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SUMMARY

Clinically important broadly reactive B cells evolve during multiple infections,
with B cells re-activated after secondary infection differing from B cells activated
after a primary infection. Here we studied CD27highCD38high plasmablasts from
patients with a primary or secondary dengue virus infection. Three transcription-
ally and functionally distinct clusters were identified. The largest cluster 0/1 was
plasma cell-related,with cells coding for serotype cross-reactive antibodies of the
IgG1 isotype, consistent with memory B cell activation during an extrafollicular
response. Cells in clusters 2 and 3 expressed low levels of antibody genes and
high levels of genes associated with oxidative phosphorylation, EIF2 pathway,
and mitochondrial dysfunction. Clusters 2 and 3 showed a transcriptional foot-
print of T cell help, in line with activation from naive B cells or memory B cells.
Our results contribute to the understanding of the parallel B cell activation events
that occur in humans after natural primary and secondary infection.

INTRODUCTION

Early activation of B cells and their differentiation into antibody-secreting plasmablasts is an integral part of

a protective anti-viral response. Besides the B cell receptor (BCR)-mediated, antigen-specific activation, B

cells can also be activated non-specifically by Toll-like receptor (TLR) ligands or by type I interferon (Ber-

nasconi et al., 2003; Joo et al., 2012). Peak frequencies of plasmablasts are detected in the blood of infected

patients approximately 7 days after infection (Carter et al., 2017; Ellebedy et al., 2016; Lavinder et al., 2014).

In vitro, memory B cells differentiate efficiently into antibody-secreting plasma cells in the presence of IL-2,

IL-10, CD40L, and BCR engagement, whereas the differentiation of naive B cells stops at the blasting stage,

without any antibody secretion (Arpin et al., 1997). Owing to higher TLR expression in memory B cells

compared with naive B cells, TLR-mediated stimulation triggers differentiation of memory B cells, but

not naive B cell, into antibody-secreting plasma cells (Bernasconi et al., 2003). Interaction with T cell

help within secondary lymphoid organs facilitates the activation of naive B cells in vivo, which can lead

to the formation of germinal centers for B cell maturation (Tas et al., 2016). Selected B cells are retained

in lymphoid or non-lymphoid organs for prolonged periods of time and form part of the immune memory

(Kurosaki et al., 2015). During a subsequent infection with the same virus or an antigenically related virus,

previously expanded ‘‘primary’’ memory B cells can re-enter germinal centers for further maturation and

selection to become ‘‘secondary’’ memory B cells. Overall, a B cell response comprises the formation of

memory B cells and plasmablasts, whereby only the latter have the capacity to secrete antibodies. Depend-

ing on the context of the infection, plasmablasts can originate from activated primary memory B cells, from

secondary memory B cells, and possibly from activated naive B cells that never entered a germinal center.

However, no markers are known to differentiate plasmablasts with these different origins (Garcia-Bates

et al., 2013; Leach et al., 2019; Mesin et al., 2016; Purtha et al., 2011; Simon-Loriere et al., 2017; Stamper

and Wilson, 2017; Tas et al., 2016).

Although being a cell population that is incompletely understood in terms of origin and relatedness to

memory B cells and long-lived plasma cells, plasmablasts have been leveraged to isolate virus-specific,
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therapeutic antibody candidates (Corti et al., 2011;Wilson and Andrews, 2012; Xu et al., 2017). If a particular

plasmablast subset is anticipated to contain antibodies with more therapeutic value, e.g., representing a

more selected, reactivated secondary response versus a less selected primary B cell response, the ability to

selectively screen such plasmablasts could more efficiently uncover therapeutically relevant antibody can-

didates. Therefore, phenotypic or genetic markers to identify these subsets could prove useful for antibody

discovery.

Dengue virus (DENV) infection results in the formation of huge numbers of plasmablasts 5–7 days after the

onset of fever (Appanna et al., 2016; Wrammert et al., 2012). DENV has four serotypes, immunity against

each of which only provides serotype-specific protection in the long term (John and Rathore, 2019). Mul-

tiple infections are common in endemic countries, including Singapore, where this study was conducted.

The virus surface glycoprotein, called E protein, is 63%–77% conserved between serotypes (Xu et al., 2016).

During each infection, memory B cells to conserved regions of the virus are re-activated, expand exponen-

tially, and may accumulate additional mutations upon re-entry into germinal centers. A frequent class of

memory-derived antibodies is that binding to the fusion loop (FL) of the virus, which is highly conserved

across DENV serotypes and other flaviviruses (Alwis et al., 2014; Lai et al., 2013; Xu et al., 2016). However,

whereas fusion-loop-specific antibodies can be neutralizing at high concentrations, they have been shown

to enhance viral infection at limiting concentration and can contribute to disease enhancement during sec-

ondary infection (Katzelnick et al., 2017). In turn, serotype-specific antibodies, including antibodies binding

to complex epitopes (CE) that are only present on virus particles but not on recombinantly expressed E pro-

teinmonomers, can have high neutralizing capacity. Examples of such CE antibodies are those binding only

to E protein dimers (Dejnirattisai et al., 2015; Durham et al., 2019), to the hinge-region of the E protein when

present at a certain angle (Fibriansah et al., 2014), or across E protein dimers (Fibriansah et al., 2015). Some

of these CE-specific antibodies also neutralize multiple or all DENV serotypes (Dejnirattisai et al., 2015;

Durham et al., 2019; Meihui et al., 2017; Rouvinski et al., 2015).

In this study we isolated plasmablasts from patients with primary or secondary dengue infection and iden-

tified three transcriptionally distinct plasmablast clusters (clusters 0/1, 2, and 3) in all patients tested. A sig-

nificant number of differentially expressed genes (DEGs) between clusters were associated with oxidative

phosphorylation. More metabolically active plasmablasts in clusters 2 and 3 were enriched with CD47-ex-

pressing cells. Independently, the percentage of CD47+ plasmablasts tended to be higher in patients with

primary compared with secondary infection. Plasmablasts in clusters 2 and 3 expressed low levels of anti-

body genes and were more similar to memory B cells, whereas plasmablasts in cluster 0/1 were transcrip-

tionally more related to, but not identical, to plasma cells. Cells in clusters 2 and 3 also showed a transcrip-

tional footprint indicative of T cell help. Our results contribute to the understanding of the multiple B cell

activation events that occur after natural primary and secondary infection in humans. The gene signatures

we document here could also help in stratifying vaccine responses in the context of an individual’s immune

history.
RESULTS

Plasmablasts after dengue infection can be divided into transcriptionally distinct subsets

The plasmablast response in patients after viral infection peaks between 5 and 7 days after onset of fever

(Appanna et al., 2016; Wrammert et al., 2012; Xu et al., 2012). To address the transcriptional diversity of

plasmablasts, we analyzed single plasmablasts from five patients with dengue, one with a primary infection

and four with secondary infections, between days 4 and 9 after onset of fever (Table 1). The transcriptomes

of a total of 890 single plasmablasts (defined as CD19+IgD�CD27hiCD38hi) were sequenced using Smart-

seq2 technology (Figure 1A). Four plasmablast clusters were identified by employing Seurat and Singular

algorithms to analyze DEGs. This analysis illustrated the existence of two similar clusters 2 and 3, which

were clearly distinct from clusters 0 and 1 (Figure 1B). Cluster 3 was most distinct from the other clusters

in both tSNE and UMAP dimensionality reduction analysis (Figure S1A). The DEGs between clusters

0 and 1 were mostly lambda and kappa genes, respectively, showing that the main difference between

these clusters was the light chain usage (Figure S1B). Owing to this, clusters 0 and 1 were treated as one

cluster in the following analysis. The most significant pathways that differentiated cluster 2 and 3 from

the others were (1) EIF2 signaling, (2) oxidative phosphorylation, and (3) mitochondrial dysfunction. Regu-

lation of eIF4 and p70S6K signaling, mTOR signaling, interferon signaling, and antigen presentation

pathway genes were uniquely associated with cluster 2 (Figure 1C). When plasmablasts from two samples

with an early day 4 time point (LNA018, LNA006) (Table 1) were analyzed, again four clusters were detected,
2 iScience 24, 102482, May 21, 2021



Table 1. Patient characteristics and assays performed with each blood sample

Patient

ID Infection Serotype

Sample

time

pointa

RNA-seq

technology

used

Total

mAbs

DENV-

binding

mAb

B-cell fluorospot

(Yes/No)
Mitochondrial

dye assay

(Yes/No) RT-PCR

ELISA

(plasmablast

supernatant)

CD47+/

CD47-

IgG/A/

M/neg

E1481DK2 Secondary DENV2 4–7 Smart-seq2 0 0 No No No No No

LNA002 Primary DENV2 6 Smart-seq2 19 1 No No No No No

LNA006 Secondary DENV2 5 Smart-seq2 20 15 No No No No No

9 Smart-seq2 39 25 No Yes No Yes No

LNA018 Secondary DENV1 4 Smart-seq2 10 6 No No No No No

6 Smart-seq2 33 28 Yes No Yes No No

LNA036 Secondary DENV2 4 Smart-seq2 0 0 No No No No No

6 Smart-seq2 28 22 No Yes No Yes Yes

LNA014 Primary DENV1 9 10x Genomics NA NA No No No No No

LNA023 Secondary DENV1 8 10x Genomics NA NA Yes No No No No

LNA022 Primary DENV1 8 NA NA NA Yes No Yes No No

LNA049 Primary Unclear 8 NA NA NA Yes Yes Yes Yes No

LNA034 Primary DENV1 8 NA NA NA Yes Yes Yes Yes No

LNA046 Primary Unclear 7 NA NA NA Yes No Yes No No

LNA038 Secondary DENV2 7 NA NA NA Yes Yes Yes Yes No

LNA066 Secondary Suspected

DENV2

8 NA NA NA Yes No Yes No No

LNA054 Secondary DENV1 7 Smart-seq2

(CD47+/CD47-)

NA NA Yes No Yes No No

LNA063 Secondary DENV1 7 Smart-seq2

(CD47+/CD47-)

NA NA Yes No Yes No No

LNA059 Primary DENV1 6 NA NA NA Yes No Yes No No

LNA064 Primary DENV1 6 NA NA NA Yes No Yes No No

LNA009 Primary Suspected

DENV2

7 NA NA NA No No No Yes No

LNA010 Primary DENV1 7 NA NA NA No Yes No Yes No

LNA013 Primary DENV1 8 NA NA NA No No No No Yes

LNA041 Primary Unclear 8 NA NA NA No Yes No Yes No

LNA043 Primary DENV2 6 NA NA NA No No No No Yes

LNA005 Secondary DENV3 8 NA NA NA No No No Yes No

LNA008 Secondary DENV2 6 NA NA NA No No No No Yes

LNA062 Secondary DENV3 8 NA NA NA No Yes No Yes No

NA: not applicable
aIn days after fever onset.
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and the most distinct pathways were (1) oxidative phosphorylation (2) mitochondrial dysfunction, and (3)

