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ABSTRACT
Objective To explore cooperation between activated naïve 
(aNAV) B cells and CD4+ T cells in the pathogenesis of SLE 
through autoantibody production, T- cell differentiation and 
inflammatory cytokine secretion.
Methods Peripheral blood mononuclear cell samples 
were obtained from 31 patients with SLE and used to 
characterise phenotype of aNAV B cells (n=14) and 
measured the phosphorylation of B- cell receptor (BCR) 
signalling molecules (n=5). Upregulation of T- cell 
costimulatory molecules after BCR and toll- like receptor 
(TLR)- 7/TLR- 8 stimulation was detected in cells from 
four subjects. To explore the role of these cells in SLE 
pathogenesis via T cell- dependent mechanisms, four 
subjects were analysed to detect the promotion of 
CD4+ T- cell activation and antibody- secreting cell (ASC) 
differentiation after CD4+ T- cell–B- cell cocultures. The 
aNAV B cells from four patients were used to assess 
cytokine secretion.
Results The aNAV B cells of patients with SLE had 
increased expression of surface CD40, HLA- DR and 
interleukin- 21 receptor (IL- 21R) and FCRL5 molecules. 
With BCR stimulation, these cells greatly increased PLCγ2 
phosphorylation. Integrated BCR and TLR- 7/TLR- 8 signals 
induced overexpression of CD40, CD86, IL- 21R and HLA- 
DR on lupus aNAV B cells. In T- cell–B- cell cocultures, 
lupus aNAV B cells (with upregulated costimulatory 
molecules) promoted CD4+ T- cell proliferation and 
polarisation toward effector Th2 and Th17 cells. Importantly, 
in this coculture system, CD4+ T- cell signals enhanced 
aNAV B- cell differentiation into auto- ASCs and produced 
anti- DNA antibodies. The interaction between CD4+ T cell 
and aNAV B cell increased production of inflammatory 
cytokines (IL- 6, IL- 8 and IL- 23).
Conclusion Cooperation between aNAV B cells and CD4+ 
T cells contributed to SLE pathogenesis by promoting both 
differentiation of pathogenic T cells (Th2 and Th17) and 
autoantibody secretion.

INTRODUCTION
SLE is a prototypical autoimmune disease 
characterised by B- cell dysfunction. B cells 
can produce autoantibodies, serve as profes-
sional antigen- presenting cells (APCs) and 

produce inflammatory cytokines.1–4 For T 
cell- dependent autoantibody responses, B 
cells present autoantigen on major histocom-
patibility complex (MHC) class II receptors 
with upregulated CD80, CD86 and CD40, 
which prime autoreactive CD4+ T cells.5–7 
During cognate T cell–B cell interactions, B 
cell- secreted cytokines are critical in T- cell 

WHAT IS ALREADY KNOWN ON THIS TOPIC

 ⇒ Activated naïve (aNAV) B cells display an 
CD11c+CXCR5−CD21− phenotype. They increase 
in patients with SLE flare, and their expansion cor-
relates positively with disease activity. Functional 
and repertoire studies show a developmental link 
between aNAV and double negative 2 B cells which 
leads to the generation of autoreactive plasma cells. 
However, a full understanding of the role of aNAV B 
cells in SLE pathogenesis remains unclear.

WHAT THIS STUDY ADDS

 ⇒ This study showed that aNAV B cells, with upregu-
lated T- cell costimulatory and FCRL5 molecules, re-
sponded to B- cell receptor (BCR) ligation leading to 
the phosphorylation of PLCγ2 signalling molecules. 
Cocultures of lupus aNAV B cells and CD4+ T cells, 
synergised with BCR and toll- like receptor (TLR)- 7/
TLR- 8 signals, significantly promoted CD4+ T- cell 
proliferation and polarisation into Th2 and Th17 cells. 
The addition of IL- 21 in this coculture system sig-
nificantly enhanced aNAV B- cell differentiation into 
auto- antibody- secreting cells (ASCs) and increased 
anti- dsDNA antibody production. The functional role 
of lupus aNAV B cells in secretion of inflammatory 
cytokines (interleukin (IL)- 6, IL- 8 and IL- 23) was 
shown.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Since aNAV B cells are precursors of auto- ASCs, 
inflammatory cytokine- producing cells and cooper-
ative players in autoreactive CD4+ T- cell activation, 
targeting them may provide new approaches to B- 
cell depletion and improve SLE therapies.
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polarisation such as toll- like receptor (TLR)- stimulated 
B cells secreted type I interferons (IFN-α, β).8 9 This, in 
turn, may prime Th1 cell induction and interleukin (IL)- 6 
secretion, and promote polarisation of Th17 and folli-
cular helper T (TFH) cells. Meanwhile, activated helper 
T cells (CXCR5+Th2 and Th17) promote B- cell differen-
tiation into auto- antibody- secreting cells (ASCs) and the 
secretion of autoantibodies.10–12 B cells also augment 
lupus pathology through cytokine secretion. In patients 
with active lupus, serum levels of B cell- derived IL- 6 and 
tumor necrosis factor alpha (TNF-α) correlate with those 
of anti- dsDNA antibody and disease activity.13–15 These 
cytokines can help T- cell polarisation toward pathogenic 
Th17 cells.11 16 17 This collaboration between T and B cells 
is central to SLE pathogenesis.

