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Background: Kawasaki disease (KD) is characterized by a disorder of immune response,
and its etiology remains unknown. Monocyte is an important member of the body’s innate
immune system; however its role in KD is still elusive due to its ambiguous heterogeneity
and complex functions. We aim to comprehensively delineate monocyte heterogeneity in
healthy and KD infants and to reveal the underlying mechanism for KD.

Methods: Peripheral monocytes were enriched from peripheral blood samples of two
healthy infants and two KD infants. scRNA-seq was performed to acquire the transcriptomic
atlas of monocytes. Bio-information analysis was utilized to identify monocyte subsets and
explore their functions and differentiation states. SELL+CD14+CD16- monocytes were
validated using flow cytometry.

Results: Three monocyte subsets were identified in healthy infants, including CD14+CD16-
monocytes, CD14+CD16+ monocytes, and CD14"°¥CD16+ monocytes. Cell trajectory
analysis revealed that the three monocyte subsets represent a linear differentiation, and
possess different biological functions. Furthermore, SELL+CD14+CD16- monocytes,
which were poorly differentiated and relating to neutrophil activation, were found to be
expanded in KD.

Conclusion: Our findings provide a valuable resource for deciphering the monocyte hetero-
geneity in healthy infants and uncover the altered monocyte subsets in KD patients, suggest-
ing potential biomarkers for KD diagnosis and treatment.
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Introduction

KD is an acute, self-limited disease with systemic vasculitis," which is the leading
cause of acquired heart disease in children of developed countries due to coronar-
itis. Although its etiology remains unknown, most studies have shown that KD is
characterized by a disorder of immune response to one or more traditional antigens
influenced by genetic determinants.’

Studies have confirmed that monocyte plays an important role in vasculitis.***
Previously, human monocytes were divided into 3 principal subsets, including
CD14+CD16- monocytes named classical monocytes (CM), CD14+CD16+, and
CD14**¥CD16+ monocytes that were known as intermediate monocytes (IM) and
non-classical monocytes (NCM), respectively.” IM increase in acute KD® and the
activated monocytes result in the synthesis and secretion of inflammatory cytokines
and chemokines, which can activate endothelial cells and support the secondary
recruitment of neutrophils.” Hence, activated monocytes play a key role in the
pathogenesis and vascular inflammation of KD.® However, the role of activated
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monocytes in KD vasculitis is still not clear enough to
serve as a therapeutic target, mainly because of the
obvious heterogeneity and complex functions of
monocytes.” A possible solution to this problem is to
accurately separate the monocyte subsets, so the subsets
that promote KD could be precisely targeted while the
other subsets can be undisturbed and maintain
homeostasis.

With the development of mass cytometry and single-
cell RNA-seq (scRNA-seq) techniques, it is possible to
accurately separate different monocyte subsets and reveal
their distinct functions. Studies have found that 8 mono-
cyte subsets are identified with a panel of 39 antibodies
against cell-surface proteins using mass cytometry
approach.'® Moreover, 4 monocyte subsets are defined at
the single-cell transcriptome level on the basis of 339
monocytes.'! However, identities of monocyte subsets
remain unclear, as the subsets were identified by only
a restricted set of surface markers and number of mono-
cytes was insufficient to detect rare cell subsets. In addi-
tion, these studies mainly focused on the monocytes in
adults. As the immune system changes during ageing'?
and infants are more prone to KD,' it is essential to
identify heterogeneity of monocytes in infants and figure
out the monocyte subset that works in KD patients.

To better explore the monocyte subset that functions in
KD patients, the transcriptomic profiles of a total of 8880
enriched monocytes from 2 healthy infants and 2 KD
patients were acquired using scCRNA-seq. Using discrimi-
native gene markers, we identified the functions of the
defined monocyte subsets and their differentiation relation-
ship. In addition, the monocyte subset that functions in KD
could be distinguished by the featured gene expression
profile and was associated with neutrophil activation.
Thus, our findings will improve the current understanding
about the mechanism for monocyte subsets in KD vascu-
litis, and are potentially valuable in providing novel diag-

nostic markers for KD.