EIF2 signaling, that the plasmablast clusters were not time point dependent. Cluster 0/1 was the

largest cluster in all patient samples and time points analyzed, except for LNA018 early time point

(Figure S2A and B). The immunoglobulin isotype distribution for all clusters was dominated by IgG1,

most likely because four of the five patients experienced a secondary infection. There were, however, a

higher number of cells expressing IgA1 in cluster 2 compared with the other clusters (Figure S2C). These

cells could represent steady-state circulating plasmablasts originating from mucosal tissues (Iversen

et al., 2017; Mei et al., 2009), although the mucosa-derived steady-state population that can be detected

in any healthy individual was described to be dominated by the IgA2 isotype (Benckert et al., 2011; Spencer

and Sollid, 2016).
iScience 24, 102482, May 21, 2021 3



A

B

C

Figure 1. Plasmablasts from patients with dengue show three distinct clusters based on their transcriptome

(A) Experimental setup: Plasmablasts (CD19+IgD�CD27+CD38+) were sorted from the blood of five dengue-infected

patients 4–9 days after fever onset for single-cell RNA-seq analysis (Smart-seq2). Monoclonal antibodies (mAbs) were

expressed recombinantly from 149 randomly selected cells. 10x Genomics 50 sequencing was conducted from
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Figure 1. Continued

CD3�CD19+ cells sorted from two dengue-infected patients. CD47+ or CD47- plasmablasts

(CD19+IgD�CD27+CD38+) from 11 dengue-infected patients were stained with MitoTracker Green (mitochondrial

content) and TMRM (mitochondrial potential) and were sorted for RNA sequencing (two secondary patients).

(B) Heatmap representing supervised hierarchical clustering of 890 single plasmablasts from 5 patients using the 400most

variable genes as identified by Singular. 3 clusters were identified (0/1, 2 and 3). For each cell (column) the patient of origin

and the isotype of the antibody expressed is indicated by the colored bar.

(C) Pathways that differentiate the 3 clusters (0/1, 2 and 3). DEGs from each cluster compared with the two others were

used for Ingenuity Pathway Analysis.
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The top DEGs for cluster 0/1 compared with other clusters were IGLC2 followed by 12 variable region

genes and IGJ, indicating that these cells’ transcriptional activity is dominated by the production of anti-

bodies. In contrast, apart from the top DEG IGHA2 and the fourth-most significant DEG IGHG3, no addi-

tional Ig genes were among the top 100 DEGs for clusters 2. No Ig transcripts were among the top 100

DEGs of cluster 3 (Table S1). Clusters 2 and 3 therefore seem to express, and possibly secrete, less anti-

bodies compared with cluster 0/1.

In summary, plasmablasts after dengue infection showed three transcriptionally distinct phenotypes,

differing most significantly in the expression of antibody genes and genes associated with mitochondrial

processes involved in energy generation, regulation of eIF4 and p70S6K signaling, and antigen

presentation.
Functional analysis of antibodies derived from cells with high and low metabolic activity

To study the function of antibodies produced by transcriptionally distinct plasmablasts, 149 of the 890 total

plasmablasts were selected randomly for expression of monoclonal antibodies (mAbs) (Table 1). Only IgG-

expressing B cells were included for recombinant mAb expression as human IgG1. In the secondary pa-

tients, 96 of 130 (71%) of the mAbs bound to DENV when tested in ELISA plates coated with virus particles

from all four serotypes (Figure 2A). As expected, given the early time point in the disease, few IgG mAbs

from the primary patient were specific for DENV (1 of 19 mAbs expressed and tested). In line with this, an-

tibodies secreted from bulk-sorted plasmablasts (PBs) from two additional primary patients bound less to

DENV compared with those from secondary patients (Figure S3). These data suggested that a majority of

the activated IgG-expressing B cells with a plasmablast phenotype in flavivirus-naı̈ve patients were acti-

vated non-specifically.

A larger fraction of the mAbs expressed from cluster 0/1 plasmablasts bound to DENV compared with

mAbs from clusters 2 and 3 (Figure 2D). However, the neutralization capacity of all mAbs that bound to

DENV was similar for all clusters for both DENV-1 and DENV-2 (Figure 2B), the serotypes prevalent in

Singapore during the time of the study.

Further characterization by ELISA was conducted to test (1) whether antibodies bind to whole virus par-

ticles (UV-inactivated DENV particles) or to recombinant E protein monomer and (2) whether antibodies

bind to three amino acids in the FL that were previously shown to be highly immunogenic, using E pro-

tein alanine substitution mutants (Dejnirattisai et al., 2015; Lai et al., 2013). The FL was of interest because

it is a highly conserved region across all DENV serotypes and up to 80% of the IgG+ plasmablasts that are

reactivated from memory B cells during secondary infection in patients can be specific to the FL (Ap-

panna et al., 2016; Dejnirattisai et al., 2015). FL-specificity could therefore indicate memory B cell origin.

Antibodies were grouped into FL-pos (loss of binding to G100A, W101A, G106A, and/or F108A E protein

mutants), FL-neg, and CE-specificity. Clusters 2 and 3, which expressed few antibody genes and were

metabolically more active, contained a larger proportion of FL-binding antibodies compared with cluster

0/1, although differences between clusters were not statistically significant (p value 0.06, chi-square test)

(Figure 2C). Pathway analysis of the plasmablast transcriptome data based on the binding class of their

respective antibodies showed that FL-specific cells (W101+F108-) expressed 15 genes that were clearly

distinct compared with plasmablasts with other specificities (top five DEGs: MRPS34 SON, HCST,

ATP5D, and COX7B, Figure S4A). The pathway associated with the 15 DEGs was highly dominated by

energy metabolism, similar to the profile of clusters 2 and 3 (Figure S4B), providing further evidence

that B cells specific for a conserved, highly immunogenic epitope were associated with these two

clusters.
iScience 24, 102482, May 21, 2021 5
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Figure 2. Cluster 0/1 contains most DENV-specific cells and shows a distinct V and J gene usage

(A) Pie charts summarizing the number of mAbs expressed from each patient at visit 1 (V1) or visit 2 (V2) (see Table 1) and their ability to bind to DENV. Binding

was determined by ELISA using PEG-DENV virus from the four serotypes. Binding was considered positive when mAbs recognized at least one serotype. A

total of 149 mAbs were expressed and tested.

(B) DENV-1 (left) or DENV-2- (right) neutralizing titers (NT50) of individual mAbs grouped by cluster of origin. Each dot represents one mAb. The dotted line

indicates the highest concentration tested. Bars indicate means and SD; no statistically significant difference between the three groups (Kruskal-Wallis test).

(C) Fraction of mAbs in each cluster (0/1, 2, or 3) binding to fusion loop (FL-POS, dark gray), to a complex epitope (CE, black), or to neither of these categories

(FL-NEG, light gray).

(D) Bar charts representing the binding of individual mAbs according to the cluster (0/1, 2, or 3) of the plasmablast from which the mAb was cloned.

(E) IGHV gene usage (left) and IGHJ gene usage (right) in mAbs from the three clusters. White boxes indicate that the gene was not expressed by any of the

mAbs contained in the cluster.
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In line with distinct epitopes of mAbs from the individual clusters (Figure 2D), the clusters showed differ-

ential VDJ gene usage. Strikingly, cluster 0/1 was highly dominated by VH1-69 and VH1-58 gene usage

combined with J6 gene usage (Figures 2E and S5A). This combination of variable gene usage was associ-

ated almost exclusively with FL-neg antibodies (Figure S5B).

Taken together, cluster 0/1 contained more virus-specific cells compared with clusters 2 and 3. Among

DENV-binding antibodies, fusion-loop-specific antibodies were more abundant in clusters 2 and 3. There-

fore, high metabolic activity in clusters 2 and 3 appeared to be associated (1) with activated specific B cells

preferentially binding to a conserved and highly immunogenic epitope and (2) with activated unspecific B

cells.
CD47 gene expression is higher in cluster 2 and 3 plasmablasts

To identify surface protein markers for flow cytometry-based sorting and functional analysis, we stained

cells for a number of surface markers (Table 2) that were identified based on differential expression be-

tween cluster 3 and the other clusters. Cluster 3 was chosen based on its more distinct separation in clus-

ter analysis compared with cluster 2 (Figure S1B). Markers were also selected based on high transcription

level and based on the availability of antibodies to stain them. Among the markers tested, CD298

(ATP1B3), CD98 (SLC3A2), CD164, CD317 (BST2), CLEC2D, and CD48 were either not expressed on the

surface of plasmablasts or uniform expression on all or a majority of plasmablasts was observed (Fig-

ures S6A and S6B). However, we identified CD47 as a marker with differential cell surface expression

on a small subset of plasmablasts. CD47 gene expression was significantly upregulated in both clusters

2 and 3 compared with cluster 0/1 (Figure 3A). CD47 cell surface expression was low in general but higher

in a fraction of cells (Figure 3B, gating strategy in Figure S6A). A total of 11 patients (6 primary and 5 sec-

ondary) were analyzed for CD47 expression on the surface of plasmablasts. Interestingly, some primary

patients had very high proportions of CD47+ plasmablasts, which was not seen for secondary patients

(Figure 3C). CD47 is expressed on various cell types and in various tissues. CD47 binds to signal regulatory

protein alpha (SIRPa) expressed on phagocytic cells including macrophages and dendritic cells and nega-

tively regulates phagocytosis (Barclay and Berg, 2014). To assess CD47 as a potential marker to identify

cluster 2 and 3 cells, CD47-low and CD47-high plasmablasts from two additional secondary patients

were sorted and analyzed using single-cell mRNA sequencing. The new data from 192 cells (96 cells
Table 2. Genes upregulated in cluster 3 compared with other clusters tested for cell surface expression

p_val avg_logFC pct.1 pct.2 p_val_adj

Plasmablast surface

expressiona

CD48 1.02E-06 0.015496825 0.879 0.674 0.020169 Yes

CLEC2D 7.83E-10 0.010398923 0.931 0.766 1.55E-05 No

BST2 3.32E-11 0.009364097 0.862 0.643 6.56E-07 Yes (very low)

CD164 2.65E-07 0.006051495 0.957 0.789 0.00525 Yes

CD47 1.99E-11 0.011958774 0.879 0.659 3.93E-07 Yes

SLC3A2 6.14E-12 0.009602143 0.724 0.386 1.21E-07 Yes

ATP1B3 7.15E-25 0.015775382 0.828 0.49 1.41E-20 Yes

aAs measured by flow cytometry.

iScience 24, 102482, May 21, 2021 7
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Figure 3. CD47 gene and protein expression as a marker associated with clusters 2 and 3

(A) Gene expression level of CD47 in single plasmablasts from the three clusters (0/1, 2, and 3).