Activated naïve (aNAV) B cells, displaying IgD+CD27−C-
D11c+CD21−CXCR5− or IgD+CD27−MTG+CD24− pheno-
type, expand during flares of SLE disease.18 19 It had been 
reported that aNAV and double negative 2 (DN2) B cells 
(CD27−IgD−CD21−CD11c+CXCR5−) in patients with SLE 
shared the characteristics of phenotype, function and 
transcriptome.18–20 The aNAV B cells may be precursors 
of DN2 B cells which differentiate into plasma cells via 
TLR- 7, IFN-γ and IL- 21 signalling.20 They have an open 
chromatin configuration in genetic regions which are 
important for B- cell activation and differentiation, and 
thereby allow binding of transcription factors.21 These 
findings suggest that aNAV B cells are precursors of 
different subsets of B cells that undergo auto- ASC differ-
entiation and produce the autoantibodies which are 
central to SLE pathogenesis. However, the mechanisms 
and signals of this process, and the pathogenic roles of 
inflammatory cytokine secretion and self- antigen presen-
tation to autoreactive T cells, remain unclear.

In this study, the expression of B- cell coreceptors and 
T- cell costimulatory molecules on aNAV B cells of patients 
with SLE was analysed. In vitro cultures were used for 
analysis of responses to B- cell receptor (BCR) ligation, 
signals that drive costimulatory capacities, and functions 
of aNAV B cells in cooperation with T- helper (Th) cells 
for promoting autoantibody secretion together with 
effector T- cell differentiation. The capability of aNAV 
B cells to secrete inflammatory cytokines was evaluated. 
Our findings will inform strategies for more efficacious B 
cell- targeted therapies.

METHODS
Participants and study design
Patients with SLE were enrolled from the Department 
of Medicine, Ramathibodi Hospital, Bangkok, Thailand. 
All were older than 18 years and met the Systemic Lupus 
International Collaborating Clinics (SLICC) 2012 criteria 
or the American College of Rheumatology (ACR) 1997 
criteria22 23 for SLE diagnosis and classification. Patients 
received standard treatment according to disease activity 
and degree of organ damage. Study exclusion criteria 
were presence of overlapping syndrome, infection or 

cancer. Collected data consisted of clinical manifesta-
tions, demographics and laboratory results.

Thirty- one patients with SLE were recruited into the 
present study. Blood samples were collected to char-
acterise the phenotype of aNAV B cells (n=14) and to 
measure the phosphorylation of BCR signalling events 
(n=5). The upregulation of T- cell costimulatory mole-
cules after BCR and TLR- 7/TLR- 8 in vitro stimulation 
was studied in four subjects. Blood samples from patients 
with SLE were used to detect CD4+ T- cell activation and 
ASC differentiation (n=4) and to assess cytokine secretion 
(n=4) after CD4+ Tcell–B cell cocultures. Healthy donors 
(n=21) were recruited as healthy controls (HCs) in our 
study. Samples from 10 subjects were analysed for aNAV 
B- cell phenotype and from 3 others for phosphorylation 
of their BCR signalling molecules; samples from 8 subjects 
were assessed for activation of CD4+ T cells (n=4) and for 
plasma cell differentiation (n=4). Additional information 
about study subjects is in online supplemental table S1.

Cell staining and flow cytometry
Peripheral blood mononuclear cells (PBMCs) were 
prepared and stained with monoclonal antibodies 
(mAbs) according to manufacturer recommendations 
(described in online supplemental table S2). The charac-
teristics of aNAV B cells were determined by staining with 
mAbs against CD19, CD20, CD11c, CD27, CD21, CD86, 
HLA- DR, CD40, interleukin- 21 receptor (IL- 21R), IgD, 
CXCR5, CCR7, FCRL4 and FCRL5. Plasma cells were 
identified with mAbs against CD19, CD27 and CD38. 
Analyses were done with a FACS Canto II flow cytometer 
(BD Biosciences, San Jose, California, USA).

Costimulatory molecule expression
To observe expression of T- cell costimulatory molecules 
on B cells after in vitro stimulation, sort- purified aNAV B 
cells were cultured at 2×104 cells in 200 µL of R10 medium 
(RPMI 1640 with 10% fetal bovine serum, 2 mM L- glu-
tamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 
10 mM hydroxyethyl piperazineethanesulfonic acid 
(HEPES)), supplemented with 1 µg/mL R848, 50 ng/
mL IL- 2 (PeproTech, Rocky Hill, New Jersey, USA) and 
10 µg/mL calf thymus DNA (Sigma- Aldrich, St. Louis, 
Missouri, USA). After 24 hours’ culture, the stimulated 
aNAV B cells were harvested for analysis of CD40, CD86, 
IL- 21R and HLA- DR expression by flow cytometry.

