreement with the 
presence of a distinct ABC subset within the ME B cell population 
(Winslow and Levack, 2025), IgD-ME but not IgD-GC B cells 
displayed less CD21 (Fig. S1 A), a phenotypic property of some 
ABCs (Sutton et al., 2021). Like ABCs (Sutton et al., 2021; Holla 
et al., 2021), IgD-ME B cells also expressed the activation-related 
molecules CD69, CD11c, CD95 (FAS), and CXCR3, but not CD43 
(Fig. S1 A). Confocal microscopy confirmed the existence of Ig
D+IgM− IgD-ME B cells, which were detected within inter
follicular areas and were distinguishable from both IgD+IgM+ 

naive B cells and IgD+IgM− IgD-PCs, the latter showing abundant 
intracellular IgD but not IgM (Fig. 1 B; and Fig. S1, B and C). As 
shown earlier (Quách et al., 2011), the lack of intracellular IgM 
also distinguishes IgD-ME from IgD-AN B cells.

To verify whether IgD-ME B cells derived from hypermutated 
GC precursors, we compared the mutational load of their IgH 
chain variable (IGHV) genes with that of unswitched naive and 
IgD-AN B cells, as well as class-switched IgG-ME and IgA-ME 
B cells. Each of these B cell subsets was identified by high- 
dimensional flow cytometry and then purified by sorting, IgG- 
ME and IgA-ME B cells being IgD−IgM−CD10−CD19+ CD38−CD27+ 

cells that either lacked IgA in addition to IgD and IgM or ex
pressed IgA, respectively (Fig. S1 D). High-throughput next- 
generation sequencing of IGHV genes revealed that similar to 
IgD-GC B cells and IgD-PCs, as well as IgG-ME and IgA-ME B cells 
(Arpin et al., 1998; Liu et al., 1996), most IgD-ME B cells were 
hypermutated, whereas naive and IgD-AN B cells were not 
(Fig. 1 C).

Next, flow cytometry showed that tonsillar IgD-ME B cells 
expressed more pronounced ABC-like traits compared with 
tonsillar naive, IgG-ME, and, to a lesser extent, IgA-ME B cell 
subsets, including higher CD11c, CD95, CXCR3, FCRL4, and CD69 
expression, but lower CD21 and comparable CD27 expression 
(Fig. S1 E). This phenotype was roughly similar to that of cir
culating and splenic IgD-ME B cells, although tonsillar IgD-ME 
B cells also evidenced clear differences (Fig. S1 E).

Bulk RNA sequencing (RNA-seq) was performed to further 
characterize differences and similarities between IgD-ME B cells 
and unswitched naive B cells or class-switched IgG-ME and IgA- 
ME B cells. Principal component analysis (PCA) showed that the 
transcriptome of IgD-ME B cells clustered away from the tran
scriptome of naive B cells, but next to the transcriptomes of IgG- 
ME and IgA-ME B cells (Fig. 1 D). Volcano plot and heatmap tools 
visualized over three thousand differentially expressed genes 
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Figure 1. IgD-ME B cells are hypermutated, transcriptionally unique, and inhabit tonsillar epithelial, subepithelial, and interfollicular areas. (A) Flow 
cytometry–evaluated t-SNE plot-projected IgD-AN, IgD-GC, IgD-ME, and IgD-PC clusters from total tonsillar IgD+IgM– B cells. Numbers within the first t-SNE 
plot from the left indicate the % of each IgD+IgM– subset within the total IgD+IgM– population. The following t-SNE plots reflect relative CD38, CD10, and CD27 
expression projected on the first t-SNE plot. (B) Confocal microscopy of tonsil stained for IgD (green), IgM (red), and nuclear DNA (blue). Inset, IgD-ME cell 
digitally magnified (10×) in bottom panels (yellow arrow). Scale bars, 100 µm (top) and 10 µm (bottom). (C) Proportion of mutated IGHV gene sequences across 
B cell and PC subsets (N = 4 per cell type). (D) PCA of RNA-seq–determined transcriptomes from B cell subsets. (E and F) Volcano plot (E) and heatmap (F) from 
bulk RNA-seq data showing up (red)- or downregulated (blue) genes in IgD-ME (N = 3) compared with naive (N = 7) B cells. |log2FC| >1 and adj. P <0.05. Bold 
genes, discussed in the text. (G–I) Spatial gene expression analysis of main tonsillar areas (G), intensity distribution of a custom IgD-ME gene signature (H), and 
quantification of intensity score per spot (I). EP1, epithelium 1; EP2, epithelium 2; IF, interfollicular area; SUBEP, subepithelium. (J) Frequency of IgD-ME B cells 
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(DEGs) between IgD-ME and naive B cells (Fig. 1, E and F). Of 
these DEGs, CD70, CD80, FCRL4, AIM2, and MUC16 are known to 
mark ME B cells from the respiratory tract (Borst et al., 2005; 
Cancro and Tomayko, 2021; Yang et al., 2021; Moroney et al., 
2020) and were enriched in IgD-ME B cells (Fig. 1 F). Of note, PC- 
associated syndecan-1 (SDC1), XBP1, and JCHAIN were also en
riched (Fig. 1 F), which highlighted the activated state of IgD-ME 
B cells and the increased predisposition of at least some of these 
cells to undergo PC differentiation.

We then defined the topography of tonsillar IgD-ME B cells 
by using a recently published spatial transcriptomics dataset 
(Massoni-Badosa et al., 2024). A CD19+ IGHD+ IGHM− CD27+ CD38− 

CD80+ MME− (CD10) TNFRSF13B+ (TACI) ITGAX+ (CD11c) FAS+ 

(CD95) CXCR3+ NT5E+ CR2−CD3G− CD4−CD5−CD7−CD8A− gene 
signature designed on the basis of published data (Chen et al., 
2009; Sutton et al., 2021; Holla et al., 2021; Massoni-Badosa et al., 
2024; Gao et al., 2024) confirmed the interfollicular location of 
some IgD-ME B cells and mapped more of them within subepi
thelial and epithelial areas (Fig. 1, G–I). Finally, as shown by flow 
cytometry, the frequency of IgD-ME B cells within the class- 
switched IgM−CD10−CD19+CD38+ ME pool was higher in tonsils 
than in the spleen, but showed intermediate values in the pe
ripheral blood (Fig. 1 J), which may reflect the induction of IgD 
responses in the aerodigestive mucosa, followed by the transi
tion of some IgD-ME B cells from tonsillar inductive sites to distal 
effector sites via the general circulation (Chen et al., 2009). Thus, 
IgD-ME B cells are distinct from other tonsillar IgD+ B cell subsets 
and mostly inhabit epithelial and subepithelial areas, being 
nonetheless present also in interfollicular areas.

IgD-ME B cells differ from switched IgG-ME and IgA-ME B cells 
and exhibit ABC-like traits
Next, we wondered about specific gene expression differences 
between IgD-ME B cells and class-switched IgG-ME or IgA-ME 
B cells in tonsils. Purified IgD-ME B cells were first confirmed to 
express a phenotypic hallmark of bona fide IgD class-switched 
cells (Chen et al., 2009; Arpin et al., 1998) by showing prefer
ential Igλ expression compared with naive, IgG-ME, and IgA-ME 
B cells (Fig. S2 A). Bulk RNA-seq–derived volcano plots showed 
that IgD-ME B cells displayed hundreds of DEGs compared with 
IgG-ME or IgA-ME B cells (Fig. 2 A). As visualized by heatmaps 
(Fig. 2, B and C), IgD-ME B cells exhibited the upregulated ex
pression of immune response gene sets typically associated with 
ABCs (Holla et al., 2021; Gao et al., 2024; Yang et al., 2022), 
including JCHAIN, SLAMF7, CD274 (PD-L1), ITGAX, FCGR2B, 
TNFRSF13B, CD86, CXCR3, TBX21 (T-BET), CD151, ITGB2 (integrin 
β2), ITGB7 (integrin β7), FAS, and IL10RA.

The enriched ABC-like gene signature of IgD-ME B cells 
further included the downregulated expression of lymphotoxin- 
β (LTB), CD55, CCR7, CD40, PAX5 (BSAP), and SELL (L-selectin) 
compared with IgG-ME or IgA-ME B cells (Holla et al., 2021; Gao 

et al., 2024; Yang et al., 2022) (Fig. 2 C). However, unlike ABCs 
(Gao et al., 2024), IgD-ME B cells showed downregulated thy
mocyte selection–associated HMG box (TOX) and ezrin (EZR) 
expression and no enrichment in zinc finger E-box–binding 
homeobox 2 (ZEB2) (Fig. 2 C), a transcription factor involved 
in ABC differentiation (Dai et al., 2024). Given its importance in 
ABC differentiation (Winslow and Levack, 2025; Yang et al., 
2022), T-BET–encoding TBX21 was further quantified bio
informatically, which confirmed its enrichment in IgD-ME 
B cells compared with control naive, IgG-ME, and, although 
not significantly, IgA-ME B cells (Fig. S2 B).

The ABC-like properties of IgD-ME B cells were corroborated 
by gene set enrichment analysis (GSEA) (Fig. 2 D) and further 
substantiated when our bulk RNA-seq data were cross-referenced 
to recently published cellular indexing of transcriptomes and 
epitopes by sequencing (CITE-seq), as well as single-cell RNA-seq 
(scRNA-seq) data (Massoni-Badosa et al., 2024), as detailed in 
Materials and methods. Compared with classical IgG-ME and IgA- 
ME B cells, IgD-ME B cells showed more similarity to ABCs 
(Winslow and Levack, 2025; Yang et al., 2022) when ITGAX, 
IFNGR1, FGR, FCGR2B, SOX5, FCRL5, ZEB2, FCRL4, and CCR1 mRNAs 
were analyzed (Fig. 2 E). Of note, IFNGR1 encodes the α chain of the 
receptor for IFN-ɣ, a cytokine involved in T-BET–driven ABC 
differentiation (Obeng-Adjei et al., 2017; Jenks et al., 2018).

Some of the above gene expression differences reflected 
similar patterns detected earlier at the protein level, including 
differences in CD11c and FCRL4 expression. As shown by t-SNE 
projections, IgD-ME B cells exhibited more pronounced pheno
typic differences with IgG-ME than IgA-ME B cells (Fig. 2 F), 
which could reflect the shared mucosal nature of IgD and IgA 
responses (Chen et al., 2020). Lastly, CD11c and CXCR3 expres
sion, which is a hallmark of ABCs (Winslow and Levack, 2025; 
Yang et al., 2022), was further validated in IgD-ME B cells by 
confocal imaging (Fig. 2 G and Fig. S2 D). Thus, tonsillar IgD-ME 
B cells are distinct from class-switched IgG-ME and IgA-ME 
B cells and at least some of them express ABC-like properties.

IgD-ME B cells include two ABC-like subclusters likely 
reflecting distinct differentiation steps
Further analysis of a recently published ABC-derived scRNA-seq 
dataset (Massoni-Badosa et al., 2024) identified two distinct 
subclusters within the IgD-ME B cell cluster, IgD-ME 1 being 
larger than IgD-ME 2 (Fig. 3 A). These subclusters showed highly 
comparable expression of ME B cell– and ABC-associated 
mRNAs, including ITGAX, TBX21, MS4A1 (CD20), CD44, IFNGR1, 
and FGR (Fig. 3, A and B). However, IgD-ME 1 was enriched in 
FCGR2B, LTB, TNFRSF13B, SSR4, and gelsolin (GSN), whereas IgD- 
ME 2 was enriched in CD69, TOX, and SOX5 (Fig. 3, A and B). To 
gain some insights into the functional properties of these sub
clusters, all the genes differentially expressed by IgD-ME 1 and 
the IgD-ME 2 (Table S1) were processed through GSEA, followed 

within total CD45+CD19+CD38–CD10–IgM– class-switched ME (ME-CS) B cells from tonsil (N = 22), blood (N = 8), or spleen (N = 5). Data are shown as the mean 
± SEM. Data show results from one representative of at least three experiments (A, B, G, and H), one experiment with multiple biological replicates (C–F, I), or 
multiple experiments (J). Significance was determined by the Wilcoxon signed-rank test (I) or Kruskal–Wallis test followed by the post hoc pairwise Mann– 
Whitney test (J). **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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by gene ontology (GO) analysis of the 20 most upregulated and 
20 most downregulated GO terms (Fig. 3 C). Of the latter, 11 were 
selected based on their biological relevance (Fig. 3 C).

Compared with IgD-ME 2, IgD-ME 1 was enriched in gene sets 
associated with ribosomal biogenesis and assembly, protein 
translation, ribosomal RNA processing, adenosine triphosphate 
synthesis, and antigen presentation (Fig. 3 C). Compared with 
IgD-ME 1, IgD-ME 2 was enriched in gene sets linked to mitosis, 
reduced cell adhesion to the cell matrix, and guanosine triphos
phate–targeting signaling (Fig. 3 C). These processes are associ
ated with plasmablast expansion and cytoskeleton remodeling 

needed for organelle trafficking and changes in cell polarity and 
locomotion (Etienne-Manneville and Hall, 2002). Thus, IgD-ME 
B cells may encompass a larger IgD-ME 1 subcluster gearing up 
for increased antibody synthesis, and a smaller IgD-ME 2 sub
cluster getting ready for enhanced proliferation, as well as in
creased mobility, shape remodeling, and organelle trafficking.

IgD-ME B cells exhibit more abundant SHM than switched IgG- 
ME and IgA-ME B cells
We next wondered whether tonsillar IgD-ME B cells emerge 
from the GC, as at least some classical ME B cells do (Cancro and 

Figure 2. Tonsillar IgD-ME B cells are heterogeneous and exhibit ABC-like properties. (A) Volcano plots showing up (red)- and downregulated (blue) 
DEGs (|log2FC| >1 and adj. P <0.05) in IgD-ME B cells when compared to IgG- or IgA-ME B cells. (B) Heatmap showing manually curated immune response genes 
differentially expressed (adj. P <0.05 and |log2FC| >1) by IgD-ME vs. combined IgG-ME and IgA-ME B cells. Bold genes, discussed in the text. (C) Heatmap 
visualizing DEGs with |log2FC| >1 and adj. P <0.05 from IgD-ME (N = 3) vs. IgG-IgA-ME B cells (N = 6 each) overlapping with the published ABC dataset (Holla 
et al., 2021). Bold genes, discussed in the text. (D) GSEA of the published ABC dataset (Holla et al., 2021) in IgD-ME B cells vs. IgG/IgA-ME B cells. ES, enrichment 
score. (E) Heatmap visualizing DEGs with |average log2FC| >0.585 and adj. P <0.05 in IgD-ME or IgG-IgA-ME B cells vs. ABCs. (F) Flow cytometry–determined 
CD11c, CD95, CXCR3, CD27, CD69, CD21, and CD43 relative expression intensity projected on t-SNE plots of ME B cell subsets. (G) Confocal imaging of tonsil 
stained for IgD (green), IgM (red), CD11c (white), and nuclear DNA (blue). Insets from top panel, IgD-ME and naive B cells digitally magnified in middle (50×) and 
bottom (4×) panels. Scale bars, 50 µm (top), 10 µm (middle), and 2 µm (bottom). Data represent one experiment with multiple biological replicates (A–E) or 
show results from one representative of at least three experiments (F and G).
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Tomayko, 2021). We found that IgD-ME B cells displayed a 
higher mean mutation count compared with canonical ME 
B cells (Fig. 4 A). Compared with these cells, IgD-ME B cells also 
showed more mutations in antigen-binding complementarity- 
determining regions (CDRs) and scaffold-providing framework 
regions (FWRs) (Fig. S3 A). Of note, the CDRs from IgD-ME 
B cells featured higher replacement-to-silent mutation ratio (R: 
S ratio) compared with other ME B cells and PC subsets (Fig. S3 
B). As shown by the κ-deleting recombination excision assay 
(van Zelm et al., 2007), the higher mutational load of IgD-ME 
B cells was uncoupled from an increased in vivo proliferation 
history of these cells and their precursors compared with con
ventional IgM-ME, IgG-ME, and IgA-ME B cells (Fig. 4 B). Using 
data obtained from a published scRNA-seq dataset (Massoni- 
Badosa et al., 2024), the comparison of IgD-GC B cells with 
IgG-GC B cells evidenced that the former were significantly en
riched in RAD52, which encodes the DNA repair RADiation 
sensitive 52 (RAD52) protein involved in the mismatch repair 
(MMR) pathway of SHM and essential for IgM-to-IgD CSR 

(Xu et al., 2022); POLQ, which encodes the error-prone polymer
ase θ (POLQ) required for both MMR and base excision repair 
(BER) pathways of SHM (Odegard and Schatz, 2006; Casellas et al., 
2016); and, lastly, EXO1 and PMS1, which encode the exonuclease 
1 and postmeiotic segregation increased 1 proteins involved in the 
MMR pathway of SHM (Odegard and Schatz, 2006; Casellas et al., 
2016) (Fig. 4 C). Accordingly, the expression ratio of transcripts 
encoding MMR versus transcripts encoding BER proteins was 
increased in IgD-GC B cells compared with IgG-GC B cells 
(Fig. 4 D). Thus, the increased mutational load of IgD-ME B cells 
may stem from the unique SHM machinery of IgD-GC pre
cursors rather than increased IgD-GC proliferation.

