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Purpose: Kawasaki disease (KD) is an acute systemic vasculitis that is associated with dysregulated immune responses. Monocytes
play a central role in innate immunity. Our previous single-cell RNA sequencing of peripheral blood mononuclear cells (PBMC)
revealed a new subset of monocytes in children with KD called L-Selectin” classical monocytes (SELL" CM). Therefore, we aimed to
investigate the correlation between KD and SELL" CM.

Patients and Methods: Peripheral blood samples were collected from 81 KD patients, 18 febrile patients and 36 healthy children
before treatment. Among them, ten KD patients were followed up, and samples were obtained before and after intravenous
immunoglobulin (IVIG) treatment. Analysis of SELL" CM was performed using flow cytometry. Additionally, ROC curve analysis
was conducted to assess the diagnostic value of SELL" CM for KD.

Results: Classical monocytes (CM) expressed the highest levels of L-selectin in children with KD. The ratio of SELL" CM in CM
was significantly higher in KD patients than in febrile and healthy children. Following IVIG treatment, the ratio of SELL* CM in CM
showed a downward trend. The receiver operating characteristic (ROC) curve analysis (the area under the curve, AUC = 0.71)
indicated the potential diagnostic value of SELL" CM in KD. The correlation analysis suggested that SELL" CM may serve as a new
clinical index for patients with KD.

Conclusion: In KD, the ratio of SELL" CM in CM significantly increases during the acute phase, which may become a potential
biomarker and help facilitate KD diagnosis based on clinical features.
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Introduction
Kawasaki disease (KD) has become the leading cause of acquired heart disease in children since it was first described in
1967 as a new mucocutaneous lymph node syndrome. KD causes acute vasculitis of the small- and medium-sized
vessels, predominantly affecting the coronary arteries. The most severe sequela of KD is the induction of long-term
cardiovascular complications such as coronary artery dilation, stenosis, aneurysms, occlusion and infarction.' In the
intervening 55 years, efforts have been made to determine its etiology. Hypotheses range from viral etiologies to toxin-
mediated reactions to autoinflammatory disease.” The most prevailing paradigm is that KD results from an infectious
agent that elicits hyperinflammatory responses in genetically predisposed hosts, presented as vasculitis directed at
cardiovascular tissues.” However, how the exaggerated inflammatory response in KD translates into vascular damage
is still an enigma.

Though the etiology is complex, accumulating evidence has shown that immunological abnormalities are pivotal in
acute-phase KD.* Among immune cells that are involved in the pathogenesis of KD, monocytes represent 10% of
leukocytes in human blood and participate in vascular inflammation including vasculitis and atherosclerosis as well.>
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On the basis of modern nomenclature, there are three distinct subsets of human blood monocytes: Classical CD14'CD16~
monocytes (CM), Intermediate CD14""CD16" monocytes (IM) and Nonclassical CD14°CD16 ™" monocytes (NCM).” An
increase of CD147"CD16" monocytes in KD patients during the acute stage has also been demonstrated.® However, most
studies of KD did not stratify for monocyte subsets, and exploration of the actual role of each subtype of monocyte is
needed. Based on our previous outcome of single-cell RNA-sequencing, SELL" CM, which was characterized by the
expression of SELL, was locked in patients with KD.? It was the first time that SELL" CM was identified in KD. This
study aimed to explore the association between KD and this monocyte subtype.

Selectins are a family of cell-surface molecules that mainly modulate the activity of leukocytes and platelets during
immune responses.'® Encoded by the gene SELL. L-Selectin (CD62L, originally LAM-1/LECAM-1) is a member of the
selectin family, which has been found in most circulating leukocytes and is extensively considered a tethering/rolling
receptor. Evidence also shows that L-selectin plays a role in guiding free-flowing monocytes from the bloodstream
toward the surrounding extravascular environment during transendothelial migration (TEM)."!