BCR signalling
PBMCs (1×106) were stained with anti- CD19, anti- CD21, 
anti- CD27, anti- CD11c, anti- CXCR5 and anti- IgD mAbs. 
Cells were washed and incubated at 37°C for 30 min 
before adding F(ab’)2 anti- IgM and anti- IgG (Southern 
Biotech and Jackson ImmunoResearch, West Grove, 
Pennsylvania, USA) at a final concentration of 20 µg/
mL and incubated at 37°C for 5 min. For detection of 
protein phosphorylation, cells were fixed, permeabilised 
and stained with mAbs specific for PLCγ2 (pY759), SYK 
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(pY352) and BLNK (pY84) (online supplemental table 
S2).

In vitro CD4+ T-cell induction and proliferation
aNAV B cells and CD4+ T cells were sorted using FACSAria 
III (BD Biosciences). Sorted cells were cocultured in 
96- well plates precoated with anti- human CD3 mAbs 
(BioLegend, San Diego, California, USA), in the presence 
of 1 µg/mL R848, 50 ng/mL IL- 2, 10 µg/mL calf thymus 
DNA at 37°C, 5% CO2 for 5 days. Cells were harvested and 
assessed for T- cell proliferation and effector Th- cell polar-
isation by carboxyfluorescein succinimidyl ester (CFSE) 
proliferation assay and intracellular cytokine staining, 
respectively. Controls included cultures of CD4+ T cells 
with anti- CD3 mAbs, R848, IL- 2 and calf thymus DNA. 
Positive controls of T- cell proliferation were stimulated 
with 2% (v/v) phytohaemagglutinin (Thermo Fisher 
Scientific, Massachusetts, USA).

For T- cell proliferation assay, CD4+T cells were labelled 
with 10 µM CFSE (BioLegend) before coculture. On day 
5, cells were harvested and stained with Zombie Red dye, 
then CD4+ T- cell proliferation was determined by flow 
cytometry.

Intracellular cytokine staining
PBMCs or cultured CD4+T cells (n=4) were stimulated 
with 50 ng/mL phorbol 12- myristate 13- acetate plus 1 µg/
mL ionomycin and 10 µg/mL of brefeldin A (Sigma- 
Aldrich) for 6 hours. Cells were then surface stained with 
mAbs against CD3 and CD4, and intracellularly with Abs 
against IFN-γ, IL- 4 and IL- 17 according to the manu-
facturer’s instructions. FACS data were acquired with a 
FACSCanto II and were analysed with FlowJo software.

Plasma cell differentiation
Sorted aNAV B cells (2×104 cells) were cultured in RPMI 
media supplemented with one of three stimuli: stimuli 1 
(S1), 1 µg/mL R848, 50 ng/mL IL- 2 and 10 µg/mL calf 
thymus DNA; stimuli 2 (S2), 1 µg/mL R848, 50 ng/mL 
IL- 2, 10 µg/mL calf thymus DNA and allogeneic CD4+ T 
cells (8×104 cells); stimuli 3 (S3), 1 µg/mL R848, 50 ng/
mL IL- 2, 100 ng/mL IL- 21 and 10 µg/mL calf thymus 
DNA in the presence of allogeneic CD4+ T cells. After 
culture at 37°C, 5% CO2 for 11 days, cells were harvested, 
and plasma and CXCR5+ B cells were counted. Culture 
supernatants were collected for total IgG and anti- DNA 
autoantibody levels.

ELISA
The total IgG and anti- DNA autoantibody levels were 
determined by ELISA as previously reported.18 Briefly, 
1 µg/mL anti- human IgG (Mabtech, Nacka, Stockholm, 
Sweden) or 10 µg/mL calf thymic DNA was coated on 
96- well plates and blocked with phosphate buffered saline 
with 10% fetal bovine serum (10% FBS–PBS). Undiluted 
supernatants were added to wells followed by goat anti- 
human IgG conjugated to horseradish peroxidase (KPL, 
Milford, Massachusetts, USA). Plates were developed 
with tetramethylbenzidine enzyme substrate and optical 

density was read at 450 nm. Supernatants from non- 
stimulated aNAV B cells were used as background.

Cytokines in culture supernatant
To assess cytokine production by aNAV B cells, sorted aNAV 
B cells from patients with SLE (n=4) were cultured in R10 
medium in the presence of allogeneic CD4+ T cells, 1 µg/
mL R848, 50 ng/mL IL- 2 and 10 µg/mL calf thymus DNA 
at 37°C, 5% CO2 for 6 days. Culture supernatants were 
stained with antibodies and quantified using a multiplex 
bead- based assay (#740809, LEGENDplex; BioLegend). 
The assay detects 13 inflammatory cytokines/chemok-
ines (IL- 1β, IFN-α, IFN-γ, TNF-α, MCP- 1 (CCL2), IL- 6, 
IL- 8 (CXCL8), IL- 10, IL- 12p70, IL- 17A, IL- 18, IL- 23 and 
IL- 33). Staining followed the manufacturer’s protocol. 
Flow cytometry was performed using BD FACSVerse (BD 
Biosciences). Culture supernatants from non- stimulated 
aNAV B cells served as controls.

