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Abstract

Immunoglobulin (Ig) E is central to the pathogenesis of allergic conditions, including allergic
fungal rhinosinusitis. However, little is known about IgE antibody secreting cells (ASCs). We
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performed single-cell RNA sequencing from cluster of differentiation (CD)19* and CD19~ ASCs
of nasal polyps from patients with allergic fungal rhinosinusitis (/7= 3). Nasal polyps were highly
enriched in CD19* ASCs. Class-switched 1gG and IgA ASCs were dominant (95.8%), whereas
IgE ASCs were rare (2%) and found only in the CD19* compartment. Through Ig gene repertoire
analysis, IgE ASCs shared clones with IgD~CD27~ “double-negative” B cells, IgD*CD27*
unswitched memory B cells, and IgD~CD27* switched memory B cells, suggesting ontogeny from
both IgD* and memory B cells. Transcriptionally, mucosal IgE ASCs upregulate pathways related
to antigen presentation, chemotaxis, B cell receptor stimulation, and survival compared with
non-l1ge ASCs. Additionally, IgE ASCs have a higher expression of genes encoding lysosomal-
associated protein transmembrane 5 (LAPTMS5) and CD23, as well as upregulation of CD74
(receptor for macrophage inhibitory factor), store-operated Calcium entry-associated regulatory
factor (SARAF), and B cell activating factor receptor (BAFFR), which resemble an early minted
ASC phenotype. Overall, these findings reinforce the paradigm that human ex vivo mucosal IgE
ASCs have a more immature plasma cell phenotype than other class-switched mucosal ASCs and
suggest unique functional roles for mucosal IgE ASCs in concert with 1g secretion.

INTRODUCTION

Chronic rhinosinusitis with nasal polyposis (CRSWNP) is an umbrella term for a
heterogenous collection of diseases that is estimated to affect 4.9% of people in the United
Statesl-4. Nasal polyps (NPs) in humans can be categorized as having biomarkers of type 2
inflammation (T2-high) or lacking evidence of type 2 inflammation (T2-low), with T2-high
subsets including allergic fungal rhinosinusitis (AFRS) and aspirin-exacerbated respiratory
disease3>-8. AFRS is thought to result from a sustained T2 immune response at the mucosal
membrane primarily directed at a variety of fungal antigens, including epitopes present

on Aspergillus fumigatus. Interestingly, AFRS has been described as the upper airway
correlate of allergic bronchopulmonary aspergillosis®~®, a disease resulting in high systemic
immunoglobulin E (IgE) levels. Although IgE is a critical mediator of disease pathology in
AFRS, little is known about the biology of human IgE antibody secreting cells (ASCs) in the
respiratory mucosa.

Of all antibody isotypes, IgE has the lowest serum concentration and the shortest half-lifel0.
IgE ASCs are extremely rare in peripheral blood and human bone marrow (BM) and are
notoriously difficult to isolate, primarily because they lack unique surface markers10-12,
Many naive and transitional B cells differentially express CD23, the low-affinity IgE
receptor, and therefore, selecting with anti-IgE antibodies can lead to false positives

with fluorescence-activated cell sorting. Single-cell RNA sequencing (SCRNA-seq) paired
with Ig gene (VDJ) analysis is consequently required to ensure isolation of genuine IgE
ASCs. Using this approach, Croote et a/13 sorted IgE-positive B cells in the peripheral
blood of children with peanut allergy and found that only 89 of 973 cells were bona

fide IgE ASCs. Compared with non-IgE ASCs, these cells upregulated CDZ23, major
histocompatibility complex (MHC) class Il genes, and LAPTM5, and downregulated
LGALSI1 and S100 genes. Although sorting for CD19* IgE* from peripheral blood cells
results in B cells predominantly, the few ASCs that were isolated were skewed to an

early ASC or plasmablast phenotype because they were isolated in the blood. Thus, it was
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not clear if the circulating blood IgE ASCs in food allergy are transcriptionally similar
to naturally occurring mucosal IgE ASCs involved in allergic rhinitis, asthma, AFRS, or
allergic bronchopulmonary aspergillosis.

To understand the transcriptional programs of mucosal IgE ASCs, which are critical for the
pathogenesis of atopic diseases, we analyzed 5,907 single CD19* and CD19~ ASCs in the
respiratory mucosa and compared VVDJ repertoire and transcriptional profiles of IgE versus
non-1ge ASCs in patients with AFRS as a model of allergen-driven mucosal disease. Of all
mucosal ASCs, I1gA and IgG accounted for over 90% of all plasma cells, with IgA2 and
1gG2 comprising the major subclasses. A total of 116 IgE ASCs were identified and could
only be found in the immature CD19" compartment despite the substantial connectivity
between the mature CD19~ and CD19* compartments found in ASCs from other isotypes.
IgE ASCs featured both high and low heavy chain V region (IGHV) mutation frequencies
with clonal connectivity shared with IgD*CD27~ unswitched memory (USM), IgD~CD27~
double-negative (DN) B cells, and IgD~CD27* switched memory (SWM) B cells. The
transcriptional analysis of IgE versus non-IgE ASCs revealed unigque gene expression
signatures related to antigen presentation, chemotaxis, B-cell receptor (BCR) stimulation,
and ASC survival, which were reminiscent of early minted ASCs. Unsupervised clustering
resulted in the majority of IgE ASCs located together in cluster 5, which contained the
highest expression of CD19and human leukocyte antigen (HLA) class | and Il genes and
the lowest CD138expression. They also had the highest gene expression of LAPTMS,
CDZ23, CD74 [the receptor for macrophage inhibitory factor (MIF)], SARAF, and BAFFR
resembling an early minted ASC phenotype. Overall, we reveal characteristics of IgE ASCs,
which suggest that these cells are more immature or newly minted than other mucosal
class-switched ASCs within the NP.

NPs from patients with AFRS are enriched in ASCs

NPs from three adults (ages 23-38 years old) with AFRS were collected after endoscopic
sinus surgery for the treatment of chronic rhinosinusitis. Tissue dissociation was performed
as previously described to isolate ASCs and B cells!4. The polyps weighed a mean of 1.2 g
(Methods, Supplementary Table 1). None of the donors were taking oral corticosteroids

or monoclonal antibodies targeting the mediators of T2 inflammation at the time of
surgery. The cells were stained with a flow cytometry panel designed to enrich ASCs

(Fig. 1A). Previously, we demonstrated that NPs contain higher proportions of IgE ASCs
as a percentage of total CD19" B cells; although, these cells are still quite rarel4. We
sorted up to 20,000 CD19*IgD~CD27MCD38" and CD19-CD38NCD138* ASCs per polyp
and performed scRNA-seq using the 10X Genomics platform for paired 5’ VDJ and
transcriptional libraries.