IgD-ME B cells express a unique IGHV usage pattern and are 
affiliated with IgD-PCs
To gain additional insights into the molecular landscape of 
tonsillar IgD-ME B cells, we compared their Ig VHDJH gene usage 
with that of other B cell and PC subsets expressing IgD, IgA, IgG, 
or IgM. As shown earlier (Duty et al., 2009), IgD-AN B cells 

Figure 3. Tonsillar IgD-ME B cells encompass two transcriptional subfractions expressing distinct ABC-like, metabolic, and signaling properties. 
(A) Top: UMAP depicting the distribution of ABC-associated transcripts within IgD-ME 1 and IgD-ME 2 subclusters; bottom: ITGAX, CD69, FCGR2B, TBX21, TOX, 
and LTB expression by each subcluster. (B) TNFRSF13B, MS4A1, CD44, SOX5, SSR4, IFNGR1, GSN, and FGR expression by each subcluster. (C) Bar plots showing 
significantly enriched GO terms (adj. P <0.05) in IgD-ME 1 compared with IgD-ME 2 subcluster; GO terms were obtained by GSEA of published scRNA-seq data. 
NES, normalized enrichment score. Data show one experiment with multiple biological replicates. Significance was determined by the Wilcoxon signed-rank 
test (A, bottom, B). *P < 0.05 and ****P < 0.0001.
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Figure 4. Tonsillar IgD-ME B cells show an increased ratio of transcripts linked to MMR and BER pathways of SHM and share a unique IGHV gene 
repertoire with IgD-GC B cells and IgD-PCs. (A) Mean SHM across IgD/IgM/IgG/IgA-ME B cells (N = 4). Numbers below plots represent the median value per 
group. (B) KREC assay quantifying in vivo divisions by naive or ME B cell subsets. Error bars, SD. (C) Heatmap visualizing the DE of a custom panel of genes 
involved in SHM from scRNA-seq analysis of tonsillar IgD-GC vs. IgG-GC B cells. DEGs with |log2FC| >1 and adj. P <0.05 are marked with an asterisk. (D) Mean 
expression ratio between the genes included in the MMR GO term and the genes from the BER GO term in the IgD-GC and IgG-GC B cells from scRNA-seq 
dataset. (E) VH gene usage pattern across samples shown as a heatmap where rows and columns represent IGHV genes and samples, respectively. Bold genes, 
discussed in the text. (F) IGHV3-13, IGHV3-48, IGHV3-7, IGHV4-30-2, and IGHV4-31 gene usage by ME B cell subsets (N = 4). Numbers below boxes represent 
median values of average gene usage. (G) IGHJ6 gene usage by naive, GC B cell, ME B cell, or PC subsets (N = 4). Numbers below boxes represent median values 
of average gene usage. (H) Comparison of clonal H-CDR3 length (aa, amino acids) among antibody isotypes expressed by B cell and PC subsets. Numbers in 
violin plots represent median CDR3 length. (I) Values of mean pairwise clonal overlap (%) across tonsillar B cell and PC subsets. Each cell within the heatmap 
shows the mean clonal overlap value ± SD (N = 4). Data show one experiment with multiple biological replicates (A, C–I) or multiple experiments summarized as 
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expressed both IgD and IgM transcripts as naive B cells did. This 
co-expression and the possibility that rare CD27− B cells from the 
IgD-ME subset could contaminate naive and IgD-AN B cells 
prompted us to focus on IgM rather than IgD mRNAs. We found 
that IgD-GC and IgD-ME B cells, as well as IgD-PCs, had a unique 
IGHV usage pattern, distinct from that of GC B cells, ME B cells, 
and PCs expressing IgM, IgG, or IgA and also distinct from that of 
naive and IgD-AN B cells (Fig. 4 E). Consistently, IgD class- 
switched cell subsets from all four donors largely clustered to
gether and separately from all other B cell and PC subsets 
(Fig. 4 E).

Compared with ME B cells expressing IgM, IgG, or IgA, IgD- 
ME B cells used less IGHV3-7, IGHV3-13, and IGHV3-48, but 
more IGHV4-30-2 and IGHV4-31 (Fig. 4 F). Of note, IgD-GC 
B cells, IgD-ME B cells, and IgD-PCs also showed trends toward 
lower IGHV3-23 usage but higher IGHV3-30 and IGHV4-34 us
age compared with their counterparts expressing IgM, IgG, or 
IgA (Fig. S3 C), which was also noted in previously published but 
smaller scale studies (Seifert et al., 2009; Zheng et al., 2004). 
Furthermore, IgD-GC B cells, IgD-ME B cells, and IgD-PCs used 
substantially more IGHJ6 than their counterparts expressing 
IgM, IgG, or IgA (Fig. 4 G). Of note, IGHJ6 is usually counter
selected by GC B cells along with IGHV4-34 due to intrinsic au
toreactivity (Zheng et al., 2004; Schickel et al., 2017). Finally, 
consistent with an earlier finding from tonsillar IgD-GC B cells 
(Koelsch et al., 2007), the length of H-CDR3 in IgD-ME B cells and 
IgD-PCs was higher than in their counterparts expressing IgM, 
IgG, or IgA (Fig. 4 H), which agrees with the enhanced autor
eactivity of IgD clones (Duty et al., 2009; Zheng et al., 2004).

Next, we explored the degree of clonal overlap between Ig
D+IgM− subsets. A clone was defined as a cluster of B cell receptor 
(BCR) sequences utilizing a unique combination of IGHV and 
IGHJ genes and an identical CDR3 amino acid sequence. IgD-ME 
B cells clonally overlapped with IgD-GC B cells and IgD-PCs 
(Fig. 4 I). This overlap was higher than that observed in other 
tonsillar B cell and PC subsets, except IgG-GC B cells and IgG-PCs, 
which also displayed a rather high overlap. In addition, IgD-ME 
B and IgD-GC B cells, as well as IgD-PCs, only rarely clonally 
overlapped with equivalent B cells or PCs expressing IgM, IgG, 
or IgA, or with naive or IgD-AN B cells (Fig. 4 I). Thus, tonsillar 
IgD-ME B cells likely emerge from a GC-driven response that 
generates clonally affiliated IgD-PCs. This IgD response is 
isotype-restricted and involves GC retention of IgD specificities 
encoded by intrinsically autoreactive IGHV and IGHJ genes.

IgD-ME B cells colocalize with IgD-PCs and include cells with 
some PC properties
Given that ME B cells can differentiate into PCs in response to 
extrafollicular cues (Inoue and Kurosaki, 2024; Eisenbarth 
et al., 2025), we wondered about the spatial relationship be
tween IgD-ME B cells and IgD-PCs. We used a published spatial 
transcriptomics dataset (Massoni-Badosa et al., 2024) to map 

tonsillar IgD-PCs expressing an IGHD+ IGHM− MME−CD19+ CD27+ 

CD38+ TNFRSF17 (BCMA)+ gene signature designed on the basis of 
published data (Chen et al., 2009; Shan et al., 2018; Massoni- 
Badosa et al., 2024). Similar to IgD-ME B cells, IgD-PCs pref
erentially occupied epithelial and subepithelial areas of the 
tonsillar mucosa (Fig. 5, A and B).

Considering that some ME B cells, including a fraction of 
ABCs, exhibit a prominent PC differentiation–poised activation 
state (Gao and Cockburn, 2022), we next explored changes in 
key mRNAs of the gene expression program underpinning 
PC differentiation (De Silva et al., 2012; Ripperger and 
Bhattacharya, 2021). When IgD-ME B cells were compared 
with IgG-ME or IgA-ME B cells, bulk RNA-seq showed decreased 
expression of BACH2, FOXO1, PAX5, and SPIB genes involved in 
B cell identity preservation; increased expression of PRDM1 
(BLIMP-1) and IRF4 genes required for PC differentiation; in
creased expression of XBP1 and ERN1 (IRE-1) genes essential for 
the unfolded protein response (UPR) preceding antibody secre
tion (Ripperger and Bhattacharya, 2021; Xiong et al., 2022); and 
increased expression of the JCHAIN gene (see Fig. 2 B), a hall
mark of PC differentiation (Kawasaki et al., 2024). Of note, 
IgD-ME B cells further exhibited increased expression of the 
SOX5 gene (Fig. 5 C) implicated in ABC differentiation and in 
a preparatory phase of PC differentiation (Yang et al., 2022; 
Rakhmanov et al., 2014). Lastly, the IgD-ME 1 and IgD-ME 
2 subclusters included scattered cells expressing low to mod
erate amounts of a complete PC gene signature (Fig. 5 D, top) 
designed based on differential expression (DE) analysis of a re
cently published tonsillar scRNA-seq dataset (Massoni-Badosa 
et al., 2024), including PRDM1, XBP1, and IRF4 (Fig. S4 A). When 
compared to IgD-ME 2, IgD-ME 1 from the same tonsils was 
enriched in the above PC gene signature (Fig. 5 D, middle), but 
expressed less abundant B cell identity genes, including PAX5, 
BACH2, and FOXO1 (Fig. S4 A).

Consistent with these data, bulk RNA-seq showed that IgD- 
ME B cells were also enriched in SDC1 (CD138), IL6R, IFNAR2, 
IL15RA, TLR8, and STAT3 mRNAs (Fig. 5 E), which are implicated 
in PC differentiation (Chen et al., 2009; Jego et al., 2003). When 
evaluated by spectral flow cytometry, BLIMP-1, IFNAR2, and 
TLR8 expression was indeed higher on IgD-ME compared with 
IgG-ME but not IgA-ME B cells along with BCMA expression 
(Fig. 5 F), a hallmark of PCs similar to BLIMP-1 expression 
(Schulz et al., 2025). Consistently, a fraction of IgD-ME but not 
IgG-ME or IgA-ME B cells expressed BLIMP-1 or BCMA (Fig. S4, 
B and C), despite displaying the ME-associated CD27+CD38–/low 

signature shown earlier by our IgD-ME gating strategy.
We then explored whether IgD-ME B cells were enriched in 

gene programs linked to antibody secretion, including the 
UPR program (Ripperger and Bhattacharya, 2021; Xiong et al., 
2022). GSEA showed that compared with IgG-ME or IgA-ME 
B cells, IgD-ME B cells were indeed enriched in gene sets 
linked to protein synthesis, posttranslational modification, and 

mean ± SD (B). Significance was determined by the Kruskal–Wallis test followed by the post hoc pairwise Mann–Whitney test with P value adjustment fol
lowing the Benjamini–Hochberg method (A, F–H), Kruskal–Wallis test followed by Dunn’s correction (B), or Wilcoxon signed-rank test (D). *P < 0.05 and 
****P < 0.0001. KREC, κ-deleting recombination excision circle.
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Figure 5. Tonsillar IgD-PCs inhabit epithelial areas co-occupied by an IgD-ME B cell population that encompasses cells showing some properties 
usually associated with PCs. (A and B) Spatial mapping (A) and quantification of intensity score per spot (B) of an IgD-PC gene signature in tonsillar tissue. 
EP1, epithelium 1; EP2, epithelium 2; IF, interfollicular area; SUB-EP, subepithelium. (C) Heatmap visualizing bulk RNA-seq–determined DEGs with adj. P <0.05 
and |log2FC| >1 from ME B cell subsets encoding transcription factors. Bold genes, discussed in the text. (D) UCell score of the gene signature obtained from a 
published scRNA-seq–derived total tonsillar PC cluster and computed on IgD-ME 1 and IgD-ME 2 subclusters. Top, middle, and bottom panels show the score 
on the UMAP, the score distribution in a violin plot, and the expression of several key genes from the PC signature, respectively. (E) Heatmap visualizing bulk 
RNA-seq DEGs with adj. P <0.05 and |log2FC| >1 from ME B cell subsets encoding signal transducers. Bold genes, discussed in the text. (F) Flow cytometry of BLIMP- 
1, BCMA, IFNAR2, and TLR8 from naive and ME B cells (N = 4–6). Error bars, SD. (G) Bar plot showing significantly enriched terms (adj. P <0.05) in GSEA from bulk 
RNA-seq analysis of tonsillar IgD-ME B cells compared with IgG/IgA-ME B. NES, normalized enrichment score. (H) Electron microscopy of representative IgD-ME 
B cell (top) and IgD-PC (bottom). Circles, perinuclear area; arrowheads, RER. Scale bars, 2 µm (left panels) and 500 nm (right panels). (I) Flow cytometry–measured 
PCs from sorted naive or ME B cells stimulated for 6 days with CD40L and IL-21 (N = 4). Error bars, SD. (J) ELISA-measured IgD secreted by cells from I (N = 4). Data 
show results from one representative of at least three experiments (A, H, I [left]), one experiment with multiple biological replicates (B–E, G), or multiple experiments 
summarized as mean ± SD (F) or mean ± SEM (I [right], J). Significance was determined by the Wilcoxon signed-rank test (B, D [middle and bottom]) or Kruskal– 
Wallis test followed by the post hoc pairwise Mann–Whitney test (F, I right, J). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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trafficking processes involving the endoplasmic reticulum and 
Golgi apparatus (Fig. 5 G). This gene signature echoed trans
mission electron microscopy (TEM) data showing that some IgD- 
ME B cells displayed PC-associated ultrastructural properties 
similar to those of IgD-PCs, including abundant rough endo
plasmic reticulum (RER) and large perinuclear Golgi apparatus 
(Fig. 5 H). Confirming their ability to differentiate into IgD-PCs, 
IgD-ME B cells differentiated in vitro into CD27highCD38high 

plasmablasts/PCs (Fig. 5 I) and secreted IgD upon 6-day stimu
lation with CD40L and IL-21 (Fig. 5 J), which provide signals 
mimicking T follicular helper (TFH) cell help in both GC and 
extra-GC contexts (Song and Craft, 2024). Thus, a large fraction 
of the IgD-ME cluster colocalizes with IgD-PCs within subepi
thelial and epithelial districts of the tonsillar mucosa and en
compasses clones with enhanced PC but decreased B cell identity 
gene properties, which may underlie an increased propensity to 
differentiate into IgD-PCs.

IgD-ME and IgD-PC B cell induction involves a complex 
signaling program
Knowing that naive B cells undergo IgM-to-IgD CSR and secrete 
IgD in response to signals from BCR, CD40, TACI, TLRs, and 
cytokine receptors in vitro (Chen et al., 2009; Xu et al., 2022), we 
explored the impact of these signals in vivo by studying the IgD 
response in selected primary immunodeficiency (PID) patients 
with rare inborn errors of immunity. Compared with most 
controls, serum IgD was below the limit of detection in the fol
lowing patients (Fig. 6 A and Table S2): one X-linked agamma
globulinemia (XLA) case with hypomorphic mutation of the BTK 
gene encoding the BCR-associated BTK kinase (Yang et al., 
2022); two hyper-IgE syndrome (HIES) cases with DOCK8 mu
tations disrupting DOCK8-mediated TLR signaling via MyD88 
(Jabara et al., 2012); 12 common variable immunodeficiency 
(CVID) cases with TNFRSF13B (10 cases) or NFKB1 (two cases) 
mutations disrupting TACI- and NF-κB p50-mediated CSR and 
PC differentiation (Peng et al., 2023); three hyper-IgM type 
1 syndrome (HIGM1) cases with CD40L mutations disrupting 
CD40L-mediated CSR (Cunningham-Rundles and Ponda, 2005); 
two MyD88 deficiency cases with MYD88 mutations disrupting 
TLR-mediated MyD88-driven IgM production (Maglione et al., 
2014); and one late-onset combined immunodeficiency (LOCID) 
case with hypomorphic RAG2 mutations disrupting RAG2- 
orchestrated BCR genesis and lymphopoiesis (Schmitt and 
Cooper, 2021; Dorna et al., 2019).