Materials and Methods

The data and computer code that support the findings of
this study are available from the corresponding author on
reasonable request.

Human Subjects

We studied 2 patients with acute KD (aged 10 months) and
2 healthy infants (aged 10 months) under well-child check-
ing at Children’s Hospital, Zhejiang University School of

Medicine in September 2019. KD was diagnosed accord-
ing to the diagnosis criteria established by the American
Heart Association.'> Two-dimensional echocardiography
was used to examine whether there was abnormal cardiac
function and coronary artery lesions during the acute and
convalescent disease phases. Neither KD patients devel-
oped coronary aneurysms 1 month after the disease onset.
Clinical data of the 4 subjects are summarized in
Supplementary Table 1.

Peripheral blood samples (2 mL each sample) were
collected from the four subjects. For the 2 patients with
KD, blood samples were collected at acute stage before
intravenous immunoglobulin and corticosteroids treat-
ment. The study was conducted in accordance with the
Declaration of Helsinki, and the protocol was approved by
the Institutional Review Board of Children’s Hospital,
Zhejiang University School of Medicine (IRB number:
2019-IRB-073). Parents or guardians of the participants
have provided their informed consent to participate in the
study.

Enrichment of Monocytes

Peripheral blood mononuclear cells were isolated using
Ficoll-Paque PLUS (GE Healthcare Biosciences AB)
according to the manufacturer’s protocol. Briefly, we
carefully layered the blood sample diluted with phos-
phate-buffered saline (4 mL) onto the Ficoll-Paque
media solution (3 mL) and obtained mononuclear cell
layer after centrifuging at 400 g for 30 minutes at 19°C.
The mononuclear cells were cryopreserved in liquid
nitrogen after washed twice. Enriched monocytes were
purified from the thawed mononuclear cells by negative
magnetic sorting techniques using Pan Monocyte
Isolation Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to the manufacturer’s instructions,
and then cryopreserved in liquid nitrogen.

Flow Cytometry Analysis

The enriched monocytes were thawed and suspended in
PBS supplemented with 10% fetal bovine serum (Gibco,
Invitrogen), and then stained with phycoerythrin [PE]-
conjugated anti-human CD14 and fluorescein isothiocya-
nate [FITC]-conjugated anti-human CD16 or their isotype
controls which were PE and FITC-conjugated mouse
IgGl1, respectively (k isotype control; BioLegend), for
identifying monocytes before scRNA-seq. Fluorescence
intensity was examined by a Beckman Gallios Flow
Cytometer, and analyzed by flow cytometry software
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Kaluza analysis 2.0 (Beckman Coulter Life Sciences). For
the validation of SELL+ CM in KD infants, the mono-
nuclear cells were thawed, and stained with FITC conju-
gated anti-human CD14 (BD Pharmingen™), PE-Cy7
conjugated anti-human CD16 (BD Pharmingen™), PE-
conjugated SELL (BioLegend), or their isotype controls
(BioLegend). Fluorescence intensity was achieved on
a Beckman Gallios Flow Cytometer, and analyzed by
flow cytometry software FLOWJo (BD Pharmingen™).
Student’s ¢ test was used to compare the ratio of SELL
+CM to CM between the healthy and KD infants.

Single Cell Multiplexing Labelling and

Single Cell Transcriptome Capturation

The enriched monocytes of each sample were firstly
stained with two fluorescent dye, Calcein AM (Thermo
Fisher Scientific Cat. No. C1430) and Draq7 (Cat. No.
564904), for precise determination of cell concentration
and viability via BD Rhapsody™ Scanner before single-
cell multiplexing labelling. The cell viability varies from
60% to 80%. Enriched monocytes of each sample were
sequentially labeled with BD Human Single-Cell
Multiplexing Kit (Cat. No. 633781) which utilizing an
innovative antibody-oligo technology'* mainly to provide
higher sample throughput and eliminate batch effect for
single-cell library preparation and sequencing. Briefly,
cells from each sample were labeled by antibodies with
different sample tags (sample tag 06—09) and washed with
BD Pharmingen™ Stain Buffer (Cat. No. 554656) before
pooling all samples together. BD Rhapsody Express sys-

tem based on Fan et al'®

was used for single-cell tran-
scriptomics capturation. Pooled samples were then loaded
in one BD Rhapsody™ Cartridge that was primed and
treated strictly following the manufacturers protocol (BD
Biosciences). Cell capture beads were then loaded exces-
sively onto the cartridge, and the excessive beads were
washed away from the cartridge. Viable cells with beads
captured in wells were detected in BD Rhapsody™
Scanner. Then, cells were lysed, and cell capture beads
were retrieved and washed prior to performing reverse

transcription and treatment with exonuclease 1.