CD19* ASCs were particularly prevalent, with an average of 14% of all CD19* B cells (Fig.
1B). This frequency is much higher than would be expected in peripheral blood, where the
frequency has been reported to be 1.4% and even lower in BM from healthy adults15:16,
CD19~ ASCs were less common, comprising a mean of 0.6% of total CD19~ cells (1.4%

of the total CD19" cells), but still were more prevalent than in the peripheral blood!®. On
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average, only 10.3% of the CD19* ASCs coexpressed CD138 (Fig. 1C) compared with BM
ASCs, whereas the frequency is typically higher than 50%. The majority of B cells found

in the peripheral blood of healthy adults have a naive phenotype. However, in the NPs we
examined, DN (IgD~CD277) B cell subsets were the most abundant, with a mean of 44.4%
+ 7.7% of the total CD19* cells. In peripheral blood, DN B cell frequencies are low in
healthy adults. However, higher frequencies can be observed in patients with autoimmune
disease and severe acute COVID-19, attributed to the strong extrafollicular differentiation of
ASCs417-19 Other B cell subsets identified in the NP include SWM (25.7% + 8.5%), USM
(0.8% % 0.1%), and naive B cells (13% + 4.8%, Fig. 1B).

Single-cell ASC isolation from AFRS NPs

We obtained high-confidence VDJ transcriptional data (see Methods) from 5,910 total cells
(n=3,724 CD19*, n= 2,187 CD19"). To arrive at this final number, we initially removed
low-quality or multiple cells by removing cells that had less than 1,000 or greater than
5,000 genes, as well as those that had more than 25% of their transcripts consisting of
mitochondrial genes. Because ASCs have increased Ig transcripts compared with B cells,
we excluded cells with less than 25% of their transcripts based on Ig heavy and light chain
genes (see Methods, Supplementary Figs. 2A-C). As previously described’-1°, we included
single-cell heavy chain sequences, even if paired light chain data were not available, if

the cell still met the filtering criteria. Therefore, the number of heavy chain sequences
included in repertoire analysis (/7= 5,910) is slightly higher than the number of light

chain sequences (7= 5,853). Interestingly, we did isolate VDJ sequence data from three
IgD ASCs. Although the mucosal IgD ASCs had highly mutated VVDJ sequences similar

to what has been described by others2%, no transcriptional data were available from these
cells and we subsequently removed them from the final analysis, leaving 5,907 ASCs. After
ensuring that there were no differences in VDJ data related to individuals (Supplementary
Fig. 1A), we combined data from the three subjects to provide a robust comparison of IgE
and non-IgE ASCs.

NP mucosal ASCs are dominated by IgA and IgG ASCs

The VDJ repertoire of the three polyps reflected the ASC composition of a mucosal site,
as described in other studies, and was dominated by ASCs of IgG and IgA isotypes, with
few (n=131) IgM ASCs and 116 IgE ASCs (Fig. 1D). Among IgA ASCs (n = 3,420),
the prevalence of IgA2 ASCs was roughly double that of IgA1 ASCs. Within the 1gG
compartment (17 = 2,240), 1gG1 (7= 893) and 1gG2 (= 1,206) ASCs were the most
prevalent, with a small fraction of 1IgG3 (= 138) and only three 1gG4 ASCs. ASCs of

all isotypes were found in higher frequencies in the CD19* compartment than the CD19~
compartment, with the notable exception of IgA2, which was more equally distributed
between the two compartments (Supplementary Fig. 1B). Light chain analysis demonstrated
an elevated /A ratio in both the CD19* (ratio = 2.1) and CD19™ (ratio = 2.7) ASC
compartments similar to what would be expected in peripheral blood?1:22 (Supplementary
Fig. 1C).
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IgE ASCs have distinct VDJ repertoire characteristics

By VDJ analysis, we identified 116 IgE ASCs, which represented 2% of the total ASC
sequences analyzed (Fig. 1D). All IgE ASCs were contained within the CD19* compartment
(Fig. 2A). Although a majority (1= 56) of IgE ASCs were isolated from a single donor,
each NP had similar proportions of IgE ASCs relative to total ASCs (Fig. 1E). Akin to
previous studies, which showed that IgE ASCs had a lower IGHV mutation frequency
than non-IgE ASCs?4, the IgE ASCs in our dataset had the second lowest median IGHV
mutation frequency (7.1%), with a range of IGHV mutation frequencies (2.36%-14.9%)
and had significantly lower median mutation frequency than IgA1 (8.7%), IgA2 (11.3%),
and 1gG2 (10.5%) ASCs (Fig. 2B). 1gG4 ASCs had the lowest median V region mutation
frequency (5.5%); although, the significance of this finding is unclear because only

three VDJ sequences were isolated from 1gG4 ASCs. Among the IGHV gene segments,
IgE ASCs had relatively fewer mutations in the three framework regions (FR1—3) and
complementarity determining regions (CDR 1-2) (Supplementary Figs. 1D-H). Additional
analysis of selection pressures using a Bayesian estimation of antigen-driven section in Ig
sequences (BASELINe) score showed that IgE ASCs experienced less selection pressures
than any other isotype (Fig. 2C)23. Finally, there was no significant difference in the
mutation frequency of IgE ASCs that were members of expanded lineages compared with
IgE ASCs that were singlets in this dataset (data not shown).

AFRS CD19* ASCs contain an oligoclonal VDJ repertoire connected with CD19~ ASCs

Due to the somatic hypermutation of expanded B cell clones, the lineages from the same
clonal origin were defined as having the same V gene, J gene, CDR3 length, and 85%
overall sequence homology?4. Across all three polyps, oligoclonality was noted with large
CD19" lineages that were more expanded into the CD19~ compartment, suggesting selection
for a longer-lived, possibly tissue-resident, ASC phenotype (Fig. 2D). A trend toward
significantly less diversity in the CD19~ compartment was also observed, as measured by an
inverse Simpson index; although, this may have simply reflected the low numbers of CD19~
ASCs (Fig. 2E). Interestingly, the majority of IgE ASCs were singlets and did not belong to
any ASC lineage. However, there were some, albeit few, expanded lineages, which contained
IgE members. All included, these data suggest two developmental pathways for IgE ASC
differentiation: the majority from extrafollicular IgD* B cells and some from germinal center
(GC)-derived memory B cells. In the models of human peanut allergy, antibody convergence
has been observed!325, suggesting IgE ASCs may involve public clones. Convergence is
defined as VDJ sequences with identical V genes, J genes, and CDR3 sequences shared
between two or more individuals in response to similar antigens and was not identified in
this dataset. There was preferential utilization of the V3-15 allele among non-IgE ASCs
(Supplementary Fig. 11), but generally, IgE ASCs were not skewed toward a single V gene
allele.