(B) Representative flow cytometry plot of the gating to identify surface CD47+ plasmablasts in one secondary patient (LNA054). Plasmablasts were gated as

CD19+IgD�CD27+CD38+.

(C) Percentage of surface CD47+ plasmablasts in primary (n = 6, blue dots) and secondary (n = 5, red dots) patients at 6–8 days after fever. Data are combined

from 3 independent experiments. Bars indicate means G SD.

(D) Transcriptome data from single CD47+ or CD47- cells from two secondary patients were combined with the 890 cells originally analyzed (Figure 1). The left

panel represents the 4 clusters obtained by Seurat (0, 1, 2 and 3). The right panel highlights CD47+ and CD47- plasmablasts in these clusters. The table

summarizes the number of CD47- or CD47+ cells in each cluster. Chi-square test with Bonferroni correction was used to determine significant enrichment of

CD47+ cells in cluster 3 compared with others.
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CD47+ and 96 cells CD47-) were combined with the older dataset of 890 plasmablasts for tSNE clustering.

The sorted CD47+ cells were significantly more abundant in cluster 3 and to a lesser extent in cluster 2 for

both patients, validating CD47 as a marker to at least enrich for plasmablasts from these cluster

(Figure 3D).
Plasmablasts from patients with primary versus secondary infection show distinct

mitochondrial profiles that help characterize the nature of clusters 0/1 versus 2 and 3 cells

We first employed 10x Genomics-droplet-based transcriptomics as an independent technology to validate

the findings and to assess the existence of plasmablast subsets in additional patients. Plasmablasts among

total B cells were identified based on CD27, CD38, and PRDM1 expression (Figure 4A). In both a primary

(LNA014) and a secondary patient (LNA023), plasmablasts formed sub-clusters when analyzed separately

from other B cells (Figure 4B). The scPred algorithm was used to assign plasmablasts to the previously

defined clusters (Figure 4B). For clusters 0/1 and 3, DEGs between 10x and Smart-seq technology corre-

lated highly significantly. Few cells were assigned to cluster 2, making it difficult to determine the agree-

ment between the two technologies for this cluster.

The results from the cluster analysis (Figure 1C) suggested an important role of mitochondrial activity,

notably oxidative phosphorylation, in differentiating the clusters. To further understand the metabolic dif-

ferences in PB subsets we conducted functional assays, assessing (1) the abundance of mitochondria by

MitroTracker Green (MTgreen) staining and (2) the mitochondrial membrane potential by TMRM staining,

which is a readout for active versus dysfunctional mitochondria.
8 iScience 24, 102482, May 21, 2021
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Figure 4. Validation of PB clusters by 10x Genomics

(A and B) Graph-based representation of 50 gene expression analysis (Loupe Cell Browser software) of B cells (CD3�CD19+) from primary patient LNA014 (A)

and secondary patient LNA023 (B). Individual gene expression for CD27, CD38, and PRDM1, which were used to identify plasmablasts, are indicated.

(C and D) Assignment to Smart-seq2-defined clusters. Plasmablast clusters (circled populations) were extracted and assigned to clusters 0/1, 2, and 3 using

scPred. tSNE representation of plasmablast clusters for the primary (C) and secondary patient (D), with assigned color-coded cluster identity.

(E) Correlations between average log fold change (avg_logFC) of up- or downregulated genes present in both Smart-seq2 and 10x Genomics datasets for

clusters 0/1, 2, and 3. Only genes with an FC above/below +/� log0.2 were considered. Spearman correlation; Cluster 0/1: p < 0.0001 for LNA023, ns for

LNA014, Cluster 2: ns, Cluster 3: p < 0.0001 for LNA023 and LNA014.
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PBs from primary patients tended to have higher MTgreen expression (mean fluorescence intensity [MFI])

compared with secondary cases (not statistically significant), whereas the opposite trend was seen for

TMRM (Figures 5A and 5B). This suggested that primary patients’ plasmablasts could contain more mito-

chondria. In line with this, primary patients showed relatively less cluster 0/1 andmore cluster 2 (moremeta-

bolically active, Figure 1C) plasmablasts compared with secondary patients (Figure 5C). Although assessed

in few patients, the ratio between the different clusters was surprisingly consistent. We next analyzed the

percentage of plasmablasts that were MTgreen-low (MTlo) or MTgreen-high (MThi) and TMRM-low

(TMRMlo) or TMRM-high (TMRMhi) as a fraction of CD19+ cells (gating strategy in Figure S7A). Significantly

higher percentages of plasmablasts from primary patients fell into the MTgreen-high population

compared with the MTgreen-low population, adding evidence for their higher mitochondria content. Sec-

ondary patients’ plasmablasts had higher percentages of plasmablasts overall but showed similar percent-

ages of MTgreen-high and -low cells (Figures 5D and 5E). Mitochondrial mass and mitochondrial function,

as assessed by the MFI of MTgreen and TMRM, were not different between CD47+ and CD47- plasmas-

blasts (Figures 5F and 5G). Furthermore, sorted CD47+ and CD47- plasmablasts from primary or secondary

patients secreted similar amounts of IgG (Figure S7B).

Taken together, the CD47 gene is expressed significantly higher in clusters 2 and 3 compared with cluster

0/1. Higher surface protein CD47 can also be used as a marker to enrich, but not to clearly separate,

plasmablasts clusters 2 and 3 from cluster 0/1. Plasmablasts in secondary patients tended to have a lower
iScience 24, 102482, May 21, 2021 9
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Figure 5. Secondary infection plasmablasts have less mitochondrial content but higher mitochondrial potential

(A) Mean fluorescence intensity (MFI) of MitoTracker Green in plasmablasts (CD19+IgD�CD27+CD38+) from primary (n = 6, blue dots) and secondary patients

(n = 5, red dots) at 6–8 days after fever.

(B) MFI of TMRM in plasmablasts (CD19+IgD�CD27+CD38+) from primary (n = 4, blue dots) and secondary patients (n = 3, red dots) 6–8 days after fever.

(C) Allocation of plasmablasts into clusters 0/1, 2, and 3 in primary and secondary patients, based on Smart-seq2 and 10x Genomics scRNA-seq data.

Between 96 and 1,023 single cells per patient were used for this analysis. Patient E1481DK2 was excluded from the analysis because only 16 total cells were

analyzed from this patient.

(D) Representative histogram of the MitoTracker Green expression level in plasmablasts (CD19+IgD�CD27+CD38+) from one patient (Top panel).

Percentages of MTlo or MThi cells are represented in the bar chart for primary (n = 6, blue dots) and secondary (n = 5, red dots) patients at 6–8 days after fever.

(E) Representative histogram of the TMRM expression level in plasmablasts (CD19+IgD�CD27+CD38+) from one patient (top panel). Percentages of TMRMlo

or TMRMhi cells are represented in the bar chart for primary (n = 4, blue dots) and secondary (n = 3, red dots) patients at 6–8 days after fever.

(F) MFI of MitoTracker Green in CD47+ or CD47- plasmablasts from 11 patients (6 primary and 5 secondary) at 6–8 days after fever.

(G) MFI of TMRM in CD47+ or CD47- plasmablasts from 7 patients (4 primary and 3 secondary) at 6–8 days after fever. Data in all panels are combined from 3

individual experiments. MeansG SD (A, B, D�G) or means (C) are indicated with bars. Statistics in (D) and (E): paired (PB from same donors) or unpaired (PB

from different donors) t test. ***p = 0.0006, **p = 0.0062 and 0.0064, *p = 0.01–0.015.
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mitochondrial mass and showed relatively less MThi cells compared with primary patients. A low

mitochondrial mass is aligned with the transcriptional profile of cluster 0/1, which was not enriched with

mitochondria-associated pathways (Figure 1C). Owing to the limitation of the low surface expression of

CD47, MT staining could therefore provide an additional means to enrich for plasmablasts from clusters

0/1 versus clusters 2 and 3.
10 iScience 24, 102482, May 21, 2021



A B

C

D E

F G

Figure 6. Plasmablasts from clusters 2 and 3 express genes that are in line with T cell help-mediated activation, whereas plasmablasts from cluster

1 show a plasma cell profile

(A) Expression level of RSP6 in single plasmablasts from clusters 0/1, 2, and 3.

(B) Expression level of HLA-DRB1 in single plasmablats from clusters 0/1, 2, and 3.
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Figure 6. Continued

(C) GSEA plots of CD40L downstream genes enrichment in cluster 0/1 versus others, cluster 2 versus others, cluster 3 versus others, and cluster 2 versus

cluster 3. Enrichment of 101 up-regulated and 63 down-regulated genes (gene sets from [Basso et al., 2004]) are represented.

(D) Level of silent (s) and non-silent (ns) nucleotides mutations in plasmablasts from cluster 0/1, cluster 2, and cluster 3. The median and quartiles are

indicated with horizontal dotted lines. Statistics: Kruskal-Wallis test.

(E) Expression level of PRDM1, XBP1, SDC1, and IRF4 genes in single plasmablasts from clusters 0/1, 2, and 3, and in single memory B cells (MBCs) from the

same dataset.

(F and G) Comparison of the level of expression of genes expressed by at least 10% of cells (n = 6,957 genes) with the dataset from (Gutiérrez et al., 2007) that

established 146 up-regulated DEGs to identify plasma cells (in bone marrow) and 775 down-regulated DEGs to identify normal B lymphocytes (in blood).

Single-cell gene expression in plasmablasts from individual cluster were defined as closer to ‘‘plasma cell’’ (between >0 and 1) or to ‘‘B lymphocytes’’

(between <0 and�1) or to none of them (0). Each dot indicates the enrichment score of a single plasmablast. The color coding represents the number of up-

and downregulated genes, respectively, found in the top 200 most expressed genes for each cell. Statistics for gene expression comparisons between

clusters in A,B and E: Wilcoxon test.
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Plasmablasts in clusters 2 and 3 show footprints of T cell help-dependent activation

The differences inmitochondrial mass andmetabolic activity for primary versus secondary patients (Figures

1C and 4) pointed to a different type of activation. Of note, genes associated with antigen presentation

were significantly upregulated in cluster 2 (Figure 1C). We therefore hypothesized that differential involve-

ment of T cell help during the activation of B cells contributed to the transcriptome clustering of plasma-

blasts. For reference, we first compared our clusters with the previously described transcriptional profiles of

B cells activated in the presence of CD40L (Basso et al., 2004; Luo et al., 2018). RPS6, a gene downstream of

CD40L (Luo et al., 2018), was expressed significantly higher in clusters 2 and 3 compared with cluster 1 (Fig-

ure 6A). In addition, HLA-DRB1, an MHC class II gene, was expressed significantly higher in clusters 2 and 3

(Figure 6B). A gene set enrichment analysis showed that clusters 2 and 3 were significantly enriched in

genes downstream of CD40L activation (Figure 6C), adding further evidence for interaction with helper

T cells in germinal centers or possibly in extrafollicular patches that have been described in the context

of autoimmune and anti-pathogen responses in mice (Di Niro et al., 2015; William et al., 2002). In line

with this, cells in cluster 2 showed significantly higher levels of silent and non-silent nucleotide mutations

in the antibody variable regions compared with cluster 1 (Figure 6D). The number of mutations was similar

for DENV-specific and non-specific mAbs (Figure S8). We speculate that non-specific cells were non-spe-

cifically activated memory B cells, or specifically activated naive or memory B cells that incorporated mu-

tations that resulted in loss of binding.