Single-Cell RNA-Seq

Transcriptomic and sample tag information of single cells
were obtained through BD Rhapsody System. Microbeads-

captured single-cell transcriptome and sample tag

sequences were generated into cDNA library and sample

tag library separately containing cell labels and unique
molecular identifiers (UMI) information, respectively. All
the libraries were sequenced in a PE150 mode (Pair-End
for 150 bp read) on the NovaSeq platform (Illumina).

Single-Cell Data Analysis

Raw sequencing reads of cDNA library and sample tag
library were processed through the BD Rhapsody Whole
Transcriptome Assay Analysis Pipeline (Early access),
which included filtering by reads quality, annotating
reads, annotating molecules, determining putative cells,
and generating single-cell expression matrix.

The R package Seurat (version 3.1.5)'® was used for
subsequent analysis. Raw gene expression matrices from
the cartridge were read into R (version 4.0.1) and converted
to Seurat objects. Cells label as “undetermined” and “multi-
plet” were excluded in the following analysis. Cells with
more than 25% mitochondrial genes were also excluded
from the analysis. The gene expression matrix was then
normalized to the total cellular UMI count. In order to
reduce dimensionality, PCA was performed based on the
highly variable genes after scaling the data with respect to
UMI counts. Principle components were chosen for down-
stream clustering based on heatmap of principle compo-
nents, Jackstraw plot, and elbow plot of principle
components to further reduce dimensionality using the t-dis-
tributed stochastic neighbor embedding (tSNE) algorithm.
Marker genes of each cluster were calculated using the
FindAllMarkers function with the Wilcoxon Rank-Sum
Test under the following criteria: log2 fold change > 0.25;
p < 0.01; min. PCT > 0.25. Differential expressed genes
between KD-CM (SELL+CDI14+CD16- monocytes) and
CM were identified by the FindMarkers function with cri-
teria of log2 fold change > 0.25; p < 0.05; min. PCT > 0.25.

Gene Ontology Enrichment Analysis

Gene ontology analysis was used to explore the functions
of distinct monocyte subsets using Metascape (http://metas
ca]ge.org/).17 Gene ontology terms with adjusted P-value <
0.05 were considered significantly enriched.

Construction of Single-Cell Trajectory

Monocle'® uses an algorithm to learn the sequence of gene
expression changes each cell must go through as part of
a dynamic biological process. Once it has learned the
overall “trajectory” of gene expression changes, Monocle
can arrange each cell in the trajectory. Monocle 2 was used
to construct a

single-cell trajectory with genes
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differentially expressed in the cells collected at the begin-
ning of the process compared with those at the end.

Results
Single Cell Profile of Enriched Monocytes

To examine the heterogeneity of monocytes, scRNA-seq
was used to identify cellular signature. To ensure the
purity of monocytes used in scRNA-seq, flow cytometry
was performed to analyze the proportion of monocytes in
the enriched monocytes. The purity of monocytes was
85.24%, in which CM accounted for 78.16%, IM and
NCM accounted for about 7.08% (Figure S1), which was
in agreement with previous studies.'’