Connectivity of ASCs to DN, USM, and SWM B cell subsets in NPs

Using a separate pipeline for bulk VDJ sequencing data (see Methods), we evaluated the
connectivity between mucosal sorted B-cell subsets and CD19* and CD19~ ASCs. In
addition to sorted ASCs for the single-cell analysis, we also sorted four mucosal B-cell
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subsets (naive, USM, SWM, and DN) based on canonical markers CD27 and IgD (Fig.
1A) for bulk VDJ sequencing in two of the three polyps (AFRS1 and AFRS2). Only naive
and SWM subsets were retrieved from AFRS 3 due to limited numbers. The majority of
both CD19* and CD19~ ASC connectivity occurred mainly in the USM, SWM, and DN
subsets compared with naive-like B cells. However, due to the small sample size, only the
connectivity between SWM and CD19* ASCs was statistically significant (Figs. 3A and
3C). CD19™ ASCs showed a similar connectivity trend but were not statistically significant
(Figs. 3B and 3C). There was connectivity identified between IgE ASCs and other B cell
subsets in only one donor (AFRS 1) and only within three subsets: DN, USM, and SWM
(Fig. 3A).

Mucosal IgE ASCs are transcriptionally distinct in AFRS

To characterize mucosal-derived ASCs in NPs, single-cell transcriptomes were also
analyzed. Isotype labels were assigned using available single-cell VDJ data (7= 4,705).

In cases where high-confidence transcriptional data were available without paired VDJ
data, an isotype label was assigned based on the highest heavy chain gene expression (7=
1,744, see Methods). After the exclusion of non-ASC contaminating cells, low-quality cells,
dying cells, and doublets (see Methods, Supplementary Figs. 2A-C), the remaining cells
were identified as ASCs, with the expression of genes encoding canonical ASC markers,
including JCHA/N and transcription factors, /RF4, PRDM1 (BLIMP-1), and XBP1%5 (Fig.
4A, Supplementary Figs. 2D-F). We analyzed 6,449 total ASCs, including 113 IgE ASCs,
which were clustered in an unsupervised manner.

A total of 11 clusters were obtained using a resolution of 0.5 and visualized using a
Uniform Manifold Approximation and Projection (UMAP) embedding (Fig. 4B), with IgE
ASCs primarily clustering in cluster 5. IgE ASCs appear to cluster more closely together
than other isotypes (Figs. 4E-G, Supplementary Fig. 5), with 70% of IgE ASCs assigned
to cluster 5 (Fig. 4G), suggesting that IgE ASCs are more transcriptionally homogenous
relative to ASCs of other isotypes. To ensure that Ig genes were not driving IgE ASCs

to cluster together, we confirmed that removing or including Ig genes did not affect the
clustering of IgE ASCs nor the other notable clusters in a meaningful way (Supplementary
Fig. 6, see Methods). Interestingly, IgA2 and 1gG2 were predominant in clusters 9, 8, and
2, with IgA2 being most dominant in cluster 10. Although IgE ASCs were observed in
clusters 0, 3, 4, 5, and 7, cluster 5 contained the majority. Clusters 8 and 9 were enriched
in genes associated with S phase (cluster 8) and G2/M phase (cluster 9) of the cell cycle
(Fig. 4C). Notably, MK/67was not upregulated in cluster 5 (Fig. 4D), which confirms that
IgE ASCs are not rapidly proliferating. The top 10 significantly upregulated differentially
expressed genes (DEGs) were identified for each cluster, as shown in Fig. 5A, with cluster
5 notably upregulating the genes associated with the MHC. A gene ontology analysis
identified upregulated DEGs in cluster 8 to be enriched in translational activity, oxidative
phosphorylation, and DNA replication, whereas upregulated DEGs in cluster 9 showed
similar translational and metabolic activity (Fig. 5A, Supplementary Fig. 4A).
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IgE ASCs retain characteristics of a B cell phenotype

Due to the heterogeneity of the other isotypes, a differential gene expression analysis to
obtain IgE ASC-specific genes was performed based on isotype rather than cluster. As
previously mentioned, IgE ASCs clustered together more strongly than the other isotypes,
suggesting a strong transcriptional similarity across IgE ASCs. DEGs were obtained by
comparing IgE ASCs (7= 113) to all other CD19* ASC isotypes (IgM, IgG, IgA, n=
4,252) because IgE ASCs were found only in the CD19* ASC subset by flow cytometric
immunophenotyping. We identified 161 DEGs in IgE ASCs (Bonferroni corrected p value <
0.05), with 106 genes upregulated with respect to other isotypes and 55 genes downregulated
(Fig. 5B). We performed a pathway enrichment analysis for IgE ASC-specific DEGs

and found that enriched pathways were related to antigen processing and presentation,
interferon-vy signaling, cell adhesion, and protein synthesis (Bonferroni corrected p value

< 0.05) (Fig. 5C). The DEG analysis revealed 13 genes to be differentially upregulated in
IgE ASCs related to antigen processing and presentation (Fig. 5D). Specifically, the genes
involved in both MHC | (HLA-C, HLA-B, B2M, HLA-E, HLA-F) and MHC Il antigen
presentation (HLA-DPAI1, HLA-DPB1, HLA-DQBI, HLA-DRA, HLA-DRBI1, AP1S2,
CD74, CTSS) were significantly upregulated compared with other ASC isotypes. Surface
MHC 11 expression decreases as B cells differentiate into plasma cells??, suggesting that
IgE cells are either more recently differentiated compared with other isotypes or may retain
MHC class 11 genes. Nonetheless, these results suggest that in addition to Ig secretory
function, IgE ASCs may be actively presenting antigen to local T cell subsets.

Surface expression of tumor necrosis factor superfamily receptors, including BAFFR,
BCMA, and TACI, play critical roles in the survival of B cells and ASCs. BAFFR is known
to downregulate as B cells differentiate into ASCs28. However, IgE ASCs demonstrate
differentially upregulated 7AVFRSF13C (BAFFR) expression compared with ASCs of other
isotypes. In contrast, there was a similarly high expression of TNFRSF17(BCMA) and
notable expression of TANFRSF13B (TACI) among IgE ASCs compared with non-IgE ASCs
(Fig. 5E)26. These data provide evidence that IgE ASCs show transcriptional hallmarks of an
early ASC phenotype, with the maintenance of features not typical of IgG ASCs.

Transcriptional features of IgE ASCs suggest recent activation and recruitment

CD23 (FCER2) is an Ig receptor in the C-type lectin superfamily that serves as the low-
affinity receptor for 1gE29-30, Although CD23 expression is present to varying degrees

on multiple B cell subsets, this receptor increases in response to BCR stimulation in

the presence of interleukin (1L)-43132, However, in other models of B-cell activation, it
appears that the expression of CD23 is decreased on mucosal ASCs4. FCER2was the
most significantly upregulated non-lg gene found when comparing IgE ASCs with CD19*
non-IgE ASCs (Figs. 5B and 5D). Therefore, unique to IgE ASCs, perhaps CD23 is critical
in regulating IgE synthesis with its negative feedback, whereas in ASCs of other isotypes,
CD23 is downregulated because it plays no role in their function. We also observed the
upregulation of LAPTM5and SARAF, both of which are involved in BCR ligation (Fig.
5D). LAPTMS5, which was previously shown to be upregulated on IgE ASCs!3, is associated
with lysosomal degradation of both pre-BCR in immature B cells33 and surface BCR after
stimulation in mature B cells34. SARAF is associated with promoting slow inactivation of
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store-operated Ca2* entry to prevent excess refill3>, The upregulation of SARAF observed
in the 1gE ASCs in our dataset may prevent overstimulation and apoptosis by slow Ca2*
refill. The differential upregulation of these two genes in this context may imply protective
responses to potential ongoing BCR stimulation of IgE ASCs.

