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Single-cell profiling reveals novel cellular heterogeneity of
monocytes during Hymenoptera venom allergy

Abstract

Background: Hymenoptera stings can induce dysregu-
lated inflammation and immediate hypersensitivity re-
actions including anaphylaxis. However, the molecular
mechanisms underlying peripheral immune responses
during Hymenoptera venom allergy (HVA) remain elusive.
Methods: Here we determined the single-cell tran-
scriptomic profiling from highly heterogeneous peripheral
blood cells in patients with HVA through unbiased single-
cell RNA sequencing and multiple models of computa-
tional analyses.

Results: Through clustering analysis by uniform manifold
approximation and projection, we revealed an increased
number of monocytes in the acute phase and identified
innate immune responses, leukocyte activation, and
cellular detoxification as the main involved biological
processes. We used filter analysis to identify that CLU
that encodes clusterin was highly expressed in monocytes,
and the co-expressed genes of CLU further supported the
key role of monocyte. We further used pseudo-temporal
ordering of cells and scRNA velocity analysis to delin-
eate disease-associated monocyte lineages and states in
patients with HVA.

Conclusions: Our comprehensive molecular profiling of
blood samples from patients with HVA revealed previ-
ously unknown molecular changes, providing important
insights into the mechanism of venom allergy and poten-

tial therapeutic targets.

1 | TO THE EDITOR

The immune response induced by Hymenoptera stings can cause

dysregulated inflammation and systemic allergic responses.! A wide

range of clinical manifestations including anaphylactic shock result
from Hymenoptera venom allergy (HVA).2 In Europe, prevalence of
systemic anaphylactic sting reactions ranges from 0.3% to 7.5%.% The
current emergency treatment can decelerate the development of
systemic allergic reactions by injecting non-specific immune regula-
tors, such as corticosteroids.* However, even if the pathogenic
mechanism is inferred from previous observations, molecular mech-
anisms underlying peripheral immune responses during HVA are
elusive, which is mainly because few genomics datasets are available
for understanding the immune response caused by Vespa stings.

Here we determined the blood single-cell signatures from highly
heterogeneous peripheral blood cells in patients with HVA through
unbiased single-cell RNA sequencing and multiple models of
computational analyses.

To investigate how the molecular and cellular profiles of blood
leukocytes are altered in patients with HVA compared to those in
healthy control (HC) individuals, we performed single-cell tran-
scriptome analysis of 11 blood leukocyte samples (n = 7892 cells) by
single-cell RNA sequencing (scRNA-seq). Four HVA blood samples
(n = 2056 cells) were obtained from two HVA patients (P1, n = 1503
cells; P2, n = 553 cells), one sample each at acute and recovery
stages. Seven HC blood samples (n = 5836 cells) were obtained from
seven HC individuals.

To establish a baseline profile of the cell populations, we per-
formed an initial unbiased uniform manifold approximation and
projection (UMAP) clustering using all 11 samples (Figure 1A). This
analysis generated four major cell clusters that were subsequently
categorized into the following four major cell types according to their
individual transcriptome profiles and previously reported cell-type
markers: monocytes (LYZ), T cells (CD3E), B cells (CD79 A), and NK
cells (KLRF1; Figure 1B). To elucidate the immunological changes in
HVA patients, we investigated the relative proportions of immune
cells in peripheral blood mononuclear cells (PBMCs) in the acute
stage compared with those in the recovery stage. We found that
monocytes encompassed the major cell-populations in the acute
phase (Figure 1C).

Recruitment of monocytes to the site of inflammation is critical
for host defense.® Since HVA is accompanied by a strong inflamma-
tory response in multiple sites of inflammation, frequency of
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FIGURE 1 Single-cell profiling of peripheral blood mononuclear cells (PBMCs) in patients with Hymenoptera venom allergy (HVA).

