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A B S T R A C T   

The roles of antibodies secreted by subsets of B cells in dengue virus (DENV) infection have been 
extensively studied, yet, the contribution of tissue-homing B cells to antiviral immunity remains 
unclear. In this study, we performed a comprehensive analysis of B cell subpopulations in pe
ripheral blood samples from DENV-infected patients using single-cell RNA-sequencing (scRNA- 
seq) datasets and flow cytometry. We showed that plasma cells (PCs) and plasmablasts (PBs) were 
the predominant B cell populations during the acute phase of secondary natural DENV infection, 
but not in convalescent phase nor in healthy controls. Interestingly, these cells expressed pro
liferation, adhesion, and tissue-homing genes, including SELPLG, a homing marker of the skin, the 
initial infected site of DENV. Flow cytometry analysis confirmed a significant upregulation of cell 
surface expression of a cutaneous lymphocyte-associated antigen (CLA) encoded by SELPLG in 
PCs and PBs, compared to naive and memory B cells from the same patients. The analysis of an 
independent single-cell B-cell receptor sequencing (scBCR-seq) dataset of DENV-infected patients 
revealed that the peripheral blood PCs and PBs exhibited the highest clonal expansion in sec
ondary DENV infection compared to other B cell subsets. These clonally expanded cells also 
expressed the highest levels of tissue-homing genes, including SELPLG. In addition, by utilizing a 
public scRNA-seq dataset of SARS-CoV2 infection, we demonstrated the upregulation of several 
tissue-homing genes in PCs and PBs. Our study provides evidence for the potential roles of tissue- 
homing B cell subsets in the context of immune responses against viral infections in humans.  
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1. Introduction 

Dengue virus (DENV) is a mosquito-borne viral disease that affects an estimated 390 million people annually in over 100 countries 
[1]. While the majority of DENV infections are asymptomatic, up to 96 million infected individuals may experience a range of 
symptoms, from mild dengue fever (DF) to more severe conditions such as severe dengue hemorrhagic fever (DHF) and life-threatening 
dengue shock syndrome (DSS) [1,2]. Despite efforts to develop safe and effective vaccines, challenges remain due to the immuno
pathological nature of DENV, where pre-existing immunity against previous DENV serotypes can exacerbate subsequent heterotypic 
infections with different serotypes [3]. Therefore, a better understanding of protective and pathogenic immune responses in DENV 
infection is needed. 

Antibodies produced by B cells play critical roles in both protection and pathogenesis during DENV infection [4]. While circulating 
neutralizing antibodies against the currently infected DENV serotype can prevent virus entry into host cells, cross-reactive non-
neutralizing antibodies generated from a previous infection with a different DENV serotype can recognize and bind to the virus. 
However, due to their low binding affinity, these antibodies can promote the entry of immature DENV particles into host cells via Fc 
receptor-mediated endocytosis, leading to enhanced viral load and potentially more severe symptoms. This mechanism is known as 
antibody-dependent enhancement (ADE) [5–8]. 

Despite their roles as antibody secreting cells, B cells could serve as a major target for DENV infection [9,10]. Srikiatkhachorn and 
colleagues have shown that B cells have the highest levels of positive-stranded RNA of DENV as compared to other immune cell types in 
peripheral blood of DENV-infected patients [11]. Moreover, during the acute phase of secondary DENV infection, there is typically a 
massive expansion of plasma cells (PCs) and plasmablasts (PBs), differentiated forms of B cells capable of secreting antibodies (also 
known as antibody secreting cells or ASCs) [12,13]. These peripheral PCs and PBs have been shown to be cross-reactive DENV-specific 
ASCs that represent only a minor portion of memory B cell pool [12,14]. Nevertheless, their origin, function, and tissue homeostasis 
remain largely unknown. 

Previously, we and others have reported the possible tissue-homing of B cell subpopulations during acute DENV infection [14–16], 
including the upregulation of inflamed tissue-homing molecules, CXCR3 and CCR2 [15], and the skin-homing molecule Cutaneous 
lymphocyte-associated antigen (CLA) on PBs [14]. In our recent study [16], we utilized single-cell transcriptomics to study the dy
namics of immune responses in the peripheral blood of DENV-infected patients over the course of infection. We showed evidence 
supporting the possible migration functions of B cell subsets to tissues during acute DENV infection [16]. Specifically, we observed that 
certain circulating PCs and PBs subsets of highly expanded lymphocytes expressed a set of tissue-homing signatures, including 
adhesion molecules, a cell proliferation marker, and cell-cycling genes [16]. In particular, we also observed that these B cell subsets 
expressed skin-homing markers such as GLG and SELPLG, which encode the CLA protein [16]. We speculated that these skin-homing 
expressing PCs and PBs might possess the ability to migrate to the skin, the initial site of DENV infection during the acute phase. 
However, this finding relied on the transcriptional expression of only two DENV-infected donors, which may not always correspond to 
translation or functional phenotypes. Therefore, these findings may not fully represent the broader population of DENV-infected in
dividuals [16]. 