To assess a functionally important, potential difference in antibody secretion activity we assessed PRDM1

(Blimp-1) gene expression, which is required for high Ig production in antibody-secreting cells (Kallies et al.,

2007). Clusters 2 and 3 expressed higher levels of blimp-1 (PRDM1) compared with cluster 0/1 (Figure 6E).

This was unexpected given that cluster 0/1, but not clusters 2 and 3, showed high antibody gene expression

levels. Another plasma cell marker, SDC1 (CD138), showed increased expression in cluster 0/1 compared

with cluster 2 and/or 3; IRF4 showed decreased expression, whereas XBP1 expression was not significantly

different. We also compared the clusters with previously published transcriptional data of sorted human

bone marrow plasma cell and peripheral blood B cells from healthy donors, composed mostly of naive B

cells (Gutiérrez et al., 2007). More plasmablasts in cluster 0/1 showed an expression profile similar to plasma

cells, compared with plasmablasts in clusters 2 and 3, consistent with higher Ig gene expression in cluster

0/1 (Figures 6F and 6G).

These results confirmed the fundamentally different functions of phenotypically identical CD27high

CD38high plasmablast clusters. Cluster 0/1 cells are functionally similar to antibody-secreting extrafollicular

plasma cells that originate mostly from memory B cells based on higher percentage of specificity (Fig-

ure 2D). In contrast, cluster 2 and 3 cells appeared to be a mixed population of naive B cells activated

with recent T cell help based on the CD40L signal footprint (Figure 6A), and of memory B cells activated

in a non-antigen-specific manner. We base the latter observation on the finding that (1) clusters 2 and 3

contained less dengue-specific cells (Figure 1), (2) that cluster 2 showed a higher rate of non-synonymous

mutations (Figure 6D), and (3) that MitoTracker-high cells, representative of more metabolically active clus-

ters 2 and 3, were more abundant in primary patients (Figure 5).
Association of metabolic activity with plasmablasts Ig secretion and isotype

To further understand the function of plasmablast clusters, and to build on the observation that clusters 0/1

expressed more Ig genes compared with clusters 2 and 3, we sorted plasmablasts based on isotype and
12 iScience 24, 102482, May 21, 2021
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Figure 7. IgM, IgA, and IgG-negative plasmablasts contain mostly cluster 0/1 cells

(A) Percentage of IgA+, IgM+, IgG+, and Ig� plasmablasts based on flow cytometry analysis (see gating strategy in

Figure S9).
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Figure 7. Continued

(B) ELISPOT-based number of antibody-secreting cells (ASCs) among the sorted populations (left panel), and the same

data normalized to the number of IgG+ ASCs of the Igneg fraction per sorted sample (right panel). Bars in (A and B)

indicate means G SD. Paired (same donors) or unpaired (different donors) t test. *p < 0.05, **p < 0.01, ***p < 0.001.

(C) Expression of metabolic genes found to be differentially expressed between cluster 0/1 and 2/3 in plasmablasts sorted

and shown in (A) and (B). Wilcoxon matched-pairs signed rank test. *p < 0.05.

(D) Summary of characteristics for cluster 0/1, cluster 2, and 3 described in this study.
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surface expression of immunoglobulins (Igs). We then tested an association of surface Ig expression with

metabolic activity based on gene expression defined in the previous paragraphs. IgA and IgM surface

expression defined clearly distinct populations, whereas IgG surface expression was generally low (Fig-

ure S9), as described previously for plasma cells (Blanc et al., 2016; Pinto et al., 2013). Igneg plasmablasts

were the largest fraction for both primary and secondary patients, whereas primary patients showed

more IgM- and IgA-expressing cells (Figure 7A). When tested in an enzyme-linked immune absorbent

spot assay after overnight incubation with R848 and IL2 to increase Ig secretion (Dorner et al., 2009),

the Igneg fraction contained more IgG-producing cells compared with the IgG-pos fraction, showing

that the Igneg fraction represented mostly IgG+ cells that had down-regulated BCR surface expression

(Figure 7B). We next tested the expression of genes associated with the pathways that were significantly

different between clusters 0/1 and 2/3 (Figure 1C). Cytochrome c (CYCS) expression was significantly

higher in the IgA and IgM fraction compared with the Igneg fraction, and CD47 expression was higher

in the IgM fraction (Figure 7C).

These data suggested that the Igneg fraction contained more cluster 0/1 cells compared with the IgA

and IgM fractions, whereas the trend was less clear for surface IgG-positive cells, where less samples

were available. Considering these data together with the single-cell RNA sequencing (scRNA-seq) clus-

tering data (Figure 7D), we found that plasmablasts that have downregulated IgG surface expression

secrete higher levels of antibodies after potential extrafollicular activation, as described for cluster 0/1

cells. In turn, plasmablasts with Ig surface expression secrete relatively less antibodies and are more

likely to belong to clusters 2 and 3.
DISCUSSION

Identification of plasmablasts by flow cytometry based on high surface expression on CD27 and CD38 is

established in the field. Our study demonstrates that this phenotype comprises three transcriptionally

distinct clusters. Cluster 0/1 (extrafollicular plasmablasts) expressed high levels of antibody genes and

was transcriptionally closer but not identical to bone marrow plasma cells, based on cMAP analysis and

based on the expression of classical plasma cell markers prdm1, SDC1, IRF4, and XBP1. Clusters 2 and 3

(T-cell-dependent plasmablasts) expressed few and very low levels of antibody genes, respectively, and

showed a transcriptional profile of T-cell-dependent activation. Although no single surface marker tested

here could clearly distinguish the clusters, CD47 was identified as a cell surface marker that could partially

enrich for clusters 2 and 3 (Figure 3). Although higher metabolic activity was associated with clusters 2 and 3

based on gene expression, a direct link between surface CD47 expression and MitoTracker-high profile

could not be established, possibly due to the low surface expression of CD47. A role for CD47 on plasma-

blasts has not been described. In plasma cells from patients with multiple myeloma, CD47 is upregulated

compared with healthy plasma cells, and the function of CD47 was associated with cell activation and adhe-

sion (Gutiérrez et al., 2007). Ligation of CD47 on vascular cells by its ligand thrombospondin-1 (TSP1) in-

hibits nitric oxide production (Isenberg et al., 2006). Ligation of CD47 by TSP1, which can be released

from activated platelets during acute infection and inhibition of nitric oxide-related pathways in B cells,

might be related to the high metabolic activity that was observed in clusters 2 and 3 (Lacza et al., 2009).

Interestingly, long-lived plasma cells (LLPCs) have a higher maximal respiration capacity compared with

short-lived plasma cells and use pyruvate import into mitochondria to sustain the high respiratory capacity

(Lam et al., 2016). The ‘‘mitochondrial dysfunction’’ pathway of plasmablasts appears to suggest a limited

lifespan. Alternatively, the higher number of mitochondrial genes could also reflect a higher number of

mitochondria per cell as a consequence of a higher energy demand, in line with oxidative phosphorylation,

which was also significantly enriched in clusters 2 and 3. It is also possible that only a portion of a clonally

expanded B cell is activated and shows an activated blasting, i.e., plasmablast phenotype with a limited

lifespan, whereas ‘‘sister’’ cells originating from the same B cell remain in the immune cell pool as memory

B cells, thereby preserving a given specificity.
14 iScience 24, 102482, May 21, 2021
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Functionally, more antibodies cloned and expressed from clusters 0/1 cells were antigen-specific and pref-

erentially bound to CEs and non-FL epitopes. Antibodies cloned from clusters 2 and 3 were less likely to be

specific, and if specific, were dominated by FL-binding antibodies. This was unexpected, as FL-specific cells

appeared not to be re-activatedmemory B cells, as could have been expected due to the high conservation

of the FL among flaviviruses. As T cell help is likely to have led to the activation of cells in clusters 2 and 3,

this finding indicated that T cell help is readily available for FL-specific B cells, potentially explaining the

immunodominance of this epitope (Angelo et al., 2017).

Our findings could be of importance for the discovery of therapeutic antibodies because potent cross-

reactive antibodies are more likely to be affinity-matured and memory B cell-derived (de Alwis et al.,

2012; Dejnirattisai et al., 2015; Meihui et al., 2017), and would therefore be more prevalent in cluster

0/1. Although no difference in neutralizing capacity was identified between antibodies isolated from

plasmablasts from the different clusters, this could be explained by the rarity of potently cross-neutral-

izing antibodies in general.

It is curious that patients with dengue generate huge plasmablast responses even after a primary infec-

tion. We propose that, despite their identical phenotype based on high expression of surface markers

CD27 and CD38, primary infection plasmablasts are functionally different from plasmablasts generated

after secondary infection, particularly in terms of antibody-secreting capacity. Independent of primary

or secondary infection, plasmablasts that are activated from naive B cells might not be efficient in

secreting antibodies. Antibody secretion was not significantly different in CD47+ and CD47- cells (Fig-

ure S7B). However, because it was not possible to sort clean populations of cluster 3 and cluster 2 cells

based on CD47 expression, their different antibody secretion capacity could not be confirmed. In addi-

tion to the limitations of CD47 as a surface biomarker, our analysis is more focused on secondary pa-

tients, particularly for scRNA-seq and mAb data, and more studies are needed to clearly dissect the ex-

trafollicular versus T cell-dependent nature of plasmablasts after primary infection. In this context it

would be interesting to study the response of children, who are more likely to experience a primary infec-

tion. The different expression profiles of clusters 0/1 and 2/3 could also point to a difference in plasma-

blast maturation stage, with clusters 2 and 3 representing recently activated, immature plasmablasts ex-

pressing less Ig genes and secreting less antibodies compared with cluster 0/1. The higher Ig mutation

rate in clusters 2 and 3 does not support this explanation but does not exclude that at least part of the

cluster 2 and 3 cells are immature plasmablasts.

Variable gene usage was surprisingly biased in cluster 0/1 versus clusters 2 and 3. The preference of heavy

chain VH1-69 gene usage paired with J6 was almost exclusively found in FL-neg antibodies in cluster 0/1.

Several potent cross- or broadly neutralizing dengue-, influenza-, and HIV-specific antibodies found in

large screens and selected for potential therapy share VH1-69 and J6 usage (Chen et al., 2019). Many of

these antibodies were highly mutated, in line with selection during multiple germinal center reactions.