In the following patients, serum IgD was as abundant as 
in age-matched controls (Fig. 6 A and Table S2): 10 HIES 
cases with STAT3 mutations disrupting classical ME B cell 
differentiation (Speckmann et al., 2008; van de Veen et al., 
2019); three congenital disorders of glycosylation cases with 
POMT1 (two cases) or GMPPB (one case) mutations disrupt
ing protein O-mannosyltransferase 1– and GDP-mannose 
pyrophosphorylase B–mediated glycosylation (Jaeken and 
Matthijs, 2007); and one CVID case with an NFKB2 muta
tion disrupting NF-κB p52-mediated B cell survival (Peng 
et al., 2023).

Lastly, serum IgD was increased compared with age-matched 
healthy controls in the following patients (Fig. 6 A and Table S2): 

two HIES cases with PGM3 or CARD11 mutations disrupting 
phosphoglucomutase 3 (PGM3)– and CARD11-mediated glyco
sylation and BCR or T cell receptor (TCR) signaling (Minegishi, 
2021); and twelve hyper-IgD syndrome (HIDS) cases with bial
lelic MVK mutations disrupting mevalonate kinase–regulated 
inflammasome signaling (Ozen and Bilginer, 2014). Pooled CVID 
cases or pooled XLA, HIGM1, MyD88 deficiency, and LOCID cases 
had less serum IgD than controls (Fig. 6 B), whereas pooled 
PGM3-HIES and CARD11-HIES cases or HIDS cases had more se
rum IgD than controls, with one PGM3-HIES case and two HIDS 
cases showing the highest IgD (Fig. 6 C).

Consistent with the presence of stronger IgD response early 
in life (Renz et al., 2018; Blanco et al., 2018), tonsillar IgD-PCs 
and, to a lesser extent, IgD-ME-B cells showed a nonstatistically 
significant but clear trend toward a reduction following 2– 
3 years of age (Fig. 6, D and E), which suggests a direct re
lationship between IgD-ME-B cells, IgD-PCs, and serum IgD. 
Similarly, the frequency of circulating IgD-ME-B cells was 
higher in PGM3-HIES and CARD11-HIES but not STAT3-HIES ca
ses (Fig. 6, F–H), who also had a tendentially higher serum IgD 
than healthy controls (shown earlier). In the PGM3-HIES case, 
circulating IgD-PCs were as frequent as those from a healthy 
control with an unusually high frequency of IgD-ME B cells 
(Fig. 6, F–H).

Finally, bulk RNA-seq showed that compared with IgG-ME or 
IgA-ME B cells, IgD-ME B cells expressed more genes encoding 
POMT1, PGM3, and GMPPB (Fig. 6 I), which might be involved in 
the glycosylation of IgD-regulating molecules and/or IgD itself. In 
summary, IgD-ME B cell–centered IgD responses may be (1) pos
itively regulated by NF-κB p50 signals from BCR, CD40, TACI, 
and/or TLRs; (2) constrained by PGM3-mediated glycosylation- 
dependent or CARD11-mediated BCR- or TLR-dependent signals; 
(3) independent of STAT-3 signals; and (4) more abundant in the 
first years of life, which are central to the generation of tolerance 
against innocuous environmental antigens.

IgD-ME B cells serve as preferential IgD-PC precursors
We then explored whether IgD-ME B cells could serve as IgD-PC 
precursors. First, we mined published scRNA-seq data (Massoni- 
Badosa et al., 2024) to perform trajectory inference analysis. 
UMAP obtained as detailed in Methods showed two IgD-GC 
B cells, IgD-ME B cells, and IgD-PC subclusters, subcluster 
1 being larger than subcluster 2 (Fig. 7 A, top). Of note, IgD-ME 
1 was closely and sequentially connected to IgD-GC 1 and IgD-PC 
1, whereas IgD-ME 2 was mostly linked to IgD-PC2, which in 
turn showed a dual link to IgD-GC 2 (Fig. 7 A, top). Compared 
with IgD-ME 2, IgD-ME 1 expressed more ABC-associated 
(i.e., FCRL4, TBX21) and PC-associated (i.e., TNFRSF13B) mRNAs, 
but less B cell identity (i.e., FOXO1, PAX5) and ABC differentiation– 
associated ZEB2 (Fig. 7 A, bottom) mRNAs. Compared with IgD-GC 
2, IgD-GC 1 expressed less GC-associated (i.e., MME, CD38, BCL6), 
but more ME B cell– and PC-associated CD27 mRNAs (Fig. 7 A, 
bottom). Lastly, IgD-PC 1 expressed less ERN1 than IgD-PC 
2 (Fig. 7 A, bottom). Thus, IgD-ME B cells, IgD-GC B cells, and 
IgD-PCs encompass distinct subpopulations seemingly orga
nized in three developmental pathways that possibly underpin 
distinct IgD responses.
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Figure 6. IgD responses involve complex glycosylation-regulated innate and adaptive BCR, CD40, TACI, and TLR signaling programs. (A–C) ELISA of 
serum IgD from adult or pediatric healthy controls (A-HCs and P-HCs, respectively), as well as PID or HIDS patients. 3, 7, 8, and 9, pooled PID cases 
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Given our earlier findings that IgD-ME B cells are more 
mutated that other class-switched ME B cells and considering 
that compared with IgG-GC B cells, IgD-GC B cells are enriched in 
transcripts encoding key components of the SHM machinery, we 
asked whether these unique properties were preferentially as
sociated with IgD-GC 1 or IgD-GC 2. We found that compared 
with IgG-GC B cells, IgD-GC 2 was more enriched in RAD52, 
which is essential for IgM-to-IgD CSR (Xu et al., 2022), as well as 
EXO1, PMS1, XRCC4, MSH2, MSH6, and MLH1 (Fig. 7 B), which 
encode key components of the MMR machinery (Odegard and 
Schatz, 2006; Casellas et al., 2016). Thus, IgD-GC 2 may be more 
intensely engaged in SHM compared with IgD-GC 1.

To further understand the developmental history of IgD-ME 
B cells, we built phylogenetic trees from our BCR sequencing 
(BCR-seq) data by assigning VHDJH clones into lineage clusters as 
detailed in Methods. Lineage trees were grouped according to 
their isotype composition, and all groups containing at least five 
trees per donor were considered to ensure statistical robustness. 
In this way, we generated groups of lineage trees encompassing 
IgD alone, IgM alone, combined IgG-IgA, or combined IgM-IgG- 
IgA. To characterize the developmental history of the cells from 
these lineage trees, we calculated the normalized tree height, 
i.e., the distance from the germline to the furthest tip in the tree 
divided by the number of non-germline sequences per tree. IgD 
lineage trees were higher than trees with IgM alone, both IgG 
and IgA, or a combination of IgM, IgG, and IgA (Fig. 7 C), sug
gesting that IgD class-switched B cells have a longer and more 
complex developmental history.

We also assessed the mutation activity in IgD class-switched 
lineage trees by calculating the average mutation count per tree 
edge. IgD lineage trees had a higher average mutation count per 
tree edge compared with trees including IgM alone, IgG and IgA, 
or IgM, IgG, and IgA (Fig. 7, C and D). As reflected by their 
smaller scale bar, IgD lineage trees accumulated mutations at a 
higher rate compared with IgM, IgA, or IgG trees (Fig. 8 A; and 
Fig. S4, D and E). Thus, IgD class-switched B cells form large 
clonal families entailing GC B cells, ME B cells, and PCs that do 
not further switch to downstream isotypes, but rather engage in 
intense SHM.

To identify IgD-PC precursors, we converted IgD trees into 
pairwise distance matrices, selected the nearest (minimal dis
tance) non-PC neighboring sequence for each PC-originated 
sequence, and calculated the average nearest neighbor propor
tion (%) for each donor. IgD-ME B cells were the nearest 
neighbors to IgD-PCs (Fig. 8 B), representing their most frequent 
precursors. This trend could also be explained by the higher 
mutation rate of GC B cells, causing them to further diverge from 
the germline compared with IgD-ME B cells and IgD-PCs at the 
time of tonsillectomy. A switch proportion (SP) test performed 

on IgD lineage trees showed that the IgD-ME B cell-to-IgD-PC 
transitions had a higher SP statistic (δ) value in three of four 
donors compared with IgD-GC B cell-to-IgD-PC transitions 
(Fig. 8 C). Thus, IgD-PCs preferentially emerge from IgD-ME 
B cell subsets rather than IgD-GC B cells.

IgD develops mutation-dependent reactivity to 
nasopharyngeal antigens
To verify whether class-switched IgD antibodies reacted to 
common nasopharyngeal antigens, we generated a set of re
combinant monoclonal antibodies (rmAbs) from tonsillar IgD- 
ME and IgD-GC B cells. To establish reactivity thresholds, control 
IgG rmAbs were generated from circulating IgG-ME B cells 
specific to the receptor-binding domain of severe acute respi
ratory syndrome coronavirus 2 (De Campos-Mata et al., 2024). 
All these rmAbs encompassed Cγ1 to facilitate downstream 
analysis (Koelsch et al., 2007). As shown by ELISA, some IgD 
rmAbs from IgD-ME or IgD-GC B cells recognized multiple air
borne and food antigens, including dust mite (Der p 1), pollen 
(Bet v 1, Pla a 3), milk (whole casein, α-s-casein, β-lactoglobulin, 
α-lactalbumin), and/or egg (ovalbumin) antigens (Fig. 9, A and 
B; and Fig. S5 A). Some IgD rmAbs from IgD-ME B cells also 
recognized viral (echovirus) and/or fungal (chitosan), but not 
algae-associated (laminarin), antigens (Fig. 9 B). In addition, 
some IgD rmAbs from IgD-ME B cells showed mild reactivity 
to single-stranded DNA (ssDNA) and/or double-stranded DNA 
(dsDNA) (Fig. 9 B). In addition to IgD rmAbs from tonsillar IgD- 
ME B cells, IgG rmAbs from IgG-ME cells inhabiting identical 
tonsils recognized similar environmental antigens (Fig. S5 B), 
showing that the humoral response to these antigens is not re
stricted to IgD, but rather involves multiple antibody classes.

Bacterial flow cytometry showed that IgD rmAbs from IgD- 
ME or IgD-GC B cells further recognized a cultured nasopha
ryngeal isolate, Streptococcus mutans, in addition to gut Bacillus 
cereus and Ruthenibacterium lactatiformans isolates. Some IgD 
rmAbs also recognized Bifidobacterium longum, but none recog
nized Escherichia coli and Roseburia intestinalis (Fig. 9, C and D; 
and Fig. S5, C–E). Of all IgD rmAbs from IgD-GC B cells, rmAbs 
10, 47, and 48 showed polyreactivity, rmAbs 10 and 47 exhibiting 
detectable binding to most microbial antigens tested (Fig. S5, D 
and E). While IgD rmAbs 10 and 48 were encoded by IGHV3-30, 
rmAb 47 was encoded by IGHV4-34 (Table S3), two intrinsically 
autoreactive IGHV genes (Zheng et al., 2004; Schickel et al., 2017; 
Kobie et al., 2015; Ohm-Laursen et al., 2018; Pugh-Bernard et al., 
2001).

Unlike IgD rmAb 10, which was unmutated, IgD rmAbs 47 and 
48 were highly mutated (Fig. S5 F and Table S3), suggesting that 
SHM contributes to the polyreactivity and autoreactivity of 
some but not all IgD clones. Accordingly, germline revertants of 

corresponding to XLA, HIGM1, MyD88 deficiency, and LOCID from A; *, deleterious mutation; gray symbols, below the limit of detection; dotted line, saturation 
point. (D and E) Pearson’s correlation coefficient analysis of the relationship between age and frequency of tonsillar IgD-PCs (D) or IgD-ME B cells (E) (N = 22). 
(F–H) Representative flow cytometry (F) and summary graphs of IgD-ME B cell (G) and IgD-PC (H) proportions in P-HCs and HIES patients (N = 8). (I) Heatmap 
showing mRNAs for modification/glycosylation factors differentially expressed (adj. P <0.05 and |log2FC| >1) by tonsillar IgD-ME vs. IgG/IgA-ME B cells. Bold 
genes, discussed in the text. Data show results from one representative assay of at least three experiments summarized as mean ± SD (A–C, F), summarize 
multiple experiments (D, E, G, and H), or depict one experiment with multiple biological replicates (I). Significance was determined by the Kruskal–Wallis test 
followed by post hoc Dunn’s test (B). *P < 0.05.
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Figure 7. Tonsillar IgD-ME B cells give rise to different IgD-PC subpopulations via distinct developmental trajectories, and evidence a long de
velopmental history. (A) Trajectory inference of IgD-ME B cells, IgD-GC B cells, and IgD-PCs. UMAP, trajectory inference (upper panel); dot plots showing 
differential gene expression by GC B cell, ME B cell, and PC subclusters (lower panel). (B) Heatmap visualizing the DE of a custom panel of genes involved in 
SHM from scRNA-seq analysis of tonsillar IgD-GC subcluster 1 and 2 vs. IgG-GC B cells. DEGs with |log2FC| >1 and adj. P <0.05 are marked with an asterisk. (C 
and D) Phylogenetic topology analysis of lineage trees’ normalized heights (C) and average stepwise mutation count (D). The numbers below plots in C and D 
represent the median value per group. Data show results from one experiment with multiple biological replicates. Statistical significance in C and D was 
assessed with pairwise Mann–Whitney tests. ****P < 0.0001.
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rmAbs 47 and 48 generated by replacing mutated nucleotide 
residues with native residues from their putative germline se
quence (Fig. S5 F) showed decreased binding to B. cereus and S. 
mutans, as well as airborne, food, viral, and self-antigens com
pared with mutated wild-type controls (Fig. 9, E–G). To evaluate 
the impact of Cδ and Cγ1 on the reactivity of IgD rmAbs, highly 
polyreactive IgD rmAbs 47 and 48 and mildly polyreactive IgD 
rmAbs 70 and 98 engineered to encompass Cδ were found to 
have grossly comparable reactivities to equivalent IgD rmAbs 
encompassing Cγ1 (Fig. 9 H). However, compared with Cγ1- 

expressing rmAbs, Cδ-expressing rmAbs displayed higher re
activity to Der p1 and α-s casein but lower reactivity to dsDNA 
(Fig. 9 H). Of note, these differences will need to be reevaluated 
in a larger group of rmAbs.

To confirm the above results in native secreted IgD, we en
riched IgD polyclonal antibodies (pAbs) from serum as detailed 
in Methods. Similar to tonsillar IgD rmAbs, serum IgD pAbs from 
healthy controls or HIDS and HIES patients recognized airborne 
and food antigens in addition to ssDNA (Fig. 9 I and Fig. S5 G). 
Consistent with evidence suggesting the parallel induction of 

Figure 8. Tonsillar IgD-PCs exhibit a complex phylogenetic IgD gene topology reflecting their preferential direct development from IgD-ME rather 
than IgD-GC B cells. (A) Examples of lineage trees engendered by the IgD (left), IgM (middle), and IgG-IgA (right) gene repertoires from the same donor. The 
length of scale bars corresponds to 10 somatic mutations. (B) IgD-PC nearest neighbor analysis showing the frequency (%) of sequences neighboring to IgD-PC 
sequences. (C) SP test statistic values (δ) performed on IgD-GC B cell-to-IgD-PC (GC→PC), IgD-ME B cell-to-IgD-GC cell (ME→GC), and IgD-ME B cell-to-IgD-PC 
(ME→PC) transitions from IgD lineage trees within each donor. Numbers below plots in B represent the median value per group. Data show representative 
results from one experiment with multiple biological replicates (A) or summary of one experiment with multiple biological replicates (B and C). Statistical 
significance in B and C was assessed with pairwise Mann–Whitney tests. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 9. Secreted IgD recognizes commensal and common environmental antigens in a SHM-dependent manner. (A) ELISA-determined reactivity of 
IgD rmAbs (N = 7) from IgD-ME B cells to food and airborne antigens. Dashed lines, reactivity thresholds. (B) Heatmap summarizing intensity of binding to food, 
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IgD and IgE responses by T helper type 2 (TH2) cell signals and 
the constraining impact of IgD on allergen-driven IgE-mediated 
allergic responses (Shan et al., 2018), IgE pAbs from some HIES 
patients were found to bind to the environmental and food an
tigens Der p 1 and α-s-casein like IgD pAbs did (Fig. 9 I and Fig. 
S5, G and H). Thus, the IgD response may target some com
mensals in addition to innocuous environmental antigens, in
cluding potential allergens.