To demonstrate the possible homing functions among the major B cell subpopulations, in this study, we investigated the expression 
of tissue-homing molecules and surface protein expression of the skin-homing molecule, CLA, in a larger sample cohort, comparing 
between the acute and convalescent phases from the same DENV–infected patients, as well as healthy controls (HCs), which is not the 
case in previous studies [14–16]. Specifically, we focused on investigating the cell surface expression of the skin-homing molecule, 
CLA, on B cell subsets by performing flow cytometry on 16 blood samples collected from DENV-infected patients. Moreover, using 
independent single-cell RNA sequencing (scRNA-seq) and single-cell BCR sequencing (scBCR-seq) datasets from primary and sec
ondary natural DENV-infected patients [17], we demonstrated a positive relationship between tissue-homing gene expression and ASC 
clonal expansion, with the highest clonally expanded B cell subsets observed in PCs and PBs expressing tissue-homing molecules, 
including a skin-homing gene, SELPLG. Additionally, we observed the increase in the number of PCs and PBs in the peripheral blood 
and expression of tissue-homing molecules in PCs and PBs responding to SARS-CoV2 infection using an independent scRNA-seq dataset 
[18]. Our findings highlight the potential roles of circulating tissue-homing PCs and PBs in DENV infection, which could also apply to 
other viral infections in humans. 

2. Materials and methods 

2.1. Blood sample collection and peripheral blood mononuclear cell (PBMC) isolation 

The cohort sample collection was conducted as part of the EU/FP7/DENFREE consortium (https://cordis.europa.eu/project/id/ 
282378/results). All the participants included in the current study were adult participants with written informed consent. Ethical 
approval was obtained from the Institutional Review Boards of Faculty of Medicine Vajira Hospital (No.015/12), Faculty of Tropical 
Medicine Mahidol University (TMEC 13041), and Faculty of Medicine, Ramathibodi Hospital, Mahidol University (MURA2016/219 
and MURA2019/603). Individuals presenting with dengue-related symptoms such as fever, headache, muscle ache, or rashes at Vajira 
Hospital, Tropical Medicine Hospital Mahidol University, or Thasongyang Hospital underwent testing for DENV by NS1 Antigen rapid 
test. Viral serotype was determined by nested-RT-PCR for dengue viral RNA (serotype 1, 2, 3, or 4) and the viral load was measured by 
qRT-PCR [19]. Those testing positive were enrolled in the study as “index cases”. Severity of DENV infection was classified as DF or 
DHF according to WHO criteria 1997 [20]. Healthy controls were recruited from uninfected household members of index cases who 
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exhibited no dengue-related symptoms and tested negative for DENV via nested RT-PCR. 
Heparinized blood samples were collected once every day from the day of hospital admission until defervescence (Def), and at two 

week convalescence (Wk2). Samples collected before defervescence were labeled according to the number of days prior to reaching the 
defervescence phase. For example, samples that were labeled “Day − 1” (minus one) were collected one day before defervescence. 
PBMCs were separated from whole blood by Ficoll-Hypaque density gradient centrifugation and kept in liquid nitrogen for subsequent 
uses. 

2.2. Flow cytometry staining 

PBMC samples were stained with the following antibodies; Anti-CD3-BV510, Anti-CD19-APC, Anti-CD27-APC-Cy7, Anti-CD38- 
PerCP, Anti-CD138-FITC, and Anti-CLA-PE (all from Biolegend, USA, catalog numbers are listed in the key resources table). According 
to the manufacturer’s recommendation, cells were fixed with 1 % paraformaldehyde (Sigma-Aldrich, USA) and acquired using 
CytoFlex (Beckman Coulter, USA). The data analyses were performed using Flowjo v10.8.1 (TreeStar Inc, USA). The percentages of 
positive cells were normalized by the isotype controls from one representative sample from each condition. 