Statistical analysis
Data were analysed using GraphPad Prism V.8.2.1 soft-
ware (GraphPad Software, San Jose, California, USA). 
Group comparisons were performed using two- tailed, 
unpaired Mann- Whitney U tests (results presented as 
group median (IQR)). Group differences with p values 
less than 0.05 were considered statistically significant.

RESULTS
Lupus aNAV B cells exhibited costimulatory phenotype and 
upregulated T-cell costimulatory molecules after BCR and 
TLR-7/TLR-8 stimulation
As aNAV B cells might contribute in SLE pathogen-
esis,18–20 we assessed whether T cells promote their activa-
tion. Expression profiles of T- cell costimulatory receptors 
(CD11c, CD40, CD86, HLA- DR and IL- 21R), CCR7 and 
FCRL4 on aNAV B cells of patients with SLE and HCs 
were determined by flow cytometry (figure 1A and online 
supplemental figure S1). CD40, HLA- DR and IL- 21R 
were significantly upregulated on aNAV B cells of patients 
with SLE (figure 1B and online supplemental figure S2). 
Expression of CD11c, CD86, CCR7 and FCRL4 was similar 
on cells from patients and HCs (figure 1B). Expression 
of CD40, HLA- DR and IL- 21R on three different B- cell 
subsets (DN2, resting naïve (rNAV) and aNAV B cells) was 
significantly higher for HLA- DR and IL- 21R on aNAV B 
cells (figure 1C). CD40 expression did not differ signifi-
cantly among the B- cell subsets (figure 1C).

Since aNAV B cells of patients with SLE upregulated 
ex vivo expression of CD40, HLA- DR and IL- 21R, costim-
ulation of T- cell activation was assessed by determining 
levels of CD40, CD86, IL- 21R and HLA- DR expression 
after TLR- 7/TLR- 8 ligand and autoantigen stimula-
tion (figure 1D and online supplemental figure S3). 
CD86 expression was greatest, approximately seven-
fold increased. Multifold increases of CD40, IL- 21R and 
HLA- DR molecules also occurred on aNAV B cells of 
patients compared with HCs (figure 1D).
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Lupus aNAV B cells with FCRL5 overexpression greatly 
increased PLCγ2 BCR signalling
The phenotype shared by aNAV B and DN2 B cells (pre- 
ASCs) might be involved in autoantibody secretion.18 20 
Here, the upregulation of B- cell coreceptors (CD19, CD20 
and FCRL5) on these cells and their increased expression 
involving B cell activation via BCR stimulatory signals 
was assessed. FCRL5 was significantly overexpressed on 
aNAV B cells from lupus patients versus HCs, whereas 
no significant difference was found with CD19 nor CD20 
(figure 2A). FCRL5 expression was greater on both DN2 
and aNAV B cells than on rNAV B cells (figure 2B).

Since BCR signalling has been reported to induce 
FCRL5 expression and subsequently drive B- cell prolif-
eration,24 25 phosphorylation of BCR signalling mole-
cules was investigated. PLCγ2 expression was significantly 
increased in aNAV B cells from patients with lupus 
compared with HCs. However, no significant differences 
in SyK and BLNK expression were observed (figure 2C).

aNAV B cells activated CD4+ T-cell proliferation and Th2-cell 
and Th17-cell polarisation
Since B cells can present antigen to T cells,7 16 we explored 
the capability of aNAV B cells to promote T- cell activa-
tion. First, the frequency of effector CD4+T cells (Th1, 
Th2 and Th17) was determined in PBMCs from lupus 

patients. Higher cell frequencies of Th2 (SLE: 0.61% 
(0.37–0.78) vs HCs: 0.42% (0.36–0.48)) and Th17 (SLE: 
2.10% (1.55–2.54) vs HCs: 0.79% (0.60–1.03), p<0.05) 
cells were found in patients with SLE compared with 
HCs, though only significant in the Th17- cell population 
(figure 3A). In contrast, the frequency of Th1 cells was 
decreased in lupus patients (SLE: 10.33% (8.49–11.65) 
vs HCs: 15.49% (13.70–18.76), p<0.05) (figure 3A). The 
Th2- cell and Th17- cell subsets were therefore expanded to 
explore the antigen presenting function of aNAV B cells 
in promotion of T- cell activation.