IgD from IgD-PCs targets the respiratory microbiota
We then tested whether endogenous IgD pAbs could recognize 
endogenous commensal bacteria. Given the likely origin of cir
culating IgD-PCs from aerodigestive inductive sites (Chen et al., 
2020; Ohm-Laursen et al., 2018; Ohm-Laursen et al., 2021), we 
first interrogated the reactivity of circulating IgD pAbs for 
commensal isolates. Serum IgD pAbs were found to recognize a 
cultured S. mutans nasopharyngeal isolate in addition to intes
tinal B. cereus and R. lactatiformans isolates (Fig. 10 A). Next, we 
studied sinonasal IgD responses to the microbiota from healthy 
donors and patients with various disorders (Table S4). Confocal 
imaging visualized sinonasal IgD+IgM−IgA− IgD-PCs in addition 
to control IgD−IgM−IgA+ IgA-PCs and IgD−IgM+IgA− IgM-PCs 
(Fig. 10 B).

Furthermore, bacterial flow cytometry determined that ∼3 
and 48% of the total microbiota from sinonasal fluids were 
coated by IgD and IgA, respectively (Fig. 10 C). When only the 
IgD/IgA-coated bronchoalveolar microbiota was considered, 
about 5% of these bacteria were targeted by IgD (Fig. 10 C). The 
majority of these IgD-coated bacteria were cotargeted by IgA, 
only a minority being coated by IgD alone (Fig. 10 C). About 95% 
of the IgD/IgA-targeted sinonasal microbiota was coated by IgA 
alone (Fig. 10 C). Consistently, ELISAs detected sinonasal free 
IgD pAbs in addition to larger amounts of sinonasal free IgA pAbs 
(Fig. 10 D).

Knowing that the lung mucosa includes IgD clones from IgD- 
PCs (Ohm-Laursen et al., 2021), we also studied IgD responses 
in bronchial mucosa samples from cancer patients undergoing 
bronchoscopy (Table S5). Confocal imaging detected bronchial 
IgD+IgM−IgA− IgD-PCs together with IgD−IgM−IgA+ IgA-PCs 
(Fig. 10 E). Moreover, bacterial flow cytometry determined 
that about 3 and 14% of the total bronchoalveolar microbiota 
were coated by IgD and IgA, respectively (Fig. 10 F). When only 
the IgD/IgA-targeted bronchoalveolar microbiota was consid
ered, about 32% of this microbiota was coated by IgD (Fig. 10 F). 
The majority of these IgD-coated bacteria were targeted by IgD 
alone, with a smaller fraction being cotargeted by both IgD and 
IgA (Fig. 10 F). The remaining 68% of the IgD/IgA-targeted 
bronchoalveolar microbiota was coated by IgA alone (Fig. 10 F). 

Lastly, bacterial flow cytometry evidenced that the sinonasal and 
bronchoalveolar tracts included comparable frequencies of IgD- 
or IgA-coated bacteria, the frequency distribution being very 
broad (Fig. 10, G and H). As shown by ELISA, sinonasal IgD pAbs 
recognized allergens like Der p 1 and α-s-casein in addition to 
commensal bacteria (Fig. 10 I), which echoes the reactivity of 
tonsillar IgD rmAbs and serum IgD pAbs.

In summary, tonsils include a heterogeneous population of 
IgD-ME B cells that differentiate into IgD-PCs (Fig. 10 J). These IgD- 
PCs would migrate to both local and distal effector sites, including 
the sinonasal and bronchial mucosae, and secrete IgD, which binds 
to a fraction of the microbiota in addition to common nasopha
ryngeal antigens, including allergens. Aside from supporting a 
mutation-intensive pathway involved in the polyreactivity of se
creted IgD, sustained exposure to these antigens may account for 
the ABC-like properties of at least some IgD-ME B cells.

Discussion
Here, we have characterized a heterogeneous IgD-ME B cell 
population that inhabits epithelial, subepithelial, and inter
follicular areas of the tonsillar mucosa and displays prominent 
ABC-like traits in addition to properties usually associated with 
PCs. IgD-ME B cells emerge from a SHM-intensive GC-driven 
program that gives rise to clonally affiliated IgD-PCs. The IgD 
secreted by these cells targets a fraction of the respiratory mi
crobiota in addition to various environmental antigens, includ
ing some airborne and food allergens. By providing new insights 
into a hitherto elusive mucosal B cell population, our findings 
position IgD-ME B cells at the center of a largely neglected IgD 
response presumably aimed at enhancing homeostasis in the 
respiratory mucosa.

IgD-PCs were first identified in tonsils more than two decades 
ago (Arpin et al., 1998; Liu et al., 1996). By showing that IgD from 
nasopharyngeal IgD-PCs targets environmental antigens, in
cluding allergens, the present findings echo recent evidence 
showing that in allergic patients, increased allergen-specific IgD 
production correlates with a lower risk of anaphylaxis, higher 
likelihood of naturally outgrowing allergy, and increased tole
rance in response to allergen immunotherapy (Shan et al., 2018; 
Boonpiyathad et al., 2020; Suprun et al., 2020; Itoh et al., 2021; 
Satitsuksanoa et al., 2025). These human findings along with 
additional mouse results (Shan et al., 2018) raise the possibility 
that IgD responses contribute to the establishment and/or 
maintenance of immune tolerance. Clarifying the biology of 
secreted IgD may help understand its impact on mucosal ho
meostasis, immunity, and inflammation (Chen et al., 2023; 
Itoh and Ohshima, 2023).

airborne, fungal, viral, and autologous antigens by IgD rmAbs from IgD-ME B cells at 10 µg/ml, determined as in A. (C) Representative flow cytometry of total 
and IgD-bound bacteria. Numbers are frequencies of IgD-bound bacteria. (D) Heatmap summarizing frequencies of IgD-bound bacterial isolates upon exposure 
to IgD rmAbs, determined as in C. (E and F) Representative histograms (E) and summary graph (F) of WT and GL binding to nasopharyngeal B. cereus and S. 
mutans of rmAb 48 from IgD-GC B cells. (G) ELISA-determined reactivity of WT or GL IgD mAbs 47 (triangles) and 48 (circles) from IgD-GC B cells to antigens 
from B. (H) Heatmaps showing binding intensity to antigens from B by IgD rmAbs 70, 98, 47, and 48 from IgD-GC B cells at 10 µg/ml, encompassing either Cδ 
(top) or Cγ1 (bottom) HCs. (I) Violin plots showing reactivity to Der p 1 (left) and β-lactoglobulin (right) of serum IgD pAbs from P-HCs, and HIDS and HIES 
patients. Data are from one experiment with multiple biological replicates (A, B, D, F, G, H, and I) or show results from one representative of at least three 
experiments (C and E). Significance was determined by the Kruskal–Wallis test (I). WT, wild type; GL, germline.
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Figure 10. IgD responses target commensal and environmental antigens from the sinonasal and bronchial mucosae. (A) Summary of flow cytometry– 
determined frequency of IgD-coated bacterial isolates upon exposure to serum IgD pAbs from HCs (N = 5). (B) Confocal imaging of nasal mucosa stained for IgD 
(green), IgM (red), IgA (white), and nuclear DNA (blue). Insets, IgD-PC (bottom right), IgA-PC (middle right), and IgM-PC (top right) upon digital magnification 
(2×). Scale bars, 20 µm (left) and 5 µm (right). (C) Gating strategy and representative flow cytometry plots of total, IgD-, IgA-, or IgD-IgA–bound sinonasal 
bacteria. Pie chart shows mean proportions of IgD- and/or IgA-bound bacterial fractions within the total IgD-IgA–bound microbiota (N = 41). Gray profiles, 
control isotype antibodies. (D) ELISA of sinonasal free IgD and IgA (N = 32). (E) Confocal imaging of bronchial mucosa stained as in B. Insets, IgD-PC (top right) 
and IgA-PC (bottom right) upon digital magnification (2×). Scale bars, 50 µm (left) and 5 µm (right). (F) Gating strategy and representative flow cytometry of 
total, IgD-, IgA-, or IgD-IgA–bound bronchoalveolar bacteria. Pie chart shows mean proportions of IgD- and/or IgA-bound bacterial fractions within the total 
IgD-IgA–bound microbiota (N = 20). Gray profiles, control isotype antibodies. (G and H) Summaries of frequencies of IgD-coated (G) or IgA-coated (H) sinonasal 
(N = 41) and bronchoalveolar bacteria (N = 20). (I) ELISA-determined reactivity of free IgD pAbs immunoprecipitated from sinonasal samples to Der p 1 and α-s- 
casein (N = 21). (J) Graphical summary of findings from tonsillar IgD-ME B cells and their IgD-PC progeny. Data summarize one to three experiments with 
multiple biological replicates (A, pie chart in C, D, pie chart in F, G, H), show results from one representative of at least three experiments (B, plots in C, E, plots in 
F), or show one experiment with multiple biological variables (I). Significance was determined by a nonpaired, nonparametric Friedman test (G and H). Panel J 
was created with BioRender.com.
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Secreted IgD may enhance tolerance in the context of a 
protective-regulatory brand of TH2 cell–mediated humoral re
sponses in which IgD antibodies from IgD-PCs interact with 
basophils and mast cells through a receptor complex encom
passing galectin-9 and CD44 (Shan et al., 2018). By crosslinking 
this membrane-bound IgD, secondary allergen exposure would 
elicit basophil and mast cell release of IL-4, IL-5, and IL-13, which 
may promote allergen clearance by amplifying TH2 cell–induced 
production of IgG and IgE by allergen-specific B cells (Shan et al., 
2018). Concomitantly, signals from receptor-bound IgD would 
attenuate allergen-induced inflammation by interfering with 
IgE-mediated FcεRI-driven basophil and mast cell degranulation 
and by eliciting regulatory T cell expansion (Shan et al., 2018).

By characterizing the tissue topography, clonal history, mo
lecular landscape, antigen reactivity, and in vivo requirements 
of tonsillar IgD-ME B cells, we have unveiled hitherto unap
preciated facets of mucosal IgD responses. In the aerodigestive 
mucosa, IgD-ME B cells shared a preferential epithelial and 
subepithelial topography with IgD-PCs, suggesting a close rela
tionship between these IgD class-switched cells. Consistently, 
clonotypic analysis and transcriptome trajectory and phyloge
netic topology studies identified IgD-ME rather than IgD-GC 
B cells as the main direct precursors of IgD-PCs. These last 
showed a trend toward a reduction following early childhood, 
which is when tolerance to environmental antigens is acquired 
(Renz et al., 2018). Unlike IgD-PCs, nasopharyngeal IgG-PCs 
seemed to have a closer and possibly more direct affiliation to 
IgG-GC B cells than to IgG-ME B cells when the degree of clo
notypic overlap was evaluated, which might reflect the more 
frequent involvement of IgD-ME B cells in anamnestic IgD re
sponses to common mucosal antigens.

Besides exhibiting extensive clonal affiliation with IgD-PCs, 
the IgD-ME B cell population was enriched in some ABC-like 
phenotypic properties compared with IgG-ME or IgA-ME 
B cells, including enhanced CD11c, CD69, CD95, FCRL4, and 
CXCR3 expression. These ABC-like traits were not homoge
neously expressed, but rather reflected the presence of two IgD- 
ME subclusters encompassing B cells likely lying at distinct 
stages of ABC activation and differentiation, as suggested by 
their differential CD69, FCGR2B, LTB, TNFRSF13B, TOX, SOX5, 
SSR4, and GSN expression. At the transcriptome level, the larger 
subcluster 1 was characterized by increased ribosomal biogen
esis and enhanced protein translation, which likely reflects a 
stage preparatory to sustained antibody production. The tran
scriptome of the smaller subcluster 2 hinted at extensive GTPase 
signaling–induced cytoskeleton changes, which are usually re
quired for increased locomotion, cell shape remodeling, and 
organelle trafficking.

These two IgD-ME subclusters further included some B cells 
at distinct stages of an early commitment to PC differentiation, 
as suggested by their DE of PRDM1, XBP1, IRF4, PAX5, BACH2, and 
FOXO1, subcluster 1 being more enriched in a PC-associated gene 
signature compared with subcluster 2. These properties corre
lated with the presence of minute BLIMP-1+ and BCMA+ frac
tions within the IgD-ME B cell population, which underwent PC 
differentiation and IgD secretion upon in vitro stimulation by 
CD40L and IL-21. As suggested by our analysis of PID patients 

with CD40L deficiency and by published properties of both TFH 

and ME B cells (Inoue and Kurosaki, 2024; Song and Craft, 2024), 
TFH cell–derived signals from CD40L may be implicated in both 
the emergence of IgD-ME B cells from IgD-GC B cells and the 
extra-GC differentiation of IgD-ME B cells into IgD-PCs. Con
sistent with more findings published earlier (Chen et al., 2009; 
Xu et al., 2022) and our present results from PID patients, ad
ditional BCR, TLR, and TACI signals from local commensals, as 
well as myeloid and/or epithelial cells, may be involved in the 
extrafollicular differentiation of at least some IgD-ME B cells into 
IgD-PCs (Inoue and Kurosaki, 2024; Song and Craft, 2024; 
Eisenbarth et al., 2025).

These intricate signaling requirements may underlie the 
complex transcriptional trajectories of the IgD-ME 1 and 2 sub
clusters, which engendered two distinct IgD-PC 1 and IgD-PC 
2 developmental programs. While IgD-ME 1 resided along an 
IgD-GC 1 > IgD-ME 1 > IgD-PC trajectory, the smaller IgD-ME 
2 subcluster followed an IgD-ME 2 > IgD-PC 2 trajectory. The 
first trajectory was characterized by a more robust commitment 
of GC-derived IgD-ME B cells into the PC differentiation pro
gram. Accordingly, compared with IgD-ME 2 cells, IgD-ME 
1 expressed more PC-associated mRNAs. The second trajectory 
could reflect the recall of a distal pool of IgD-ME B cells that may 
include recirculating IgD-ME cells involved in an anamnestic 
IgD-PC response. A third IgD-GC 2 > IgD-PC 2 trajectory echoes 
published findings, showing that some GC B cells enter early 
stages of PC differentiation due to the attainment of a sufficiently 
high affinity for antigen (Kräutler et al., 2017; Ise et al., 2018; 
Inoue and Kurosaki, 2024). Of note, compared with IgD-GC 1, 
IgD-GC 2 was enriched in SHM-related, B cell identity (e.g., 
FOXO1, PAX5), and GC identity (e.g., MME, CD38, BCL6) mRNAs, 
which could implicate an earlier differentiation stage of IgD-GC 
2 compared with IgD-GC 1 along the GC pathway.

In agreement with the general state of active readiness of ME 
B cells toward anamnestic antibody responses, some IgD-ME 
B cells displayed transcriptional and ultrastructural properties 
reminiscent of PCs, including abundant RER and Golgi network. 
Considering that both IgD-ME B cells and ABCs are enriched in 
PC-related gene signatures, such as JCHAIN (Lau et al., 2017; 
Wang et al., 2018; Nellore et al., 2023), the differentiation of IgD- 
PCs from IgD-ME B cells might involve intertwined ABC and PC 
developmental programs. The subsequent navigation of IgD-PCs 
to subepithelial and epithelial areas might implicate chemotactic 
fields orchestrated by CXCR3 via its ligand CXCL10. As suggested 
recently (Kawasaki et al., 2024), additional chemotactic clues 
might be provided by CXCL-like signals from the J-chain, which 
usually promotes the transcytosis of polymeric IgA and IgM 
across epithelial cells. The chemotactic properties of the J-chain 
could explain why IgD-PCs abundantly express this protein de
spite releasing monomeric rather than polymeric IgD (Chen 
et al., 2020; Brandtzaeg and Korsrud, 1984).

