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ABSTRACT Plasmablasts represent a specialized class of antibody-secreting effector
B cells that transiently appear in blood circulation following infection or vaccination.
The expansion of these cells generally tends to be massive in patients with systemic
infections such as dengue or Ebola that cause hemorrhagic fever. To gain a detailed
understanding of human plasmablast responses beyond antibody expression, here,
we performed immunophenotyping and RNA sequencing (RNA-seq) analysis of the
plasmablasts from dengue febrile children in India. We found that plasmablasts
expressed several adhesion molecules and chemokines or chemokine receptors that
are involved in endothelial interactions or homing to inflamed tissues, including
skin, mucosa, and intestine, and upregulated the expression of several cytokine
genes that are involved in leukocyte extravasation and angiogenesis. These plasma-
blasts also upregulated the expression of receptors for several B-cell prosurvival
cytokines that are known to be induced robustly in systemic viral infections such as
dengue, some of which generally tend to be relatively higher in patients manifesting
hemorrhage and/or shock than in patients with mild febrile infection. These findings
improve our understanding of human plasmablast responses during the acute febrile
phase of systemic dengue infection.

IMPORTANCE Dengue is globally spreading, with over 100 million clinical cases
annually, with symptoms ranging from mild self-limiting febrile illness to more
severe and sometimes life-threatening dengue hemorrhagic fever or shock, espe-
cially among children. The pathophysiology of dengue is complex and remains
poorly understood despite many advances indicating a key role for antibody-de-
pendent enhancement of infection. While serum antibodies have been extensively
studied, the characteristics of the early cellular factories responsible for antibody
production, i.e., plasmablasts, are only beginning to emerge. This study provides a
comprehensive understanding of the transcriptional profiles of human plasmablasts
from dengue patients.
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engue is emerging as one of the most dangerous mosquito-borne human hemor-

rhagic fever viral diseases. Worldwide, over 100 million clinically significant cases are
estimated to occur each year (1). This acute systemic infection results in clinical disease
ranging from mild self-limiting febrile illness to more severe and sometimes life-threat-
ening dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS), especially
among children (2, 3). While the precise mechanisms of this varied disease spectrum are
still being elucidated, studies conducted so far suggest that these diverse pathological
manifestations have a multifactorial basis. DHF/DSS is typically shown to be associated
with secondary heterologous dengue infections (4-6), massive T- and B-cell responses
(7-9), and exaggerated induction of vascular permeability factors such as vascular endo-
thelial growth factor (VEGF) and interleukin-6 (IL-6) that are transiently induced at high
levels during the acute febrile phase (10-13). Antibodies appear to have both protective
and pathological roles in dengue. While neutralizing antibodies protect, sub-neutralizing
or non-neutralizing antibodies are believed to contribute to increased viral uptake via Fc
receptors facilitating replication in cells through a process called antibody-dependent
enhancement of infection (ADE) (14, 15).

Although antibody responses to dengue have been extensively studied (16-21), a
detailed understanding of the cells responsible for this first wave of the antibody
response during the acute febrile phase, i.e., plasmablasts or antibody-secreting cells
(ASCs), is only beginning to emerge (8, 22). Accumulating evidence suggests that sys-
temic infections such as dengue and Ebola induce a massive and transient plasmablast
response during the acute febrile phase compared to localized infections such as influ-
enza or even vaccinations (8, 22-26). In dengue, the plasmablast response usually
peaks around the time of subsidence of fever and serious symptoms (8, 22, 23, 27).
Interestingly, it has been shown that the expansion of these plasmablasts is relatively
higher in patients with complicated dengue than in those with milder symptoms (8).
What contributes to this massive plasmablast response in these viral hemorrhagic
fevers remains unclear.

Originally, it was thought that plasmablasts primarily circulate in blood while con-
tributing to humoral immunity (28, 29). However, historical studies in fish models sug-
gested that these cells can also home to tissues (30). More recent studies in patients
with multiple sclerosis indicated that blood-brain barrier crossing of the plasmablasts
and their intrathecal immunoglobulin G (IgG) production may have physiological rele-
vance and serve as an early indication of prolonged disease (31). Interestingly, it was
shown that the trafficking programs imprinted in plasmablasts could differ depending
upon the route of immunization (32). What spectrum of adhesion/homing molecules
are expressed on human plasmablasts generated during systemic viral infections such
as dengue thus requires detailed investigation (33).

While historically plasmablasts are best known for their antibody-secreting effector
functions, studies in murine models suggest that plasmablasts can also express cyto-
kines such as IL-10 or IL-35 that have far-reaching consequences during bacterial/para-
sitic infection or autoimmunity (34-36). However, what cytokines are expressed by
human plasmablasts remain to be defined. Considering these factors, in this study, we
performed detailed immunophenotyping and transcriptional profiling of the plasma-
blasts from dengue-confirmed febrile children.