The cells identified here as cluster 0/1 plasmablasts contained such selectedmemory B cells that were likely

activated in an extrafollicular response without T cell help.

It was unexpected that cluster 0/1 showed lower blimp-1 expression compared with clusters 2 and 3,

despite the highest Ig gene expression. Possibly, the PRDM1 gene was downregulated after an initial up-

regulation. Alternatively, the low level of PRDM1 in all clusters could indicate that PBs differentiate inde-

pendent of blimp-1, as shown in mice that expressed gfp in the locus of PRDM1 (Kallies et al., 2007). In

this model, cells lacking blimp-1 cell were CD138 negative and could still secrete antibodies, although

at a very low level. Bcl-6, a gene that is down-regulated upon B cell activation and differentiation into plas-

mablasts and plasma cells, was not differently expressed between the clusters.

Overall, we show a previously unappreciated diversity of phenotypically identical CD27hiCD38hi human

plasmablasts after dengue infection. Cluster 0/1 plasmablasts represent classical antibody-secreting cells

that are more likely to be re-activated memory B cells participating in an extrafollicular response. Clusters 2

and 3, which are enriched in CD47+ cells, represent naive or memory B cells that show characteristics of

T cell-dependent activation. It will be interesting to validate these profiles in other human infections and

to further establish phenotypic differences in B cell activation to guide the isolation of therapeutic anti-

bodies and to better characterize natural and vaccine-induced responses in individuals with or without pre-

vious exposure to the same antigen.
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Limitations of the study

Although we provide readouts including the cloning and testing of recombinant antibodies from plasma-

blasts and quantification of metabolic activity to assess the potential function of transcriptionally distinct

plasmablast clusters, our conclusions are largely based on scRNA-seq data. The current lack of a clear sur-

face marker to distinguish clusters 0/1, 2, and 3 limits the bulk sorting and further functional analysis of the

plasmablast subsets.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Pacific blue-anti-human-CD19 (HIB19) Biolegend 302232

PerCP-Cy5.5-anti-human-CD38 (HIT2) BD Biosciences 561106

AF700-anti-human-CD27 (O323) Biolegend 302814

PE-Cy7-anti-human-IgD (IA6-2) Biolegend 348210

PE-anti-human-CD47 (REA220) Miltenyi 130-123-980

FITC-anti-human-CD47 (REA220) Miltenyi 130-101-345

APC-anti-human-IgA (IS11-8E10) Miltenyi 130-113-998

Anti-human-Ig purified (polyclonal) Thermofisher Scientific H1700

Anti-human-IgG AF488 (polyclonal) Invitrogen A11013

Anti-human-IgA purified (polyclonal) Jackson Immunoresearch 109-005-011

Anti-human-IgM Pacific blue (MHM-88) Biolegend 314513

Anti-human-IgM APCCy7 (MHM-88) Biolegend 314520

Anti-human-CD27 PE (M-T271) BD Biosciences 555441

Anti-human-CD19 BV650 (HIB19) Biolegend 302237

Anti-human-IgG BV510 (G18-145) BD Biosciences 563247

Bacterial and virus strains

DENV-1 strain D1/SG/05K2916DK1/2005 Environmental Health Institute EHI, Singapore Genbank: EU081234.1

DENV-2 strain DENV-2-TSV01 Novartis Institute of Tropical Diseases,

Singapore

Genbank: AY037116.1

DENV-1 strain DENV-1-WestPac74 Novartis Institute of Tropical Diseases,

Singapore

Genbank: U88535.1

Biological samples

Blood Tan Tock Seng Hospital (TTSH), Singapore NA

Chemicals, Peptides, and recombinant proteins

LIVE/DEAD stain ThermoFisher Scientific L34957

Tetramethylrhodamine, methyl ester,

Perchlorate

ThermoFisher Scientific T668

Mito Tracker� Green ThermoFisher Scientific M7514

TetraMethylBenzidine (TMB) Sigma Aldrich (Merck) 54,827-17-7

Resiquimod (R848) InVivogen tltl-r848

IL-2 Prospecbio CYT-209

KLH Sigma Aldrich (Merck) 9013-72-3

Critical commercial assays

SD BIOLINE dengue duo kit for NS1 detection Abbott 11FK46

PanBio dengue IgG indirect ELISA Abbott 01PE30

OneStep RT-PCR kit Qiagen 210210

Protein G mag sepharose Cytiva (formerly GE Healthcare) 28951379

Alexa Fluor� 488 antibody labeling kit from ThermoFisher Scientific A20181

Chromium single cell 50 library and gel bead kit Research Instrument – 10X genomics 1000014

Chromium single cell V(D)J enrichment kit,

human B cell

Research Instrument – 10X genomics 1000016

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chromium single cell 3’/50 library

construction kit

Research Instrument – 10X genomics 1000020

Chromium i7 multiplex kit Research Instrument – 10X genomics 120262

Chromium single cell a chip kit Research Instrument – 10X genomics 1000009

PicoPure� RNA isolation kit ThermoFisher Scientific KIT0204

Nextera XT DNA library preparation kit Illumina Singapore FC-131-1096

Nextera XT index kit v2 Illumina Singapore FC-131-2001

FC-131-2002

FC-131-2003

FC-131-2004

Experimental models: Cell lines

Vero cells ATCC ATCC� CCL-81�

HEK293-6E National Research Council of Canada NRC file 11,565

Oligonucleotides

GAACATGGRACAAYTGCAACYAT Integrated DNA Technologies DENV-1 D1MGBEn469s-forward

CCGTAGTCDGTCAGCTGTATTTCA Integrated DNA Technologies DENV-1 D1MGBEn536r-reverse

ACACCACAGAGTTCCATCACAGA Integrated DNA Technologies DENV-2 Den 2.2F

CATCTCATTGAAGTCNAGGCC Integrated DNA Technologies DENV-2 Den 2.2R

ATGAGATGYGTGGGAGTRGGAAAC Integrated DNA Technologies DENV-3 D3MGBEn1sFWD

CAC CAC DTC AAC CCA CGT AGC T Integrated DNA Technologies DENV-3 D3MGBEn71rREV

GGTGACRTTYAARGTHCCTCAT Integrated DNA Technologies DENV-4 D4TEn711sFWD

WGARTGCATRGCTCCYTCCTG Integrated DNA Technologies DENV-4 D4TEn786cREV

GARAGACCAGAGATCCTGCTGTCT Integrated DNA Technologies DENV-1 to 4 DV1-4_realt_fwd

ACCATTCCATTTTCTGGCGTT Integrated DNA Technologies DENV-1 to 4 DV1-4_realt_rev

CAG CTC CCG GAC TGA CTG Integrated DNA Technologies ALDOA_fwd

ATT CCA CGG GCT AGA GGA G Integrated DNA Technologies ALDOA_rev

GGC AAT GAC GAA GGA GGT TA Integrated DNA Technologies CD47_fwd

ATC CGG TGG TAT GGA TGA GA Integrated DNA Technologies CD47_rev

AGA AGG AAG AAA GGG CAG ACT T Integrated DNA Technologies CYCS_fwd

GGC AGT GGC CAA TTA TTA CTC a Integrated DNA Technologies CYCS_rev

AGT CAA AGA TCT CCC TGG CA Integrated DNA Technologies ENO1_fwd

TAC GTT CAC CTC GGT GTC TG Integrated DNA Technologies ENO1_rev

GCA AAT TCC ATG GCA CCG T Integrated DNA Technologies GAPDH_fwd

TCG CCC CAC TTG ATT TTG G Integrated DNA Technologies GAPDH_rev

CTT TGC TTT CCT TGG TCA GG Integrated DNA Technologies HPRT_fwd

CAA GGG CAT ATC CTA CAA CAA AC Integrated DNA Technologies HPRT_rev

CAG GTG TTC CAG AGC GAG TT Integrated DNA Technologies NDUFB2_fwd

TAC GGA AAG TGA CCC AGC AC Integrated DNA Technologies NDUFB2_rev

TAG GGC TGA GGT TTG TCC AG Integrated DNA Technologies SOD2_fwd

CAC CGA GGA GAA GTA CCA GG Integrated DNA Technologies SOD2_rev

GGC GAA GTC GAT ATA GGC AG Integrated DNA Technologies TPI1_fwd

AGT TCT TCG TTG GGG GAA AC Integrated DNA Technologies TPI1_rev

TAC GTC CCA GGA GAT GGA GA Integrated DNA Technologies UCP2_fwd

CCG TGA ACC TTA CAA AGC C Integrated DNA Technologies UCP2_rev

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

AAG CAG TGG TAT CAA CGC AGA GTA CAT

rGrG + G

Integrated DNA Technologies TSO

AAG CAG TGG TAT CAA CGC AGA GTA

CT30V N

Integrated DNA Technologies Oligo-dT30VN

AAG CAG TGG TAT CAA CGC AGA GT Integrated DNA Technologies ISPCR oligo

Deposited data

Human reference genome - release 22

(GRCh38.p2)

GENCODE https://www.gencodegenes.org/human/

release_22.html

Dataset GSE6691 Gutiérrez et al. (2007) (Gutiérrez et al., 2007) https://www.ncbi.nlm.nih.gov/geo/query/acc.

cgi?acc=GSE6691

Dataset GSE172180 This study https://www.ncbi.nlm.nih.gov/geo/query/acc.

cgi?acc=GSE172180

Software and algorithms

FlowJo_v10 software Tree Star https://www.flowjo.com/

scPred Alquicira-Hernandez J et al., 2019

(Alquicira-Hernandez et al., 2019)

https://github.com/powellgenomicslab/

scPred

Seurat Butler et al., 2018 (Butler et al., 2018) https://satijalab.org/seurat/

Fluidigm’s SINGuLAR toolset v3.5.2 N/A https://www.fluidigm.com/software

Ingenuity Pathway Analysis (IPA) N/A https://www.qiagenbioinformatics.com/

products/ingenuity-pathway-analysis

BASIC: BCR assembly from single cells Canzar et al., 2017(Canzar et al., 2017) http://ttic.uchicago.edu/�aakhan/BASIC

MiXCR version 1.8.2 Bolotin et al., 2015 (Bolotin et al., 2015) https://github.com/milaboratory/mixcr

VDJtools Shugay M et al., 2015 (Shugay et al., 2015) https://vdjtools-doc.readthedocs.io/

Gene set enrichment analysis v4.0.3 Subramanian et al., 2005 (Subramanian

et al., 2005)

https://www.gsea-msigdb.org/gsea/index.jsp

Connectivity Map (CMap) Lamb et al., 2006 (Lamb et al., 2006) https://clue.io/cmap

RSEM program version 1.2.19 Li and Dewey, 2011 (Li and Dewey, 2011) https://github.com/deweylab/RSEM

Harmony program Korsunsky et al., 2019 (Korsunsky et al., 2019) https://github.com/immunogenomics/

harmony
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Katja

Fink (katja.fink@alumni.ethz.ch).