To further understand the exact role of SELL" CM in KD pathogenesis, augmenting the sample size of patients with
KD is needed to clarify the correlation between SELL" CM and KD. Peripheral blood mononuclear cells (PBMC) were
collected from 81 KD patients, 18 febrile control subjects (FC) and 36 healthy control subjects (HC). SELL" CM is
upregulated in the acute phase of KD compared to that in the other two groups. These results suggest that SELL™ CM
may facilitate KD diagnosis.

Materials and Methods

Participants and Ethics

All patients with KD enrolled in this study were admitted to the Children’s Hospital, Zhejiang University School of
Medicine, between December 2022 and October 2023. Eighteen age- and gender-matched febrile patients were enrolled
as febrile controls, including those with bronchopneumonia or pneumonia, upper respiratory infection and urinary tract
infection. And 36 children who underwent routine physical examinations were recruited as healthy control. KD was
diagnosed according to the American Heart Association criteria.'? All the patients underwent physical and laboratory
examinations. Two-dimensional echocardiography was performed during the acute and convalescent disease phases.
Each hospitalized patient received 2 g/kg intravenous immunoglobulin (IVIG) and 30—50 mg/kg/day aspirin as the initial
treatment. Patients who had other diseases or had been previously treated were excluded.

Peripheral blood samples (2 mL each) from 81 KD patients, 18 febrile patients and 36 healthy children were collected into
tubes containing EDTA as an anticoagulant. As for KD patients, blood samples were collected during the acute phase before
IVIG and corticosteroid treatment. The study was conducted in accord with the Declaration of Helsinki. The parents or
guardians of the participants signed an informed consent form to participate in this study. This study was approved by the
Institutional Review Board of Children’s Hospital, Zhejiang University School of Medicine (IRB number: 2019-IRB-073).

Clinical Features

Demographic data, including sex and age at disease onset, were summarized. Data on early clinical presentation and
laboratory findings, such as white blood cell count, C-reactive protein level (CRP), and erythrocyte sedimentation rate
(ESR), were collected at diagnosis. Intravenous immunoglobulin resistance was defined as persistent or recrudescent
fever at least 36h after completion of the first IVIG infusion.'? The coronary artery abnormalities were classified
according to the maximum Z scores for the right and left anterior descending coronary arteries: no involvement
(Z <2), dilation only (Z > 2 to < 2.5), and aneurysm (Z > 2.5)."?

Flow Cytometry Analysis

Peripheral blood mononuclear cells were isolated using Ficoll-Paque PLUS (GE Healthcare Biosciences AB) according
to the manufacturer’s protocol. Briefly, 4 mL diluted peripheral blood sample (diluted with 2 mL phosphate-buffered
saline) was carefully layered onto a 3 mL Ficoll-Paque media solution. After centrifugation at 400 x g for 30 min at
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19°C, the mononuclear cell layer was obtained and washed twice with phosphate-buffered saline. The samples were
cryopreserved in liquid nitrogen.

Using flow cytometry, L-Selectin® classical monocytes were analyzed in PBMC as described and validated
previously.”® Detection of all samples from enrolled subjects has technical replicates for three times. Mononuclear
cells were thawed and suspended in Stain Buffer (FBS, BD Pharmingen™™). The cells were stained with APC-conjugated
anti-human CD14, BV421-conjugated Anti-human CD16, PE-conjugated anti-human CD62L or their isotype controls
(BD Biosciences), which were APC-conjugated mouse IgG2a (k Isotype Control), PE-conjugated mouse IgG1 (k Isotype
Control), and BV421-conjugated mouse IgGl (x Isotype Control). Flow cytometry was performed using a BD
FACSLyric Flow Cytometer equipped with a BD FACSuite (BD Biosciences). The results were analyzed using the
FlowJo flow cytometry software (BD Biosciences, version 10.8.1). The mean fluorescence intensity (MFI) of L-Selectin
on monocytes is summarized in Supplementary Figure 1.