RESULTS

Transcriptional profiling of plasmablasts from dengue patients. Although many
studies have conducted transcriptional profiling of human plasma cells (37-45), tran-
scriptional profiling of human plasmablasts is surprisingly limited (24, 40, 43, 45, 46).
Two recent studies that have performed single-cell RNA-seq analysis of plasmablasts
from dengue patients primarily focused on the expression patterns of antibody genes
(47, 48). To gain a detailed understanding of the features of the plasmablasts beyond
antibody expression, we sorted plasmablasts from 8 dengue patients and performed a
global transcriptomic analysis using bulk RNA sequencing (Gene Expression Omnibus
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TABLE 1 Characteristics of the dengue patients from whom plasmablasts were sorted for RNA-seq analysis

Journal of Virology

No. of days after onset Disease Plasmablast No. of IgG ASCs/10° No. of IgM ASCs</10°

Patient Age (yrs) of clinical symptoms severity frequency (%)° PBM(Cs (% dengue specific) PBMCs (% dengue specific)
1 8.4 6 SD 58.7 0.55 x 10°(41.2) 0.032 x 10°(2.5)

2 1 6 SD 61.0 0.09 x 10°(70.4) 0.002 x 10°(26.7)

3 8.8 4 SD 493 0.066 x 10°(98) 0.014 x 10°(2.8)

4 11.6 4 SD 56.5 0.08 x 10°(60.1) 0.012 x 10°(7.4)

5 1.7 7 DW 334 0.076 x 10°(71.2) 0.017 x 10° (5.6)

6 11.2 7 DW 60.4 0.043 x 10°(58.3) 0.0024 x 10° (0)

7 9.5 7 DW 41.8 0.032 x 10°(48.1) 0.0052 x 10° (6.9)

8 12 5 DW 50.9 0.032 x 10° (66.7) 0.012 x 10°(1.7)

aDisease grade classification was done according to 2009 WHO criteria (28). SD, severe dengue; DW, dengue with warning signs.

bPercentage of B cells.
¢ASCs, antibody-secreting cells.

[GEQ] accession number GSE171487). The characteristics of these patients are shown
in Table 1. All the patients were children aged 8 to 12 years with confirmed dengue
febrile illness 5 to 7 days after the onset of illness. Four patients had severe dengue
(SD), and four had dengue with warning signs (DW). All showed a massive expansion
of plasmablasts with frequencies ranging from 33% to 61% of total B cells (Table 1 and
Fig. 1A). Consistent with previous studies (8, 22, 23, 27, 49-51), functional enzyme-
linked immunosorbent spot (ELISpot) analysis showed that the majority of plasma-
blasts were IgG antibody-secreting cells (ASCs) that were primarily dengue specific
(Table 1). These cells were blasting, as evidenced by high forward scatter (FSC) and
side scatter (SSC), and were highly proliferating, as indicated by expression of the pro-
liferating cell nuclear antigen Ki67 and transferrin receptor CD71, which is a key mole-
cule for iron uptake in proliferating cells (52), and downregulated expression of the
heat-stable antigen CD24, which is known to regulate B-cell receptor-mediated signals
and to be heavily downregulated when B cells differentiate into antibody-secreting
cells (53-55) (Fig. 1B). As expected, they showed little or no expression of CD20, a key
molecule involved in efficient signaling and calcium mobilization following ligation of
the B-cell receptor (BCR) or other surface proteins of B cells (56, 57). Consistent with
the appreciation that plasmablasts actively secrete antibodies, we observed little or no
surface IgD, IgM, or IgG, but these cells were strongly positive for the intracellular
expression of IgG, IgM, or IgA (Fig. 1B, bottom row). We used a select combination of
these markers to stringently identify and sort the plasmablasts. The sorting strategy is
shown in Fig. 1C. The post-sort purity was >99%. For comparison of transcriptional
profiles, we simultaneously sorted plasmablasts and naive B cells from the same
patients.

Because plasmablasts are primarily antibody-secreting cells, we first asked what
portion of the total transcripts accounted for immunoglobulin (Ig) genes. Of the 98.4
million reads of plasmablasts, 27.9% of the total reads (27.5 million) were represented
by 407 Ig genes, confirming that Ig gene transcription was highly active in plasma-
blasts. In contrast, the Ig gene reads contributed only 2.8% (3.7 million) of the total
reads of naive B cells (129.6 million). A total of 130 Ig genes that were differentially
expressed in the plasmablasts compared to naive B cells are shown in Fig. S1 in the
supplemental material. Heavy chains of the IgD, IgE, IgM, IgA, and IgG subtypes are
marked by dotted boxes. Corroborating our immunophenotyping analysis, plasma-
blasts substantially downregulated IgD and upregulated IgG, IgA, and IgM.