CXCR4and KLF2were differentially upregulated in IgE ASCs (Fig. 5D). KLFZ2is a
transcription factor, that controls homeostasis and trafficking of activated B cells into
peripheral blood36. KL F2controls the regulation of sphingosine-1 phosphate receptor and
potentially the migration of IgE ASCs. ASCs in the NP also universally express M/F,

a chemokine that binds to CD74 (Fig. 5D). MIF expression by cells in the NP niche

may promote the recruitment or retention of IgE ASCs to CXCL12 abundant regions by
cooperative engagement of CXCR4and CD74, resulting in an increase of intracellular
Ca?* mobilization and F-actin polymerization.

Expanded ASC lineages and low IGHV mutation frequency IgE ASCs show specificity to
fungal antigens

To test the hypothesis that NP IgE ASCs contribute to disease pathology in AFRS by
producing IgE with fungal specificity, we selected 15 Ig gene sequences and synthesized
monoclonal antibodies (mAbs). mAbs 1 through 5 were selected from non-IgE ASCs with
expanded lineages (Fig. 6A, Supplementary Table 2). mAbs 1-5 had 150, 30, 20, 1,103,
and 95 clonal members in its lineage, respectively. Two were highly mutated and three were
less mutated (Fig. 6A). Even from the small numbers selected, four of five clones were
specific to Aspergillus, demonstrating expanded lineages due to fungal antigens, resulting
in mucosal ASC in AFRS patients. mAbs 1 and 4 also showed specificities to Alternaria
antigens, which may have cross-reactive epitopes. mAbs in this group had both high (18%)
and low (3.1%) mutation frequencies, suggesting origins from both GC-derived memory B
cells and extrafollicular B cells. Notably, mAb 1 (IgA2) and 11 (IgE) were both members
of the same lineage and showed specificities to Aspergillus fungal antigens, illustrating the
expansion of both IgE and 1gA2 antibodies (Figs. 6B and 6C).

mADbs 6 through 15 were synthesized from sequences derived from IgE ASCs, with the

five lowest (mAb 6—10) and five highest (mAb 11—15) mutation frequencies (Fig. 6B,
Supplementary Table 2). From this group, only mAbs 6, 7, and 11 demonstrated specificities
to fungal antigens. Of the mAbs generated from IgE singletons, only mAbs 6 and 7 showed
specificity against Aspergi/lus fungal antigens (Fig. 6C). The majority of mAbs from single
IgE ASC clones did not react against fungal A/ternaria antigens; although, the non-1gE
ASCs were positive. In all, the majority of expanded non-IgE ASCs were fungal-specific in
the NPs of patients with AFRS, and fungal-specific IgE arose from both IgE ASC singletons
and expanded clones.

DISCUSSION

AFRS is a challenging clinical entity that involves polyp recurrence, symptom
exacerbations, and revision surgery when disease is uncontrolled®. At present, a definitive
treatment for this condition has yet to be identified and many patients will require

sinus surgery despite aggressive non-invasive interventions. Previous investigation into the
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pathophysiology of AFRS has led to a model in which a sustained local T2 immune
response leads to progressive symptoms of this disease. Central to this paradigm of sustained
T2 inflammation is the production of IgE, which sensitizes mast cells, basophils, and
upstream antigen presenting cells to endemic fungal antigens. Yet, despite the recent
advances in the characterization of IgE ASCs, many questions remain about their B-cell
ontogeny and role on the mucosal surface. Here, we report that the majority of IgE

ASCs isolated from NPs in AFRS appear to have an immature, early ASC phenotype,

with features reminiscent of early blood ASCs or plasmablasts. Their origins from antigen-
experienced B cells (USM, SWM, and DN) suggest a fungal-specific mucosal B cell
reservoir. Interestingly, only some IgE ASCs were directed against common fungal antigens,
providing potential mechanisms of epitope spreading through CD23. Finally, these B cell
features on IgE ASC maybe a sign of early minted ASC, implicating a short half-life and
continuous generation of IgE ASC to perpetuate the local mucosal T2 response.

IgE is difficult to study because it has the shortest half-life in serum of all antibody isotypes.
Moreover, IgE ASCs are non-proliferative, extremely rare in frequency, and there is
controversy about a long-lived reservoir. Thus, it would seem that IgE ASCs are replenished
rapidly upon re-exposure to fungal aeroallergens in upper airway diseases, such as AFRS.
Interestingly enough, human IgE memory B cells have not been definitively isolated and
their existence remains controversial38-41 because IgE class-switch recombination rapidly
leads to ASC differentiation. Hence, B cell reservoirs for IgE ASC in AFRS may arise from
several sources. First, GC-derived IgA or IgG B cells implicated in mucosal defense may
undergo local sequential class switch recombination (CSR) into IgE ASCs in the setting of
a dysregulated T2 immune response. In this scenario, fungal-specific SWM B cells would
clonally expand and differentiate into IgE ASCs locally to produce antibodies, such as with
mAb 11, which is highly mutated. The lack of bona fide IgE memory B cells and evidence
of clonal connectivity of 1I9G memory B cells support this hypothesis38-39, The second
source of IgE ASCs maybe of B cells arising through an extrafollicular pathway, as shown
by fungal-specific antibodies (mAbs 6, 7) with low mutation frequencies. These IgE ASC
likely originated from naive-like or USM B cells. Ultimately, the source of IgE ASCs may
depend on the primary versus repeat exposures and the fungal antigens. Initially, the fungal
antigens may predispose to a rapid differentiation through extrafollicular and possibly GC
pathways, whereas seasonal re-exposure to antigens may occur through differentiation from
SWM or DN B cells in inducible nasal-associated lymphoid tissue.

In AFRS, IgE ASCs were only found within the CD19* ASC compartment and had the
lowest IGHV mutation frequency and lowest VVDJ selection pressures. Yet, they were not
connected to naive-like subsets in the NP mucosa, which was shown in our previous study4.
However, IgE ASC connectivity with the USM and DN subsets were readily observed.