Enriched monocytes from KD patients (n=2) and healthy
infants (n=2) were transcriptionally profiled after the isola-
tion process (Figure 1A). In total, 8880 cells were
sequenced. On average, a median of 1096 genes and
37075 reads per cell were detected. After quality control,
6283 individual cells, including 2302 cells of healthy infants
and 3981 cells of KD patients, were left for further analysis.
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The enriched monocytes were clustered in different
samples after unsupervised clustering, implying differ-
ences among different samples (Figure S2). Therefore,
the 4 v3
Integration,”® and 9 cell types were clustered in the inte-

we integrated samples using Seurat
grated dataset (Figure 1B). The clustering was not affected
by different samples, number of mRNAs, percentage of
mitochondrial genes and cell cycle (Figure 1B). The 9 cell
types included 4 monocyte subsets (expressing CD14 or
FCGR3A), DC (expressing HLA-DRA and ITGAX,
neither CD14 nor FCGR3A), T cells (expressing CD3D
and CD2), NK cells (expressing FCGR3A and PRF1),
B cells (expressing MS4A1 and CD79a) and endothelial
cells (expressing CD34) (Figure 1D). Markers used to
identify the cell types were consistent with the related
cell markers in the website “CellMarker” (http://biocc.
“The
Protein Atlas” (https://www.proteinatlas.org/). Note that
FCGR3B, which is highly homologous to FCGR3A, is
expressed in only dozens of cells (Figure S3), so
FCGR3A was

hrbmu.edu.cn/CellMarker/index.jsp) and Human
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Figure | Cell types identified from scRNA-seq of enriched monocytes. (A) Workflow depicting collection and processing of enriched monocytes for scRNA-seq. (B) t-SNE
plot of the enriched monocytes, with each plot color coded for (left to right): the corresponding patient of samples, the percent of mitochondria in each cell, the percent of
mRNA in each cell, the cell cycle state of each cell and cell types. (C) t-SNE representation of 4 monocyte subsets. The 4 subsets have distinct transcriptional profiles
compared with each other. (D) Violin plots displaying representative markers of cell types identified in the enriched monocytes. The y-axis shows the normalized UMI

counts.

Abbreviations: HI, healthy infants; KD, KD patients; mito, mitochondria; Mo, monocyte; DC, dendritic cell; EC, endothelial cells.
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CD16. In order to elucidate the monocyte subsets, only
monocytes were extracted for further analysis (Figure 1C).

Identification of 3 Monocyte Subsets in
Healthy Infants

To identify monocyte subsets in healthy infants, the mono-
cytes of healthy infants (1969 cells) were extracted and
unsupervised clustered. The monocytes were clustered in 3
subsets (Figure 2A), including CM, IM, and NCM (Figure
2A and B). CM were relatively abundant compared with IM
and NCM. Specific markers for each cluster were defined as
the 10 genes with the highest differential expression relative

to all other cells (Figure 2C). On CM, a pro-inflammatory
gene signature (eg, S100A8, S100A9, S100A12, and LYZ)
was expressed, while on IM a unique combination of genes
that have a potential to present antigen (eg, HLA-DQAI,
HLA-DQA2, HLA-DPAI1, HLA-DPB1, HLA-DRA, HLA-
DQBI, and CD74) were expressed. Specific markers of NCM
were mainly associated with phagocytosis (eg, FCGR3A),
cell proliferation, (eg, CDKNIC and
NAPIL1).

As this is the first study on monocyte subsets in
infants based on scRNA-seq, to determine whether the
infant monocytes are transcriptionally different from
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Figure 2 Monocyte subsets in healthy infants. (A) t-SNE plot of monocyte subsets in healthy infants. (B) Classical markers for each subset. Violin plot y-axis demonstrates
relative expression levels of transcripts in single cell. (C) Dot plot showing proportion of cells in clusters expressing marker genes (dot size), and average expression (color
scale). (D) Upset plot showing the number of the common marker genes expressed in both monocyte subsets of healthy infants and adults.