2.3. 3’ scRNA-seq data processing and analysis 

We utilized the previously published dataset [16] of scRNA-seq of DENV patients, which has been made publicly available at 
ArrayExpress under the accession number E-MTAB-9467 (https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-9467). 
Pre-processing and downstream analyses of scRNA-seq data was performed following the pipelines and codes (https://github.com/ 
vclabsysbio/scRNAseq_DVtimecourse) provided in the original paper [16]. Briefly, the raw and filtered matrix files were generated 
using CellRanger version 3.0.2 (10x Genomics, USA) using the reference human genome GRCh38 1.2.0. Potential contamination of 
ambient RNAs was predicted and corrected using SoupX [21]. Low quality cells, including cells expressing mitochondrial genes higher 
than 10 % and doublets/multiplets, were excluded using Seurat version 3 [22], and doubletFinder [23], respectively. The data of 
individual samples were then integrated using the SCTransform method [24] with 3000 gene features. Principal component analysis 
(PCA) and clustering were performed with the Louvain algorithm with multi-level refinement algorithm [22]. Gene expression level of 
each cell was normalized using the LogNormalize method using Seurat version 3 [22]. Cell types were annotated using the canonical 
marker genes described in Ref. [16]. The processed scRNA-seq data has been deposited in Mendeley, URL: https://data.mendeley. 
com/datasets/6ry3x7r8hf/3. 

After integration and cell type annotation, we re-clustered naive B cells, memory B cells, PCs, and PBs using the harmony package 
[25] with default parameters. The B cell subsets were then reannotated using established canonical marker genes described in 
Table S1. The processed scRNA-seq data of B cell subsets has been deposited in Mendeley, URL: https://data.mendeley.com/datasets/ 
xmnp8c5c65/1. 

For the integration of COVID-19 and DENV data, processed scRNA-seq dataset from COVID-19 patients were retrieved from 
FASTGenomics (https://www.fastgenomics.org/) [18]. The harmony package [25] with default parameters was used to correct batch 
effects in the principal component space. The first 30th corrected principal components were used for computing the dimensional 
reduction and shared nearest-neighbor graphs. Gene expression level of each cell was normalized by the LogNormalize function using 
Seurat V3 [22]. Cell types were then annotated using canonical marker genes as shown in Table S1. 

Stacked bar plots were constructed using ggplot2 [26] to visualize changes of abundances in B cell subpopulations. Dot plots 
displaying average gene expression of tissue-homing genes and the percentages of cells expressing more than one transcript were 
generated using the DotPlot function in Seurat V3 [22]. 

2.4. 5’ scRNA-seq and scBCR sequencing data processing and analysis 

Quantification matrices, “barcodes.tsv.gz”, “features.tsv.gz”, and “matrix.mtx.gz”, of 5’ gene expression data of another DENV 
scRNA-seq dataset [17] were retrieved from Gene Expression Omnibus (GEO) database under the accession number GSE145307. Raw 
files were processed as described by the authors [17]. Briefly, raw sequencing reads were demuliplexed using CellRanger mkfastq 
version 2.1.1 (10x Genomics, USA) and converted to fastq files using bcl2fastq2 version 2.20.0 (Illumina, USA). Fastq files were then 
analyzed using CellRanger count pipeline version 2.1.1 (10x Genomics, USA) against a human reference genome generated from the 
CellRanger mkref and the Ensembl GRCh38 v87 top-level genome FASTA and the corresponding Ensembl v87 gene GTF [17]. 

For BCR sequencing data, we obtained the “filtered_contig_annotations.csv” files through the courtesy of Dr. Adam Waickman [17]. 
Raw sequencing files were also re-analyzed as described by the authors [17]. In brief, immunoglobulin clonotype alignments and CDR3 
sequences were analyzed using the CellRanger vdj pipeline (10x Genomics, USA) against a filtered human V(D)J references generated 
by CellRanger mkvdjref (10x Genomics, USA). 

Downstream analyses were performed using Scanpy [27]. Genes that are detected in less than three cells were excluded. Cells with 
fewer than 200 unique genes, and/or more than 10 % of mitochondrial transcripts were discarded. The data of individual samples and 
BCR contig annotation files were combined into a single dataset using the anndata package version 0.8.0. A batch-corrected neigh
borhood graph was performed in integrated data with the BBKNN package [28] with default settings. The dimensionality reduction 
was performed using the scanpy. tl.umap function. Cells were clustered using the neighborhood graph using the Leiden algorithm with 
default parameters. Counts per cell was normalized by the total library size multiplied by 10,000, and transformed to log scales. 

B cell receptors were analyzed using the Scirpy package version 1.8.0 [29]. Cells with the “no IR (immune receptor)”, “multichain”, 
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“orphan VJ”, “orphan VDJ”, and “ambiguous” labels were excluded. Data was then re-integrated following the same pipeline as 
mentioned above. Cell types were assigned with the following expression of established canonical marker genes (Table S1). Clonotypes 
were defined based on complementarity-determining regions 3 (CDR3) nucleotide sequence similarity. Clonal expansions were then 
assigned based on the numbers of multiple cells expressing identical BCR. 