Materials availability

This study did not generate new unique reagents.

Data and code availability

scRNAseq data have been deposited at GEO, accession number GSE172180. Codes used for the analysis

have been published previously and are listed in the Key Resources Table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients

Patients were recruited at Tan Tock Seng Hospital (TTSH), Singapore, following study approval from the

National Healthcare Group Domain Specific Review Board (NHG DSRB Ref: 2015/0528 and DSRB B/05/

013). All patients had confirmed dengue infection tested by the SD BIOLINE Dengue Duo kit (Abbott,
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previously Alere). The serotype of infection was determined by PCR and it remained unclear for some pa-

tients due to a Ct value close to the water control (see Table 1) . PanBio Dengue indirect IgG ELISA kit was

used to assess whether the DENV infection was a primary or secondary infection. Samples used for this

study were from 4 to 9 days after fever onset. Blood samples were collected in EDTA vacutainer tubes.

PBMCs were isolated from peripheral blood using CPT tubes (BD) and cells were cryopreserved until

use. Exclusion criteria were: (a) Positive serum test for human immunodeficiency virus (HIV), hepatitis B sur-

face antigen (HBsAg), and/or hepatitis C antibody (b) History of receiving 1 or more doses of an investiga-

tional dengue vaccine (c) Received investigational drugs or vaccines within 2 months prior to infection (d)

Hospitalization for acute illness within 3 months prior to infection (e) Known, suspected, or a history of

immunocompromised (f) Use of any immunosuppressive therapy (except topical and inhaled/nebulized

steroids).

Cell lines

Vero cells were purchased from ATCC and were maintained in RPMI supplemented with 10% FBS. HEK393-

6E were obtained from National Research Council of Canada and were maintained in F17 medium supple-

mented with L-glutamine (1/50) and pluronic acid (1/111).

METHOD DETAILS

Single cell sorting

For Smart-seq2 sequencing: Thawed PBMCs were stained and resuspended in sorting buffer (PBS, 2% FCS,

1 mM EDTA) for sorting into 96-well PCR plates using a FACSAria (BD). Plasmablasts were sorted as CD19+,

IgD�, CD27high and CD38high cells. Each well of the plates contained 2 mL of 1 mg/mL Ultrapure BSA (Ther-

moFisher) and 1 mL of 10 mM dNTP mix (New England Biolabs). Plates were placed on dry ice immediately

after sorting and stored at �80�C until use.

For 10X genomics sequencing: Thawed PBMCs were labeled with antibodies against CD19, CD3 and a cell

viability dye (LIVE/DEAD, ThermoFisher). PBMCs were stained and resuspended in sorting buffer (PBS, 2%

FCS, 1 mM EDTA) for sorting of the CD3�CD19+ population into a 1.5mL Eppendorf tube containing PBS,

0.04% BSA for 10x processing.

Smart-seq2 single cell sequencing

Single cell cDNA libraries were using the Smart-Seq v2 protocol (Picelli et al., 2014) with the following mod-

ifications: 1. 1mg/ml BSA Lysis buffer (Ambion ThermoFisher Scientific, Waltham, MA, USA); 2. Use of 250

pg cDNAwith 1/5 reaction of Illumina Nextera XT kit (Illumina, San Diego, CA, USA). The length distribution

of the cDNA libraries was monitored using a DNA High Sensitivity Reagent Kit on the PerkinElmer Lab chip

(PerkinElmer, Waltham, MA, USA). All samples were subjected to an indexed paired-end sequencing run of

2x151 cycles on an Illumina HiSeq 2500 or HiSeq 4000 system for about 1 million reads per sample.

10X genomics single cell sequencing

Cells were resuspended to a final cell concentration of 470–1600 cells/mL in PBS +0.04% BSA.

Using the 10X Genomics Chromium Controller, about 8,700-14,000 cells were encapsulated in droplets at a

targeted cell recovery of 5000–8000 cells, resulting in estimated multiplet rates of 3.9–6.1%. Single cell 50

Gene Expression libraries, V(D)J Enriched libraries were prepared using the 10X Genomics Chromium Sin-

gle Cell 50 Library & Gel Bead Kit v1, V(D)J Enrichment Kit, Human T and B cell, A Chip Kit and i7 Multiplex

Kit according to the manufacturer’s protocol (10X Genomics, Pleasanton, CA, USA). The libraries were sub-

jected to an indexed paired-end sequencing run of 2x151 cycles on an Illumina HiSeq 4000 and NovaSeq

6000 (Illumina, San Diego, CA, USA) at a sequencing depth of 50,000 reads/cell for gene expression li-

braries and 7,000 reads/cell for V(D)J Enriched libraries.

Ig cloning, expression and purification

The mRNA of human IgG was amplified from single B cells as described previously (Appanna et al., 2016).

One-step RT-PCR (OneStep RT-PCR Kit, Qiagen) was performed using forward primers in the heavy and

light chain leader sequence and reverse primers in the constant region of IgG, kappa, or lambda. The

PCR products were cloned into the Ptt5 mammalian expression vector (licensed from theNational Research

Council Biotechnology Research Institute, Montreal, QC, Canada). Alternatively, sequences were de novo
e4 iScience 24, 102482, May 21, 2021
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synthesized and cloned into the ptt5 expression vectors (Genscript). Heavy and light chain plasmids (IgG1

format) were co-transfected into the HEK293-6E cells using 293-Transfectin (Invitrogen) in serum-free F17

medium supplemented with 20% TN1. Antibodies were purified using protein G beads (GE Healthcare).

ELISA and epitope binding assay

DENV-specific ELISAs were performed by coating high-binding 96-well plates overnight with PEG-precip-

itated DENV serotypes 1–4, or with recombinant E proteins produced in S2 cells as described previously (Xu

et al., 2016). Plates were blocked with PBS, 0.05% Tween 20, and 3% skim milk. Supernatants from Ab-ex-

pressing HEK cells were incubated on virus-coated plates for 1 hr at room temperature before washing with

PBS, 0.05% Tween 20 and detection with a secondary anti-human IgG-HRP (Sigma). Pooled plasma from

dengue-immune healthy donors was used as a positive control. To determine the absolute concentration

of mAbs, plates were coated with anti-human Ig Ab (Caltag). Different concentrations of a human IgG stan-

dard (Sigma) were included to generate a standard curve. TMB substrate solution (Sigma) was used for co-

lor reaction in all ELISAs. For dengue-specific ELISAs, an OD value at least 2-fold higher than the back-

ground (for cell culture supernatant from non-transfected cells) was defined as positive binding.

Epitope mapping assays were performed following the same protocol, except that 96-well plates were

coated with mutated DENV-2 E proteins W101A, G106A, F108A as described previously (Xu et al., 2016).

DENV-specific antibodies secreted by sorted plasmablasts were detected following the same protocol. Su-

pernatants from plasmablasts cultured for 24hr were incubated on virus-coated plates for 1h at room

temperature.

Virus neutralization assay

Monoclonal Antibodies were diluted to 20ug/ml (final concentration after addition of virus: 10ug/ml) and

diluted 10-fold over 4–8 wells in a 96-well plates in duplicates. An equal volume of DENV-1 at MOI 0.01

(DENV-1-WestPac74, accession Nr. U88535.1) or DENV-2 at MOI 0.1 (TSV01, accession Nr. AF013774)

was added to each well and incubated for 1hr at 37�C with 5% CO2. 100mL of the antibody-virus mixture

was then added to Vero cells, seeded at a density of 20,000 cells per well the day before, and incubated

for 1hr at 37�C - 5% CO2. 100mL of 10% FCS RPMI medium with 1% Penicillin/Streptomycin was added in

each well and the plate was incubated for 4 days at 37�C - 5% CO2. On day 4, cells were fixed with 3.7%

formalin, permeabilized with 0.1% Triton X-100, and blocked by adding 100mL of 10% FCS RPMI medium.

Mouse anti-DENV E antibody (4G2) was incubated at 1mg/ml in each well for 2hr at 37�C. Cells were washed

before adding secondary antibody goat-anti-mouse-HRP antibody for 1hr at 37�C. Finally, TMB substrate

was added for 5 min and the reaction was stopped by adding HCl. OD was read at 450nm using an Infinite

M200 Elisa reader (TECAN).

Mitochondrial function analysis

PBMCs were thawed and washed with RPMI without FBS before staining with 20uM Tetramethylrhodamine,

Methyl Ester, Perchlorate (TMRM, ThermoFisher Scientific) or 200nM Mito Tracker� Green (ThermoFisher

Scientific) for 30 min at 37�C. Cells were washed, stained with LIVE/DEAD Aqua (ThermoFisher Scientific, 1/

1000 in PBS 1X) for 30 min at 37�C, washed again and finally incubated for 20 min at 37�C with these anti-

bodies: Pacific Blue-anti-CD19 (HIB19, Biolgend), PerCP-Cy5.5-anti-CD38 (HIT2, BD), AF700-anti-CD27

(O323, Biolegend), PE-Cy7-anti-IgD, PE or FITC-anti-CD47 (REA220, Miltenyi). Samples were acquired

on an LSR Fortessa cytometer using FACSDiva software (BD Biosciences) and were analyzed using Flow-

Jo_v10 software (Tree Star).

B-cell fluorospot

ELISPOT plates (MilliporeMSIPN4550) were pre-wet with 50ul of 35% Ethanol for 1min, washed 3 times with

PBS and coated with anti-human Ig antibody(H1700, ThermoFisher) or DENV-1 E protein or DENV-2 E pro-

tein (10ug/ml each) overnight at 4�C. Keyhole limpet hemocyanin coating (KLH, 10 mg/mL, Sigma-Aldrich)

was used as negative coating control. Sorted CD47-negative plasmablasts (500, 200, 100 or 50 cells per

well) or CD47-positive plasmablasts (depending on samples: between 500 and 55 cells for the samples

with less cells) were directly seeded into coated ELISPOT plates and incubated for 16 hr. The plates

were washed 3 times with PBS – 0.05% Tween and 3 times with PBS to remove the cells and incubated

with AF488-anti-IgG (1ug/ml, Invitrogen #A11013) for 1h at room temperature. The plates were washed

again, with an additional wash step with tap water, dried overnight at room temperature protected from
iScience 24, 102482, May 21, 2021 e5
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light before reading with an IRIS ELISPOT reader (Mabtech). Ig secretion from sorted plasmablasts IgG+,

IgA+, IgM+ or Igneg (based on surface expression, Sup. Figure S9) was analyzed by following the same pro-

tocol, except that the plates were coated with anti-human Ig only and 200 or 100 cells were plated. Cells

from IgA+ and IgM+ fractions were detected using polyclonal AF488-anti-IgA (3 mg/mL, Goat anti-human

IgA from Jackson Immunoresearch #109-005-011 labeled with Alexa Fluor 488 Antibody Labeling Kit from

ThermoFisher #A20181) or PB-anti-IgM (2mg/ml, Biolegend, clone MHM-88, #314513), respectively. Cells

from IgG+ and Igneg fractions were detected with AF488-anti-IgG as described above.
Quantitative real time-PCR (qRT-PCR)

Plasmablasts were sorted directly into 50ul of catch buffer (10mM Tris HCl, 1U/ul RNase inhibitor).