By pointing to the involvement of CD40, TACI, and TLRs in 
IgD responses in vivo, our study of PID patients confirmed earlier 
findings showing the positive impact of these signals in IgD CSR 
and production (Chen et al., 2009; Xu et al., 2022). In concert 
with the IFNAR (Chen et al., 2009; Xu et al., 2022; Jego et al., 
2003), CD40, TACI, and TLRs could, in principle, trigger the 
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differentiation of IgD-ME B cells into IgD-PCs through a pathway 
further involving CXCR3, an ABC-associated CXCL10 receptor 
known to contribute to PC differentiation (Xu et al., 2012).

By showing conserved IgD production in STAT3-HIES pa
tients, our data suggest that similar to IgE responses, IgD re
sponses develop independently of STAT-3, which instead is 
central to IgG and IgA production (Speckmann et al., 2008; van 
de Veen et al., 2019). Unlike STAT3-HIES and DOCK8-HIES cases, 
which exhibited normal or absent IgD responses, PGM3-HIES 
and, to a lesser extent, CARD11-HIES cases showed increased IgD 
responses, suggesting that protein glycosylation and compo
nents of BCR or TCR signaling may have a constraining impact 
on these responses. The unavailability of a sufficient number of 
pure B cells from these rare PID cases prevented us from 
establishing the B cell–intrinsic or B cell–extrinsic impact 
of STAT3, PGM3, or CARD11 on IgD production.

Although enriched in many ABC properties, including en
riched ITGAX, ITGB2, ITGB7, TBX21, TNFRSF13B, SLAMF7, IL10RA, 
CD86, and CD151 expression (Yang et al., 2022; Winslow and 
Levack, 2025), IgD-ME B cells lacked other ABC traits, like en
riched EZR expression. This and other differences (Sutton et al., 
2021; Holla et al., 2021) may relate to the tissue and isotype 
specificity of IgD-ME B cells. Regardless, our identification of 
ABC-like cells within the IgD-ME B cell population echoes recent 
data, indicating that ABCs are a physiological component of the 
humoral response (Sutton et al., 2021; Gao and Cockburn, 2022). 
Similar to ABCs (Sutton et al., 2021; Gao et al., 2024; Gao and 
Cockburn, 2022), IgD-ME B cells expressed hypermutated IGHV 
genes. Their analysis revealed the complex developmental his
tory of IgD-ME B cells, which transited through a GC reaction 
permitting the persistence of intrinsically autoreactive genes 
usually counterselected by GCs, including IGHV4-30, IGHV4-31, 
and, although not significantly, IGHV4-34 (Pugh-Bernard et al., 
2001). Similarly, earlier small-scale studies show IGHV4-34 
enriched in IgD class-switched B cells (Seifert et al., 2009; Zheng 
et al., 2004), raising the possibility that IgD responses retain 
some degree of autoreactivity to maximize their function. This 
residual autoreactivity may be instrumental for IgD to cross- 
target highly conserved epitopes shared by some environmen
tal and commensal antigens with autologous antigens (Schickel 
et al., 2017; Leviatan et al., 2022).

Accordingly, the class-switched IgD repertoire was enriched 
not only in autoreactive IGHV4 family members, but also in 
some IGHV3 genes usually involved in antimicrobial antibody 
responses. Of note, two donors showed IgD class-switched B cells 
enriched in IGHV3-30, which encodes specificities targeting 
microbial carbohydrates (Bryson et al., 2016). Concomi
tantly, IgD class-switched B cells exhibited lesser usage of 
IGHV3-13, IGHV3-48, IGHV3-7, and (although not significantly) 
IGHV3-23, which encode specificities targeting a broad range of 
antigens (Wu et al., 2010). This peculiar IGHV composition was 
combined with the lack of IgD clonal affiliation with IgM, IgG, 
and IgA, which echoes studies published earlier (Zheng et al., 
2004) showing the limited capacity of IgD class-switched B cells 
to further switch to downstream isotypes. The isotype-restricted 
clonal architecture of IgD responses suggests that such responses 
target a restricted and possibly unique set of antigens.

Most IgD antibodies coated a fraction of the sinonasal mi
crobiota cotargeted by IgA, the latter being a dominant mucosal 
antibody (Cerutti, 2008). A larger fraction of IgD-only–coated 
microbiota was detected in the bronchial mucosa (Goeteyn et al., 
2023), which might reflect the need by this mucosal district of 
controlling commensals through a noninflammatory, poly
reactive, and flexible antibody like IgD (Chen et al., 2020; 
Übelhart et al., 2015). The flexibility of the antigen-binding Fab 
domain of IgD mostly stems from the uniquely long hinge region 
of its constant Fc domain, which may facilitate the heteroligation 
of biochemically distinct antigenic epitopes, including low- 
density epitopes (Chen et al., 2020; Übelhart et al., 2015).

Despite showing more mutations than IgG-ME B cells, IgD- 
ME B cells exhibited a comparable in vivo proliferation history, 
raising the possibility that their larger mutational load stems 
from the intrinsically hyperactive SHM machinery rather than 
more numerous GC transits. This possibility is consistent with 
the finding that compared with IgG-GC B cells, IgD-GC B cells, 
and particularly a subcluster of them, expressed more abundant 
transcripts encoding RAD52, which is essential for IgM-to-IgD 
CSR (Chen et al., 2009; Xu et al., 2022). Compared with IgG-GC 
B cells, IgD-GC B cells were also enriched in transcripts encoding 
additional components of the MMR and BER pathways of SHM 
(Odegard and Schatz, 2006; Casellas et al., 2016), the former 
pathway being more represented that the latter in IgD-GC 
compared with IgG-GC B cells. The reasons behind these dis
tinctive features of IgD-GC B cells remain elusive, but might be 
linked to the unique signaling properties of IgD-BCRs. Indeed, in 
IgD-GC B cells, IgD-BCRs operate without any counterbalance 
from IgM-BCRs and, compared with these last, preferentially 
bind multivalent antigens with repetitive epitopes (Bellenot 
et al., 1988; Übelhart et al., 2015).

By showing that the reactivity of IgD antibodies to commensal 
and environmental antigens decreased in germline IgD re
vertants, our findings indicate that SHM is central to the GC- 
driven nasopharyngeal program underlying the induction of 
class-switched IgD. In this regard, some hypermutated IgD an
tibodies displayed a reactivity that spanned across different 
kingdoms of living organisms, with some IgD being able to rec
ognize plant, animal, fungi, and protist antigens in addition to 
antigens from food, viruses, and airborne particles. Cross- 
kingdom poly- and cross-reactivity could be key to enhance 
noninflammatory immunity and tolerance by means of IgD- 
mediated targeting of highly conserved epitopes shared by 
environmental and commensal antigens from distant species 
(Schickel et al., 2017; Leviatan et al., 2022).

The widespread availability and common nature of IgD- 
reactive antigens are suggested by the clustering together of 
IGHV genes from IgD-GC B cells, IgD-ME B cells, and IgD-PCs 
from four different donors. The involvement in this process of 
superantigen-binding sites from Cδ (Chen et al., 2020; Seifert 
et al., 2009; Jendholm et al., 2008; Thurner et al., 2020) seems 
unlikely, as replacement mutations of IGHD genes from IgD-GC 
B cells, IgD-ME B cells, and IgD-PCs preferentially targeted 
H-CDR rather than H-FWRs, which suggests antigen-driven 
B cell selection in the GC (Neumeier et al., 2022; Yaari et al., 
2015). The little or no role of Cδ superantigen-binding sites 
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was confirmed by the largely comparable reactivity of tonsillar 
and serum IgD antibodies, including tonsillar IgD expressing 
either Cγ1 or Cδ.

A key strength of the present work relates to the integrated, 
multimodal analysis across tissue compartments—combining 
spatial localization, transcriptomics, repertoire phylogenetics, and 
recombinant antibody testing—to link IgD-ME B cell biology to IgD- 
PC output and antigen specificity. A limitation relates to the limited 
yield and viability of IgD-ME B cells, which hindered a systematic 
functional analysis of IgD-ME B cells, including their response to 
BCR, TACI, and TLR signals. An additional limitation relates to the 
limited power of studies involving rare PID patients, which was 
partly compensated by pooling together samples when possible. 
Furthermore, the composition of IgD-coated commensal commu
nities remains unknown, although ongoing work will soon reveal it.

In summary, we have characterized a hitherto elusive GC- 
imprinted IgD-ME B cell subset inhabiting epithelial and inter
follicular areas of the aerodigestive mucosa. This heterogeneous 
IgD-ME population shows massive clonal affiliation with IgD- 
PCs, which secreted IgD antibodies to both a fraction of the 
respiratory microbiota and common environmental antigens, 
including allergens. In light of recent findings (Shan et al., 2018; 
Boonpiyathad et al., 2020; Suprun et al., 2020; Itoh et al., 2021; 
Satitsuksanoa et al., 2025), our data raise the possibility that IgD 
responses contribute to mucosal homeostasis, including tole
rance to common environmental antigens. Should that be the 
case, treatment strategies harnessing the IgD-ME B cell–IgD-PC 
axis might help attenuate inflammatory disorders of the respi
ratory tract, including allergy.

Materials and methods
Tissue, blood, and BAL samples
Tonsil samples were collected from donors tonsillectomized 
because of tonsillar hypertrophy. Heparinized blood samples 
were acquired from healthy adult donors. Splenic samples were 
obtained from deceased healthy donors or individuals subjected 
to posttraumatic splenectomy as described earlier (Puga et al., 
2011). Sinonasal biopsies and mucosal swabs were obtained from 
otorhinolaryngological patients. BALs were obtained from pa
tients undergoing bronchoscopy. The Ethical Committee for 
Clinical Investigation of the Hospital del Mar Research Institute 
approved the use of blood and tissue samples (CEIC-IMIM 2011/ 
4494/I, 2014/5892/I and 2022/10464/I). Fresh samples and 
formalin-fixed or paraffin-embedded tissue sections were ob
tained from the MarBiobanc tissue repository with patient- 
signed informed consent. Fresh sinonasal biopsy samples, 
mucosal swabs, and BAL fluids (Tables S4 and S5) were ob
tained from the Otorhinolaryngology and Pulmonology 
Services at Hospital del Mar (Barcelona, Spain) during routine 
diagnostic procedures with patient-signed informed consent 
(CEIC/IMIM 2022/10464/I). Archived serum samples were ob
tained from biobanks at Hospital Sant Joan de Déu (Barcelona, 
Spain), Hospital Clinic (Barcelona, Spain), Mount Sinai Hospital 
(New York, NY, USA), Spedali Civili di Brescia (Brescia, Italy), 
and Freiburg University Hospital (Freiburg, Germany) with re
spective patient-signed informed consents.

Sample processing
Tonsillar mononuclear cells were obtained by perfusion of 
fresh tissue specimens with sterile phosphate buffer solu
tion (PBS) (Biowest). Peripheral blood mononuclear cells 
(PBMCs) were isolated from heparinized blood samples by 
separation on a Ficoll-Hypaque gradient (GE Healthcare). 
Fresh spleen samples were enzymatically digested for 40 min 
at 37°C in Hank’s balanced salt solution (Lonza) supplemented 
with 1 mg/ml collagenase IV (Thermo Fisher Scientific), 
50 ng/ml DNase (New England Biolabs), and 0.5% human 
serum (Sigma-Aldrich). Splenic mononuclear cells were sepa
rated on a Ficoll-Hypaque gradient. All mononuclear cell sus
pensions were aliquoted and cryopreserved in fetal bovine 
serum (FBS) (Gibco) supplemented with 10% dimethyl sulfox
ide (Merck) until the time of analysis. Sinonasal biopsies were 
included in the paraffin.

Cell flow cytometry
Single-cell suspensions of tonsillar, splenic, or PBMCs were 
incubated at 4°C in sterile staining buffer comprised of PBS 
at pH 7.4 supplemented with 5 g/L bovine serum albumin 
(BSA) (Sigma-Aldrich), 2 mM ethylenediaminetetraacetic acid 
(Merck), and 2 μl Fc receptor blocking reagent (Miltenyi) for 
every 107 cells. After 10-min incubation, cell suspensions were 
stained at 4°C for 30 min with a conventional or spectral B cell 
and antibody cocktail (Table S6). For conventional flow cytom
etry, 4′-6-diamindine-20-phenylindole (DAPI) (Sigma-Aldrich) 
was used to exclude dead cells, and cells were acquired with BD 
LSRFortessa Cell Analyzer (BD Biosciences). In spectral flow 
cytometry, cells were acquired with Aurora Cell Analyzer (Cy
tek). Dead cells were excluded using LIVE/DEAD Fixable Yellow 
Dead Cell Stain Kit (Invitrogen). All flow cytometry data were 
analyzed using FlowJo version 10 software (TreeStar). t-SNE 
projections from spectral flow cytometry data were generated 
using default settings from the FlowJo built-in t-SNE function. 
Clusters were defined based on the expression of CD10, CD38, 
CD27, Igλ, CD11c, CD43, CD21, CD95, CXCR3, and CD69 using the 
XShift clustering algorithm (Samusik et al., 2016) and projected 
onto t-SNE plots for visualization.

FACSorting
Tonsil mononuclear cell suspensions were incubated for 10 min 
at 4°C with 2 μl Fc-blocking reagent for every 107 cells in sterile 
staining buffer. Cells were then stained with a cell sorting– 
specific antibody cocktail (Table S6). Cell suspensions were fil
tered through a 35-µm cell strainer, prior to sorting with a 
FACSAria II (BD Biosciences). DAPI was used to exclude dead 
cells. B cells were sorted into tubes containing complete RPMI 
1640 (Biowest) and immediately used for downstream analysis. 
Discrete B cell or PC populations were selected according to 
forward scatter (FSC) and side scatter (SSC) parameters, as well 
as expression of specific surface molecules. Only IgA-ME and 
IgG-ME B cells expressing CD27 were included in functional, 
transcriptional, and TEM studies. Repertoire and phenotypic 
studies included both dominant CD27+ and small CD27− fractions 
of IgA-ME and IgG-ME B cells (Ehrhardt et al., 2005; Ehrhardt 
et al., 2008).
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B cell cultures
FACSorted tonsillar naive, IgD-ME, IgM-ME, IgA-ME, and IgG- 
ME B cells were seeded (5 × 104/well) in U-bottomed 96-well 
plates (Corning), and cultured for 6 days in complete RPMI 
1640 supplemented with 10% FBS, 10 U/ml penicillin, 10 U/ml 
streptomycin (Biowest), and 2 mM L-glutamine (Biowest) with 
or without 100 ng/ml megaCD40L (Enzo Life Sciences) and 
500 ng/ml IL-21 (PeproTech). Cells were microscopically mon
itored daily and counted using a Neubauer chamber. On day 6, 
the well contents were transferred into new tubes and centri
fuged at 300 g for 5 min. Culture supernatants were saved for Ig 
quantification by ELISA, and differentiation was assessed by 
flow cytometry.

Immunofluorescence staining and image processing
Formalin-fixed and paraffin-embedded 3-μm-thick human 
tonsil sections were dewaxed by overnight incubation at 60°C, 
followed by rehydration through treatment with a decreasing 
alcohol gradient. Heat-induced epitope retrieval was performed 
for 20 min in Tris-EDTA buffer (pH 9) and citrate buffer (pH 6). 
Sections were permeabilized by incubation with 0.2% Triton X 
(Merck) in PBS for 12 min and blocked with 5% BSA (Miltenyi) or 
5% Fc receptor blocking reagent for 1 h at room temperature. 
Samples were stained with various combinations of primary 
antibodies (Table S7) for 2 h at room temperature. After washing, 
fluorochrome-conjugated secondary antibodies (Table S7) were 
added to the tissue together with DAPI and incubated for 1 h at 
room temperature. After washing, FluorSave Reagent (Milli
pore) was applied, and coverslips were fixed with CoverGrip 
Coverslip Sealant (Biotium). Confocal microscopy image acqui
sition was performed with a ZEISS LSM 980 microscope (ZEISS 
Group, Jena, Germany) equipped with a 40×/1.3 NA EC Plan- 
Neofluar oil objective. High-resolution images were taken 
through a tile scan. Each square region was 610 µm per side with 
a pixel size of 0.13 µm. Images were processed with ImageJ (FIJI) 
software (Schindelin et al., 2012) and QuPath 0.5.1 software 
(Bankhead et al., 2017).