Abbreviations: CM, classical monocytes; IM, intermediate monocytes; NCM, non-classical monocytes; I-CM, classical monocytes of healthy infants; |-IM, intermediate
monocytes of healthy infants; I-NCM, non-classical monocytes of healthy infants; A-Mo, monocytes of adults.
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those of adults, the dataset of adult monocytes (between
25 and 40 years of age) in the previous study'' was
utilized to compare with the infants. In adults, 4 mono-
cyte subsets were identified, including Monol and
Mono2 (mainly contained the classical and non-classical
monocytes, respectively), Mono3 expressing genes that
have the potential to affect cell cycle, differentiation, and
trafficking (eg, MXD1, CXCR1, CXCR2, VNN2), and
Mono4 expressing a cytotoxic gene signature (eg, PRF1,
GNLY, CTSW). After identifying the same marker genes
between the clusters of infants and adults, it seemed that
CM in infants were similar with Mol, Mo3, and Mo4 in
adults, while IM and NCM in infants were similar with
Mo2 in adults (Figure 2D). We conclude that the mono-
cyte subsets in adults and infants are transcriptionally
different. Nevertheless, as the number of cells and
genes in the datasets of adults and infants were different,
so it is difficult to make an intensive comparison between
them.
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Differentiation continuance of monocyte subsets is not
clear yet in infants. Some studies support the origin of
NCM from CM in human,?' but whether these findings
are based on infants are obscure. To investigate the differ-
entiation continuance of monocyte subsets of infants in
healthy homeostasis, we performed the trajectory analysis
using the 3 monocyte subsets. Differentiation trajectory
with a tree-like structure was constructed (Figure 3A).
Based on previous studies,”’ CM was chosen as the earliest
member of the lineage differentiation followed by IM and
NCM (Figure 3A). CM, IM, and NCM represent a linear
differentiation state.

We further analyzed the gene expression patterns of
marker genes along the trajectory of monocyte differentia-
tion. The marker genes were further clustered into 4 expres-
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Figure 3 Linear differentiation of monocyte subsets in healthy infants. (A) Pseudo-time analysis of monocyte subsets using Monocle. Cells on the tree are colored by
pseudo-time (the above) and subset (the below). The arrangement of cells on the tree shows that cells on the left side of the tree are less differentiated than the cells on the
right side. (B) Marker genes (rows) along the pseudo-time (columns) clustered into 4 profiles. Pl, expression patterns of CM. P2 and P3, expression patterns of IM. P4,
expression patterns of NCM. (C) The representative functions of each subset were shown in heatmap. (D) Pseudotime kinetics of indicated genes from the root (CM) to the

end (NCM) of the trajectory.

Abbreviations: CM, classical monocytes; IM, intermediate monocytes; NCM, non-classical monocytes.
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CM), P2 and P3 (expression patterns of IM) and P4 (expres-
sion patterns of NCM) (Figure 3B). Functional enrichment
analysis showed that genes that were highly expressed in P1
were associated with response to bacterium and neutrophil
activation (Figure 3C). Function of antigen processing and
presentation and response to virus were activated in P2 and
P3. Genes with function of cytokine, cell proliferation, and
inflammation have higher expression levels in P4. To better
elucidate the differentiation process, we assessed the expres-
sion of genes regulated during monocyte differentiation.
CD36, VCAN, and SELL expression were down-regulated,
while HLA-DPA1, HLA-DQAT1, and CD74 expression were
significantly increased in IM. During the differentiation of
CM to NCM, expression of CDKN1C, FCGR3A, TNF, and
NAPIL1 was up-regulated (Figure 3D). These changed

transcripts may reveal the mechanism of monocytes

Altered Monocyte Subsets in KD Patients
In order to explore whether the monocyte subsets in KD
patients are the same with those in healthy infants, the mono-
cyte profiles of KD (3616 cells) and healthy infants (1969
cells) were extracted and clustered in 4 subsets (Figure 4A).
Subset that mainly appeared in KD patients (Figure 4B, C and
Figure S4), which expressed CD14 and not expressed
FCGR3A (Figure 4D), were defined as CM in KD patients
(KD-CM). To identify the genes that lead to the separation of
CM between KD and healthy infants, top 10 highest expressed
genes of each subset were presented in dot plot (Figure 4E).
KD-CM was featured by high expression of SELL and
MALAT, and low expression of CXCL8 and JUN compared
with CM. Flow cytometry confirmed the expansion of SELL+
CM in infants with KD (Figure 4F). Gene ontology enrich-