For visualization of the expression levels and clonal expansion, Uniform Manifold Approximation and Projection (UMAP) and 
stacked violin plots were constructed using the scanpy. pl.umap and scanpy. pl.stacked_violin functions, respectively. Stacked bar plots of 
expanded clones were generated using the scirpy. pl.clonal_expansion function in Scirpy [29]. 

2.5. Statistical analysis of flow cytometry data 

All the statistical analyses were performed in R (https://www.rstudio.com/). Statistical significance between acute and late 
convalescent phases from the same DENV-infected patients were calculated using the Wilcoxon signed-rank test. For the differences 
between CLA+ in each B cell subset during acute phase, Kruskal-Wallis test followed by Dunn’s test with a Bonferroni correction 

Fig. 1. Upregulation of several tissue-homing genes on plasma cells and plasmablasts during the acute phase in DENV-infected patients. 
(A). Uniform Manifold Approximation and Projection (UMAP) plot showing integrated B cell subsets from the DENV-infected patients and healthy 
controls as colored by cell types. 
(B). Relative abundances of B cell subsets during acute, late convalescent phases (two weeks after defervescence), and healthy controls. 
(C). Dot plot representing the average expression values of tissue-homing genes in each B cell subset during the acute and late convalescent phases. 
Color intensity represents the relative expression levels and dot size represents the fraction of cells within cell type expressing a given gene. 
PCs = plasma cells, PBs = plasmablasts, DF = dengue fever, DHF = dengue hemorrhagic fever, HC = healthy control, and Late con = late 
convalescent phase. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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method for multiple comparisons was applied. The percentages of each B cell subset comparing between the COVID-19 patients and 
healthy controls were calculated using Wilcoxon rank sum test (Mann-Whitney U test). ns = p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤
0.001, and ****p ≤ 0.0001. 

3. Results 

3.1. B cell subpopulation dynamics and tissue-homing gene expression during acute DENV infection 

To characterize the dynamic changes among B cell subpopulations, we utilized the scRNA-seq dataset from natural secondary 
DENV-infected patients generated in our earlier study [16]. After quality control processes to exclude low quality cells and ambient 
RNAs, we subset the cells within the B cell lineage into naive B cells, memory B cells, plasma cells (PCs) and plasmablasts (PBs), as 
annotated according to the canonical markers (Fig. 1A and Table S1). The total number of B cells obtained for further analysis was 6, 
590 across 10 samples (Fig. 1A). Consistent with previous studies [12,13], large proportions of PCs and PBs in all the B cell populations 
expanded during the acute phase of DENV in both patients, as compared to the two-week convalescent phase (Wk2, late convalescent) 
and two independent healthy controls (HCs), whereas the opposite trend was observed for naive and memory B cells (Fig. 1B and 
Fig. S1). 

Importantly, these peripheral blood infiltrating PCs and PBs expressed elevated levels of gene modules associated with tissue- 
homing functions [16]. We observed the upregulation of genes those suggested the homing to shared gut and skin (ITGAE), lipid 
metabolism associated with skin-homing (FABP5) [30], gut (ITGB7), and inflamed tissues (CXCR3 and CCR2) during the acute phase of 
DENV infection (Fig. 1C). In contrast, naive and memory B cells exhibited the upregulation of lymphoid tissue homing genes (CCR7 
and CXCR4) (Fig. 1C). Remarkably, PCs and PBs expressed homing genes associated with migration to the skin (SELPLG, GLG, and 
CCR10), which is the primary site of DENV infection, while this upregulation was not observed in naive and memory B cells (Fig. 1C). 

3.2. Flow cytometry analysis validates B cell subset changes and a skin-homing molecule CLA expression at the protein level 

To further investigate the possible homing function of B cell subsets, we performed flow cytometry analysis to assess the expression 
levels of a skin-specific homing molecule, cutaneous lymphocyte-associated antigen or CLA (encoded by SELPLG) on the cell surface of 
B cell populations obtained from the PBMC samples of additional 16 secondary DENV-infected patients and 10 HCs (Table 1 and S2). 
The DENV samples during the acute phase were collected one day before defervescence (Day − 1), and late convalescent samples were 
obtained two weeks after defervescence (Wk2). The characteristics of DENV-infected donors were summarized in Table 1 and S2. 

We first investigate the dynamics among the major B cell subpopulations of paired samples between acute and late convalescent 
phases. The B cell subsets were identified based on the expression of CD19, CD27, CD38 and CD138 as shown in Fig. 2A. In line with 
our scRNA-seq data and previous studies [12,15], the frequencies of PCs and PBs from acute DENV-infected patients were significantly 
higher than the same group of patients at late convalescence (n = 16, p-values ≤0.0001, Wilcoxon signed-rank test) and healthy donors 
(n = 10, p-values ≤0.0001) (Fig. 2B and Fig. S2). Conversely, the frequencies of the naive and activated memory B cells were 
significantly lower in DENV-infected patients during the acute phase compared to the late convalescence (n = 16, p-values ≤0.0001) 
(Fig. 2B and Fig. S2). These together show that during the acute DENV infection, PCs and PBs were expanded and returned to the 
baseline level at two-week convalescence (Fig. 2B and Fig, S2). 