Generation of IgD and control rmAbs encompassing Cγ1
To generate tonsillar IgD rmAbs from IgD-ME B cells, as well as 
IgG rmAbs from IgG-ME B cells, we took advantage of BCR 
single-cell data from a recently published human tonsil atlas 
(Massoni-Badosa et al., 2024). Seurat object of the CITE-seq 
dataset was used, as well as the associated Cell Ranger outputs 
of BCR-seq (Massoni-Badosa et al., 2024). Antibody sequences 
were analyzed using the R package Seurat (Hao et al., 2024). 
Firstly, ME B cells were selected according to the original data 
annotation. Their corresponding BCR-seq contigs were filtered, 
so that only cells containing a single heavy chain sequence were 
included. They were categorized as IgD-ME and IgG-ME B cells 
according to their IGH gene expression, i.e., IGHD for IgD-ME 
B cells and IGHG1, IGHG2, IGHG3, or IGHG4 for IgG-ME B cells. 
IgBLAST (version 1.22.0) (Ye et al., 2013) was used to compare 
each sequence of heavy and light chains with the putative 
germline and estimate the number of mutations. Variable region 
sequences were ordered as gBlocks from IDT. AbVec-hIGG1, 
AbVec-IGLC2, or AbVec-IGKC vectors were linearized with 

EcoRI-HF and Sal-HF, and EcoRI-HF and XhoI restriction en
zymes (NEB) for the heavy and light chains, respectively. Lin
earized vectors were purified from gel using QIAquick Gel 
Extraction Kit (Qiagen), and respective variable region se
quences were cloned using the Gibson assembly method (Gibson 
et al., 2009). Each new construct was verified by Sanger se
quencing. 150 × 106 Expi293 cells seeded in 50 ml of Expi293 
Expression Medium (Thermo Fisher Scientific) were transiently 
transfected with 1 µg/ml of antibody-encoding plasmid DNA. 
After 5 days, cells were harvested by centrifugation for 5 min at 
4,000 rpm. The resulting supernatant was ultracentrifuged for 
30 min at 30,000 rpm and filtered with a 0.45-µm Nalgene nylon 
filter (Thermo Fisher Scientific). Next, the filtered sample was 
applied onto a PBS-equilibrated HiTrap Protein A MabSelect or 
HiTrap LambdaMabSelect SuRe purification column (Cytiva) to 
purify Cɣ1- or Cδ-expressing mAbs, respectively. The column 
was washed with 10 CV PBS and eluted with 100 mM glycine 
buffer, pH 3. The eluted sample was further subjected to glycine- 
to-PBS buffer exchange and concentrated using the Amicon Ul
tra 50 K filter. Purified mAbs and the corresponding flow- 
through controls were loaded onto an SDS-PAGE gel for IgH 
and IgL band visualization and quality control. Plasmids en
coding human IgD rmAbs from IgD-GC cells (Koelsch et al., 2007) 
were provided by Patrick C. Wilson and processed according 
to an rmAb production and purification protocol as described 
above. Peripheral blood IgG, IgA, and IgM rmAbs specific for the 
receptor-binding domain of severe acute respiratory syndrome 
coronavirus 2 were expressed in parallel with tonsillar IgD mAbs 
as described earlier (De Campos-Mata et al., 2024) and used as 
controls. Of note, all rmAbs were synthesized to express the Fc 
domain from IgG1, i.e., Cγ1, which facilitated their purification, 
except for four Cδ-expressing rmAbs, as specified below. In any 
case, each rmAb expressed the native antigen-binding Fab 
domain.

Generation of IgD rmAbs encompassing Cδ
Four rmAbs from IgD-GC B cells, i.e., rmAb 47, 48, 70, and 98, 
were engineered to encompass Cδ instead of Cγ1. Cγ1-encoding 
vectors of interest were linearized with SalI-HF and HindIII-HF 
(NEB) and gel-purified using QIAquick Gel Extraction Kit (Qia
gen). The constant region of the IgD HC was amplified by PCR 
from the pFUSE-CHIg-hD vector (InvivoGen) and cloned into 
our vector of interest by the Gibson assembly (Gibson et al., 
2009). Final constructs were sequence-verified by Sanger se
quencing. Transfection, culture, harvest, and purification were 
performed as described above. Since all Cδ-expressing rmAbs 
contained λ light chain, HiTrap LambdaMabSelect SuRe purifi
cation column (Cytiva) was used to purify IgD mAbs.

Generation of germline revertants
Mutations in the germline sequences of IGHV and IgL chain 
variable genes from rmAbs 47 and 48 were determined using 
IgBLAST. Full-length IGHV genes from these IgD rmAbs, in
cluding CDR3 regions, were identified following published cri
teria (Corbett et al., 1997). Germline sequences were ordered as 
gBlocks from IDT. Vectors were linearized with EcoRI-HF and 
Sal-HF, and EcoRI-HF and XhoI restriction enzymes (NEB) for 
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the heavy and light chains, respectively. Linearized vectors were 
purified from gel using the QIAquick Gel Extraction Kit (Qia
gen), and respective germline sequences were cloned using the 
Gibson assembly method (Gibson et al., 2009). New constructs 
were verified by Sanger sequencing, and germline revertant 
mAbs were produced and purified as described above.

IgD ELISA
Total IgD pAbs from cell culture supernatants were measured 
using Human IgD ELISA Quantitation Set (Bethyl Laboratories) 
according to the manufacturer’s instructions. Briefly, 96-well 
flat-bottomed plates (Nunc) were coated for 1 h with 10 μg/ml 
goat anti-human IgD coating antibody in a coating buffer com
posed of 0.05 M carbonate–bicarbonate in PBS, pH 9.6. Wells 
were washed with a washing buffer composed of ultrapure 
water supplemented with 50 mM Tris, 0.14 M NaCl, and 0.05% 
Tween 20 at pH 8. Wells were blocked for 30 min at room 
temperature with a blocking buffer composed of ultrapure water 
supplemented with 50 mM Tris, 0.14 M NaCl, and 1% BSA at pH 
8. Both samples and standards were diluted in a dilution buffer 
composed of ultrapure water supplemented with 50 mM Tris, 
0.14 M NaCl, 1% BSA, and 0.05% Tween 20 and incubated for 1 h 
at room temperature. After washing, a horseradish peroxidase 
(HRP)–labeled anti-human IgD antibody was added at 13.3 ng/ml 
and incubated for 1 h at room temperature. Plates were washed 
and developed using TMB Substrate Reagent Set (BD Biosci
ence). Absorbance was read at 450 nm with an Infinite 200 PRO 
plate reader (Tecan).

Total IgD pAbs from serum or mucosal secretions were 
measured using IgD Human ELISA Kit (Abnova) according to the 
manufacturer’s instructions. In both assays, IgD concentrations 
were calculated by extrapolating sample absorbance values with 
values from the standard curve.

IgA ELISA
96-well flat-bottomed plates were coated with 1 μg/ml of goat 
anti-human Ig (SouthernBiotech) in a coating buffer and incu
bated overnight at 4°C. After washing with PBS supplemented 
with 0.05% Tween-20 (PBS-T), wells were blocked with 1% BSA 
in PBS for 2 h at room temperature. Samples were diluted in PBS 
with 1% BSA and 0.05% Tween-20. A standard curve was pre
pared using purified human IgA (Mpbio) at 250 ng/ml, and six 1: 
1 serial dilutions were performed. Both samples and standards 
were incubated for 2 h at room temperature. After washing, 
HRP-conjugated goat anti-human IgA (SouthernBiotech) anti
bodies were added and incubated for 45 min at room tem
perature. Plates were washed and developed using the TMB 
Substrate Reagent Set, and absorbance was read at 450 nm 
with an Infinite 200 PRO plate reader (Tecan). Concentrations 
were calculated by extrapolating sample absorbance values 
with values from the standard curve.

Antibody reactivity analysis
To evaluate the reactivity of IgD rmAbs and IgD or IgE pAbs from 
serum samples, 96-well half-area flat-bottom high-bind micro
plates (Corning) were coated overnight at 4°C with a given an
tigen (Table S8) diluted in PBS or with PBS alone for background 

subtraction. To measure Ig reactivity to insulin or chitosan, the 
antigen was diluted in 1% acetic acid and neutralized with an 
equimolar concentration of NaOH before coating. After washing 
with PBS-T, wells were blocked for 2 h at room temperature with 
PBS supplemented with 5% BSA and 0.1% Tween. To measure Ig 
reactivity to dsDNA, ssDNA, or echovirus antigen, plates were 
blocked with PBS supplemented with 2% BSA. Recombinant 
mAbs and IP-IgD were diluted to a concentration of 10 µg/ml in 
PBS supplemented with 1% BSA and 0.05% Tween-20. Serum 
samples for IgE reactivity were serially diluted 1:3, starting with 
a 1:9 dilution. mAbs and IP-IgD samples were serially diluted 1:4 
six times, added to the antigen- or PBS-coated plate, and incu
bated for 2 h at room temperature. After washing, plates were 
incubated with HRP-conjugated anti-human IgG to detect mAbs; 
HRP-conjugated anti-human IgD or IgE to detect serum IgD or 
IgE, respectively; or HRP-conjugated anti-human Igλ (South
ernBiotech) to compare the reactivity of Cγ1-expressing vs Cδ- 
expressing mAbs, for 45 min at room temperature. Plates were 
washed with PBS-T and developed with the TMB substrate re
agent set (BD Biosciences). The development reaction was 
stopped with 1M H2SO4. Absorbance was read at 450 nm with an 
Infinite 200 PRO plate reader (Tecan). To quantitate the level of 
each antigen, optical density (OD) values were calculated after 
subtraction of the background defined as OD450 value of the 
corresponding sample dilution on plates coated with PBS but no 
antigen. All negative values were normalized to 0. Threshold 
values were determined by calculating the mean ± 2 SD of the 
highest concentration OD450 value of all anti-RBD antibodies or 
control serum samples.

Bacterial flow cytometry
Bacterial isolates of E. coli (25992; ATCC), Bacteroides fragilis 
(25285; ATCC), B. longum (15707; ATCC), R. lactatiformans (100348; 
ATCC), B. cereus (11778; ATCC), S. mutans (25175; ATCC), Strepto
coccus agalactiae (13813; ATCC), and R. intestinalis (14610; DSM) 
were heat-inactivated at 65°C for 20 min. Bacterial isolates were 
then incubated with rmAbs or immunoprecipitated serum pIgD at 
a concentration of 10 μg/ml for 30 min at room temperature. After 
washing, bacterial pellets were incubated for 15 min at room 
temperature with polyclonal PE-conjugated anti-human IgG an
tibodies (Infrared Laboratories) or APC-conjugated anti-human 
IgD antibodies (BioLegend). Bacteria incubated only with sec
ondary antibodies were used as negative control to set up the PE- 
or APC-positive gate. Finally, bacterial samples were washed and 
resuspended in PBS with SYTO BC (Thermo Fisher Scientific; 1: 
60,000). Contamination was minimized by passing all buffers and 
reagents through sterile 0.22-μm filters before use. Bacterial cells 
were analyzed using Cytek Aurora Cytometer (Cytek Bioscience) 
with low FSC and SSC thresholds to allow bacterial detection. FSC, 
SSC, and SYTO BC were set to a biexponential scale, and samples 
were gated first at B1 vs. B14 detectors for SYTO BC+ to define 
bacterial counts free from autofluorescence, then as SSC+, and 
assessed for PE- or APC-positive counts.

Nasal swab and BAL processing for bacterial flow cytometry
Nasal swabs were immersed in 500 μl sterile filtered solution of 
PBS containing a protease inhibitor cocktail (cOmplete, Roche) 
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at the concentration recommended by the manufacturer, and 
mixed by vortexing for 5 min. After removing the swab, tubes 
were centrifuged at 400 × g for 5 min to pellet cells and debris. 
BALs were transferred to sterile tubes and centrifuged at 400 × g 
for 5 min to pellet cells and debris. The resulting supernatants 
were passed through 70-µM cell strainers and transferred into 
new tubes. Sinonasal or bronchoalveolar bacteria were then 
pelleted at 8,000 × g for 5 min, and the supernatants were stored 
for Ig concentration measurements by ELISA. Bacteria were 
washed once with filtered PBS to remove any remaining free Igs. 
Finally, bacterial samples were resuspended in filtered PBS, 
followed by a 30-min incubation at room temperature with APC- 
conjugated anti-human IgD (BioLegend), PE-conjugated anti- 
human IgA (SouthernBiotech), or a mixture of both along with 
their corresponding isotype controls. Samples were washed and 
analyzed as described earlier.

Serum and sinonasal IgD immunoprecipitation
Low serum and sinonasal IgD concentrations limit the use of 
prediluted whole samples for ELISA testing. We therefore de
veloped an experimental protocol for the immunoprecipitation 
of IgD pAbs. Dynabeads M-270 Epoxy were conjugated with an 
anti-human IgD antibody (SouthernBiotech), using the Dyna
beads Co-Immunoprecipitation kit (Thermo Fisher Scientific), 
according to the manufacturer’s instructions. Then, 0.5 mg of 
prewashed anti-IgD–coupled beads was resuspended in a mix
ture of 50 μl of serum with 50 μl of a buffer comprised of 50 mM 
Tris, 0.14 M NaCl, 1 % BSA, and 0.05 % Tween 20, or 100 μl of 
nasal swab supernatant obtained as described above, and incu
bated for 20 min with tilting and rotation at 4°C. After incuba
tion on the magnet, the nonbound fraction was saved, and the 
beads were washed three times according to the manufacturer’s 
protocol. The immunoprecipitated IgD was then eluted in 40 μl 
of elution buffer and stored at −20°C for further analyses.

Electron microscopy
Tonsillar B cells and PCs were sorted as described earlier. Cells 
were fixed with 2.5% glutaraldehyde in phosphate buffer of 
0.1 M for 2 h at 4°C, postfixed with 1% osmium tetroxide with 
0.8% potassium ferrocyanide for 2 h, and dehydrated with in
creasing concentrations of ethanol. Then, pellets were embed
ded in EPON resin (EMS, Hatfield) and polymerized at 60°C for 
48 h. Sections of 70 nm in thickness were obtained with a Leica 
EM UC6 microtome (Wetzlar), stained with 2% uranyl acetate 
and Reynolds solution consisting of 0.2% sodium citrate and 
0.2% lead nitrate, viewed by a JEM-1400 transmission electron 
microscope (JEOL), and imaged at 120 kV voltage.

κ-deleting recombination excision circle assay
Genomic DNA was isolated from sorted B cell subsets using a 
protocol for small cell numbers described previously (van der 
Burg et al., 2006). The replication history of B cell subsets was 
determined using the κ-deleting recombination excision circle 
assay as reported earlier (van Zelm et al., 2007). This assay is 
based on a quantification of coding joints and signal joints of an 
Igκ-deleting rearrangement (intron RSS-Kde) by qRT-PCR. The 
ΔCT between the signal joint and the coding joint exactly 

represents the number of cell divisions a B cell has undergone. 
The previously established control cell line U698 DB01 (van Zelm 
et al., 2007) contains one coding and one signal joint per genome 
and was used to correct for minor differences in efficiency of 
both real-time quantitative PCR (qPCR) assays.

Bulk RNA-seq
Sorted tonsillar cells were centrifuged and homogenized using 
QIAshredder (Qiagen). RNA was isolated with RNeasy Micro Kit 
(Qiagen) according to the manufacturer’s instructions. RNA 
quality and quantity were assessed by Bioanalyzer using Agilent 
RNA 6000 Pico Kit (Agilent Technologies). Samples used for 
analysis had RNA integrity number ≥6.4. Next-generation se
quencing libraries with polyA capture were prepared according 
to the protocol of NEBNext Ultra II Directional RNA Library Prep 
Kit for Illumina, version 4.0, 4/21 (New England Biolabs).