To determine whether lupus aNAV B cells, with 
upregulated T- cell costimulatory molecules, function 
as APCs for promoting T- cell activation, sorted aNAV B 
cells were stimulated with TLR- 7/TLR- 8 ligand, autoan-
tigen and allogeneic CD4+T cells. The stimulated lupus 
aNAV B cells costimulated significantly more CD4+ T- cell 
proliferation than did aNAV B cells from HCs (SLE: 
6.24% (0.28–11.20) vs HCs: 2.40% (2.06–4.32), p<0.05) 
(figure 3B). We next assessed the capacity of these aNAV 
B cells to promote the polarisation of CD4+ T cells into 
effector T cells. A significantly higher frequency of IL- 4 
(SLE: 28.21% (26.13–34.25) vs HCs: 1.89% (0.72–2.95), 
p<0.05) and IL- 17 (SLE: 35.5% (30.15–39.10) vs HCs: 
4.55% (3.06–6.44), p<0.05) containing CD4+ T cells was 

Figure 1 The aNAV B cells exhibited a costimulatory phenotype and upregulated T- cell costimulatory molecules 
after BCR and TLR7/8 stimulation. (A) General gating strategy for aNAV (CD19+CD27−IgD+CD21−CXCR5−), rNAV 
(CD19+CD27−IgD+CD21+CXCR5+) and DN2 (CD19+CD27−IgD−CD21−CXCR5−) (left) and representative histograms of CD40, 
HLA- DR and IL- 21R expression (right) on aNAV B cells of patients with SLE (n=14) and HC (n=10). (B) MFI of CD11c, CD40, 
CD86, HLA- DR, IL- 21R, CCR7 and FCRL4 in aNAV B cells from patients with SLE (n=14) and HCs (n=10). (C) MFI of CD40, 
HLA- DR and IL- 21R on DN2, rNAV and aNAV B cells in patients with lupus (n=14). (D) The fold changes in MFI of CD40, CD86, 
IL- 21R and HLA- DR on aNAV B cells from patients with lupus patients (n=4) and HCs (n=4) after in vitro stimulation (S) Stimuli: 
R848, IL- 2 and autoantigen compared with non- stimulated cells. Bars represent median with IQR. P values were determined 
by Mann- Whitney U test: *p<0.05, **p<0.01. aNAV, activated naïve; BCR, B- cell receptor; DN2, double negative 2; HC, healthy 
control; IL, interleukin; IL- 21R, interleukin- 21 receptor; MFI, mean fluorescent intensity; rNAV, resting naïve.
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detected after stimulation by lupus compared with HC 
aNAV B cells (figure 3C).

IL-21 synergised with BCR, TLR-7/TLR-8 and CD4+ T-cell 
signals promoted autoantibody secretion by aNAV B cells
Since T cell–B cell interaction promotes B- cell differenti-
ation into plasma cells,12 26 CD4+ T- cell signals might help 
aNAV B cells differentiate into auto- ASCs. To test this 
hypothesis, lupus aNAV B cells were cultured with S1, S2 
or S3 (figure 4A). By receiving allogeneic CD4+ T cells 
in S2, these aNAV B cells generated higher frequencies 
of plasma cells than those given S1 (S2: 21.60% (18.90–
25.00) vs S1: 5.05% (4.21–6.86), p<0.05) (figure 4B). Since 
our data showed IL- 21R upregulation on lupus aNAV B 
cells, we next explored the relation of IL- 21 to differenti-
ation into auto- ASCs. The presence of IL- 21 in S3 resulted 
in approximately 1.5- fold and 6- fold greater induction of 
aNAV B- cell differentiation into plasma cells compared 
with S2 (S3: 33.80% (25.65–41.90) vs S2: 21.60% (18.90–
25.00), p<0.05) and S1 (S3: 33.80% (25.65–41.90) vs S1: 
5.05% (4.21–6.86), p<0.05), respectively (figure 4B). No 
significant difference in the frequency of plasma cells 
was detected in S1, S2 or S3 cultures of lupus patients 
compared with HCs.

In addition, the ability of lupus aNAV B cells to secrete 
autoantibodies was assessed on in vitro stimulation. 
Significantly higher levels of total IgG were detected in S2 
cultures compared with S1 (S2: 1.23 (1.21–1.29) vs S1: 0.99 
(0.93–1.01), p<0.05). The IL- 21 in stimulus S3 enhanced 
lupus aNAV B cell secretion of IgG compared with S1 (S3: 
1.58 (1.49.–1.68) vs S1: 0.99 (0.93–1.01), p<0.05) and S2 
(S3: 1.58 (1.49.–1.68) vs S2: 1.23 (1.21–1.29), p<0.05) 
(figure 4C). Compared with HCs, lupus aNAV B cells in 
S3 greatly increased IgG production (SLE: 1.58 (1.49.–
1.68) vs HCs: 1.38 (1.15–1.48), p<0.05) (figure 4C). The 

S1 and S2 stimuli did not induce aNAV B cells to produce 
anti- DNA antibodies. Rather, S3 with IL- 21 significantly 
promoted secretion of anti- DNA antibodies in lupus 
aNAV B- cell cultures (SLE: 0.22 (0.18–0.24) vs HCs: 0.10 
(0.09–0.11), p<0.05) (figure 4D).

Since cognate interaction between T and B cells 
promotes B- cell migration into germinal centres (GCs),26 
we assessed the frequency of CXCR5- expressing B cells 
on in vitro stimulation. S2 significantly promoted lupus 
aNAV B cell differentiation into CXCR5+ B cells compared 
with S1 (S2: 28.70% (20.45–39.75) vs S1: 17.50% (15.20–
19.60), p<0.05) (figure 4E). Adding IL- 21 (along with 
TLR- 7/TLR- 8 and BCR signals) to CD4+T- aNAV B cell 
cocultures significantly enhanced CXCR5 expression (S3: 
38.54% (29.05–50.70) vs S2: 28.70% (20.45–39.75)) and 
(S3: 38.54% (29.05–50.70) vs S1: 17.50% (15.20–19.60), 
p<0.05) (figure 4E).