As we observed the upregulation of tissue-homing genes, including a skin-homing marker SELPLG on PCs and PBs from scRNA-seq 
data analysis [16] (Fig. 1C), we validated the expression of a CLA molecule (encoded by SELPLG) among B cell subpopulations during 
the acute phase (Day − 1) of DENV infection (Fig. 2C and D). Remarkably, CLA was significantly upregulated in PCs and PBs, when 
compared to those in the naive and activated memory B cells within the same group of patients (n = 16, p-values ≤0.05 and ≤0.01, 
respectively) (Fig. 2C and D). The percentage of CLA+ PBs demonstrated a positive correlation with the titer of anti-DENV neutralizing 
antibodies against serotype 3 (DENV-3), indicating their potential involvement in the generation of neutralizing antibodies (R = 0.50, 
p-values = 0.05). However, no significant correlation was found between CLA+ PCs and neutralizing antibody titers (R = 0.31, p-value 
= 0.24) (Fig. S3). 

Table 1 
Summary of DENV-infected patients used in the flow cytometry experiments.   

DF DHF Healthy Donors 

Number of samples 8 8 10 
Number of males/females 7/1 3/5 2/8 
Mean age (range) 23.2 (16–37) 23.1 (19–49) 41.7 (25–55) 
Timepoints One day before defervescence (Day − 1) and late convalescent phase (Wk2)  
Mean Log 10 viral load of Day − 1 samples 7.58 6.81  
Serotype    

DENV-2 2 4 
DENV-3 4 3 
DENV-4 2 1 

DF = dengue fever; DHF = dengue hemorrhagic fever; DENV = dengue virus. 
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Fig. 2. Significant upregulation of the skin-homing molecule CLA one day before defervescence in secondary DENV-infected patients. 
(A). A representative gating strategy of B cell subsets in a DENV-infected patient (upper panel) and healthy control (lower panel). Total B cells 
(CD3− CD19+) were classified into naive B cells (CD3− CD19+CD27− ), activated memory B cells (CD3− CD19+CD27+CD38− ), plasma cells 
(CD3− CD19+CD27+CD38+CD138+), and plasmablasts (CD3− CD19+CD27+CD38+CD138-). The numbers represent the percentages of cells in 
relation to the parent gate. 
(B). Comparison of percentages in each B cell subset between acute (one day before defervescence) and late convalescent (two weeks after 
defervescence) phases. The statistical significance from the same patients were calculated using the Wilcoxon signed-rank test. 
(C). Histograms illustrate the CLA+ cells in each B cell subpopulation during acute (one day before defervescence) and late convalescent (two weeks 
after defervescence) phases in the DENV-infected patient and healthy control. The numbers represent the percentages of the CLA+ cells. CLA stained 
condition is shown in red and isotype condition is in blue. 
(D). Percentages of the CLA+ cells in each B cell subset during acute DENV infection (one day before defervescence). Kruskal-Wallis test followed by 
Dunn’s test with a Bonferroni correction method was applied for statistical significance of the differences between CLA+ cells in each B cell subset 
among multiple samples. Each line represents each DENV-infected patient. ns = p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. 
Number of patients, n = 16, healthy controls, n = 10. PCs = plasma cells, PBs = plasmablasts, Late con = late convalescent phase. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.3. Skin-homing plasma cells and plasmablasts exhibited clonal expansion during the acute secondary DENV infection 

We further investigated the relationship between tissue-homing gene expression and the clonal expansion on B cell subsets using an 
independent publicly available scRNA-seq dataset that contains B cell receptor sequences from primary and secondary DENV-infected 
patients [17]. We re-annotated the cell types using the same canonical marker genes as explained earlier (Fig. 3A, right panel and 
Table S1). Among the B cell subpopulations, the most highly expanded clones were identified in PCs and PBs, with the clone sizes 
ranging from 2 to 4 cells (Fig. 3A, left panel and 3B). Based on this dataset, PCs were highly expanded in the secondary DENV-infection 
during acute and early convalescence phases (Day 1 - Day 7 after defervescence), whereas in the primary DENV-infection during acute 