ment analysis demonstrated that marker genes of KD-CM

differentiation. were mainly related with neutrophil activation (Figure 4G).
Ao C 1o0% D cD14 FCGR3A
80% 3o 3
20 o 3 3
o I 60% s 8%
£ o - KD 8 s a
40% nHI §' ;.-_10
=20 w w
20% KD 0 > L ot — %‘
o > R N R
5500 8 1o 20 0% ¢ {_o’c' &7 © @’0 & )
tSNE_1 CM KD-CM IM NCM
E Average Expression
M (] [ I I J ......l(‘,'g
0.0
NCM 0000000000000 0 0 o0 :(113
KD-CM ) oo o o000 : -0 .00-. Ffer;:oent Expressed
o 8
CM1® ® 0 ©° 000 0 0 ] ) @ ® 80
@ 100
2O DDV D AN T ARANVAMND O VPN DO AL LN A V¥ oNoN NN ad AN D >0
VP oF O N QO X VR R O KR N D & WAV RPN S I P S
S S F N LT RS LEE LT S ST R LA S ELESE S S SES
o"Ng 2 QQ,Q" @V’ 0%0 3 éeq,%&«o & & WL F Yo o Q
5 & & EN TR JXE
Qg
' 8
i =
103_% ‘é ns
2] SELL+CM S & myeloid leukocyte activation EEEG—
10 3
13 o neutrophil degranulation IEE——
103 A I
0{: ﬁ 4 neutrophil activation m——
0 _"_’ neutrophil mediated immunity IE—
1]0a o ] S 24
10 10 3 o
10.1 89.0 253 | . 23 = 4 45 5 55
1 i crem o -Log10(p value
100 10" 102 10° 0 300K 600K 900K 1.2M B 0- 0g10(p value)

CD14 SS-A

KD HI

Figure 4 Comparison of monocyte subsets between healthy and KD infants. (A) t-SNE plot of monocyte subsets in healthy and KD infants. (B) t-SNE plot of monocyte
subsets distributed in healthy infants and KD patients. Red dots represent monocytes from healthy infants and turquoise dots represent monocytes from KD patients. (C)
Proportion of healthy and KD monocytes in each subset. (D) Classical markers of 4 subsets shown in violin plot. Y-axis demonstrates the normalized UMI counts. (E) Dot
plot showing proportion of cells in each subset expressing marker genes (dot size), and average expression (color scale). KD-CM was featured by the marker genes in the
black box. (F) Flow cytometry analysis of SELL+ CM fraction in healthy and KD infants. The left dot plots represent gating method of CM, and the right histogram represents
statistical results. (n = 3, *p < 0.05) (G) Gene functions of marker genes of KD-CM.

Abbreviations: HI, healthy infants; KD, KD patients; CM, classical monocytes; IM, intermediate monocytes; NCM, non-classical monocytes; KD-CM, CM of KD patients.
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Poorly Differentiated State of KD-CM

To explore the differentiation state of KD-CM, single-cell
trajectory analysis was performed using the 4 monocyte sub-
sets of KD and healthy infants (Figure 5A). The trajectory’s
root was mainly populated by KD-CM, and they eventually
differentiated into NCM through CM and IM (Figure 5B),
suggesting that KD-CM were more poorly differentiated than
CM in healthy infants. We then examined gene expression
patterns in KD-CM and CM, 79 differentially expressed genes
including 15 up-regulated genes and 64 down-regulated genes
were identified in KD-CM compared with CM (Figure 5C and
Supplementary Table S2). The up-regulated genes in KD-CM
related to cell cycle (eg, MALAT1, MPHOSPHS, and TFEC)
and production of immunoglobulin (eg, POU2F2). The down-

regulated genes in KD-CM were mainly related to response to
lipopolysaccharide, cytokine-mediated signaling pathway,
positive regulation of cell death and apoptotic signaling path-
way (Figure 5D).

Discussion

Monocytes are important innate immune cells involving in
vasculitis. #?%%3 However, it is difficult to translate the
research findings of monocytes into effective clinical thera-
pies, mainly because of its obvious heterogeneity.'® scRNA-
seq can reveal the overall transcriptome characteristics of
single cells, which allow for the identification of molecular
drivers of disease in pathogenic cell subsets.** In the present
study, 3 monocyte subsets in healthy infants were revealed
and KD-CM associated with neutrophil activation were
identified in KD using scRNA-seq analysis. These findings
shed light on the role of monocytes in KD.