CD4+ T cell–aNAV B cell interaction enhanced secretion of IL-
6, IL-8 and IL-23 cytokines
To evaluate cytokine secretion by aNAV B cells from 
patients with SLE, 13- cytokine profiles of culture super-
natants were determined, comparing stimulated with 
non- stimulated B cell cultures. TLR- 7/TLR- 8 and BCR 
signals did not stimulate significant cytokine produc-
tion (figure 5A,B). Next, we investigated whether the 
interaction between CD4+T cells and aNAV B cells might 
promote these cells for cytokine secretion. In the pres-
ence of allogeneic CD4+T cells, the significantly higher 
amounts of IL- 6 (12.85 pg/mL (8.76–16.45) vs 4.26 pg/
mL (4.26–5.02), p<0.05), IL- 8 (64.79 pg/mL (42.65–
93.58) vs 19.61 pg/mL (19.61–20.19), p<0.05) and IL- 23 
(4.20 pg/mL (3.85–4.98) vs 1.63 pg/mL (1.54–1.79), 
p<0.05) were detected compared with cultures without B 
cells or CD4+T cells (figure 5C,D). These data indicated 

Figure 2 The aNAV B cells with FCRL5 overexpression greatly increased BCR signalling. (A) Representative histogram 
overlays for CD19, CD20 and FCRL5 (left), and MFI of CD19, CD20 and FCRL5 (right) on aNAV B cells from patients with SLE 
(n=14) and HCs (n=10). (B) MFI of CD19, CD20 and FCRL5 on DN2, rNAV and aNAV B cells in patients with lupus (n=14). (C) The 
fold changes in MFI of BLNK (Y84), PLCγ2 (pY759) and SyK (Y352) in aNAV B cells from patients with lupus (n=5) and HCs 
(n=3) after BCR cross- linking. Bars represent median with IQR. P values were determined by Mann- Whitney U test: *p<0.05. 
aNAV, activated naïve; BCR, B- cell receptor; DN2, double negative 2; HC, healthy control; MFI, mean fluorescent intensity; rNAV, 
resting naïve.
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the cooperation between aNAV B cells and CD4+T cells 
could promote secretion of IL- 6, IL- 8 and IL- 23 cytokines.

DISCUSSION
The contribution of aNAV B cells to SLE pathogenesis 
has been documented. As precursors of auto- ASCs, they 
have the capacity to differentiate into DN2 B cells (which 
share essentially the same functional phenotype and tran-
scriptome) and ASCs on TLR- 7, IFN-γ and IL- 21 stimu-
lation.19 20 27 Recently, a study showed that aNAV B cells 
engage with dsDNA and that their number was positively 
correlated with disease activity.18 However, the exact roles 
of aNAV B cells in SLE pathogenesis are not clear. Our 
study found that lupus aNAV B cells overexpressed T cell 
costimulatory (CD40, HLA- DR and IL- 21R) and FCRL5 
molecules. These cells greatly increased PLCγ2 phospho-
rylation after BCR stimulation. On receipt of BCR and 
TLR- 7/TLR- 8 signals, aNAV B cells upregulated CD40, 
CD86, IL- 21R and HLA- DR costimulatory molecules. 
This suggested that aNAV B cells can present antigen and 
deliver costimulatory signals to T cells. Notably, coculture 

of CD4+T and aNAV B cells, along with TLR- 7/TLR- 8 and 
autoantigen, resulted in driving T cell polarisation toward 
effector Th2 and Th17 cells. After receiving CD4+T cell 
and IL- 21 signals, aNAV B cells differentiated into auto- 
ASCs, and increased anti- DNA autoantibody production. 
The study also showed that interaction of CD4+T cells 
and aNAV B cells promoted secretion of IL- 6, IL- 8 and 
IL- 23 inflammatory cytokines. Altogether, our data docu-
mented that lupus aNAV B cells cooperate with CD4+T 
cells in promoting effector T cell differentiation, autoan-
tibody production and inflammatory cytokine secretion.

The role of aNAV B cells in contributing to SLE patho-
genesis remains unclear. But T cell- dependent mecha-
nisms are known to be crucial for autoreactive memory B 
cells and ASC generation.28 Therefore, we hypothesised 
that aNAV B cells may cooperate with T cells in the patho-
genesis of SLE. The phenotype of aNAV B cells in patients 
with SLE included elevated expression of T cell costimu-
latory markers (CD40, HLA- DR and IL- 21R) and B cell 
co- receptors (FCRL5). Moreover, in vitro studies showed 
that dual stimulation with autoantigen and TLR- 7/TLR- 8 