Even after excluding the Ig reads, we found that the plasmablasts continued to
show a highly distinct transcriptional profile compared to naive B cells (Fig. 2A). A total
of 4,138 non-lg genes were found differentially expressed in the plasmablasts com-
pared to naive B cells, of which 2,063 genes were upregulated and 2,075 genes were
downregulated. Analysis of select genes that are typically expected to be upregulated
in plasmablasts (XBP1, CD27, PRDM1, CD38, IRF4, MKI67/Ki-67, and CD71) and select
genes that are typically expected to be downregulated in plasmablasts (CD20, CD40,
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FIG 1 Characterization of plasmablast expansion in dengue patients. (A, right) Example of flow cytometric staining of plasmablasts (green) gated on total B cells
(gray) in an acute dengue febrile patient. (Left) For comparison, a healthy subject is shown. (B) Phenotypes of plasmablasts compared to naive B cells shown as
overlay histograms. (C) Flow cytometry plots showing the gating strategy employed for bulk sorting of plasmablasts and naive B cells from 8 dengue patients
analyzed by RNA-seq. CD19" B cells that were alive and blasting were then analyzed for IgD and CD71 expression. Cells that were IgD* CD71~ (black) and IgD~
CD71" B cells (green) were then analyzed for their surface expression of CD20, CD27, and CD38. Naive B cells (black) (top) were sorted as CD20", followed by
CD27" CD38 cells. Plasmablasts (green) (bottom) were sorted as CD20~ and CD27" CD38* cells. Example dot plots of sort purity are shown as postsort analysis.
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FIG 2 Transcriptional profiling of the plasmablasts from dengue patients. (A) Principal-component analysis (PCA) score plot of normalized counts of 14,773
genes showing clustering of plasmablasts (green) and naive B cells (black) from eight different acute dengue febrile subjects. (B) Volcano plot with —log-
adjusted P values on the y axis and log, fold changes on the x axis showing 4,138 differentially expressed genes that are significantly upregulated (red
dots) (right), and downregulated (blue dots) (left) in plasmablasts versus naive B cells. Gray dots are either nonsignificant, nondifferential, or both (for
significant, adjusted P value of <0.05 and P value of <0.01; for differential, log, fold change of greater than or equal tol or less than or equal to —1).
Selected genes with known expression in plasmablasts and naive B cells are labeled in the plot with larger dots and their symbol. (C) Heat map showing
hierarchical clustering of 4,138 differentially expressed genes in plasmablasts compared to naive B cells from eight acute dengue febrile patients. z-scores
of normalized counts were taken for the heat map. The Ward.D2 method was used for clustering (for significant, adjusted P value of <0.05 and P value of
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BCL6, ID3, EBF1, PAX5, IRF8, SPIB, BACH2, CD22, and CD24) showed the expected pat-
terns, thereby validating our analysis (Fig. 2B and Table S1). Interestingly, the differen-
tially expressed genes in the plasmablasts did not cluster depending on the disease se-
verity (Fig. 2C), suggesting that these Ig-independent qualitative features of the
plasmablasts have little or no impact on disease severity.

Gene set enrichment analysis (GSEA) of the top 20 enriched terms of the differentially
expressed genes showed that the upregulated genes in plasmablasts were significantly
associated with processes related to cellular metabolism, protein synthesis, glycosylation,
transport, and secretion (false discovery rate [FDR] <25%) (Fig. 2D and Table S2). In con-
trast, the downregulated genes in plasmablasts were significantly associated with proc-
esses related to signaling through BCR or through other external ligands such as notch,
phosphatidylinositol, growth hormone receptor, G-protein-coupled receptors, WNT, and
interleukins. This pattern is consistent with the concept that plasmablasts are highly dif-
ferentiated short-lived antibody-producing effector cells that are largely refractory to
BCR signaling or other external stimuli.

The differentially expressed genes in each of the biological processes are provided
in Table S3. Additionally, heat maps of the differentially expressed genes associated
with proliferation, metabolism, antibody synthesis, glycosylation, growth factors, tran-
scription factors, and interferon-stimulating genes (ISGs); their log, fold changes (LFCs);
and average counts of naive B cells and plasmablasts are shown in Fig. S2. Taken to-
gether, these data confirm that plasmablasts are highly proliferating metabolically
active cellular factories equipped with the machinery needed for antibody synthesis,
glycosylation, and secretion while downregulating the machinery involved in signaling
through B-cell receptors and many other external stimuli.

Plasmablasts expressed several cytokines involved in angiogenesis. It is known
that B cells produce different cytokines depending on differentiation status (58-61). In
contrast to naive B cells that typically express cytokines such as lymphotoxin B (LTB),
tumor necrosis factor alpha (TNF-a), IL-6, or IL-10 (58-61), emerging studies in murine
models show that plasma cells/plasmablasts can express cytokines such as IL-17, IL-10,
or IL-35 (34, 36). The expression of these cytokines appears to have far-reaching conse-
quences because mice in which IL-35 was knocked out exclusively in B cells could not
recover from experimental autoimmune encephalomyelitis (EAE) but had higher
resistance to Salmonella enterica serovar Typhimurium infection (34). However, so far,
virtually nothing is known about cytokine expression by human plasmablasts during
systemic infections such as dengue.

Considering this, we asked what cytokine genes are expressed in human plasmablasts
responding to dengue infection. We found that 33 cytokine genes were differentially
expressed between plasmablasts and naive B cells (Table S4). Select genes of interest are
shown in Fig. 3A. Notably, we found that many cytokines that are constitutive to naive B
cells were downregulated in plasmablasts (LTB [—8.0], IL-16 [—2.4], TGFB1 [—1.4], IL-32
[—1.8], IL-24 [—4.8], and TNFSF13B [BAFF] [—1.1]). On the other hand, plasmablasts
robustly expressed several other cytokines. Notable among these include VEGFA (+3.9),
ADM (+2.3), ADM2 (+3.3), BMP6 (+6.6), IGF1 (+8.2), MANF (+4.5), and TNFSF10 (+1.9)
(Fig. 3A and Table S5). Interestingly, we found that many of these upregulated cytokines
share functionally overlapping processes related to vascular permeability, leukocyte extra-
vasation, and angiogenesis (Fig. 3B). Of interest is VEGF, a well-known cytokine that is
involved in both physiological angiogenesis and wound repair in addition to playing a key
role in vascular permeability under pathological conditions (62-66). It is interesting to note
that VEGF is classically thought to play a pivotal role in mediating plasma leakage in

FIG 2 Legend (Continued)