The reasons for the lack of IgE ASC connectivity with naive-like B cells origins may be
several-fold. AFRS is a special subset of nasal polyposis driven by fungal exposures and
therefore may have different pathophysiologic mechanisms compared with allergic rhinitis.
Repeat fungal exposures may have expanded a population of antigen-experienced USM and
DN B cells as a source of continuous IgE ASC differentiation. Another reason could have
been the gating strategies of the IgD™ naive-like B cell subset, which may have inadvertently
included the USM (IgD*CD27%) B cell subset in the first study. Lastly, the small sample size
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may have missed connectivity with naive-like B cells. Nonetheless, both studies support the
model of local extrafollicular IgE ASC generation from two separate mucosal B cell origins:
mucosal naive-like and antigen-experienced B cell subsets.

Previous studies identified a large expansion of DN B cells likely originating from
extrafollicular naive B-cell activation in patients with autoimmune disease, thus resulting

in lower VH mutation rates than conventional SWM?18, Similar expansions of DN B cell in
the nasal mucosa in AFRS parallel this model of extrafollicular B cell responses, which may
be critical to maintain an antigen-experienced B cell origin of IgE ASC in allergic diseases.
In this model, IgE ASCs would be predicted to respond to fungal antigens present in the

NP inflammatory milieu. Although fungal-specific IgE antibodies were identified, our study
did not further elucidate the specificities of the majority of the highly mutated IgE mAbs
selected. Thus, it will be important for future studies to determine if highly mutated IgE
ASCs truly react against non-fungal targets in AFRS and whether this has an impact on
disease pathogenesis.

Interestingly, MHC class Il molecules and FCERZ2 (CD23) were differentially upregulated
by IgE ASCs, a finding which was also shown in a recent study by Croote er a/.13.

Similar to CD19, MHC class Il molecules are downregulated as plasmablasts mature into
plasma cells6. Therefore, differential upregulation of MHC class I1 proteins in IgE ASCs
implicate more recent activation and differentiation than ASC of other isotypes. However,
an alternative hypothesis may be that CD23 and MHC class 11 surface expression in fact
may be related. CD23 can bind to MHC class Il molecules on the surface of B cells and
facilitate antigen presentation®2. In some plasma cell dyscrasias, antigen presentation has
been described supporting this model“3. Although we thought ASCs of all isotypes matured
similarly by downregulating MHC class 11, IgE ASCs appear to retain MHC class Il and
upregulate CD23 (FCERZ2) suggesting novel mechanisms of possible epitope spreading
during antigen presentation, perhaps to perpetuate T2 local immune response3°,

IgE ASCs also differentially express CXCR4, a chemokine receptor for CXCL12. CXCR4
has been shown for BM homing or migrate to the GC dark zones during affinity
maturation#4°, Due of the paucity of IgE ASCs found in the human BM, even in patients
with allergic disease, it is unlikely that they are primed to migrate to the BM; although,
BM-derived IgE ASCs in humans have been described!1:12, For mucosal IgE ASC, CXCR4
may promote homing or retention in tissues sites with high CXCL12 concentrations, such as
the inflamed respiratory mucosa.

The universal expression of M/Fon NP ASCs suggests potential recruitment of IgE ASCs
through its receptors CD74 and CXCR4. M/F has been shown to play a role in survival

of diseased B cells through CD74 and upregulation of BCL2 and to be important in
differentiation and activation of transitional and activated SWM B cells#*647, However, its
role on ASCs is not entirely clear. In the 1980’s, a soluble glycosylation inhibitory factor,
which was originally described as a suppressor of IgE synthesis on B cells, was later found
to be a post-translational modified M/F*849, Thus, the higher expression of M/Fon mucosal
IgE ASC may suggest a role in IgE synthesis or survival. M/Fhas also been shown to
stimulate intracellular Ca2* to promote migration. We observed SARAF to be upregulated
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in IgE ASCs in the NP, which is known to prevent Ca2+ influx or refill when stores are
depleted. Thus, SARAF may limit ongoing B cell activation on an IgE ASC with high major
histocompatibility complex (MHC) class Il expression to prevent apoptosis.

In this study, there were several limitations. The first includes the use of nasal steroids by

all donors, which certainly can affect the local mucosal microenvironment. However, it may
have less of an effect on the biology of ASC than B cells because corticosteroids result

in lymphopenia. Perhaps, due to the low doses of inhaled steroids, we were still able to
isolate enough mucosal B cell and ASC for the single-cell analysis. A second limitation was
the low numbers of IgE ASCs (116 IgE ASC), which may have constrained the power of
our analysis; however, interestingly, Croote et a/13 identified only 89 bona fide IgE ASC,
suggesting that these cells are extremely rare. Although the proportion of IgE ASCs was low
(2% of all isotypes by VDJ), our approach of isolating all mucosal CD27+CD38+ASC and
phenotyping by VVDJ analysis was essential to identify a bona fide IgE ASCs because they
do not express any unique surface markers. In all, the abundance of IgE ASC in the mucosa
of AFRS probably afforded feasibility to analyze 116 bona fide IgE ASC. For future studies,
using a combination of HLA-DR, CXCR4, and CD23 to enrich for bona fide IgE ASC may
also prove useful.

Our findings in this manuscript may have direct clinical relevance because the case reports
describing the use of a monoclonal antibody, which inhibits IL-4 and IL-13 signaling,
dupilumab, has shown promise in the treatment of AFRS. More recently, two clinical trials
will investigate the effectiveness of dupilumab in AFRS (NCT05545072, NCT04684524).
Whether B-cell reservoirs, such as USM and DN, of IgE ASC remain after local inhibition
of IgE class-switching would be important to understand. Similarly, ability to measure the
longevity of an IgE mucosal ASC when IL-4-mediated ASC differentiation is halted would
also be valuable.

In summary, this study demonstrates the first single-cell analysis of a bona fide mucosal
IgE ASC, with features revealing a newly minted ASC due to the high expression of
CD19and HLA class | and Il genes. Whether this phenotype merely signifies early minted
ASC immaturity or is also indicative of additional functions of IgE ASC, such as antigen
presentation, will need further study. In all, this study provides single-cell methods to study
bona fide mucosal IgE ASC to reveal novel molecular mechanisms.

METHODS

Human subjects

Polyps AFRSL1 through 3 (n = 3) were obtained through the discarded tissue protocol

from patients undergoing endoscopic sinus surgery at the Ambulatory Surgery Center of
Emory University Hospital in Atlanta, Georgia, USA. All research was approved by the
Emory Institutional Review Board (Emory IRB 66294) and performed in accordance with
all relevant guidelines/regulations. All patients were undergoing functional endoscopic sinus
surgery for symptomatic CRSWNP at the discretion of their treating physicians. Patients
were diagnosed with CRSWNP on the basis of established guidelines>%-51. Polypectomy
specimens were placed in chilled Roswell Park Memorial Institute (RPMI) medium
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and transported at room temperature to the laboratory for processing. Baseline subject
demographics are included in Supplementary Table 1. Notably, all research subjects
identified as Black or African American, which may reflect the epidemiology of this
disease®1-54, Patient sex was self-reported and confirmed by treating physicians. All three
NP specimens were obtained from patients with AFRS diagnosed using the Bent and Kuhn
criteria®®; these patients were not taking oral corticosteroids or any monoclonal antibody
therapy for asthma at the time of surgery. All patients were using steroid nasal rinses at the
time of surgery, per standard of care.