(A) PBMCs were analyzed from patients with HVA and visualized with uniform manifold approximation and projection (UMAP). (B) Gene-
expression heatmap of the marker genes corresponding to each cluster are identified. Genes are represented in rows and cell clusters in
columns. Marker genes are indicated to the left. (C) The frequency of each cell type is depicted in the columns. The steady-state condition was
determined by the frequencies of monocytes in HC individuals. (D) Enriched gene ontology (GO) functions of regulated genes involved in HVA
is presented by a histogram by using the differentially expressed genes (DEGs) shared in two acute HVA patients. (E) Differentially expressed
gene in monocyte cell population were determined in each patient with HVA. The differentially expressed genes were identified by Wilcoxon
Rank Sum test and p value were corrected by Bonferroni correction using all genes in the dataset. (avg_log2FC: log fold-change of the average

expression)
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monocytes was potentially increased via monocyte activation and
recruitment mechanisms. Furthermore, previous findings also sup-
ported the roles of venom in the induction of monocyte activation.®

To characterize the global transcriptomic differences in mono-
cytes between acute HVA patients and HC individuals, we performed
gene ontology (GO) enrichment analyses that identified the main
underlying biological processes including leukocyte activation and
myeloid leukocyte activation in HVA (Figure 1D).

To further identify critical transcriptomic biosignatures in
monocyte cell clusters involved in HVA, we performed feature se-
lection using multiple filters from the shared differentially expressed
genes (DEGs) pools in monocytes. These filters were designed to
identify DEGs with the three major properties: the filtered DEGs (the
comparison between acute and recovery) can be verified in the
comparison between patients HC individuals; the filtered DEGs can
eliminate the noise targets by the comparison between patients
(recovery stage) and HC individuals; such comparisons allowed us to
converge on targets with significant fold change (LogFC > 0.5). After
filtering, we identified four genes, CLU, PLCA8, CES1, and FTL
(Figure 1E), as potential exploitable transcriptomic biosignatures in
HVA. To further confirm the potential roles of these selected DEGs in
HVA, we performed correlation analysis to quantify the linear asso-
ciation in gene expression between each selected DEG and other
common HVA DEGs in monocytes. Based on the results of the co-
expression analyses using the Pearson product-moment correlation
coefficient (PPMCC), we identified S100A8, S100A9, and S100A12
genes as co-expressed genes of CLU gene in HVA patients, which also
confirmed the roles of the selected DEGs based on the pathway
analysis. These gene expression network may also support the roles
of clusterin involved in the strong inflammatory processes’ or
various stresses such as oxidative stress® in human diseases.

To determine whether hypothetical developmental relationships
exist between PBMCs, we performed single-cell trajectory analysis to
identify the pseudo-temporal ordering of cells based on single-cell
transcriptomic datasets. A total of 13 marker genes (four HVA-
associated genes and nine CLU-co-expressed genes) were found to
be involved in pseudo-temporal ordering of cells into three different
branches according to their characteristics. This pseudo-temporal
ordering was found to be applicable to defining the root nodes and
direction of the trajectory (Figure S1). Notably, using pseudo-temporal
ordering analysis, CLU* cells were classified into the same group as
CES1* cells and PLAC8™ cells, suggesting that the properties of
disease-associated cells can be identified from our feature selection
strategies. To further investigate the dynamic changes in cell transi-
tions and differentiation, we applied scVelo (a tool for analyzing RNA
velocity analysis at the single-cell level)? to determine the direction of
the monocyte cell population transition by evaluating the abundance of
unspliced (nascent) and spliced (mature) mRNA. Analysis of RNA ve-
locity information within the subset of three monocyte subsets (M1,
M2, and M3 clusters) from all PBMCs in HVA patients indicated dif-
ferentiation of M1 or M2 clusters toward the M3 cluster (Figure S2a).
Moreover, analysis of RNA velocity information for three stages (acute,

recovery, and HC) from all monocytes indicated the unique

differentiation status of monocytes during the acute stage (Figure S2b).
These findings supported that this differentiation of monocytes can be
affected by stimulation with Vespa stings.

2 | CONCLUSION

Our comprehensive molecular profiling of blood samples from pa-
tients with HVA revealed previously unknown molecular changes,
providing important insights into mechanisms of venom allergy and

potential therapeutic targets for precision medicine in HVA.
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