Statistical Analysis

Data management and statistical analyses were performed using IBM SPSS Statistics (SPSS Inc., Chicago, Illinois,
version 23) and GraphPad Prism (GraphPad Software, San Diego, CA, USA, version 9.5.1). Statistical significance was
set at p < 0.05. Demographic data and clinical features were presented as medians with interquartile ranges (IQR). Other
data are expressed as mean + standard deviation (SD) from triplicate technical replicates. The independent #-test for
normally distributed data and Mann—Whitney test for non-normally distributed data were used to compare the two
groups. ANOVA for normally distributed data and Kruskal-Wallis test for non-normally distributed data were used when
more than two variables were compared. The area under the curve (AUC) of the receiver operating characteristic (ROC)
curve was used to evaluate the diagnostic value of SELL" CM. Correlation analysis and visualization were performed
using R programming language (version 3.1.5).

Results

Characteristics of Human Subjects

Demographic Data

A total of 81 KD patients, 18 sex-and age-matched FCs and 36 HCs were recruited for this study. The demographic
characteristics of the study population are shown in Table 1. Among the patients with KD, 53 (65%) were male and 28
(35%) were female. The median age of patients with KD patients was 2.4 years, and the interquartile range (IQR) was 1.3
to 3.5. The maximum age was 9.5 years, and the minimum age was 0.3 years. In addition, no significant differences were
observed in sex or age among the three groups.

Clinical Presentation and Laboratory Findings

The clinical and laboratory findings of the KD and FC patients were summarized in Table 2. In KD, the most common
clinical manifestations were fever (86.42%), cervical lymphadenopathy (93.83%), and conjunctival infections (86.84%).
Only 43.21% of the patients had extremity changes, and 61 (75.31%) patients presented with a polymorphous rash during the
course of the disease. After completion of the first infusion of intravenous immunoglobulin, the persistent or recrudescent

Table | The Demographic Data of Human Subjects

Characteristics | KD Patients (n=81) | Healthy Controls (n=36) | Febrile Controls (n=18) | p value
Gender n (%) NS
Male 53 (65) 17 (47) 12 (67)
Female 28 (35) 19 (53) 6 (33)
Age (years) NS
Median (IQR) 2.4 (1.3 to 3.5) 3.4 (24 to 4.5) 3.6 (0.5 to 6.1)
Minimum 03 0.4 0.1
Maximum 9.5 6.6 8.1

Abbreviations: KD, Kawasaki disease; IQR, Interquartile range.
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Table 2 Clinical Presentation and Laboratory Results of KD and Febrile Patients

Clinical Presentation

KD Patients
(n=81)

KD-CAL
Patients (n=8)

IVIG-NR
Patients (n=10)

Febrile
Controls (n=18)

Physical findings

Percentage of neutrophils

Percentage of monocytes

Platelets, 10%/uL

Haemoglobin, g/L

C-reactive protein, mg/dL
Erythrocyte sedimentation rate, mm/h
BNP, pg/mL

Alanine transaminase, U/L
Gamma-glutamyl transferase, U/L
Total bilirubin, mg/dL

67.7 (56.1 to 77.4)
6.4 (4.6 t0 8.2)
348 (286 to 419)
112 (105 to 118)
49.0 (29.3 to 87.0)
58.1 (42.2 to 73.5)
386.4 (109.1 to 855.6)
26 (15 to 85)

18 (13 to 75)
63 (5.0 to 103)

71.9 (52.0 to 75.6)
7.9 (5.2 to 102)
390 (330 to 462)
110 (107 to 114)

57.1 (20.0 to 96.9)
58.6 (42.5 to 100.9)
230.4 (113.0 to 725.1)
25 (13 to 37)

19 (13 to 142)

6.5 (4.4 to 40.2)

72.3 (54.4 to 85.2)
62 (54 t07.2)
308.5 (266.8 to 383.3)
119 (109 to 121)
43.8 (302 t0 91.7)
56.4 (37.8 to 67.4)
611.3 (123 to 1396.8)
23 (19 to 137)