RNA of cells was isolated using Arcturus PicoPure RNA isolation kit (ThermoFisherScientific). RNA of cells

was reverse transcribed to cDNA using SuperScript III First-Strand’s oligo(dT)20 option (ThermoFisher-

Scientific) according to the manual. qRT-PCR was performed using iTaq Universal SYBR Green Supermix

(Bio-Rad). Primers for targets are listed in the Key Resources Table. The concentration for each primer

was 400mM. Cycling conditions of qRT-PCR were as follows: 1min at 95�C, (30s at 95�C, 1min at 55�C,
10s at 72�C)x40. For the dissociation curve: 1min at 95�C, 30s at 55�C, 30s at 95�C.
QUANTIFICATION AND STATISTICAL ANALYSIS

Smart-seq2 single cell analysis

Raw reads were aligned to the human reference genome GRCh38 from GENCODE release 22 (Harrow

et al., 2012) using RSEM (Li and Dewey, 2011) program version 1.2.19 with default parameters. Gene expres-

sion values in transcripts per million (TPM) were calculated using the RSEM program and the human GEN-

CODE annotation version 22. For comparison of relative gene expression between groups (violin plots),

The TPM was log-normalized and then scaled using the Seurat package. Seurat version 2.0 (Butler et al.,

2018) was used as the main pipeline analysis of the 5 patients from Smart-seq2 singe-cell RNA sequencing.

All genes that were not detected in at least 3 cells of all our single cells were discarded, leaving 890 cells and

19,899 genes for all further analyses. Selection of highly variable genes was performed using Fluidigm’s

SINGuLAR toolset v3.5.2 (https://www.fluidigm.com/software). Log-normalization, Principal Component

Analysis using the 400 most highly variable genes from SINGuLAR, UMAP visualization, clustering of cells

and differentially expressed gene (DEG) analysis were performed using Seurat. Differential gene expres-

sion between clusters was analyzed using the likelihood-ratio test, selecting genes with an adjusted p value

for the estimated fold changes <0.05. Functional analysis was generated through the use of IPA (QIAGEN

Inc., https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis).

For the assembly and analysis of antibody sequences, basic version 1.0.1 (Canzar et al., 2017) and MiXCR

version 1.8.2 (Bolotin et al., 2015) were used, respectively. VDJtools was used for the illustration of VJ pair-

ing of cells in different clusters (https://vdjtools-doc.readthedocs.io/).

Gene Set Enrichment Analysis v4.0.3 (Subramanian et al., 2005) was performed to determine the enrich-

ment score for each cluster regarding CD40L up- and down-regulated genes (genes sets from (Basso

et al., 2004)). A nominal p value < 0.05 was considered statistically significant.

From the microarray dataset GSE6691 (Gutiérrez et al., 2007), comparisons between 5 healthy donor

plasma cells (bone marrow) and 8 healthy donor ‘‘normal B lymphocytes’’ (peripheral blood) were per-

formed using limma (Ritchie et al., 2015) pipeline. Adjusted p value <0.05 and logFC >1 were set as

the threshold for DEGs. The signatures consisting of up- and downregulated genes, respectively 146

and 775 genes, were submitted to Connectivity Map (CMap) (Lamb et al., 2006) for gene set enrichment

analysis of each cluster (only genes which are expressed in at least 10% of cells were used for the

enrichment)

Harmony program (Korsunsky et al., 2019) was run within the Seurat workflow (default parameters) to re-

move the batch effect between transcriptome data from single CD47+ or CD47- cells from two secondary

patients and the 890 cells from Smart-seq2 data. The top 20 normalized Harmony vectors were used as

input to tSNE visualization. Fisher’s Exact test with Bonferroni correction to compare the fraction of

CD47 + cells contained in each cluster to the one in cluster 3.
e6 iScience 24, 102482, May 21, 2021
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10x genomics data analysis

scPred (Alquicira-Hernandez et al., 2019) was used to assign PBs identified based on CD38, CD27 and

PRDM1 to clusters 0/1, 2 or 3 defined by smartseq.
Analysis of antibody and functional readouts

Prism software (Graphpad Prism version 8) was used for data illustration and statistical analysis. Paired or

unpaired student’s t test or Wilcoxon matched-pairs signed rank test was used as indicated in the figure

legends.
iScience 24, 102482, May 21, 2021 e7



iScience, Volume 24
Supplemental information
CD27hiCD38hi plasmablasts

are activated B cells of mixed

origin with distinct function

Angeline Rouers, Ramapraba Appanna, Marion Chevrier, Josephine Lum, Mai Chan
Lau, Lingqiao Tan, Thomas Loy, Alicia Tay, Raman Sethi, Durgalakshmi
Sathiakumar, Kaval Kaur, Julia Böhme, Yee-Sin Leo, Laurent Renia, Shanshan W.
Howland, Amit Singhal, Jinmiao Chen, and Katja Fink



Supplementary Figure S1
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Supplementary Figure S1: Clusters obtained using different algorithms and differences
between clusters 0 and 1. A) Transcriptome from 890 single plasmablasts from 5 patients (1
primary and 4 secondary infections) were used for the analysis. tSNE plot (left) and UMAP plot
(right) using the 400 most variable genes from Singular. B) Heatmap showing the DEGs between
cluster 0 and 1. Related to Figure 1.
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Supplementary Figure S2
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Supplementary Figure S2: Cluster distribution and heavy chain isotype usage in plasmablast
clusters. A) Number of cells with scRNAseq data per patient sample and timepoint. The visit
number is indicated in brackets for each sample. NA: not applicable. B) Normalized cluster size per
patient sample and timt point. C) Violin plots of the expression of each antibody isotype IGHA1
(IgA1), IGHA2 (IgA2), IGM (IgM), IGHG1 (IgG1), IGHG2 (IgG2), IGHG3 (IgG3) and IGHG4 (IgG4) is
represented for individual plasmablasts (n=890) according to their cluster (0/1:red, 2: green, 3:blue).
Related to Figure 1.
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E1481DK2 (NA) 7 3 6 16
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LNA002 (V2) 100 59 22 181
LNA006 (V1) 85 24 39 148
LNA006 (V2) 142 30 16 188
LNA018 (V1) 24 37 12 73
LNA018 (V2) 155 24 9 188
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Supplementary Figure S3

Supplementary Figure S3: Specificity of antibodies secreted from bulk-sorted plasmablasts
from primary and secondary patients. A-D) Plasmablasts (CD19+IgD-CD38+CD27+) from two
primary and two secondary patients early after dengue-infection (6-10 days post-fever) were sorted
and cultured for 24h before collection of cell culture supernatant containing secreted antibodies.
ELISA was performed to detect DENV-specific IgG binding to UV-inactivated DENV (A and B) or E
protein (C and D) of the serotype of the current infection. B and D: OD-values for specific binding at
5x dilution (linear range of the dilution curve) were normalized to the concentration of total IgG
detected in the supernatants. Each symbol represents one patient, the mean is indicated with a bar
in (B) and (D). Samples were tested in duplicates . Related to Figure 2.
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Supplementary Figure S4
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Supplementary Figure S4: Fusion loop W101+F108- plasmablast-derivate mAbs show a
higher metabolic gene expression profile. A) Gene expression in W101+F108- mAbs compared
to others. B) Most significant pathways (left) for the 15 genes framed in panel A and the network
(right) including the highest number of theses genes (n=6, genes of interest are indicated in grey).
Ingenuity software (Qiagen) was used. For the network: dotted lines represent indirect interactions
and solid lines represent direct interaction. Directions of the arrows represent the sense of the
interaction. Related to Figure 2.
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Supplementary Figure S5: VDJ usage of mAbs expressed from clusters 0/1, 2 and 3. A)
Linkage of V gene and J gene usage for each cluster. Plots were generated with VDJtools
(PlotFancyVJUsage) (https://vdjtools-doc.readthedocs.io). B) Individual V gene usage and J
gene usage for antibodies per binding class: CE: complex epitope, FL-neg: fusionloop negative,
FL-pos: fusionloop positive, neg: non-dengue. The color code for the heatmaps in indicated,
units are number of antibodies. Related to Figure 2.



Supplementary Figure S6

Supplementary Figure S6: Surface expression of markers differentially expressed in cluster
2 and 3 compared to cluster 0/1. A) Plasmablast surface protein expression of seven markers
that were differentially expressed in clusters 2 and 3 versus clusters 0/1. An overlay of surface
marker expression on lymphocytes, monocytes and plasmablasts is shown for reference. B) Gating
for CD47+ plasmablasts for a fully stained sample, stain without CD47 (fluorescence minus one
FMO) and unstained control. CD47 expression on monocytes was used as a reference to set the
CD47 gate. An overlay of CD47 expression on lymphocytes, monocytes and plasmablasts is
shown for reference. Related to Figure 3.
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Supplementary Figure S7

Supplementary Figure S7: Gating strategy for MT and TMRM content and antibody secretion
of CD47+ and CD47- plasmablasts detected by ELISPOT. A) Gating strategy for the identification
of MT or TMRM high and –low plasmabasts. This gating was used for the data illustrated in Figure
4A-B and 4D-E. B) Total IgG-secreting cells, and DENV-1 E protein or DENV-2 E protein specific
IgG secreting cells, calculated as a percentage of input sorted plasmablasts. Each symbol
represents one donor; the lower panel of graphs links CD47+ and CD47- plasmablasts from the
same donor. Bars represent means±SD, ** p=0.0019. Students t test. Data are combined from
three independent experiments. Related to Figure 4.
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Supplementary Figure S8
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Supplementary Figure S8: Mutation analysis of antibodies from clusters 0/1, 2 and 3. The
number of nucleotide mutations in the V region as determined by highV-Quest, IMGT, using
sequences assembled from RNAseq data using basic algorithm. S: silent, NS: non-silent. Each
symbol represents one antibody sequence. The mean is indicated with a bar. Related to Figure 6.