Fig. 3. Upregulation of several tissue-homing genes in natural DENV-infected patients observed in clonally expanded plasma cells and plasmablasts. 
(A). UMAP plot of the integrated 5′ scRNA-seq and scBCR-seq datasets from six DENV-infected patients, colored by B cell subsets in the left panel and 
colored by expanded clones in the right panel. At least three B cells that expressed identical BCR clonotypes are indicated by “ ≥ 3” and at least two 
B cells are indicated by “2”. Only one B cell that expresses a specific BCR clonotype is indicated by “1”. 
(B). Numbers (upper panel) and proportions (lower panel) of clonally expanded groups in each B cell subset in DENV-infected patients. 
(C). Relative abundances of B cell subsets (upper panel) and relative abundances of expanded clones (lower panel) in primary acute (one day before 
defervescence), primary early convalescent (Days 1–3 after defervescence and Day 5 after defervescence), secondary acute (one day before 
defervescence and defervescence), and secondary early convalescent (Days 1–3 after defervescence, Day 5 after defervescence and Day 7 after 
defervescence). 
(D). Stacked violin plot of tissue-homing genes in clonal expansion groups (top panel), B cell subsets (second panel), primary or secondary infection 
and clinical phases (third panel), and antibody isotypes (bottom panel). Color intensity represents the median expression level in the group. PCs =
plasma cells, PBs = plasmablasts, Early con = early convalescent phase. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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phase, naive B cells were more expanded (Fig. 3C, lower panel). 
Interestingly, among the PCs and PBs expressing high level of tissue-homing genes, those exhibited the highest clonal expansion 

showed the highest up-regulations of genes associated with skin-homing (GLG1, CCR10 and SELPLG), shared gut and skin-homing 
(ITGAE), gut-homing (ITGB7), and inflamed tissue-homing (CXCR3 and CCR2), when compared to their non-expanded counterparts 
(Fig. 3D). These together suggest that the tissue-homing genes were upregulated in clonally expanded PCs and PBs. While B cell clonal 
expansion could be triggered by an encounter with their cognate antigens, we cannot conclude that these expanded PCs and PBs were 
DENV-specific from this result alone, as antigen specificity was not explored. 

Fig. 4. Upregulation of tissue-homing genes in plasma cells and plasmablasts in DENV and COVID-19 patients. 
(A). UMAP plot of integrated DENV and COVID-19 datasets (Total 14,998 cells), colored by B cell subsets. The top panel represents abundances of B 
cell subsets in DENV patients, whereas the middle panel shows abundances of B cells in COVID-19 patients. The bottom panel represents healthy 
controls from two different studies. The number represents the sample sizes. 
(B). Comparison of percentages between COVID-19 patients and healthy controls in each B cell subset during the early (days 0–11 after symptom 
onset; COVID-19 patients, n = 9; HCs, n = 22) and late phases (>11 after symptom onset; COVID-19 patients, n = 14; HCs, n = 22). The statistical 
significance was calculated using the Wilcoxon rank sum test (Mann-Whitney U test). ns = p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p 
≤ 0.0001. 
(C). Dotplot representing the average expression levels of tissue-homing genes in each B cell subset in DENV and COVID-19 datasets. Color intensity 
represents the relative expression values and dot size represents the fraction of cells within cell type expressing a given gene. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.4. Upregulation of tissue-homing genes in plasma cells and plasmablasts in COVID-19 patients 

We further investigated if the expansion of circulating PCs and PBs observed in DENV patients could also be seen in other viral 
infections. To address this question, we compared the transcriptomic profiles of B cell populations from DENV-infected patients during 
acute infection described earlier, with those from a publicly available scRNA-seq dataset from COVID-19 patients (https://www. 
fastgenomics.org/) (Fig. 4A) [18]. 

The enrichment of PCs and PBs were observed in both the COVID-19 and DENV patients during acute infections, but was slightly 
more prominent in the severe COVID-19 and DENV patients, when compared to the HCs (Fig. 4A). During the early phase of COVID-19 
(Days 0–10 after symptom onset as described in the original publication [18]), the frequency of PCs was significantly higher than in 
HCs, whereas the proportion of memory B cell population was significantly reduced (COVID-19 patients, n = 9; HCs, n = 22; p-value 
≤0.0001, Wilcoxon rank sum test) (Fig. 4B, upper panel). Moreover, we also observed that during the late convalescent phase (more 
than 11 days after symptom onset), the abundances of PCs and PBs remained significantly higher, while the proportion of naive B cells 
was significantly reduced when compared to HCs (COVID-19 patients, n = 14; HCs, n = 22; p-value ≤0.001) (Fig. 4B, lower panel). 

We further looked at the expression of tissue-homing genes and found that the PCs and PBs identified from these COVID-19 and 
DENV datasets demonstrated the upregulations of several tissue-homing genes, including skin-homing markers (GLG1 and SELPLG), 
shared gut and skin-homing marker (ITGAE and ITGB2), a lipid binding molecule associated with skin homing [30] (FABP5), and 
gut-homing marker (ITGB7) (Fig. 4C). Notably, we observed the up-regulation of the inflamed tissue-homing gene, CXCR3, in PCs and 
PBs identified in DENV, but not in the COVID-19 patients (Fig. 4C). 