18 (11 to 189)
9.6 (4.0 to 26.6)

Fever persisting for 25 days 70 (86.42%) 7 (87.50%) 8 (80%) NA
Polymorphous rash 61 (75.31%) 5 (62.50%) 8 (80%) NA
Oral mucosal changes 69 (85.19%) 2 (25.00%) 8 (80%) NA
Conjunctival injection 70 (86.42%) 8 (100.00%) 8 (80%) NA
Extremity Changes 35 (43.21%) 3 (37.50%) 4 (40%) NA
Cervical lymphadenopathy 76 (93.83%) 8 (100.00%) 10 (100%) NA
IVIG resistance 10 (12.35%) 0 (0) - NA
Coronary artery outcome

Normal (Z<2) 73 (90%) - 10 (100%) NA
Dilation (Z22 to <2 5) 4 (5%) 4 (50%) - NA
Aneurysm (Z225) 4 (5%) 4 (50%) - NA
Laboratory results

White blood cells, 103/uL 132 (10.8 to 16.5) 112 (8.4 to 16.9) 12.3 (9.8 to 17.9) 13.7 (8.8 to 17.8)

63.3 (54.6 to 69.6)
8.4 (6.4 to 10.3)
314 (260 to 399)
110 (104 to 121)

56.8 (39.0 to 86.9)

31.3 (21.0 to 52.4)
405 (9.0 to 90.1)

129 to 17)
14 (11 to 27)
63 (4.9 to 8.9)

Notes: Data are presented as n, n/N (%), or median (IQR).
Abbreviation: Z scores, Body surface area-adjusted Z scores of coronary artery internal diameter measures.

fever of 71 patients with KD returned to normal, and the incidence of IVIG resistance was 12.35%. Despite timely treatment
with IVIG and acetylsalicylic acid (ASA), the incidence of coronary artery lesions was 9.88% in the acute and subacute
stages, including 4 (5%) patients with coronary artery dilation and 4 (5%) with aneurysm formation. Regarding laboratory
outcomes, the median value of absolute counts for total white blood cells (WBC) was 13.2x10%/uL (10.8 to 16.5) and the
increase in neutrophils in peripheral blood was the main cause of this phenomenon. Meanwhile, CRP, ESR, and BNP levels
were significantly elevated in patients with KD. Other laboratory results of KD and FC patients were listed in Table 2.

L-Selectin Expression in Monocytes of KD Patients

A heatmap from flow cytometry demonstrated the discovery of L-Selectin in patients with KD (Figure 1A). To elucidate
this phenomenon, SELL protein levels of the three monocyte subsets were analyzed. In most enrolled KD patients, CM
had the highest ratio of SELL-positive cells, whereas NCM had the lowest ratio. The proportions of SELL" CM in the
CM, IM, and NCM groups were 53%, 49.3%, and 37.2%, respectively (Figure 1B).

Higher Proportion of SELL* CM in KD Patients

Intriguingly, there was a remarkable expansion of SELL" CM in 81 KD patients when compared with febrile and healthy
controls, and the difference was statistically significant (Figure 2A). And there was no difference between febrile patients
and healthy controls (Figure 2A). Furthermore, we analyzed the levels of SELL™ CM in patients with coronary artery
lesions (CAL) as well as IVIG-resistant patients solely. As shown in the histogram, those with CAL exhibited a lower
ratio of SELL" CM in the early stage of KD (p = 0.0073, Figure 2B). However, no obvious difference was found between
the IVIG-resistant and IVIG-responsive patients (Figure 2C).
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Figure 2 Comparison of SELL" CM Levels between Different Groups. (A) Comparison of the ratio of SELL" CM in CM among KD patients (n=81), FC (n=18) and HC
(n=36). (B) Comparison of the ratio of SELL" CM between KD patients with coronary artery lesions (KD-CAL) (n=8) and KD patients without coronary artery lesions
(KD-NCAL) (n=73). (C) Comparison of the ratio of SELL* CM between IVIG non-responsive (IVIG-NR) patients (n=10) and IVIG responsive (IVIG-R) patients (n=71).
Statistics were performed using the Mann—Whitney test. ns: p>0.05. *¥: p<0.01.