NP mechanical and enzymatic digestion

To isolate ASCs, the NP tissue specimens were processed, as described previously14.
Briefly, NPs were extracted from media, transferred to a petri dish, weighed, and then
finely minced using sterile forceps and a scalpel. After mechanical separation, Dulbecco's
Modified Eagle Medium (DMEM) was added to the petri dish and the specimens were
triturated using a modified sterile P1000 pipette tip and washed with additional DMEM
before being placed in a 50-ml conical tube. A digestion mix was then added containing

10 ml DMEM, supplemented with antibiotic/antimycotic at a concentration of 100 ug/ml
(Gibco), DNAse I at a concentration of 100 ug/ml (Sigma), and collagenase/protease
mixture (Liberase TL Research Grade, Millipore Sigma) at a concentration of 150 ug/ml.
Once the digestion mix was added to the 50-ml conical tube, the mixture was vortexed

for 30 seconds, and the cells were incubated for a total of 45 minutes, vortexing every 15
minutes. After the final vortex step, the samples were filtered through a 40-um cell strainer,
rinsed with 10 ml RPMI, and centrifuged at 500 g for 10 minutes. The supernatant was then
removed, and the cells were resuspended in 5 ml red blood cell lysis buffer for 3 minutes at
4°C. The cells were washed twice with RPMI, resuspended in complete RPMI medium with
10% fetal calf serum (R10), and were counted with an automated hemocytometer.

Flow cytometric immunophenotyping and fluorescence-activated cell sorting

Cells were centrifuged again at 500 g for 5 minutes, the supernatant was removed, and the
cells were resuspended in 50 ul of R10. An antibody cocktail was then added to the single-
cell suspension, which included the following: normal mouse serum, FITC anti-human

IgD (BD, clone 1A6-2), Brilliant Violet 711 anti-human CD3 (Biolegend, clone OKT3),
Brilliant Violet 711 anti-human CD14 (Biolegend, clone M5E2), PE/Cy7 anti-human CD19
(BD, clone SJ25C1), V450 anti-human CD38 (BD, clone HIT2), APC anti-human CD138
(Miltenyi Biotec, clone 44F9), APC-eFluor 780 anti-human CD27 (eBiosciences, clone
0323), and LiveDead Aqua (Invitrogen). Cells were stained for 20 minutes at 4°C in
staining buffer and then washed for immediate sorting. Cells were sorted on a BD FACSAria
I cell sorter using BD FACSDiva software. Up to 20,000 CD19* ASCs and 20,000 CD19~
ASCs were sorted into 500 pl of complete RPMI medium with 5% fetal calf serum (R5) and
were taken directly for sScRNA-seq. Additional populations, including naive, DN, SWM, and
USM, were also sorted into 350 ul of RLT buffer (Qiagen) and were frozen at —80°C until
they were taken for bulk VVDJ sequencing. FlowJo v10 (Treestar) was used to generate flow
cytometry plots.
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Single-cell VDJ sequencing and data processing

The sorted cells were then centrifuged at 500 g for 10 minutes at 4°C and then washed

with 1000 ul of 0.04% bovine serum albumin (BSA) (non-acetylated) in phosphate buffered
saline (PBS) three times. After the final wash, the media was carefully removed until
roughly 20 pl of media remained. Cells were resuspended and the volume was measured
using a pipette. The cell concentration was calculated and, using the cell suspension volume
calculator table provided by 10X Genomics, nuclease-free water was added. The cell
suspension and nuclease-free water mixture was added to the master mix and was loaded
onto the 10X Genomics Chromium, according to the manufacturer’s standard protocol
[Chromium Next GEM Single-Cell V(D)J Reagent Kits, v1.1]. 5’ VVDJ libraries were
sequenced on an Illumina NovaSeq using 150bp x 2 paired end sequencing. The resultant
sequences were demultiplexed using Cell Ranger software (v3.0.2) and aligned using IMGT
HighV-QUEST tool®6. Further analysis was conducted using inhouse developed software,
including the 1gSeq program for clonal clustering, isotype, and mutation analysis?’.

Bulk VDJ sequencing and data processing

Bulk, heavy chain VDJ raw sequence data were processed as previously described’.
Briefly, paired end reads were joined and then filtered based on read length (excluding
reads <200 bp) and base quality score metrics. Isotype was determined through alignment
of the constant region, and then reads were annotated using the IMGT/HighV-QUEST
tool6. Sequences were assigned to groups characterized by the same V gene, J gene,

and CDR3 length, and subsequently, further clustered into lineages based on 85% CDR3
nucleotide sequence similarity within each group. The sequences from different populations
were clustered together to assess clonal relatedness. IMGT output, cell population, and
lineage unique identifiers were written to SQL.ite databases and accessed by custom analysis
and visualization tools written in MATLAB (The Mathworks, Natick, Massachusetts, USA
www.mathworks.com) for further analysis.

scRNA-seq gene expression sequencing and data processing

In parallel to the single-cell VDJ sequencing, 5° gene expression libraries were constructing
according to the manufacturer’s standard protocol (Chromium Next GEM Single-Cell V(D)J
Reagent Kits, v1.1). 5’ gene expression libraries were sequenced on an Illumina NovaSegq.
The resultant sequences were demultiplexed and converted to fastq files using CellRanger
v3.1.0 from 10x Genomics®’. The sequencing results were mapped to GRCh38 reference
genome from the 10x Genomics website and quantified using CellRanger v3.1.0. A counts
matrix was generated with filtered feature barcodes used as input for Seurat v4.0%8. The
total number of cells identified was 15,942. The mean number of genes detected per cell
was 1709 and the mean unique molecular identifiers per cell was 18,209. Data analysis was
performed in R using Seurat v4.0. Unless specified, the quantitative parameters were set to
default values.

To remove possible empty droplets, low-quality cells, and possible multiplets, cells with
less than 1,000 or more than 5,000 genes detected were excluded from the analysis. In
addition, to remove possible dying, dead, or uncharacteristically stressed cells, cells having
more than 25% of their transcripts being mitochondrial genes were excluded from the
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analysis. Lastly, to ensure that antibody secreting B cells were captured, an additional filter
was implemented based on the amount of Ig heavy and light chains (A and x genes)®®.
Cells with less than 25% of their transcripts belonging to these genes were excluded
(Supplementary Fig. 2C). After a preliminary unsupervised clustering analysis, the marker
genes for potentially contaminating cells were used to detect and remove cells that were
not ASCs (Supplementary Figs. 2D-F). After the removal of low-quality and contaminating
cells, a total of 6449 high-confidence ASCs were used for the analysis.