Figure 3 The aNAV B cells effectively induced CD4+ T- cell proliferation and Th2- cell and Th17- cell polarisation. 
(A) Representative dot plots showing CD4+ T cells producing IFN-γ, IL- 4 or IL- 17 (left), and the frequency of Th1, Th2 and Th17 
cells (right) in patients with SLE (n=4) compared with HCs (n=4). (B) Representative flow cytometry plots (left) and accumulated 
data (right) show the ability of aNAV B cells to costimulate CD4+ T- cell proliferation. Non- B- cell stimulation (no B cells) cultures 
included CD4+ T cells with anti- CD3, R848, IL- 2 and calf thymus DNA. PHA- stimulated CD4+ T cells served as positive control 
cultures (C) Flow cytometric plots (left) and accumulated data (right) show the frequency of Th2 and Th17 cells after stimulation 
by aNAV B cells from patients with lupus (n=4) and HCs (n=4) in the presence of anti- CD3, R848, IL- 2 and calf thymus DNA in 
vitro cultures. Bars represent median with IQR. P values were determined by Mann- Whitney U test: *p<0.05. aNAV, activated 
naïve; HC, healthy control; IFN-γ, interferon gamma; IL, interleukin; PHA, phytohaemagglutinin.
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ligand promoted upregulation of CD40, CD86, IL- 21R, 
and HLA- DR costimulatory molecules on the aNAV B 
cell surface, suggesting that these cells deliver costimula-
tory signals to T cells. In addition, these cells (with T cell 
costimulatory phenotypes) increased expression of prox-
imal PLCγ2 BCR signalling molecules on crosslinking. 
These data indicated that the recognition of autoan-
tigen by BCR may initiate a signalling cascade leading to 
aNAV B cell survival, proliferation and differentiation.29 30 
Taken together, our data demonstrated that the combina-
tion of BCR and TLR- 7/TLR- 8 signal enhanced aNAV B 
cell function in antigen presentation and co- stimulated T 
cell responses.

T cell- dependent B cell activation is important for the 
generation of memory B cells and long- lived plasma cells 
which secrete switched high- affinity antibodies.3 28 In SLE, 
the mechanisms that drive aNAV B cells into GC or extra-
follicular reactions are unclear. Here, aNAV B cell culture 
following CD4+T cell, autoantigen and TLR- 7/TLR- 8 
ligand stimulation promoted T cell polarisation toward 
effector Th17 cells. These results are consistent with the 
correlation between Th17 cells and disease activity in 
lupus patients.31 32 Thus, these results suggest a potential 
role of aNAV B cells as APCs and in driving autoreactive T 
cell differentiation toward pathogenic effector Th17 cells. 
We also observed the function of aNAV B cells in auto-
antibody secretion via T cell- dependent activation. More 
plasma cells were detected in CD4+T cell- aNAV B cell 
cultures compared with those lacking T cell stimulation. 
Integration of IL- 21 promoted differentiation of aNAV 

B cells into auto- ASCs and anti- DNA autoantibody secre-
tion, as well as upregulation of CXCR5 which is critical for 
cell trafficking to germinal centres (GCs). The possible 
mechanism used by aNAV B cells in T cell- dependent acti-
vation for autoantibody secretion may be that self- antigen 
recognition via BCRs, cooperating with signalling of B- cell 
coreceptors, resulted in activation of naïve B cells. These 
aNAV B cells migrate to the border of T- cell zones and 
interact with primed TFH cells. During cognate T cell–B 
cell interactions, signals from T cells (CD40 ligand, IL- 4 
and IL- 21) induce upregulation of IL- 21R and CXCR5 
on aNAV B cells and drive their migration into GCs.33 34 
There, coordinated interactions between TFH and these 
B cells (via IL- 21R- IL- 21 and CD40- CD40L) drive the 
process of aNAV B- cell differentiation into autoreactive 
plasma cells and the secretion of autoantibodies which 
contributes to lupus pathogenesis. Further investigations 
of the mechanisms that drive aNAV B cells to differentiate 
into auto- ASCs are likely to improve strategies for B cell- 
targeted therapy.

Another central function of B cells is cytokine produc-
tion. In patients with SLE, cytokines (IFN-α, IFN-β and 
IL- 6) produced by B cells are increased.8 9 35 36 These 
cytokine levels positively correlate with disease activity 
scores, suggesting that these inflammatory mediators 
are involved in lupus pathogenesis.37–40 Here, our data 
showed that the collaboration between CD4+ T cells and 
aNAV B cells increased secretion of IL- 6, IL- 8 and IL- 23 
cytokines. Others suggest that B cell- derived IL- 6 and IL- 8 
in SLE recruit macrophages to sites of inflammation, and 