The Variation Tendency of SELL" CM Level in KD

Among the 81 patients with KD, we followed up ten of them, including two patients diagnosed with coronary artery
dilation. Patients were enrolled if their peripheral blood had been obtained before treatment and after the end of IVIG
treatment. The results for the ten individuals are plotted in a line chart. High SELL" CM ratio persisted after IVIG
treatment in the two patients in whom coronary artery lesions developed. However, SELL" CM ratio declined in 8 treated
patients without coronary artery lesions (Figure 3).

ROC Curve and Correlation Analysis of SELL* CM in KD

To determine the ability of SELL" CM ratio to distinguish KD patients with febrile and healthy children, ROC curve
analysis was used to assess its diagnostic performance. The results are presented in Figure 4A, indicating that SELL" CM
performed well in distinguishing KD from common febrile diseases and healthy children, with an AUC of 0.71. To
further figure out the role of SELL" CM in KD, a heatmap was generated to visualize the correlation between the SELL"
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Figure 4 ROC Curve and Correlation Analysis of SELL"™ CM in KD. (A) ROC curve analysis of SELL" CM in KD patients (AUC = area under the curve). (B) Correlation
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CM ratio and laboratory results (Figure 4B). However, our data showed a poor correlation between SELL" CM and
laboratory characteristics.

Discussion

Prompt diagnosis of KD and timely prediction of coronary artery lesions are important for improving the prognosis. Prior
studies have proposed candidate biomarkers for contributing acute KD diagnosis. Though not enough to lead decision-
making, they still have certain value in differentiating KD. Elevations of NT-proBNP and sST2 are correlated with
impaired myocardial relaxation in acute KD patients,'* but the plasma and serum for NT-proBNP and sST2 detection are
limited in young infants and children. Proteomic analysis of serum from KD patients revealed a panel of proteins
potentially facilitate KD diagnosis;'> however, serum proteome was affected by genetic backgrounds and environmental
factors. Comparing with previous indicators, we focused on the diagnostic value of SELL" CM in KD. However, a large
sample size and multi-centers are still needed to validate its value in clinical applications. We identified an upregulation
of SELL" CM in KD patients when compared to febrile and healthy controls. Patients with CAL showed lower levels of
SELL" CM in the acute phase. After the end of IVIG treatment, there was a downregulation of SELL" CM in KD-NCAL
patients, whereas SELL" CM continued to increase in KD-CAL patients. The continuous variation of SELL" CM
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changed obviously after IVIG treatment, which may also have some prognostic value. Several studies have demonstrated
the mobilization of monocytes/macrophages during the exaggerated inflammatory response in KD.*'®!” The new
exploration of SELL" CM sheds light on the role of monocytes in KD pathogenesis. Moreover, detection of SELL"
CM levels may help KD diagnosis.

The obvious expansion of SELL" CM in the peripheral blood potentially enhances the invasive behavior of
monocytes in patients with KD. New mounting evidence suggests that L-Selectin is a major player in regulating
monocyte protrusion during transendothelial migration'® and will be shed rapidly from monocytes upon activation
(termed L-Selectin shedding).'” Advanced imaging techniques show that inhibition of L-Selectin shedding significantly
potentiates monocytes invasive behavior across activated endothelial cell monolayers.'' This may account for the
phenomenon that KD is an acute vasculitis, which may do damage to all the medium-sized arteries. L-Selectin shedding
during rolling interaction physiologically limits the aggregation and accumulation of leukocytes.”® In the present study,
the retention of L-Selectin further amplified the abnormal activation of the immune system in KD.