Each cell’s gene expression measurement was normalized using Seurat “LogNormalize”
function, which normalized each cell by their total expression, multiplied by a scale factor
of 10,000, and log-transformed the result. After identifying 2750 highly variable features
using variance-stabilizing transformation, integration was used by identifying corresponding
anchors between the three donors’ samples using 30 dimensions to remove the donor-
specific differences. Next, a linear transformation was used to scale the data. The expression
of each gene was shifted so the mean expression across all cells is 0 and the variance is

1 across all cells. The principle components were computed, and an elbow plot was used

to choose components 2 through 12 for subsequent clustering, which captured the majority
of variance across the cells. Clusters were obtained using the Seurat v4.0 unsupervised,
graph-based approach, with the resolution parameter set to 0.5 and visualized using a
two-dimensional UMAP embedding. To determine which phase of the cell cycle each cluster
resided, the cell cycle scores were computed for each cell using the Seurat CellCycleScoring
function. Unless specified, the quantitative parameters were set to default values.

Because Ig genes have been observed to contribute to a substantial number of genes
expressed in ASCs, we sought to determine whether IgE cells clustering together could

be influenced by Ig genes. As a comparison, a total of 206 known Ig genes were removed
before clustering, with the same clustering parameters used, as previously described. The
Rand index was computed using the R package Dune between the working cluster set

and the cluster set obtained after removing Ig genes with a value of 0.43 retention.
Supplementary Fig. 6 depicts which clusters have the highest and lowest retention, with
clusters 2, 5, 8, and 9 having >80% of cells clustering together without Ig genes. This
indicates that IgE cells, which reside in cluster 5, possess a unique transcriptional program
to drive their clustering rather than being clustered by the influence of Ig genes.

To evaluate the DEGs between IgE ASCs versus other isotypes, the isotype labels were
obtained by one of two different means. VDJ data with isotype labels from IMGT’s HighV-
QUEST tool were available for 4705 cells, which left the remaining 1,744 cells that did not
have VDJ data without an isotype label. Isotype labels were given to these remaining cells
by assessing which Ig heavy chain gene was expressed the most according to the normalized
gene expression. To evaluate the accuracy of this prediction, the 4,705 cells with high-
confidence isotype labels from IMGT HighV-QUEST were given predicted labels based

on which Ig heavy chain gene was expressed the most according to the normalized gene
expression. The R package rfUtilities v.2.1-550 accuracy function was used to determine the
gene expression isotype label accuracy by measuring the percent of cells correctly classified
and computing a Cohen « value to measure the agreement of isotype labels. For the 4,705
cells with VDJ based isotype labels, 94.5% were correctly classified by assessing which Ig
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heavy chain gene was expressed the most according to the normalized gene expression, with
a Cohen x yielding a value of 0.93. This provided enough confidence to predict isotype
labels for the 1,744 cells that did not have VVDJ data using this method. The correlation
between the isotype labels and gene expression is displayed in Supplementary Fig. 3.

scRNA-seq comparative analysis

To identify the DEGs for IgE ASCs (/7= 113 cells) compared with CD19* cells of other
isotypes (n=4,252), Seurat FindMarkers was implemented using a Wilcoxon Rank Sum
test implemented with Seurat v4.0 on the normalized gene expression from the RNA

assay. The tested genes were required to be detected at a minimum of 10% cells, and

only genes with an absolute average log2 fold change greater than 0.25 and Bonferroni
corrected p value below 0.05 were considered differentially expressed. A total of 161 genes
were differentially expressed in IgE ASCs, 106 of which were found to be upregulated
with respect to other isotypes and 55 found to be downregulated. These genes were used
subsequently for functional analysis of IgE ASCs.

scRNA-seq pathway enrichment analysis

To identify the pathways enriched in IgE ASC-specific genes, we performed a pathway
enrichment analysis using ToppFun, which is part of the ToppGene Suite®2. This analysis
was performed using the DEGs obtained from IgE ASCs versus CD19* other isotypes

to evaluate enrichment for functional annotation and belonging to protein networks. The
potentially upregulated pathways were identified using DEGs with log2 fold change greater
than 0.25, whereas the potentially down regulated pathways were identified using DEGs
with log2 fold change less than —0.25. Multiple databases were queried against, including
BioCyc, Reactome, KEGG, Pathway Interaction Database, GenMAPP, Panther DB, Pathway
Ontology, SMPDB, and MSigDB C2 Biocarta (v7.1). Bonferroni was used to correct for
multiple corrections, with a 0.05 significance threshold. A total of 74 pathways were found
to be enriched in upregulated DEGs in IgE ASCs, and seven pathways were found to be
enriched in downregulated DEGs.

scRNA-seq gene ontology analysis

To elucidate functions based on genes unique to each cluster, a DEG analysis was
conducted, followed by a gene ontology analysis. For each cluster, the Seurat FindMarkers
function was used to find DEGs for each cluster versus all other clusters. The resulting
DEGs were obtained using the same criteria as identifying DEGs for IgE ASCs described
previously. The DEGs with a positive log2 fold change value were queried separately from
DEGs with a negative log2 fold change value. The R package pathfindR was used to query
DEGs in the Kegg database for the gene ontology analysis. The DEGs obtained for each
cluster along with their log2 fold change in addition to their adjusted p values were used to
query Kegg and obtain insight into each cluster’s functionality.

Monoclonal antibody synthesis

After the antibodies of interest were selected, the DNA sequences of paired heavy and
light chains were optimized and sent to GenScript for synthesis. In brief, the complete
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DNA sequences were sub-cloned into a pcDNAS3.4 vector. Transfection grade plasmids were
maxi-prepared for HD 293F cell expression, whereas, in parallel, cells were cultured at
37°C with 8% CO5 on a shaker in Erlenmeyer flasks (Corning Inc.). Cells were seeded at
appropriate density in flasks 1 day before transfection. Transfection reagent and DNA were
mixed at an optimal ratio on the day of transfection and then added to the flask containing
cells. The recombinant plasmids encoding target antibodies were transiently co-transfected
into suspension HD 2,93F cell cultures. The cell culture broth was then centrifuged and
filtered. The filtered supernatant was loaded onto an affinity purification column at an
appropriate flowrate and after washing and elution, the eluted fractions were pooled and the
buffer was exchanged to the final formulation buffer. Purified antibodies were analyzed by
SDS-PAGE and HPLC to determine the molecular weight and purity. The final antibody
concentrations were determined by the A280 method.