Monocytes in healthy infants were divided into 3 sub-
sets, which was consistent with previous classification of
human monocytes.'” The distribution of CD14 and CD16
is continuous on different monocyte subsets,” so it is
difficult to classify distinct subsets using the traditional
CD14/CD16-based biaxial gating strategies. Therefore, we
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Figure 5 Differentiation state of KD-CM. Monocytes of healthy and KD infants arranged in order of pseudo-time (A) and subsets (B). The arrangement of monocytes on
the tree shows that cells on the left side of the tree are less differentiated than the cells on the right side. (C) Volcano plot showing the differentially expressed genes
between KD-CM and CM. (D) Gene functions of down-regulated gene in KD-CM compared with CM in healthy infants.

Abbreviations: CM, classical monocytes; IM, intermediate monocytes; NCM, non-classical monocytes; KD-CM, CM of KD patients.
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analyzed the relatively specific gene markers for the 3
monocyte subsets (Figure 2C), which made it possible to
find the new markers of different subsets. CM highly
expressed SI00A8, S100A9 and S100A12, IM expressed
HLA-DQA1 and HLA-DPA1, and NCM mainly expressed
CD16. Combination of the above expressed marker genes
could help us classify the 3 monocyte subsets.

Studies have confirmed that human monocyte subsets have
different functions: CM exhibit a more pro-inflammatory phe-
notype including anti-microbial responses, IM are specialized
in antigen presentation and NCM are mainly responsible for
the anti-viral responses.'*° In our results, CM was associated
with response to bacterium and IM were responsible for anti-
gen presentation, which was consistent with previous
finding."” Studies have confirmed that monocyte subsets
could secrete different cytokines to balance the activation of
endothelial cells and promote secondary leukocyte recruitment
in vitro.” Ly6C" monocyte in mice, which resembles CM in
human, could activate neutrophil in defense against
candidiasis.”” Therefore, we infer that CM possess the function
of neutrophil activation for immune balance in healthy home-
ostasis. NCM possess not only the function of anti-viral
responses, cytokine-mediated signaling pathway, leukocyte
migration and adhesion, and inflammatory responses as pre-
vious foundings'® but also the function of negative regulation
of cell proliferation implying terminally differentiated mono-
cyte subsets.

Several studies have discovered that human monocyte
subsets represent a single lineage at different stages of
differentiation in blood.>'*® Moreover, numerous studies
in human have shown that monocytes circulating in the
blood can differentiate into monocyte-derived macro-
phages or monocyte-derived dendritic cells at steady
state.”” Our results support the previous findings of
a linear monocyte subsets differentiation. As for some
branches appeared during the differentiation of CM to
IM, we speculate that some CM may leave the blood-
stream to infiltrate tissues and differentiate into monocyte-
derived macrophages or monocyte-derived dendritic cells.

Katayama et al observed that IM increase in acute KD
using flow cytometry. However, the ratio of IM in healthy
and KD infants was similar (Figure 4C) in our results, which
were mainly due to that the scRNA-seq technology is more
accurate in cell classification or the sample size was too small
in our research. KD-CM, which was featured by the expression
of SELL and MALAT (Figure 4E), was identified in KD
patients based on the overall characteristics of monocyte tran-
scriptome. SELL encodes selectin L, which is a cell surface

adhesion molecule and is required for binding and subsequent
rolling of leucocytes on endothelial cells, facilitating their
migration into secondary lymphoid organs and inflammation
sites. Studies have confirmed that CD62L could regulate
recruitment of monocytes to lymphoid tissue from the blood
during inflammation®® and the flux of rolling inflammatory
monocytes.”’ MALAT, metastasis-associated lung adenocarci-
noma transcript 1, acts as a transcriptional regulator for numer-
ous genes, including genes involved into cancer metastasis,*”
cell migration,* and cell cycle regulation;** however, its role
in monocytes still needs further exploration.