<0.01; for differential, log, fold change greater than or equal to 1 or less than or equal to —1). The disease severity of the individual patients is indicated
at the top. (D) Gene set enrichment analysis (GSEA) performed using gene sets derived from GO biological process, Hallmark, KEGG, and Reactome gene
sets from MSigDB. Significant pathways with an FDR g value of <25% are shown. Enriched term names are manually collapsed. Positive and negative
normalized enrichment scores (NES) correlate with upregulated and downregulated pathways, respectively, in plasmablasts compared to naive B cells. ER,
endoplasmic reticulum; TCA, tricarboxylic acid; GPCR, G-protein-coupled receptor; FCGR, Fc gamma receptor; BCR, B-cell receptor.
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FIG 3 Plasmablasts from dengue patients express several cytokines involved in angiogenesis. (A) Heat maps showing select
genes related to cytokines. (B) Network analysis performed in STRING describing associations between the upregulated cytokines
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dengue because its levels were found to be relatively higher in patients with DHF and/or
DSS (67-69). Interestingly, ADM and ADM2, which are also upregulated, are known to syn-
ergize VEGFA actions on endothelial cells (70, 71). Other upregulated genes are also impli-
cated in angiogenesis. BVIP-6 is known to increase vascular hyperpermeability (72); IGF1
promotes endothelial cell migration, tube formation, and the production of the vasodilator
nitric oxide (73, 74); and MANF activates VEGF signaling pathways (75). TNFSF10 (TRAIL) is
also reported to have functional properties similar to those of VEGF (76). By viewing our
data in juxtaposition with the known functions of these genes, it appears that plasma-
blasts from dengue patients upregulate several cytokine genes involved in angiogenesis.

Plasmablasts expressed receptors for several B-cell prosurvival cytokines that
are known to be induced at high levels during the acute febrile phase of systemic
viral infections. We observed that plasmablasts robustly upregulated genes encoding
receptors for several cytokines that are produced at high levels during systemic viral infec-
tion, many of which are known to provide prosurvival signals to B cells. Notable among
these are the receptors for the cytokines IL-6 (IL-6R) (+5.6), IL-15 (IL-15RA) (+2.5), type |
interferon (IFNAR2) (+2.0), and IL-5/IL-3/colony-stimulating factor (CSF2RB) (+2.2) (Fig. 3C).
Flow cytometry confirmation of select cytokine receptors is shown in Fig. 3D. It is interesting
to note that some of these cytokines, for example, IL-6, are known to be induced at a very
high level specifically in patients manifesting dengue hemorrhage and/or shock compared
to patients with mild febrile dengue infection (10-13, 77) and that plasmablast expansion
also tends to be massive in patients manifesting dengue hemorrhage and/or shock com-
pared to patients with mild febrile dengue infection (8), implying that, perhaps, the massive
expansion of the plasmablasts seen in patients with hemorrhage or shock may be mediated
by these cytokines, at least in part.

Interestingly, we found that the plasmablasts downregulated TNFRSF13C/BAFF-R
(—4.2) that binds monomeric and multimeric forms of BAFF to mediate the survival of
transitional and naive B cells (78, 79) while upregulating TNFRSF13B/TACI (+2.4) and
TNFRSF17/BCMA (+6.0) that bind multimeric forms of BAFF or APRIL to mediate prolif-
eration, survival, as well as the maturation and differentiation of activated B cells into
antibody-secreting cells (Fig. 3C).

The plasmablasts also downregulated receptors for the major homeostatic survival
cytokines for B cells, IL-7 (IL-7R) (—3.5); the Tfh-associated cytokine IL-21 (IL-21R) (—2.0);
and the Th2-associated cytokine IL-4 (IL-4R) (—8.2), suggesting that these cells, for the
most part, are likely to have become refractory to B-cell-mediated survival signals pro-
vided under normal homeostatic conditions or during germinal center follicular reactions
or Th2-associated immune responses. Additionally, these cells also downregulated CD40
(—2.2), indicating that, perhaps, these cells are likely to have become refractory to T-cell
help (Fig. 3C), although it is unclear whether these cells originate in a T-cell-dependent
or -independent manner.

Taken together, these findings suggest that plasmablasts, for the most part, become
inept to receive signals from prosurvival cytokines available under normal homeostatic
conditions while acquiring receptors for prosurvival cytokines that are induced robustly
under the conditions of the acute febrile phase of infection.

Plasmablasts expressed several adhesion molecules, chemokines, and chemokine
receptors involved in endothelial interactions and homing to skin or mucosal tissues,
including intestine. Examination of chemokines and chemokine receptors showed that
the plasmablasts expressed several adhesion molecules, chemokines, and chemokine
receptors that are involved in vascular endothelial cell interactions, adhesion, rolling,

FIG 3 Legend (Continued)

in plasmablasts based on text mining, annotated database, experimental evidence, and homology. Protein-protein associations
are represented by the edges, and the thickness of the edges corresponds to confidence in the evidence used to deduce the
associations (thick, high confidence; thin, low confidence). Red nodes represent the cytokines involved in vascular permeability,
leukocyte extravasation, and angiogenesis. (C) Heat map of select cytokine receptors. For both heat maps in panels A and C, a
gradient of high to low gene expression levels based on z-score-normalized counts is indicated from red to blue. On the right
of the heat maps are gene names with common names indicated in parentheses, log, fold changes (LFC), average normalized
counts of naive B cells, and average normalized counts of plasmablasts. Each column in the heat map represents an individual

patient. (D) Flow cytometric staining for select cytokine receptors.
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diapedesis, extravasation, and cell migration to inflammatory tissues, skin, mucosa, and
intestine. An extensive list of these genes is provided in Table S6. Heat maps of select
adhesion molecules are shown in Fig. 4A, heat maps of select chemokines/chemokine
receptors are shown in Fig. 4B, flow cytometric staining confirmation of select chemo-
kine receptors is shown in Fig. 4C, and string analysis of functional protein network
associations of the select molecules is shown in Fig. 4D.