Fungal enzyme-linked immunosorbent assay

Soluble fungal lysates for Aspergillus f. and Alternaria alternans were purchased (Greer).
After extensive optimization, fungal lysates were diluted to a final concentration of 40
pg/ml of fungal lysate in bicarbonate/carbonate antigen coating buffer (100 mM NaHCOg3 in
deionized water, pH adjusted to 9.6). A total of 100 pl of diluted antigen in coating buffer
was plated onto a flat-bottom 96-well plate (ThermoFisher) and incubated at 4°C overnight
and was then blocked with 200 pl of blocking buffer (SuperBlock Blocking Reagent,
ThermoFisher) for 2 hours at 37°C. After the addition of standards (polyclonal rabbit
anti-Aspergiflus 1gG, Bio-Rad) and polyclonal rabbit anti-A/f al 1gG, MyBioSource) and the
addition of diluent for controls, the primary monoclonal antibodies were diluted and added
to the plate. Antibodies were then incubated for 1 hour at room temperature on a shaker.
Secondary antibodies for the standards (monoclonal anti-rabbit IgG/alkaline phosphatase,
Millipore Sigma, 1:15,000) and for the monoclonal antibodies (monoclonal goat anti-human
IgG/alkaline phosphatase, Millipore Sigma, 1:15,000) were added to the appropriate wells
for 1 hour at room temperature on a shaker, and then 100 pl of substrate solution (KPL) was
added to each well. After sufficient color development, the plate was placed on a microplate
reader (Synergy 2 MultiMode Microplate Reader, Biotek) and absorbance was read at 620
nm. Plates were washed three times with wash buffer (1x PBS containing 0.1% Tween 20)
after each step.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
B cell and plasma cell composition of NPs. A, primary population gating strategy for

fluorescence-activated cell sorted CD19" ASCs, CD19~ ASCs, and B cell subsets. One
representative patient sample was selected for display (AFRS 1); B, B cell subset frequency
of total CD19* B cells in NPs; C, histograms of CD138 expression in naive B cells from one
donor (AFRS 1) and in ASCs from AFRS 1, 2, and 3 (left). CD19*CD138"* cell frequency
of total CD19* ASCs (right); D, relative proportions of immunoglobulin isotype subclasses
as a percentage of total VDJ sequences isolated (17 =5907); E, stacked barplots showing

the absolute number of ASCs per polyp (left) and the relative composition of each NP VVDJ
repertoire (right). AFRS = allergic fungal rhinosinusitis; ASC = antibody secreting cell; CD
= cluster of differentiation; DN = double-negative B cells; 1g = immunoglobulin; NP = nasal
polyp; SWM = switched memory; USM = unswitched memory; VDJ = immunoglobulin
gene.
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Fig. 2.
NP VDJ repertoire features. A, relative lineage size in the CD19* and CD19~ compartments,

stratified by polyp. IgE members of lineages are denoted by red spots above their respective
lineage; B, violin plot showing /GHV mutation frequencies across isotype subclasses;

C, BASELINe analysis showing cumulative selection pressures on VDJ complementarity
determining regions (solid line) and framework regions (dashed line) across isotype
subclasses; D, alluvial plots showing connectivity between CD19* ASCs and CD19~

ASCs within each polyp; E, relative VDJ repertoire diversity within the CD19* and

CD19~ compartments as measured by the inverse Simpson index. Statistical significance
was determined using (B) Kruskal-Wallis testing with Dunn multiple comparisons testing
between groups or (E) paired Student’s t test. * p< 0.05; ** p< 0.01; *** p< 0.001; ****
p<0.0001. AFRS = allergic fungal rhinosinusitis; ASC = antibody secreting cell; CD =
cluster of differentiation; Ig = immunoglobulin; IGHV = IgE ASCs featured both high and
low heavy chain V region; lins = number of lineages; NP = nasal polyp; ns = not significant;
Seqgs = number of sequences; VDJ = immunoglobulin gene.
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Connectivity of V(D)J region of nasal polyp ASCs with sorted B cell populations. A,
connectivity plots for CD19" sorted ASCs from polyp AFRS 1 with bulk VVDJ sequencing
data from four sorted B cell subsets. Red dots denote IgE ASCs; B, connectivity plots

for CD19™ sorted ASCs from polyp AFRS 1 with bulk VVDJ sequencing data from four
sorted B cell subsets. Red dots denote IgE ASCs; C, connectivity of VDJ regions of CD19*
sorted ASCs (left) and CD19~ ASCs (right) with four sorted B cell populations. Statistical
significance was determined using paired Student’s t test. * p< 0.05; ** p< 0.01; *** p<
0.001; **** p< 0.0001. AFRS = allergic fungal rhinosinusitis; ASC = antibody secreting

cell; CD = cluster of differentiation; DN = double-negative B cells; Ig =

immunoglobulin;

ns = not significant; SWM = switched memory; USM = unswitched memory; VDJ =
immunoglobulin gene.
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data of sorted ASCs from three nasal polyps; C, location of cell cycle phases of NP ASCs on
a two-dimensional UMAP projection of sScRNA-seq data of nasal polyp ASCs; D, location
of MK167gene expression on a two-dimensional UMAP projections; E, location of each
isotype overlaid onto two-dimensional UMAP projections; F, location of IgE ASCs, which
reside primarily in cluster 5 portrayed onto the UMAP projection; G, stacked bar plot
indicating the proportion of isotypes per cluster. ASC = antibody secreting cell; CD = cluster
of differentiation; Ig = immunoglobulin; NP = nasal polyp; sScCRNA-seq = single-cell RNA
sequence; UMAP = Uniform Manifold Approximation and Projection.
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Fig. 5.

IggE ASC-specific transcriptional features. A, heatmap showing the gene expression of the
top 10 DEGs identified per cluster. The red box indicates the 10 DEGs upregulated in cluster
5; B, volcano plot of DEGs identified by comparing IgE ASCs against all other CD19*
ASCs; C, dot plot indicating the number of genes and average log2fold change of genes
differentially expressed in pathways enriched in IgE ASCs. DEGs detected by comparing
IgE versus all other CD19* NP ASCs; D, dot plot showing IgE specific genes, including
MHC Class | and MHC Class Il genes, across sorted ASC NPs grouped by isotypes; E,
sorted violin plots for the log normalized gene expression for genes encoding BAFFR,
TACI and BCMA. ASC = antibody secreting cell; CD = cluster of differentiation; DEGs =
differentially expressed genes; HLA = ; Ig = immunoglobulin; MHC = ; NP = nasal polyp;
scRNA-seq = single-cell RNA sequence.
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IGHV mutational frequencies of nasal polyp ASCs. A, violin plot of IGHV region mutation
frequencies for AFRS1 non-IgE ASCs with mAbs annotated by solid lines; B, violin plot

of IGHV region mutation frequencies for AFRS1 IgE ASCs with mAbs annotated by solid
lines; C, monoclonal antibody reactivity against Aspergillus and Alternaria fungal antigens.
AFRS = allergic fungal rhinosinusitis; ASC = antibody secreting cell; Ig = immunoglobulin;
IGHV = IgE ASCs featured both high and low heavy chain V region; mAb = monoclonal

antibody; PBS =..
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