Studies that
lymphocyte ratio may be used as a biomarker for detecting

have demonstrated neutrophil-to-
IVIG-resistant KD, especially after the initial treatment of
IVIG, implying the key functions of neutrophils.>
Moreover, neutrophils were involved in the pathogenesis
of KD,?**” and suppressing neutrophil activation prove
effective.®® Neutrophils have a restricted set of pro-
inflammatory functions, suggesting that neutrophil/mye-
loid activation may cause endothelial cells damage in KD.
In our results, marker genes of KD-CM were mainly
related to neutrophils activation, so we infer that KD-CM
may regulate KD vasculitis through activation of neutro-
phils. Recently, the link between neutrophil inflammasome
dysfunction and neutrophil-mediated human diseases
attracted the attention of researchers.*® Moreover, studies
that
C mediates inflammasome activation and increase the pro-
duction of IL-1b and IL-18 in KD patients.*" It is possible

that neutrophil-activating monocytes are involved in vas-

have revealed inositol-triphosphate ~ 3-kinase

culitis through neutrophil inflammasome dysfunction.
Pathological conditions can affect the function and differ-
entiation of monocytes. Under pathological conditions, classi-
cal monocytes give rise to distinct monocyte-derived cells with
functions of pro-inflammatory activities, antigen-presentation,
tissue remodeling, or anti-inflammatory abilities.> In our
scRNA-seq results, KD-CM are more poorly differentiated
than CM which exists both in KD and healthy infants, which
revealing the complexity of monopoiesis under emergency.
Moreover, KD-CM increased in KD patients who had inflam-
mation compared with healthy infants. In order to explain the
different differentiation state of KD-CM and CM, we analyzed
the differentially expressed genes between KD-CM and CM.
The up-regulated genes in KD-CM compared with CM related
to cell cycle and production of immunoglobulin, which may
explain the poorly differentiation state of KD-CM and effec-
tiveness of immunoglobulin in treating KD to a certain degree.
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As for etiology of KD, most studies accepted the theory
that genetically predisposed individuals are exposed to one or
more infectious agents that trigger an inflammatory response.
studies that
a relationship may exist between KD and coronavirus disease
2019 (COVID-19) due to their shared genetic susceptibilities,
post-infectious vasculitides and hypersecretion of cytokines.**

Recently, some proposed a hypothesis

Furthermore, scRNA-seq of peripheral blood mononuclear
cells of COVID-19 infection revealed an increased ratio of
IL-1p+ CM, which is the evidence of macrophage polarization
toward pro-inflammatory M1 macrophages.**** However, the
expression of IL1B and CXCLS8 and CXCL2 decreased in KD-
CM compared with CM in our results (Figure 5C), implying
different phenotype of CM in KD and COVID-19. The phe-
notype and function of KD-CM in KD still needs further
exploration. If KD-CM promotes the development of KD, it
would be blocked as a target, otherwise, it would be promoted.

There are some limitations in our study. Only 4 samples
were used for scRNA-seq, which may lead to poor statistical
power. Although some hypotheses about pathogenesis of KD
were proposed, large data, including replication of the results in
older children and KD patients with coronary aneurysms are
lacking. In addition, only monocytes were analyzed in our
study, which limited the assessment of entire immune system
in KD. We will study the entire immune system and find the
key immune cells that cause damage to endothelial cells in KD
patients in the further study.

Conclusions

A comprehensive map of circulating monocyte subsets in
healthy infants was plotted and their relationship of linear
differentiation were determined in this study. Moreover,
KD-CM with featured gene expression profile was
revealed, their poorly differentiated state and function of
neutrophils activation were identified. The present study
will help us clarify the mechanism for monocyte subsets in
KD vasculitis, and find new targets of clinical treatment
for KD.

Highlights

e Three monocyte subsets are identified in healthy infants
using scRNA-seq

e Monocyte subsets in healthy infants represent a linear
differentiation and possess different biological functions

e SELL+CDI14+CD16- monocytes expand in KD patients

e SELL+CDI14+CD16- monocytes are poorly differen-
tiated and related to neutrophil activation
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mediate monocytes; NCM, non-classical monocytes; SCRNA-
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