Notable among the adhesion molecules (Fig. 4A) were CDH1 (E-cadherin) (+10.3),
which is a well-characterized molecule involved in cell-cell adhesion (80, 81); SDCT (CD138)
(+9.9), which is known to have pleiotropic functions in cell adhesion (82, 83), homing (40),
wound healing (84, 85), and angiogenesis (86, 87); and the cell adhesion molecule CADM1
(+9.6), and CAV1 (Caveolin 1) (+7.7), which are implicated in pleiotropic functions includ-
ing cell invasion, signaling, intracellular organelle communication, and mediating endothe-
lial dysfunction by attenuating nitric oxide under conditions of hyperlipidemia (88-90).
Additionally, the plasmablasts also showed upregulation of a wide spectrum of integrins
such as ITGB1 (+3.6), ITGA3 (+3.3), ITGB7 (+2.8), ITGA6 (+2.2), ITGAL/CD11a (+1.6), and
ITGA4/CD49D (+1.4) that are known to be involved in cell-to-cell or cell-to-extracellular ma-
trix (ECM) adhesion (91).

Notable among the chemokines and chemokine receptors (Fig. 4B and C) are CCR9
(+3.8), and CCR10 (+6.5), which are chemotactic receptors for mucosal chemokines
such as CCL25 (generally expressed on the endothelium of the small intestine)/CCL27
(skin keratinocytes)/CCL28 (expressed on a wide variety of mucosal epithelial cells) (32,
92-94). Plasmablasts also upregulated CCR2 (+5.5) and CXCR3 (+4.0), the two major
chemokine receptors for a variety of chemotactic factors such as CCL2, CCL7, CCL9,
CCL10, CCL11, and CCL12 that are produced in inflamed tissues.

In addition to being equipped with the ability to home to skin, mucosal, and intesti-
nal tissues, it is interesting to note that the plasmablasts also expressed XCR1/CCXCR1/
lymphotactin receptor (+7.2) (Fig. 4B). XCR1 is known to bind to lymphotactin/XCL1,
which are emerging as cytokines produced by activated NK cells, NK-T cells, and T cells
(95, 96). This suggested that, perhaps, these cells are likely to be equipped with the
ability to migrate toward other activated lymphocytes. Additionally, these cells also
expressed a semaphorin, SEMA4A (+4.6), that functions in the regulation of the
immune system, remodeling of the ECM, and angiogenesis (97-100).

Taken together, these findings show that plasmablasts are equipped with the ability
to not only interact with endothelial cells of inflamed tissue but also produce several
mediators involved in angiogenesis and homing to skin or mucosa as well as intestine.

Transcriptional profiles of plasmablasts responding to systemic dengue viral
infection were qualitatively like those of plasmablasts responding to an inactivated
influenza vaccine. We next wondered whether the transcriptional signature that we
observed in plasmablasts responding to systemic viral infection could differ from that of
plasmablasts responding to an inactivated vaccine. To address this, we focused on plasma-
blasts derived from subjects who received an inactivated influenza vaccine. In previous
studies, we showed transcriptional profiles of plasmablasts derived from flu vaccinees, but
these studies were based on microarray analysis (24). Hence, we retrieved our influenza
study samples and performed RNA-seq analysis of the plasmablasts versus naive B cells.
Similar to what we observed for dengue, plasmablasts from flu vaccinees showed a highly
distinct transcriptional profile beyond Ig genes compared to naive B cells. A total of 5,008
non-lg genes were differentially expressed in flu vaccinee plasmablasts compared to naive
B cells, as shown in a volcano plot (Fig. 5A) and Table S7. A sample-to-sample correlation
analysis of naive B cells or plasmablasts from dengue patients and naive B cells or plasma-
blasts from flu vaccinees showed that plasmablasts from dengue and flu were qualitatively
similar (Fig. 5B). Comparison of median differences in z-scores (between plasmablasts and
naive B cells) of differentially expressed genes showed a positive, significant, and very large
correlation in dengue and flu (rho = 0.95; P < 0.001). Additionally, a majority of GSEA
terms for flu plasmablasts versus naive B cells showed normalized enrichment scores
(NESs) similar to those of dengue-specific terms (Fig. 5C). Like dengue, many of the
cytokine and adhesion molecules involved in angiogenesis are also upregulated in
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FIG 4 Plasmablasts from dengue patients express several adhesion molecules, chemokines, and chemokine receptors involved in endothelial
interactions and homing to skin or mucosal tissues, including intestine. (A to C) Heat maps showing select genes related to cell adhesion molecules
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FIG 5 Transcriptional profile of plasmablasts derived from individuals that received an inactivated influenza vaccine. (A) Volcano plot with —log-adjusted P
values on the y axis and log, fold changes on the x axis. Scattered dots represent genes. Red dots are 2,630 genes that are significantly upregulated and
blue dots are 2,378 genes that are significantly downregulated in plasmablasts versus naive B cells (total of 5008 genes). Gray dots are either
nonsignificant, nondifferential, or both (for significant, adjusted P value of <0.05; for differential, log, fold change greater than or equal to 1 or less than or
equal to —1). (B) Sample-to-sample correlation heat map depicting Pearson’s correlation coefficients among samples of dengue and flu. Grouping patterns
are represented by agglomerative hierarchical clustering by using the Ward.D2 method. The color key depicts a strong correlation for values of >0.8
(green) or a weak correlation for values of <0.4 (blue). (C) Comparison of GSEA terms enriched for plasmablasts versus naive B cells in flu with the terms
enriched for plasmablasts versus naive B cells in dengue. The size of the bubble is proportional to the normalized enrichment scores (NES), and red and
blue represent terms with positive and negative NES, respectively.