Bioinformatics analysis of transcriptomics data
Raw sequencing reads in the fastq files were mapped with STAR 
version 2.7.8a (Dobin et al., 2013) Gencode release 41 based on 
the GRCh38.p13 reference genome and the corresponding GTF 
file. The table of counts was obtained with the featureCounts 
function in the package subread, version 2.0.3 (Liao et al., 2014). 
Filtering of lowly expressed genes was done by keeping genes 
having >1 CPM in at least four samples. Raw library size differ
ences between samples were treated with the weighted trimmed 
mean method (Robinson and Oshlack, 2010) implemented in the 
edgeR package (version 3.36.0). The normalized counts were 
used to make unsupervised analysis, PCA, and clusters. Genes 
starting with IgH (except for IGHMBP2), IgK, or IgL (except for 
those starting with IgLL and IgLon5) were excluded. For the DE 
analysis, read counts were converted to log2 counts per million 
and the mean–variance relationship was modeled with precision 
weights using the voom approach in the limma package. SVA 
package (version 3.38.0) was used to compute surrogate varia
bles (SVs) using the svaseq function, and all SVs were added to 
the design matrix with the primary variable. Donor variables 
were also included in the model. FDR was used to adjust for 
multiple comparisons. Genes were considered differentially 
expressed if adjusted P value (adj. P) <0.05 and |log2FC| >1. All 
analyses were done with R version 4.1.2 Pre-Ranked GSEA 
(Subramanian et al., 2005) implemented in the clusterProfiler 
(Yu et al., 2012) package version 4.0.0 was used to retrieve en
riched functional pathways (Reactome from MSigDB, version 
7.5.1). The ranked list of genes was generated using the 
−log(p.val)*signFC for each gene from the statistics obtained in 
the DE analysis. Gene lists for heatmaps were manually curated 
based on the Panther version 17.0 classification (Thomas et al., 
2022) of the DEG lists.

Spatial transcriptomics
The Visium Spatial Gene Expression data (10X Genomics) and 
the corresponding images of tonsillar tissue slides were adapted 
from a study published recently (Massoni-Badosa et al., 2024). 
The experimental approaches and bioinformatics pipeline 
for preprocessing and annotating the data are described in 
the original publication (Massoni-Badosa et al., 2024). The 
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annotation of the tissue regions, initially described by the au
thors, was slightly modified in the present work. The Seurat R 
package (version 5.1.0) (Hao et al., 2024) was used to assess the 
specific RNA markers from each region, and the “Follicle” label 
was replaced by the “GC” label, since the differential markers 
displayed GC characteristics. A representative tissue slide was se
lected for the spatial visualization of a custom IgD-ME gene signature 
(IGHD+ IGHM− CD27+ MME− CD38− CD19+ CD3G− CD4− CD5− CD7− 

CD8A− ITGAX+ CD80+ NT5E+ FAS+ CXCR3+ CR2− TNFRSF13B+) and 
IgD-PC gene signature (IGHD+ IGHM− MME− CD19+ CD38+ XBP1+ 

TNFRSF17+ CD3G−). The intensity of the signature in the different 
spots of the slide was estimated using the UCell R package 
(version 2.8.0) (Andreatta and Carmona, 2021) in combination 
with Seurat (version 5.1.0) (Hao et al., 2024).

scRNA-seq and CITE-seq analyses
For the comparison of ABCs and ME B cells, scRNA-seq and 
CITE-seq datasets were obtained from a study published recently 
(Massoni-Badosa et al., 2024). The experimental procedures and 
bioinformatics pipeline for preprocessing and annotating the 
data are described in the original publication (Massoni-Badosa 
et al., 2024). For the selection of IgD-ME or combined IgG-ME 
and IgA-ME B cells, the Seurat R package (Hao et al., 2024) was 
used to subset the mRNA cluster annotated as ME B cells, 
whereas the UCell R package (Andreatta and Carmona, 2021) 
was used to compute surface protein signatures specific to IgD- 
ME (IgD+IgM−), IgA-ME (IgM−IgA+), and IgG-ME (IgM−IgG+) 
B cells.

The Seurat R package was used to select IgD class-switched 
cells within a pre-established ME B cell cluster by subsetting 
cells with expression levels of IGHD >2. To discard cells ex
pressing IgM from the analysis, a threshold of background IGHM 
expression of 1 was established based on IGHM expression de
tected in IgG-ME, IgG-GC, and IgG-PC clusters with IGHG1 >1 or 
IgA-ME, IgA-GC, and IgA-PC clusters with IGHA1 >1. This 
threshold was used to discard cells with expression levels of 
IGHM ≥1. After rescaling and normalization, two IgD-ME B cell 
subclusters were identified.

For the selection of ABCs, CD19+CD20+CD10−CD21−CD27− 

mRNA signature described by Holla et al. (Holla et al., 2021) was 
computed using the UCell R package. The ABC- and PC- 
associated gene signatures were computed on subclusters 
1 and 2 of IgD-ME B cells using the UCell R package. The gene 
signature composed of ITGAX, CD69, FCGR2B, TBX21, TOX, and 
LTB was assessed in the ABC subcluster, and genes included in 
the PC-associated signature were obtained by estimating the 
DEG (adj. P <0.05, Log2FC >1) of the total PC cluster with the 
FindAllMarkers function (Seurat). The DEGs between sub
clusters 1 and 2 of IgD-ME B cells were assessed by the Find
Markers function (Seurat), and GSEA of GO terms was used for a 
functional characterization of differential biological processes.

The IgD-GC and IgG-GC B cells were compared to assess DEGs 
using the FindMarkers function (Seurat) with the default fil
tering parameters (minimum X-fold difference of 0.25, detected 
in at least 0.1 of cells in either of the two populations). A custom 
panel of genes highly involved in SHM was generated to com
pare IgD-GC cells with IgG-GC cells or IgD-GC subclusters 1 and 

2 with IgG-GC B cells. The relationship between the abundance 
of MMR and BER events in the IgD-GC B cells in comparison with 
IgG-GC B cells was assessed by estimating the ratio between the 
mean expression of genes involved in the GO term “mismatch 
repair” (accession GO:0006298) and the genes from the “base 
excision repair” term (accession GO:0006284).

Trajectory inference analysis
The trajectory inference was based on the scRNA-seq human 
tonsil dataset provided by a study published recently (Massoni- 
Badosa et al., 2024). The experimental procedures and bio
informatics pipeline for preprocessing and annotating the data 
are described in the original publication (Massoni-Badosa et al., 
2024). The Seurat R package (Hao et al., 2024) was used to 
identify IgD-GC B cell, IgD-ME B cell, and IgD-PC clusters, which 
were isolated by selecting IgD class-switched cells within pre- 
established ME, GC, and PC clusters. Selection was implemented 
by subsetting expression levels of IGHD >2. To remove any po
tential cells with IgM isotype, a threshold of background IGHM 
expression 1 was established based on the expression levels of 
IGHM in IgA and IgG class-switched cells, i.e., ME, GC, and PC 
clusters with IGHA1 >1 or IGHG1 >1. This threshold was used 
to discard cells with expression levels of IGHM ≥1 from the 
analysis. After rescaling and normalization, the annotation of GC 
B cell, ME B cell, and PC clusters was verified by analyzing 
differentially expressed markers (Seurat functions FindAll
Markers, and FindMarkers), and verifying the DE of MME, CD38, 
AICDA, and BCL6 in GC B cell subclusters, CD27, CD38, FCRL4, and 
TNFRSF13B in ME B cell subclusters, and CD27, CD38, MS4A1, 
JCHAIN, XBP1, IRF4, PRDM1, and ERN1 in PC subclusters. The 
trajectory of the clusters was inferred using the Monocle3 
package (version 1.3.7) (Cao et al., 2019).

Sequencing of the Ig gene repertoire
Sorted cells were lysed with QIAshredder columns (Qiagen) 
following the manufacturer’s protocol. Cellular RNA was iso
lated from sorted B cell subsets with RNeasy Micro Kit (Qiagen) 
following the manufacturer’s instructions, with a final elution in 
14 μl RNase-free water. 10 μl RNA was used for reverse tran
scription into cDNA using TaqMan Reverse Transcription Re
agents with random hexamers (Thermo Fisher Scientific). For 
IGHV gene PCR, 5 μl of cDNA was mixed with High-Fidelity 
Platinum PCR SuperMix (Thermo Fisher Scientific) containing 
50 nM forward primers specific for the FWR 1 of VH1, VH2, VH3, 
VH4, VH5, or VH6 and 250 nM primers specific for Cδ, Cμ, Cγ, 
or Cα and encompassing corresponding Illumina Nextera se
quencing tags along with unique molecular identifiers (UMIs) 
(Table S9). For this study, UMI-based correction was not per
formed (Gupta et al., 2015; Nouri and Kleinstein, 2020). Am
plification was performed with an initial step at 95°C for 3 min, 
followed by 35 cycles at 95°C for 30 s, 58°C for 30 s, and 72°C for 
30 s, supplemented with a final extension step of 72°C for 5 min. 
PCR products were purified with AMPure XP beads (Beckman 
Coulter), and Nextera XT indices were added by PCR under the 
following conditions: 98°C for 30 s, 5 cycles at 98°C for 10 s, 63°C 
for 30 s, and 72°C for 3 min. AMPure XP beads (Beckman 
Coulter) were used to purify PCR products, which were 
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subsequently validated and pooled. The final pool was quantified 
by qPCR. Single-strand products were paired-end–sequenced 
twice on a MiSeq instrument (Illumina) with 600 Cycle ver
sion 2 Kit (2 × 300 bp). In total, 12,076,7500 IGHV gene sequences 
from four donors were obtained through next-generation 
sequencing.

Preprocessing of Ig gene repertoire sequencing
Raw sequencing reads for each sample from the two MiSeq runs 
were merged. The mean base call Phred quality score of all 
samples was ≥30. Subsequently, VDJ alignment and clonotyping 
were performed using the MiXCR software package, version 
3.0.12, considering the full VDJ region nucleotide sequence for 
clonotype assembly (Bolotin et al., 2015). In this way, a clone is 
defined as a unique VDJ region nucleotide sequence. We excluded 
clones containing stop codons and out-of-frame sequences. As 
described previously (Greiff et al., 2017), we retained only those 
clones with at least a read count of two and with a CDR3 amino 
acid sequence length of >3 amino acids. For IgD class-switched 
IgD+IgM− B cells, we only included IgD-unique clones for each 
sample by excluding IgD clones that have an identical CDR3 amino 
acid sequence with IgM clones found in the same sample when 
sequenced with IgM-specific primers. Moreover, for each sample, 
we excluded those clones where the MiXCR-annotated constant 
gene did not match the reverse primer used to generate the sample 
(e.g., IgM-annotated sequences in a sample where IgG primers 
were used).

Clonal lineage clustering and lineage tree construction
We used the Change-O toolkit to parse the preprocessed dataset 
in blast format using the command MakeDb.py (Gupta et al., 
2015). Subsequently, we assigned our clones into clusters us
ing the hierarchicalClones command from the SCOPer package 
(version 1.1) (Nouri and Kleinstein, 2020). Sequences from the 
same donor with identical V and J germline genes and 85% 
junction nucleotide sequence similarity were assigned to a single 
lineage cluster. Maximum parsimony phylogenetic trees were 
built from clonal lineages including 20–200 clonal sequences per 
lineage using the R package dowser (version 0.0.4) (Hoehn et al., 
2022).

Phylogenetic topology analyses
To perform nearest neighbor analysis, we included only lineage 
trees that exclusively contained IgD sequences, for a total of 32, 
59, 82, and 101 clonal lineages (i.e., trees) for donors 1–4, re
spectively. IgD-only trees were converted into pairwise distance 
matrices using the R package ape (version 5.4-1) (Paradis and 
Schliep, 2019), and we selected the nearest non-PC neighboring 
sequence for each PC-derived sequence (i.e., minimal distance). 
We calculated the proportion of neighboring sequences to IgD- 
PC sequences (%). For the normalized tree height analysis, 
pairwise distance matrices were used to extract tree height 
(i.e., distance from the germline to the furthest tip in the tree) 
and size (i.e., number of non-germline sequences per tree) in
formation. Subsequently, we divided the tree height by the tree 
size to calculate the normalized tree height. For the average SHM 
count per tree edge analysis, we extracted pairwise tree edge 

lengths for each node and its parent from phylogenetic tree 
objects and calculated the corresponding average. In both nor
malized height and average SHM count per tree edge analyses, 
we included phylogenetic trees belonging to one isotype group 
that contained >1 cell type and had an occurrence of at least five 
trees per donor to ensure statistical robustness.

Trait–phylogeny association analysis
For this analysis, we included clonal lineages that exclusively 
contained IgD sequences. We first examined the association 
significance between tree trait values (cell types) and tree to
pology using the parsimony score test (PS test), as described 
previously (Hoehn et al., 2022). We calculated the significance of 
the PS test statistic using a permutation test, where the test 
statistic was recomputed for 1,000 randomizations of trait val
ues at the tips for each tree. We observed a significant PS test 
statistic in phylogenetic trees from all donors of the study. Fol
lowing that, we used a restricted SP test as described previously 
(Hoehn et al., 2022) to examine the most likely ancestor to IgD- 
PC B cells across all trees for each donor. Similarly, using a 
permutation test, we calculated the significance of the SP test 
statistic for our phylogenetic trees within each donor by com
paring observed test statistics with those obtained from 1,000 
randomizations of trait values at the tips for each tree. Of note, 
PS and SP test statistics were considered significant when ac
companied with P-values <0.05.

SHM analysis
We used the SHazaM R package (version 1.0.2) to compute the 
count and frequency of V gene replacement (R) and silent (S) 
mutations (Gupta et al., 2015). We considered a VDJ clone to be 
mutated when harboring more than 2 mutations since the PCR 
step might be responsible for one to two mutations per clone 
(Hendricks et al., 2019). To compute the R:S ratio in mutated 
clones, we divided the number of R mutations by the number of S 
mutations. In sequences with R > 0 but no S mutations (S = 0), 
we followed an approach described previously (Ghraichy et al., 
2020), where the number of S mutations was set to 1 to avoid 
mathematically undefined results.

Quantification of clonal persistence (overlap)
A clone was defined as a unique V gene–CDR3 (aa sequence)–J 
gene. Pairwise clonal persistence (CP) between repertoires A 
and B was calculated as follows (Amoriello et al., 2020): 

CP(A,B) =
A\B

mean(|A|, |B|)

where A \ B is the number of nonredundant shared clones be
tween A and B, while |A| and |B| refer to the number of unique 
clones in repertoires A and B, respectively.

V gene usage and heatmap generation
Germline V gene repertoires for each sample were calculated by 
determining the frequency of VDJ clones that map to a particular 
V gene independently of the clone occurrence frequency in the 
repertoire (Greiff et al., 2017). We used the ComplexHeatmap R 
package (version 2.5.1) to generate our heatmap following a 
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complete linkage hierarchical clustering algorithm, where 
pairwise distances among rows and among columns were 
calculated by the Euclidean distance (Gu et al., 2017).

Statistics and graphical visualization
The Ig gene repertoire analysis, RNA-seq statistical analysis, 
and graphics generation were performed in RStudio (R 
version 4.0.3) (Posit Team, 2026). We used packages ggpubr, 
version 0.4.0 (Kassambara, 2026), and rstatix, version 0.6.0 
(Kassambara, 2023), for statistical testing, as well as pack
ages ggplot2, version 3.3.3 (Wickham, 2016), and cowplot, 
version 1.1.1 (Wilke, 2025), for data visualization, unless stated 
otherwise. For phenotypic and functional studies, statistical 
analysis was performed using Prism 5.03 software (GraphPad). 
Further details regarding statistical testing are included in 
figure legends.