Supplementary Figure S9

Supplementary Figure S9: Gating strategy for the sorting of plasmablasts based on Ig
surface expression. IgA+, IgM+, IgG+ and IgG- populations were sorted for the analysis shown in
Figure 7. Related to Figure 7.
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Supplementary Table S1: 100 top DEG between cluster 3 and clusters 0/1 and 2. Related to Figure 1. 
 p_val avg_logFC pct.1 pct.2 p_val_adj cluster gene 
MT-CYB.2 4.46E-09 0.23914208 1 0.997 8.82E-05 3 MT-CYB 
GAPDH.2 1.38E-90 0.20292327 1 0.974 2.73E-86 3 GAPDH 
ACTB.2 3.60E-61 0.19496342 1 0.984 7.13E-57 3 ACTB 
MT-ND4L.2 6.33E-11 0.18859622 1 1 1.25E-06 3 MT-ND4L 
MT-CO1.2 4.62E-07 0.15491057 1 1 0.00914092 3 MT-CO1 

TUBA1B.2 
1.42E-
165 0.13086787 0.983 0.359 2.82E-161 3 TUBA1B 

MT-RNR2.2 5.53E-07 0.12370244 1 1 0.01094717 3 MT-RNR2 
MT-ND4.2 3.74E-12 0.11013875 1 1 7.40E-08 3 MT-ND4 
ACTG1.2 1.07E-38 0.10025465 0.983 0.907 2.11E-34 3 ACTG1 
MT-RNR1.1 4.99E-12 0.09711459 1 0.999 9.88E-08 3 MT-RNR1 

HMGN2.2 
2.77E-
111 0.0967229 1 0.766 5.49E-107 3 HMGN2 

MT-ATP6.2 6.86E-07 0.09367726 1 0.997 0.01357116 3 MT-ATP6 
MT-CO3.2 8.32E-07 0.07736197 1 0.994 0.01646792 3 MT-CO3 

H2AFZ.2 
3.65E-
160 0.07500873 0.974 0.702 7.22E-156 3 H2AFZ 

MT-ATP8.2 1.29E-06 0.06642868 0.966 0.889 0.02558412 3 MT-ATP8 
TMSB4X.2 6.24E-18 0.05974827 1 0.977 1.24E-13 3 TMSB4X 
TPI1.2 9.38E-69 0.0566308 0.974 0.745 1.86E-64 3 TPI1 
LDHA.2 2.02E-73 0.05621023 0.974 0.712 4.00E-69 3 LDHA 
HIST1H4C.2 0 0.05490892 0.957 0.488 0 3 HIST1H4C 
NPM1.2 1.78E-52 0.05438048 0.974 0.922 3.52E-48 3 NPM1 
RAN.2 1.23E-73 0.05372681 0.983 0.691 2.44E-69 3 RAN 
PPIA.2 1.51E-54 0.05370807 0.991 0.948 2.98E-50 3 PPIA 
CFL1.2 1.24E-59 0.05249302 0.991 0.934 2.46E-55 3 CFL1 
EIF4A1.2 6.19E-41 0.0521868 0.983 0.868 1.23E-36 3 EIF4A1 
SLC25A5.2 1.01E-62 0.05071855 0.974 0.769 2.00E-58 3 SLC25A5 
FTL.2 1.51E-29 0.0498335 0.983 0.994 2.98E-25 3 FTL 
ALDOA.2 1.84E-48 0.04970299 0.983 0.82 3.65E-44 3 ALDOA 
ARHGDIB.2 1.15E-17 0.04524813 1 0.941 2.28E-13 3 ARHGDIB 
ANXA2.2 9.01E-12 0.04512537 0.991 0.924 1.78E-07 3 ANXA2 
ATP5B.2 7.55E-26 0.04459195 0.974 0.913 1.49E-21 3 ATP5B 
MT-ND5.2 6.82E-20 0.04432886 1 0.992 1.35E-15 3 MT-ND5 
RPS2.2 3.88E-18 0.04286263 1 0.955 7.68E-14 3 RPS2 
TAGLN2.2 1.34E-26 0.04220326 0.974 0.862 2.65E-22 3 TAGLN2 
RPLP0.2 3.50E-17 0.04166771 1 0.987 6.93E-13 3 RPLP0 
ENO1.2 7.33E-76 0.04120131 0.974 0.765 1.45E-71 3 ENO1 
MCM7.2 5.21E-82 0.040564 0.94 0.233 1.03E-77 3 MCM7 
PTMA.2 6.84E-88 0.04034366 1 0.979 1.35E-83 3 PTMA 
HMGB1.2 5.17E-79 0.03977241 1 0.947 1.02E-74 3 HMGB1 
UBB.2 1.00E-21 0.03976571 1 0.982 1.98E-17 3 UBB 
GNB2L1.2 6.69E-13 0.0394505 1 0.957 1.32E-08 3 GNB2L1 
HMGB2.2 6.14E-97 0.03837239 0.966 0.155 1.22E-92 3 HMGB2 
PSME2.2 1.20E-26 0.03736866 0.991 0.926 2.37E-22 3 PSME2 
RRM2.2 1.02E-88 0.03672434 0.853 0.071 2.02E-84 3 RRM2 
TMSB10.2 4.77E-27 0.0365712 1 0.984 9.43E-23 3 TMSB10 

TUBB.2 
6.65E-
115 0.03608732 0.931 0.278 1.32E-110 3 TUBB 

RPL4.2 3.92E-14 0.03441241 0.991 0.961 7.75E-10 3 RPL4 
RPS3.2 6.30E-14 0.03359699 1 0.983 1.25E-09 3 RPS3 
RPSA.2 1.02E-25 0.03358494 0.983 0.833 2.03E-21 3 RPSA 
CORO1A.2 2.34E-32 0.03278004 0.966 0.677 4.63E-28 3 CORO1A 



EEF1G.2 1.73E-16 0.03246396 0.991 0.982 3.42E-12 3 EEF1G 
HNRNPA1.2 8.63E-17 0.0314516 0.983 0.937 1.71E-12 3 HNRNPA1 
RPL7.2 5.09E-17 0.0313974 1 0.973 1.01E-12 3 RPL7 
RPL41.2 7.71E-28 0.03133105 1 0.997 1.52E-23 3 RPL41 
EBP.1 8.44E-34 0.0311768 0.81 0.389 1.67E-29 3 EBP 
PSMB4.2 2.02E-15 0.03071009 0.991 0.841 4.00E-11 3 PSMB4 
PFN1.2 1.24E-91 0.03001196 0.991 0.97 2.46E-87 3 PFN1 
ATP5A1.2 1.31E-18 0.02999555 1 0.968 2.59E-14 3 ATP5A1 
LDHB.2 1.20E-35 0.02982546 0.94 0.758 2.37E-31 3 LDHB 
LSP1.2 2.42E-13 0.02840182 1 0.93 4.79E-09 3 LSP1 
CLIC1.2 1.90E-13 0.02796548 0.991 0.919 3.77E-09 3 CLIC1 
HSPA8.2 3.04E-10 0.02785909 0.983 0.925 6.01E-06 3 HSPA8 
RPL8.2 6.39E-12 0.02784662 1 0.99 1.26E-07 3 RPL8 
OAZ1.2 4.19E-21 0.02780908 0.991 0.99 8.28E-17 3 OAZ1 
RPL5.2 9.26E-14 0.02768101 0.991 0.953 1.83E-09 3 RPL5 
PCNA.2 2.33E-83 0.0274815 0.802 0.076 4.61E-79 3 PCNA 
PGAM1.2 8.21E-49 0.02729135 0.931 0.603 1.63E-44 3 PGAM1 
FTH1.2 1.23E-16 0.02678318 1 0.97 2.43E-12 3 FTH1 
SUB1.2 3.81E-11 0.02661373 1 0.997 7.55E-07 3 SUB1 
HNRNPA2B1.2 2.87E-57 0.02607023 0.991 0.82 5.67E-53 3 HNRNPA2B1 
CALM2.2 7.09E-24 0.02594923 0.931 0.767 1.40E-19 3 CALM2 
CALM1.2 4.06E-23 0.02594184 0.991 0.938 8.03E-19 3 CALM1 
H3F3B.2 2.63E-08 0.0256402 0.983 0.965 0.00051946 3 H3F3B 
EIF4A3.1 1.22E-55 0.02532284 0.871 0.274 2.41E-51 3 EIF4A3 
STMN1.2 8.06E-87 0.02502553 0.897 0.163 1.59E-82 3 STMN1 
RPS5.2 1.37E-13 0.02464906 0.974 0.95 2.72E-09 3 RPS5 
RPS3A.2 1.82E-10 0.02453792 1 0.994 3.61E-06 3 RPS3A 
RPS18.2 1.10E-18 0.02437291 1 0.996 2.18E-14 3 RPS18 
CYC1.2 2.56E-34 0.02432702 0.931 0.612 5.06E-30 3 CYC1 
SLC25A3.2 4.47E-10 0.02335933 0.94 0.779 8.84E-06 3 SLC25A3 
SMC4.2 1.07E-52 0.02324347 0.94 0.363 2.12E-48 3 SMC4 
PDIA6.2 5.30E-10 0.02314873 0.991 0.974 1.05E-05 3 PDIA6 
ARPC2.2 2.73E-13 0.02313993 0.983 0.966 5.40E-09 3 ARPC2 
CHCHD2.2 2.02E-32 0.02295726 0.991 0.897 4.00E-28 3 CHCHD2 
UQCRC1.2 1.61E-16 0.0228305 0.836 0.619 3.19E-12 3 UQCRC1 
DDX39A.2 4.77E-38 0.02270163 0.879 0.411 9.43E-34 3 DDX39A 
HNRNPC.2 1.35E-17 0.02261847 0.983 0.833 2.67E-13 3 HNRNPC 
ANP32E.2 2.99E-81 0.02250432 0.94 0.654 5.91E-77 3 ANP32E 
PSMA4.2 5.05E-24 0.02228402 0.931 0.685 9.99E-20 3 PSMA4 
RPS6.2 1.77E-14 0.02177789 1 0.987 3.50E-10 3 RPS6 
SELT.2 4.22E-11 0.02160166 0.94 0.798 8.35E-07 3 SELT 
PSMB8.2 9.47E-09 0.02101971 0.905 0.798 0.00018728 3 PSMB8 
MYL6.2 1.12E-10 0.02090649 1 0.984 2.21E-06 3 MYL6 
PGK1.2 5.42E-16 0.0206908 0.966 0.782 1.07E-11 3 PGK1 
MT-ND6.2 2.72E-17 0.02019391 0.983 0.915 5.39E-13 3 MT-ND6 
EIF1.2 1.93E-08 0.02006964 0.983 0.959 0.00038089 3 EIF1 
RPL19.2 4.03E-13 0.02006737 1 0.977 7.98E-09 3 RPL19 
EWSR1.2 4.06E-10 0.01992959 0.948 0.827 8.02E-06 3 EWSR1 
ATP5F1.2 5.79E-08 0.01967873 0.828 0.63 0.00114544 3 ATP5F1 
RPL7A.2 1.59E-12 0.01912488 1 0.926 3.14E-08 3 RPL7A 
SRSF3.2 1.69E-28 0.01911537 0.983 0.867 3.35E-24 3 SRSF3 
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