plasmablasts of the flu vaccinees. Together, these findings suggest that while there could
be differences in the extent of the expansion of the human plasmablasts in different sce-
narios (8, 22-26), their transcriptional profiles are more likely to be qualitatively similar.

DISCUSSION

Our study provides a detailed understanding of the plasmablast gene expression
profiles in dengue patients. One of the intriguing observations that have emerged
from numerous human studies over the past decade is that the expansion of the plas-
mablasts tends to be massive in systemic viral infections that cause hemorrhagic fevers
such as dengue or Ebola compared to many other localized infections such as influ-

FIG 4 Legend (Continued)

(CAMs) (A) and chemokine and chemokine receptors (B) and flow cytometric confirmation of select chemokine receptors (C). In the heat maps in panels
A and B, a gradient from high to low gene expression levels based on z-score-normalized counts is indicated from red to blue. At the right sides of the
heat maps are gene names with common names in parentheses, log, fold changes (LFC), average normalized counts of naive B cells, and average
normalized counts of plasmablasts. The genes are arranged according to descending LFC values. Each column in the heat map represents an individual
patient. (D) Network analysis performed in STRING describing associations between the select upregulated CAMs, chemokines, and chemokine
receptors in plasmablasts based on text mining, annotated database, experimental evidence, and homology. Protein-protein associations are
represented by the edges, and the thickness of the edges corresponds to confidence in the evidence used to deduce the associations (thick, high
confidence; thin, low confidence). Each node represents the select CAMs, chemokines, and chemokine receptors, whereas the red nodes highlight the
genes involved in vascular endothelial cell interactions and cell migration to skin, mucosa, intestine, and inflamed tissues.
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enza or inactivated vaccines (24-26). More intriguingly, it is shown that the expansion
of the plasmablasts was much more massive in patients with complicated dengue dis-
ease such as hemorrhagic fever and/or shock than in patients with mild dengue febrile
iliness (8). Our findings that plasmablasts robustly upregulate cytokine receptors to
several B-cell prosurvival cytokines that are induced at very high levels during systemic
viral infections and that some of these cytokines tend to be induced at much higher
levels in DHF/DSS cases than in mild febrile dengue cases provide clues on the poten-
tial mechanisms contributing to this massive expansion of plasmablasts typically seen
in dengue. Alternatively, one can argue that the higher expansion of the plasmablasts
seen in DHF/DSS cases could be due to sustained stimulation by abundant levels of
antigen that may persist for a longer time in these cases. Although stronger stimula-
tion at the beginning of infection cannot be excluded, it should be noted that the plas-
mablasts, once generated, downregulate their B-cell receptor (BCR) and its associated
signaling machinery and hence are unlikely to receive continued antigen-mediated sig-
nals. This viewpoint is further strengthened considering a previous study by Kwissa
et al, who showed that B-cell signatures were not associated with high viral loads
(101). Since the levels of cytokines could differ depending on the type of infection or
immunization, further studies are needed to understand how well the expansion of
plasmablasts correlates with the kinetics and levels of these pro-B-cell survival cyto-
kines induced during the acute febrile phase of systemic infections.

It is interesting to note that while maximal expansion of the plasmablasts can differ
depending on the context (as low as approximately 7% of the B cells in flu vaccinees and as
high as 80% to 90% in dengue and Ebola infections) (24-26), we find that the transcrip-
tional features of the plasmablasts were qualitatively similar in systemic dengue viral infec-
tion compared to inactivated influenza vaccinees. These findings combined with our obser-
vation that the plasmablasts upregulate key genes involved in inflammatory homing,
vascular permeability, leukocyte extravasation, and angiogenesis raise several important
questions regarding the role of plasmablasts in the pathophysiology of viral hemorrhagic
fevers. Do these massively expanding cells contribute to vascular permeability, a hallmark
feature of hemorrhagic fevers? Or is the expression of these genes simply indicative of the
potential of these cells to home to inflamed tissues to confer localized immunity? Further
studies are needed to address these critical questions.

It is important to note that many of these vascular permeability factors can also be
produced by other innate cell types (102, 103). However, it remains to be determined
whether the level of expression in plasmablasts is comparable to that produced by
other innate cells. Also, studies are needed to determine whether the plasmablasts
constitutively secrete these cytokines or secrete them only in a localized manner when
interacting with endothelial cells. Hence, further studies are needed to understand
what the potential physiological effects of the plasmablast-endothelial interactions on
plasma leakage could be. It is noteworthy that many of the cytokines that we found
expressed in the plasmablasts can have a role in both pathological as well as physio-
logical aspects of angiogenesis. For example, VEGFA is a classic vascular permeability
factor that also has positive effects on endothelial cells, including the promotion of
blood vessel formation under steady state (64-66). Detailed studies are thus needed to
address the impact of plasmablasts on vascular permeability.