To ensure that these tissue-homing gene modules were upregulated only in peripheral blood-infiltrating PCs and PBs during viral 
infection, but not general markers of PCs and PBs, we further integrated and compared the expression levels of these tissue-homing 
genes in PCs and PBs using another publicly available scRNA-seq dataset of healthy human bone marrow, a known niche for PCs 
and PBs [31]. Remarkedly, several tissue-homing markers were only upregulated in the circulating PCs and PBs during the acute viral 
infections, but not those from the bone marrow (Fig. S4). 

4. Discussion 

In this study, we have extended the current understanding of the antigen secreting cells (ASCs, including PCs and PBs) in acute 
dengue viral infections by investigating their potential homing activities to the tissue niches. We have confirmed at protein level that 
circulating PCs and PBs expressing a skin-homing molecule, CLA, significantly expanded during secondary acute DENV infection. 
Additionally, using an independent scRNA-seq and scBCR-seq dataset [17], we have shown that the infiltrating PCs and PBs were 
prominent in the acute phase of secondary DENV infection and that they had the highest clonal expansion compared to other B cell 
subpopulations. Finally, we have demonstrated that circulating PCs and PBs expressing tissue-homing molecules such as GLG1, CCR10, 
SELPLG, ITGB7, and ITGAE were also observed during acute SARS-CoV2 infection. 

Our study, along with others, has provided evidence documenting the potential migratory functions of B cell subsets to tissues 
during acute DENV infection [14–16]. A previous report has demonstrated that PCs and PBs showed the up-regulation of inflamed 
tissue-homing molecules, CXCR3 and CCR2, on ASCs, but not CCR10, a chemokine receptor suggested for its role in skin-homing [15]. 
In our current study, having the advantage of whole-transcriptome sequencing, we were able to spontaneously explore the expression 
levels of several other skin-homing genes in addition to CCR10, such as GLG, and SELPLG, as well as lipid metabolism genes that are 
associated with skin homing, including FABP5 and FABP2 [30]. We found that these sets of genes concordantly upregulated in PCs and 
PBs during the acute DENV infection. We expanded such findings by suggesting the possibility of these PCs and PBs to migrate to other 
tissues such as the gut and inflamed tissue as well as exploring the relationship between tissue-homing gene expression and clonal 
expansion. 

The roles of tissue-resident ASCs in viral infections have been highlighted in several previous studies [32–34]. In murine models of 
influenza virus immunization, Oh and colleagues have shown that secretion of IgA-expressing cells from tissue-resident ASCs in the 
lung after local immunization contribute to the protection of subsequent viral challenge, and that the localization of these cells 
required the expression of CXCR3 [34]. More recently, the localization of IgA-expressing PCs in human airway submucosal glands was 
suggested to be mediated by the interaction between CCL28 and CCR10 [35]. These previous studies not only provided evidence for the 
existence of ASCs, but also demonstrated their localization functions and locally antibody production activities in human mucosal 
tissues. 

For the skin, there is growing evidence that certain subsets of B cells reside in and exhibit localization activities, including defense 
against invading antigens, homeostasis maintenance, and regulate cutaneous inflammation during chronic and acute infection [36, 
37]. Innate-like B cells were suggested to be found in the normal skin of humans and mice [38]. During the chronic skin inflammation, 
these innate-like B cells migrated to the inflamed site through α4β1-integrin interaction and secreted the anti-inflammatory cytokine 
IL-10 [38]. The presence of skin-resident IgG-expressing B cells in normal skin has also been previously reported [39]. These studies 
suggest the roles of skin-resident B cells in healthy skin and in chronic skin inflammation, yet whether DENV-reactive B cells reside in 
the skin, and their roles in the infection, remain unknown. Further in-situ experiments are needed to precisely identify the presence of 
DENV-specific B cells in the skin. 

It remains unclear whether or not the circulating PCs and PBs play a protective or pathogenic role in DENV infection. In line with a 
previous study [12], we did not observe significant differences in the frequency of PCs and PBs between mild and severe patients. 
Antibodies produced by circulating PCs and PBs have been shown to be mostly cross-reactive, but can still bind to and neutralize DENV 
envelope (E) protein [40]. Similar to a previous report by Appana and colleagues [40], we found minimal clonal overlap between 
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PCs/PBs and memory B cells (data not shown), suggesting that antibodies produced by PCs/PBs were directed towards different viral 
proteins, rather than those of memory B cells [40]. Our finding left the field with the question about the origin of these PCs and PBs, 
whether or not they are from that same pool of memory B cells. That is, if the progenitor of these PCs and PBs reside in tissues such as 
the skin; and if so, whether or not they play a significant role in dengue protection, all remain to be further addressed. 