The analysis showed a lower SELL" CM ratio in the patients with KD-CAL. Among the 81 patients, 8 children
suffered from coronary artery lesions. In mammals, “Inflammatory monocytes” are featured with L-Selectin whereas
“resident monocytes” are known for their patrolling behavior of vasculature and lack the expression of L-Selectin, they,
respectively, correspond to human CM and NCM.?!*2 Most of the time monocytes circulate in the vasculature and will
be recruited to sites when inflammation response happen.”* In our study, the “inflammatory monocytes” in KD-CAL
patients may tend to mature into “resident one” which are featured with patrolling behavior of blood vessels. It has been
verified that L-Selectin plays a central role in mediating monocyte attachment to activated aortic endothelial cells.**
Possibly, the vascular endothelium of KD-CAL patients was highly activated and flowing monocytes slowed down and
recruited to inflamed endothelial monolayers. Therefore, the SELL" CM ratio was lower in peripheral blood of 8 KD-
CAL patients. Meanwhile, L-Selectin shedding rapidly from leukocytes upon their activation. Comparing with KD-
NCAL patients, the lower L-Selectin expression may reflect an augmented activation of leukocytes.?® It has also been
suggested that the downregulated cell surface expression of L-Selectin is due to extensive rolling of leukocytes on
inflammatory endothelium. No wonder why SELL" CM from peripheral blood was found lower in KD-CAL patients.
The prediction or timely diagnosis of CAL helps improve the prognosis of patients with KD. Further augmentation of
KD-CAL samples is needed to verify whether a lower level of SELL" CM can aid in the diagnosis of coronary artery
lesions.

After treatment, there was a decrease in the cell surface expression of L-selectin in KD-NCAL patients. Children with
coronary artery lesions developed seemed to have persistent SELL" CM ratio increased. Albeit poorly understood, IVIG
is the mainstream treatment for KD. The mechanisms by which IVIG treatment successfully led to a lowering of SELL"
CM ratio are unknown. An elegant in vivo study showed that IVIG treatment has direct inhibitory effects on leukocyte
adhesion and subsequent emigration, which leads to decreased vascular permeability and can reduce vascular
dysfunction.’® A second potential possibility is that IVIG infusion decreases inflammatory monocytes in vivo.?’
Moreover, IVIG has the ability to induce autophagy of inflammatory cells like monocytes and M1 macrophages.”® As
for KD-CAL, IVIG seemed to fail to decrease leukocyte and did not reduce their negative function to vascular.

Approximately 10-20% of KD patients are IVIG non-responsive and have a higher possibility of developing CAL.*’
Identifying IVIG non-responders is also necessary. The ratio of SELL" CM in CM between the IVIG nonresponsive and
IVIG-responsive groups was compared, but there was no notable discrepancy between the two groups. Further studies are
required to determine whether SELL" CM plays a role in the course of IVIG-resistant.

In the absence of pathognomonic laboratory tests, the diagnosis of KD still relies on recognition of clinical
presentations. As a potential assist for discriminating KD from other diseases, the ROC curve analysis was performed
to assess the diagnostic value of SELL" CM. The AUC value corroborates that this new finding may aid in the prompt
diagnosis of KD. Finally, although numerous demographic and laboratory data were collected, no strong correlation was
found between these indices and the SELL" CM level. This finding implies that SELL" CM may be a new clinical index
for KD.

Our study had some limitations. First, only 8 patients with coronary artery lesions and only 10 patients who were non-
responsive to IVIG were enrolled, which possibly led to poor statistical power. Second, exploration of the exact function
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of SELL" CM in the mechanism of KD is still required. We intend to enrich and refine our experimental design to

demonstrate the role of this new subset of monocytes in KD.

Conclusion
We identified a new subset of L-selectin” classical monocytes in KD children. Additionally, we confirmed the diagnostic

value of SELL" CM in KD for the first time. This finding may help KD diagnosis and reveal a new pathogenesis of KD.
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