Most studies so far, including this study, have focused on characterizing plasma-
blast responses in blood circulation. It is currently unclear and intriguing as to why a
cell population that primarily secretes soluble antibodies needs to home to tissue.
Historical studies that looked at plasmablast responses in trout immunized with key-
hole limpet hemocyanin (KLH) showed that these cells can indeed migrate to lymphoid
organs as well as tissues (30). More recent studies suggest that plasmablasts can
express homing markers and that the expression of these could differ depending on
the route of immunization (32, 33). Additionally, studies in multiple sclerosis patients
suggest that intrathecal homing of the plasmablasts and their IgG secretion may be
pathogenic as these can serve as specific markers of long-term persistence of disease
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(31). In dengue, so far, we are unaware of studies that have examined plasmablasts in
tissues. These studies combined with our findings highlight the need to carefully
examine the precise role of plasmablast responses in dengue.

MATERIALS AND METHODS

Dengue patient recruitment. The clinical site for this study is the Department of Pediatrics of the All
India Institute of Medical Sciences (AlIMS), New Delhi, India. Patients included in this study were selected
from ongoing studies performed between 2012 and 2019. The study was approved by the institutional
ethical committee, and informed consent/assent was obtained from the study participants prior to recruit-
ment to the study. All patients included in the study were negative for malaria antigen and chikungunya
IgM. The demographics of the patients from whom the plasmablasts were sorted are provided in Table 1.

Dengue confirmation. Dengue virus infection was confirmed by a combination of methods, including
reverse transcription (RT)-PCR, as described previously (12); an NS1 ELISA (enzyme-linked immunosorbent
assay) (catalog number IR031096; J Mitra); and/or a dengue IgM ELISA (catalog number 01PE20; PanBio).

Disease classification. Based on extensive clinical laboratory tests and evaluation, the attending
physicians at each clinical site classified the dengue disease grade based on 2009 WHO guidelines as
dengue infection without warning signs (DI), dengue with warning signs (DW), and severe dengue (SD)
(104) at the time of recruitment.

PBMC and plasma isolation. Blood samples were collected in Vacutainer CPT tubes (catalog num-
ber 362761; Becton, Dickinson). Peripheral blood mononuclear cells (PBMCs) and plasma were separated
as described previously (22). The PBMCs were washed extensively in 1% complete RPMI (RPMI 1640 con-
taining 1% fetal calf serum [FCS], 1x penicillin-streptomycin [Pen/Strep], and 1x glutamine) and used
for analytical flow cytometry and ex vivo dengue-specific ELISpot assays.

Flow cytometry staining and analysis. Extensively washed PBMCs were stained with fluorochrome-la-
beled antibodies and the fixable viable dye eFluor 780 (catalog number 65-0865-14; eBioscience) for live/dead
exclusion. For plasmablast analysis, cells were stained with CD19 (catalog number 302252; BioLegend), CD20
(catalog number 302312; BioLegend), CD38 (catalog number 555460; BD), and CD27 (catalog number 563092;
BD) and acquired on a BD FACSCanto Il instrument. Plasmablast staining was analyzed using FlowJo software
(TreeStar Inc.) starting with a lymphocyte gate that included the blasting cells, and plasmablasts were
described as cells that are CD3~, CD20~, CD19*/™, CD27", and CD38™. The plasmablasts were further stained
with Ki67 (catalog number 561283; BD), CD71 (catalog number 555537; BD), IgM (catalog number 314512;
BioLegend), IgG (catalog number 561298; BD), IgD (catalog number 555778; BD), CXCR5 (catalog number
FAB190P; R&D), CXCR4 (catalog number 555974; BD), CXCR3 (catalog number 560831; BD), CD24 (catalog
number 555427; BD), CCR7 (catalog number 560765; BD), CCR2 (catalog number FAV151P; R&D), CLA (catalog
number 321312; BioLegend), BAFFR (catalog number 316916; BioLegend), IL-6R (catalog number 551850; BD),
and CCR9 (catalog number 358907; BioLegend) for their phenotype. For intracellular protein staining, cells
were permeabilized with Cytofix/Cytoperm buffer (BD), followed by staining for 60 min with antibodies that
were diluted in Perm/Wash buffer (catalog number 554723; BD).

Dengue-specific ELISpot assay. A dengue-specific ELISpot assay was performed on PBMCs isolated
as previously described (22). Briefly, 96-well ELISpot plates (catalog number MSIP45; Millipore) were
coated overnight with either dengue 2 fixed virus antigen (catalog number EL-22-02; Microbix) or poly-
valent total immunoglobulin (catalog number H17000; Invitrogen). Before adding PBMCs, the plates
were washed thoroughly and blocked for 2 h at 37°C with RPMI 1640 containing 10% fetal bovine serum
(FBS). A total of 0.1 x 10° extensively washed PBMCs were then added to the plate, diluted 3-fold until
the last well had a cell number of 45 cells, and incubated overnight at 37°C undisturbed. The cells were
removed, and plates were washed with 1x phosphate-buffered saline (PBS) plus 0.05% Tween 20 and
developed with goat anti-human IgG biotin (catalog number 13-4998-83; eBioscience), IgM biotin (cata-
log number B1265; Sigma), and avidin horseradish peroxidase (HRP) (catalog number 18-4100-51;
eBioscience). The spots were developed with 3-amino-9-ethylcarbazole (AEC) substrate (catalog number
551951; BD) and scanned using an automated ELISpot counter (CTL [Cellular Technologies Ltd.]).