5. Limitation of the study 

Our study has a few major limitations that could be addressed in the future study. The first is the limited number of donors in the 
DENV scRNA-seq analysis of two, one DF and one DHF, which might hinder the exploration of the factors that were associated with 
disease severity. A future study with more samples for each severity could potentially improve the understanding of the roles of B cells 
in the severity of dengue fever. Additionally, we did not investigate the antigen specificity of the skin-homing PCs and PBs identified in 
our current study. To address this question, we suggest the use of antigen-labeled technologies for flow cytometry analysis or scRNA- 
seq in order to determine the antigen specificity of tissue-homing PCs and PBs [41]. To confirm our hypothesis that the infiltrating PCs 
and PBs during acute DENV infection home to the skin, cell collection from the skin or induced skin blisters from DENV infected 
patients is required. Rivino and colleagues [42] have demonstrated the presence of dengue-specific T cells from fluid collected from 
skin blisters of DENV infected patients [42]. Similar methods could potentially be used to examine the presence of DENV-specific B cell 
subpopulations in the skin. Finally, in this work we did not identify the DENV-infected B cells. Whether or not the upregulation of tissue 
homing genes observed in B cell subsets was the result of direct infection with DENV needs to be further elucidated. 

6. Conclusion 

Our study sheds light on the behavior of B cell subsets during viral infections. We have demonstrated that highly expanded PCs and 
PBs in the peripheral blood express molecules associated with skin homing and undergo clonal expansion. Furthermore, our findings 
suggest that tissue-homing PCs and PBs are also present in SARS-CoV2 infection. Further investigation into the roles of tissue-homing 
lymphocytes in various viral infections holds promise for informing the development of vaccines or therapeutics strategies in the 
future. 
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Key Resources Table  

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 
Brilliant Violet 510TM anti-human CD3 Antibody Biolegend Cat#; 317,332 RRID: AB_ 

2561943 
APC anti-human CD19 Immunotools Cat#; 302,816 

RRID: AB_571977 
APC/Cyanine 7 anti-human CD27 Antibody Biolegend Cat#; 302,816 

RRID: AB_571977 
PerCP anti-human CD38 Antibody Biolegend Cat#; 303,520 

RRID: AB_893313 
FITC anti-human CD138 (Syndecan-1) Antibody Biolegend Cat#; 352,304 

RRID: AB_10900441 
PE anti-human/mouse Cutaneous Lymphocyte Antigen 

(CLA) Antibody 
Biolegend Cat#321312; 

RRID: AB_2565589 
Biological Samples 
Human PBMC samples The Institutional Review Boards of Faculty of Medicine Vajira Hospital 

(No.015/12), Faculty of Tropical Medicine Mahidol University (TMEC 
13041), and Faculty of Medicine, Ramathibodi Hospital, Mahidol 
University (MURA2016/219 and MURA2019/603), as part of the 
DENFREE initiative (https://cordis.europa.eu/project/id/282378/ 
results) 

N/A 

Deposited Data 
Dataset: Processed 3′ scRNA-seq datasets of dengue 

PBMC samples 
Arora et al. (2023) https://data.mendeley.com/ 

datasets/6ry3x7r8hf/3 
Dataset: Quantification matrices of 5′ scRNA-seq and 

scBCR sequencing of primary and secondary 
dengue PBMC samples 

Waickman et al. Gene Expression Omnibus 
(GEO): GSE145307 

(continued on next page) 
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(continued ) 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Dataset: Processed 3′ scRNA-seq datasets of COVID-19 
PBMC samples 

Schulte-Schrepping et al. http://fastgenomics.org 

Processed scRNA-seq datasets of B cell populations 
used in this study 

Mendeley Data -https://data.mendeley. 
com/datasets/xmnp8c5c65/ 
1 

Software and Algorithms 
RStudio v3.1.4 RStudio https://www.rstudio.com/ 
Seurat v3.1.2 (Stuart et al., 2019) https://satijalab.org/seurat/ 
ggplot2 v3.3.2 (Wickham, 2016) https://ggplot2.tidyverse. 

org/ 
Scanpy v1.9.1 (Wolf et al., 2018) https://scanpy.readthedocs. 

io/en/stable/index.html# 
BBKNN (Polański et al., 2019) https://github.com/ 

Teichlab/bbknn 
Scirpy v1.8.0 (Sturm et al., 2020) https://scirpy.scverse.org/ 

en/latest/ 
Flowjo v10.8.1 TreeStar Inc https://www.flowjo.com/  
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