Online supplemental material
Figs. S1, S2, S3, S4, and S5 and Tables S1, S2, S3, S4, S5, S6, S7, S8, 
and S9 are available online and include extended data support
ing the main findings of this study. These data encompass flow 
cytometry gating strategies, DEGs, detailed patient clinical in
formation, reagent lists, and other supporting material that in
tegrates the information provided in the main text. Fig. S1 shows 
phenotyping and gating strategies to identify tonsillar B cell 
subsets. Fig. S2 shows tonsillar IgD-ME B cells exhibit unique 
tissue-specific phenotypic properties. Fig. S3 shows tonsillar 
IgD-ME B cells and IgD-PCs display a mutation profile consistent 
with GC ontogeny. Fig. S4 shows tonsillar IgD-ME B cell clones 
form mutation-intensive and large lineage trees, and show more 
clonal relatedness to IgD-PC B cells rather than IgD-GC B cells. 
Fig. S5 shows IgD rmAbs and pAbs broadly react against com
mon aerodigestive antigens, including allergens and commensal 
bacteria. Table S1 shows DEGs from IgD-GC 1 and 2, IgD-ME 1 and 
2, and IgD-PC 1 and 2 subclusters. Table S2 shows selected 
characteristics of PID patient cohorts. Table S3 shows molecular 
properties of IgD rmAbs from tonsillar IgD-ME B cells, IgG-ME 
B cells, and IgD-GC B cells. Table S4 shows selected charac
teristics of sinonasal sample donors. Table S5 shows selected 
characteristics of BAL sample donors. Table S6 shows anti
bodies used for flow cytometry and cell sorting. Table S7 shows 
antibodies used for tissue immunofluorescence analysis. Table 
S8 shows antigens used to test IgD reactivity by ELISA. Table S9 
shows primers used for Ig gene repertoire sequencing.

Data availability
V(D)J-seq data are publicly available at NCBI’s Sequence 
Read Archive under accession code PRJNA1044580 at https:// 
www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1044580. Bulk 
RNA-seq data are publicly available at Gene Expression Omni
bus under the accession number GSE243121 at https://www. 
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE243121. scRNA- 
seq, CITE-seq, and spatial transcriptomics (version 2.0) data
sets were published by Massoni-Badosa et al., and are available 
at Zenodo under https://doi.org/10.5281/zenodo.8373756. 
Correspondence and requests for materials should be addressed 

to A. Cerutti (acerutti@researchmar.net) and V. Greiff 
(victor.greiff@medisin.uio.no).
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De Campos-Mata, L., B. Trinité, A. Modrego, S. Tejedor Vaquero, E. Pradenas, 
A. Pons-Grı́fols, N. Rodrigo Melero, D. Carlero, S. Marfil, C. Santiago, 
et al. 2024. A monoclonal antibody targeting a large surface of the re
ceptor binding motif shows pan-neutralizing SARS-CoV-2 activity. Nat. 
Commun. 15:1051. https://doi.org/10.1038/s41467-024-45171-9

De Silva, N.S., G. Simonetti, N. Heise, and U. Klein. 2012. The diverse roles of 
IRF4 in late germinal center B-cell differentiation. Immunol. Rev. 247: 
73–92. https://doi.org/10.1111/j.1600-065X.2012.01113.x

Dobin, A., C.A. Davis, F. Schlesinger, J. Drenkow, C. Zaleski, S. Jha, P. 
Batut, M. Chaisson, and T.R. Gingeras. 2013. STAR: Ultrafast uni
versal RNA-seq aligner. Bioinformatics. 29:15–21. https://doi.org/10 
.1093/bioinformatics/bts635

Dorna, M.B., P.F.A. Barbosa, A. Rangel-Santos, K. Csomos, B. Ujhazi, J.F. 
Dasso, D. Thwaites, J. Boyes, S. Savic, and J.E. Walter. 2019. Combined 
immunodeficiency with late-onset progressive hypogammaglobuline
mia and normal B cell count in a patient with RAG2 deficiency. Front. 
Pediatr. 7:122. https://doi.org/10.3389/fped.2019.00122

Duty, J.A., P. Szodoray, N.-Y. Zheng, K.A. Koelsch, Q. Zhang, M. Swiatkowski, 
M. Mathias, L. Garman, C. Helms, B. Nakken, et al. 2009. Functional 
anergy in a subpopulation of naive B cells from healthy humans that 
express autoreactive immunoglobulin receptors. J. Exp. Med. 206: 
139–151. https://doi.org/10.1084/jem.20080611

Ehrhardt, G.R.A., J.T. Hsu, L. Gartland, C.-M. Leu, S. Zhang, R.S. Davis, and 
M.D. Cooper. 2005. Expression of the immunoregulatory molecule 
FcRH4 defines a distinctive tissue-based population of memory B cells. 
J. Exp. Med. 202:783–791. https://doi.org/10.1084/jem.20050879

Ehrhardt, G.R.A., A. Hijikata, H. Kitamura, O. Ohara, J.-Y. Wang, and M.D. 
Cooper. 2008. Discriminating gene expression profiles of memory B cell 
subpopulations. J. Exp. Med. 205:1807–1817. https://doi.org/10.1084/jem 
.20072682

Eisenbarth, S.C., F. Batista, J. Cyster, R. Elsner, G. Kelsoe, F.E. Lund, S. Pillai, I. 
Sanz, M. Shlomchik, K.-M. Toellner, et al. 2025. A roadmap for defining 
“extrafollicular” B cell responses. Immunity. 58:2627–2645. https://doi 
.org/10.1016/j.immuni.2025.08.007

Etienne-Manneville, S., and A. Hall. 2002. Rho GTPases in cell biology. Na
ture. 420:629–635. https://doi.org/10.1038/nature01148

Gao, X., and I.A. Cockburn. 2022. The development and function of CD11c+ 
atypical B cells - insights from single cell analysis. Front. Immunol. 13: 
979060. https://doi.org/10.3389/fimmu.2022.979060

Gao, X., Q. Shen, J.A. Roco, B. Dalton, K. Frith, C.M.L. Munier, F.D. Ballard, K. 
Wang, H.G. Kelly, M. Nekrasov, et al. 2024. Zeb2 drives the formation of 
CD11c+ atypical B cells to sustain germinal centers that control persis
tent infection. Sci. Immunol. 9:eadj4748. https://doi.org/10.1126/ 
sciimmunol.adj4748

Ghraichy, M., J.D. Galson, A. Kovaltsuk, V. von Niederhäusern, J. Pachlopnik 
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Quách, T.D., N. Manjarrez-Orduño, D.G. Adlowitz, L. Silver, H. Yang, C. Wei, 
E.C.B. Milner, and I. Sanz. 2011. Anergic responses characterize a large 
fraction of human autoreactive naive B cells expressing low levels of 
surface IgM. J. Immunol. 186:4640–4648. https://doi.org/10.4049/ 
jimmunol.1001946

Rakhmanov, M., H. Sic, A.-K. Kienzler, B. Fischer, M. Rizzi, M. Seidl, K. 
Melkaoui, S. Unger, L. Moehle, N.E. Schmit, et al. 2014. High levels of 
SOX5 decrease proliferative capacity of human B cells, but permit 
plasmablast differentiation. PLoS One. 9:e100328. https://doi.org/10 
.1371/journal.pone.0100328

Renz, H., B.D. Adkins, S. Bartfeld, R.S. Blumberg, D.L. Farber, J. Garssen, P. 
Ghazal, D.J. Hackam, B.J. Marsland, K.D. McCoy, et al. 2018. The neo
natal window of opportunity-early priming for life. J. Allergy Clin. Im
munol. 141:1212–1214. https://doi.org/10.1016/j.jaci.2017.11.019

Ripperger, T.J., and D. Bhattacharya. 2021. Transcriptional and metabolic 
control of memory B cells and plasma cells. Annu. Rev. Immunol. 39: 
345–368. https://doi.org/10.1146/annurev-immunol-093019-125603

Robinson, M.D., and A. Oshlack. 2010. A scaling normalization method for 
differential expression analysis of RNA-seq data. Genome Biol. 11:R25. 
https://doi.org/10.1186/gb-2010-11-3-r25

Rouaud, P., A. Saintamand, F. Saad, C. Carrion, S. Lecardeur, M. Cogné, and Y. 
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Supplemental material

Figure S1. Tonsillar IgD-ME B cells exhibit ABC-like traits and are readily distinguishable from IgD-PCs. (A) Spectral flow cytometry of IgD, IgM, Igλ, 
CD43, CD21, CD69, CD11c, CXCR3, and CD95 on IgD-AN, IgD-GC, IgD-ME, and IgD-PC clusters shown by t-SNE plots within total IgD+IgM– B cells. (B) Confocal 
imaging of tonsillar interfollicular area stained for IgD (green), IgM (red), and nuclear DNA (blue). Insets include an IgD-PC (1) and an IgD-ME cell (2) further 
visualized after digital magnification (4×) and no color merging (right panels). Scale bars, 30 µm (left panel) and 5 µm (right panels). (C) Confocal microscopy of 
IgD (green) and IgM (red) from digitally magnified (4×) naive (left) and IgD-ME (right) B cells. Image supplemented with orthogonal projections along x and y 
axes showing IgD and IgM mean fluorescence intensity profiles, respectively. (D) Gating strategy used to identify IgM–IgD+, IgM+IgD–, IgM–IgD–IgA– (IgG+), and 
IgM–IgD–IgA+ subsets from CD38–CD10– ME B cells, CD38+CD10+ GC B cells, or CD38highCD27high PCs gated from CD45+CD19+ B cells. Naive CD38–CD10– 

IgM+IgDhighCD27– B cells, AN CD38–CD10–IgM–IgDhighCD27– B cells, and transitional IgM+IgD+CD38+ CD10+CD27– B cells are also shown. (E) Representative 
flow cytometry profiles and summary graphs of CD11c, CD95, CXCR3, CD69, FCRL4, and CD21 on naive and ME B cell subsets from human tonsils, blood, or 
spleen (N = 3–7). Error bars, SD. Data show one representative from at least three experiments (A–D, E, histograms) or summarize multiple independent 
experiments (E, bar plots). Statistical significance was assessed with the Kruskal–Wallis test followed by a post hoc pairwise Mann–Whitney test (E). *P < 0.05, 
**P < 0.01, and ***P < 0.001.

Tachó-Piñot et al. Journal of Experimental Medicine S1 
A memory–plasma cell axis governs the IgD response https://doi.org/10.1084/jem.20251752 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
e
m
/
a
r
t
i
c
l
e
-
p
d
f
/
2
2
3
/
5
/
e
2
0
2
5
1
7
5
2
/
2
0
3
1
1
3
3
/
j
e
m
_
2
0
2
5
1
7
5
2
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
1
 
J
u
n
e
 
2
0
2
6



Figure S2. Tonsillar IgD-ME B cells show biased Igλ expression along with prominent TBX21 (T-BET), TACI, and CXCR3 expression. (A) Flow cytometry 
of Igλ on naive and ME B cell subsets (N = 4). (B) TBX21 expression by naive and ME B cell subsets (N = 3–6). (C) Flow cytometry of TACI on naive and ME B cell 
subsets (N = 4–8). (D) Confocal imaging of tonsil stained for IgD (green), IgM (red), CXCR3 (magenta), and nuclear DNA (blue). Inset, IgD-ME B cell upon digital 
magnification (380×) with and without color merging. Scale bars, 200 µm (left panel) and 5 µm (right panels). Error bars, SD. Data summarize multiple in
dependent experiments (A and C), one experiment with different biological replicates (B), or show results from one representative of at least three independent 
experiments (D). Statistical significance was assessed with the Kruskal–Wallis test followed by a post hoc pairwise Mann-Whitney test (A–C). *P < 0.05.
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Figure S3. Tonsillar IgD-ME B cells are more mutated than other ME B cells and, compared with these cells, show molecular traces of antigen-driven 
selection, and show nonsignificantly increased usage of some intrinsically autoreactive IGHV genes. (A) Mean SHM frequency across CDRs and FWRs of 
IGHV genes from B cell and PC subsets of all donors (N = 4). Top bar segment, replacement mutation frequency; bottom bar segment, silent mutation frequency. 
Error bars, SEM. (B) Mean R:S mutation ratio across CDRs and FWRs of mutated antibodies from B cell or PC subsets (N = 4). Numbers below bars, median 
values for four data points. (C) Mean IGHV3-23, IGHV3-30, and IGHV4-34 gene usage by B cell and PC subsets (N = 4). Numbers below bars as in B. Data are from 
one experiment with multiple biological replicates (A–C). Significance was assessed with the Kruskal–Wallis test followed by a post hoc pairwise Mann– 
Whitney test with P value adjustment following the Benjamini–Hochberg method. *P < 0.05.
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Figure S4. Tonsillar IgD-ME B cells encompass heterogeneous cells with increased B cell identity or PC-associated properties and form complex 
lineage trees that exhibit more clonal relatedness to IgD-PC B cells than to IgD-GC B cells. (A) UMAPs depicting the distribution of PRDM1, XBP1, IRF4, 
PAX5, BACH2, and FOXO1 within IgD-ME 1 and 2 subclusters. (B and C) Representative flow cytometry histograms (B) and contour plots (C) of BLIMP-1 and 
BCMA on IgM+IgD+CD10–CD19+CD27–CD38–/low naive B cells and IgM–CD10–CD19+CD27+CD38–/low ME B cell subsets expressing IgDhigh (IgD-ME) or IgA (IgA- 
ME) or lacking IgD and IgA in addition to IgM (IgG-ME). Vertical lines in B mark the positive gate cutoffs. Black arrow in B indicates a subpopulation of cells 
enriched in BLIMP-1. (D and E) Examples of lineage trees from the IgD gene repertoire of tonsillar IgD class-switched (D) or IgG/IgA class-switched (E) B cells 
from study donors. The length of scale bars is equal to 10 mutations. Top numbers next to each donor identify specific clonal trees. Data are from one ex
periment with multiple biological replicates (A) or depict representative results from an experiment with at least three biological replicates (B–E).
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Provided online are Table S1, Table S2, Table S3, Table S4, Table S5, Table S6, Table S7, Table S8, and Table S9. Table S1 shows DEGs 
from IgD-GC 1 and 2, IgD-ME 1 and 2, and IgD-PC 1 and 2 subclusters. Table S2 shows selected characteristics of PID patient cohorts. 
Table S3 shows molecular properties of IgD rmAbs from tonsillar IgD-ME B cells, IgG-ME B cells, and IgD-GC B cells. Table S4 shows 
selected characteristics of sinonasal sample donors. Table S5 shows selected characteristics of BAL sample donors. Table S6 shows 
antibodies used for flow cytometry and cell sorting. Table S7 shows antibodies used for tissue immunofluorescence analysis. Table 
S8 shows antigens used to test IgD reactivity by ELISA. Table S9 shows primers used for Ig gene repertoire sequencing.

Figure S5. IgD antibodies recognize environmental, commensal, and autologous antigens. (A) ELISA-determined binding curves of 23 IgD rmAbs from 
tonsillar IgD-GC B cells (red) and 10 control (blue) rmAbs from circulating ME B cells to birch pollen (Bet v 1) and whole casein. Control rmAbs were isolated from 
ME B cells purified from the peripheral blood of SARS-CoV-2 patients. Dashed lines, reactivity thresholds. (B) Heatmap summarizing binding intensity of IgG 
rmAbs (10 μg/ml) from tonsillar IgG-ME B cells to antigens as in Fig. 7 B. (C) Flow cytometry showing binding of IgD rmAbs from IgD-ME B cells to isolated 
bacterial strains. 2ry ab, secondary antibody alone; ctrl rmAbs, control rmAbs. (D) Heatmap summarizing the percentage of selected bacterial isolates bound by 
IgD rmAbs from IgD-GC B cells determined as in Fig. 7 C. (E) Flow cytometry showing binding of IgD rmAbs from IgD-GC B cells or ctrl rmAbs to isolated bacterial 
strains as in D. (F) IGHV4-34 and IGHV3-30 gene sequences from mutated wild-type (WT) mAbs 47 and 48, respectively, and their GL counterparts. Dashes 
represent missing GL nucleotides. (G) Violin plots representing reactivity to ovalbumin, ⍺-s-casein, and ssDNA by circulating IgD pAbs from HCs, HIDS patients, 
and HIES patients. (H) Reactivity curves of circulating IgE pAbs from HIES patients. Symbols indicate distinct HIES-inducing mutations. Data are from one 
experiment with multiple biological replicates (A–E, G, and H). Significance was determined by the Kruskal–Wallis test (G). *P < 0.05 and **P < 0.01. GL, 
germline.

Tachó-Piñot et al. Journal of Experimental Medicine S5 
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