Fluorescence-activated cell sorter (FACS) analysis of naive B cells and plasmablasts. PBMCs iso-
lated from peripheral whole blood of dengue patients were stained with the relevant antibodies at 4°C
for 30 min, washed thoroughly, suspended in PBS containing 2% FCS, and sorted on a BD FACSAria IlI
instrument (BD) with high-forward-scatter gates to account for the larger blasting effector lymphocytes.
CD19* CD20* IgD* CD71~ CD27~ CD38™ naive B cells and CD19*/" CD20~ IgD~ CD71* CD27* CD38™
plasmablasts were isolated to a purity of >90%.

RNA isolation and library preparation. The sorted cells were washed thoroughly, and the cell pellet
was suspended in RLT buffer (Qiagen) and stored at —80°C until RNA extraction. All the samples were
processed simultaneously for RNA extraction. RNA was isolated from sorted B cells for each patient using
the RNeasy microkit (Qiagen) with on-column DNase digestion. RNA quality was assessed using an Agilent
bioanalyzer, and 500 pg of total RNA was used as the input for cDNA synthesis using the Clontech SMART-
Seq v4 ultralow-input RNA kit (TaKaRa Bio) according to the manufacturer’s instructions. Amplified cDNA
was fragmented and appended with dual-indexed barcodes using the Nextera XT DNA library preparation
kit (Illumina). Libraries were validated by capillary electrophoresis on an Agilent 4200 TapeStation, pooled
at equimolar concentrations, and sequenced on an lllumina HiSeq3000 instrument at 100SR, yielding
approximately 20 million reads per sample.

RNA-seq data analysis. Sequenced reads were mapped to human genome GRCh38. FastQC was
used to monitor the quality of sequences. Adaptor sequences were trimmed. Quantification of tran-
scripts was done by using the featurecount option of the Subread package. Raw counts from 60,448
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genes were produced as an output from which 407 immunoglobulin genes were removed for further
analysis. Differential expression analysis was performed with a total of 60,041 genes using the DESeq2
package (105). Low-count genes (45,268) with raw counts of <10 in more than five samples were filtered
out. Among the 14,773 genes, those with an adjusted P value (Benjamini-Hochberg method) of <0.05
and a P value of <0.01 were declared significant. A log, fold change greater than or equal to +1 was
used as a threshold to declare genes upregulated, whereas a log, fold change of less than or equal to
—1 was used for assigning downregulated genes. Furthermore, genes with low average normalized
counts of 100 or lower in both cell types (plasmablasts and naive B cells) were excluded from the differ-
entially expressed gene list. Principal-component analysis (PCA) plots were generated from the 14,773
genes. For heat maps, normalized counts transformed to their z-scores were used. Hierarchical clustering
was created using Euclidean distance with the Ward.D2 method. All analyses were performed in R studio
software using the DESeq2, pheatmap, dendextend, dplyr, reshape2, ggplot2, biomaRt, prcomp, and rgl
packages. For cytokine genes, a total of 263 genes were analyzed from ImmPort.

Gene set enrichment analysis. GSEA software v4.0.3 from the Broad Institute (106, 107) was used
for the enrichment analysis. Our expression data set was run against Hallmark, KEGG pathway, Reactome
pathway, and Gene Ontology (GO) biological process gene sets from the Broad Institute’s Molecular
Signature Database (MSigDB). One thousand gene set permutations were used to estimate the nominal
P value of the enrichment score (ES). To account for gene set size, the ES was normalized to obtain a nor-
malized enrichment score (NES) for each term. The false discovery rate (FDR) was used to account for
multiple testing, and terms with an FDR of <25% were considered.

Protein network analysis. Protein-protein associations among the upregulated genes in cytokines,
cell adhesion molecules, chemokines, and chemokine receptors were calculated using STRING software
v11.0. (108). Each direct and indirect association was scored based on experimental evidence, curated
database, text mining, coexpression, and protein homology. Functional overlap of the genes was ana-
lyzed based on the functional enrichment of the biological process.

Correlation analysis. For sample-to-sample correlation analysis of dengue and flu subjects, the log-
normalized counts of a total of 4,126 differentially expressed genes in dengue plasmablasts versus naive B
cells were used for calculating Pearson’s correlation coefficient. A heat map was made using the heatma-
ply package in R studio. The Ward.D2 method was used for clustering. Furthermore, to calculate the overall
correlation between dengue and flu, differentially expressed genes in dengue were used and compared
with their expression profiles in flu. Pearson’s correlation coefficient was calculated using the median z-
score difference between plasmablasts and naive B cells of dengue and flu. Those with positive and nega-
tive median z-score differences were assigned as upregulated and downregulated genes, respectively.

Statistical analysis. All data were tabulated using MS Excel and analyzed using GraphPad Prism software.
For analysis of groups, an unpaired two-tailed t test was used to determine statistical significance, and P values
were interpreted as indicated in the figures (*, P = 0.05; **, P < 0.01; ***, P =< 0.001; ****, P =< 0.0001).

Data availability. The dengue RNA-seq data set has been deposited in the Gene Expression
Omnibus (GEO) with the accession number GSE171487.
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