Figure 4 IL- 21 synergised with BCR, TLR- 7/TLR- 8 and CD4+ T- cell signals promoted autoantibody secretion by aNAV B 
cells. (A) Representative flow cytometric plots indicating expression of plasma cell differentiation markers (CD27+CD38+) from 
aNAV B- cell cultures with one of three conditions of stimuli (S1: R848, IL- 2 and autoantigen; S2: R848, IL- 2 and autoantigen in 
the presence of CD4+ T cells; S3: R848, IL- 2, autoantigen, CD4+ T cells and IL- 21) are shown in patients with lupus and HCs. 
(B) Frequencies of plasma cells. Optimal density of (C) total IgG and (D) anti- DNA antibodies and (E) frequencies of CXCR5+ B 
cells were determined in each culture condition. Bars represent median with IQR. P values were determined by Mann- Whitney U 
test: *p<0.05. Dashed line indicates the baseline of non- stimulated aNAV B cells. aNAV, activated naïve; HC, healthy control; IL, 
interleukin; S1, stimuli 1; S2, stimuli 2; S3, stimuli 3.
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that IL- 6 and IL- 23 (inflammatory mediators) promote 
Th17- cell differentiation.11 16 41–43 Thus, these cytokines 
may contribute to the pathogenesis of SLE by promoting 
pathogenic Th17- cell differentiation, as well as by acti-
vating and recruiting innate immune cells to sites of 
inflammation. Subsequently, the aberrant activation of 
innate immune cells, along with T and B lymphocytes, 
leads to systemic inflammation.1 44 Further investigation 
of the aNAV B- cell function involved in inflammatory 
cytokine (IL- 6, IL- 8 and IL- 23) secretion and of coopera-
tion with autoreactive Th cells, as contributors to disease 
pathogenesis, is needed.

The limitation of this study includes small sample sizes 
of patients with SLE with an active disease. Since the treat-
ment with biologics demonstrated the depletion of the 
circulating B- cell population, only patients with reduced 
or without biological treatment were recruited in this 
study. In our study, in vitro culture system was estab-
lished to provide proof of concept for cooperative role 
between aNAV B cells and CD4+ T cells in patients with 
SLE. Studies in larger sample sizes with different disease 
activity levels would help to validate these observations as 

well as to clarify the pathogenic role of aNAV B cells in 
SLE pathogenesis.

In summary, aNAV B cells of patients with SLE exhib-
ited a costimulatory phenotype and upregulated T- cell 
costimulatory molecules after BCR and TLR- 7/TLR- 8 
stimulation which led to T- cell activation and polarisation 
toward effector Th2 and Th17 cells. Integration of CD4+ 
T cell and IL- 21 signals promoted aNAV B- cell differen-
tiation into auto- ASCs and their secretion of anti- DNA 
autoantibodies. In addition, the collaboration between 
CD4+ T cell and aNAV B cells enhanced secretion of IL- 6, 
IL- 8 and IL- 23 inflammatory cytokines. These findings 
will likely enhance understanding of aNAV B- cell func-
tion, increase knowledge of SLE aetiology and hopefully 
provide new avenues for B cell- targeted therapy.
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Table S1. Subject demographics and baseline characteristics 

ND: Not done; SLEDAI-2K: Systemic Lupus Erythematosus Disease Activity Index 2000; 

Anti-dsDNA: Anti-double strand DNA; C3: Complement 3; C4: Complement 4; ESR: 

Erythrocyte Sedimentation Rate. # = Median (Interquartile range)  

Category Features SLE patients 

(n = 31) 

Healthy subjects 

(n = 21) 

Demographic Age, year (mean ± SD) 33.52 ± 13.79 25.12 ± 1.81 

Gender, male, n (%) 3/31 (9.68%) 4/21 (19.05%) 

Female, n (%) 28/31 (90.32%) 17/21 (80.95%) 

Race, n (%)   

     Asian 31/31 (100%) 21/21 (100%) 

     African American 0 (0%) 0 (0%) 

     Unknown/Other 0 (0%) 0 (0%) 

Laboratory parameters SLEDAI-2K (mean ± SD) 5.93 ± 3.98 ND 

Anti-dsDNA positive No (%) 21/31 (67.74%) ND 

C3 levels, mg/L (#) 905 (625-1300) ND 

C4 levels, mg/L (#) 150 (50-360) ND 

ESR, mm/h (#) 60 (22.5-72.5) ND 

Clinical manifestations Nephritis, n (%) 12/31 (38.71%) ND 

Vasculitis, n (%) 3/31 (9.68%) ND 

Malar rash, n (%) 2/31 (6.45%) ND 

Discoid rash, n (%)  1/31 (3.22%) ND 

Purtscher retinopathy, n (%) 2/31 (6.45%) ND 

Organic brain syndrome, n (%) 2/31 (6.45%) ND 

Low complement level n, (%) 9/31 (29.03%) ND 

Increased DNA binding n, (%) 10/31 (32.26%) ND 

Treatment Prednisolone, n (%) 28/31 (90.32%) ND 

Antimalarial, n (%) 25/31 (80.64%) ND 

Cyclophosphamide, n (%) 16/31 (51.61%) ND 

Azathioprine, n (%) 6/31 (19.35%) ND 

Mycophenolate, n (%) 14/31 (45.16%) ND 

Triamcinolone, n (%) 4/31 (12.90%) ND 

Methotrexate, n (%) 2/31 (6.45%) ND 
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Table S2. Flow cytometry panel used for this study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Marker Fluorochrome Clone Catalog 

Number 

Company 

1 CD19 FITC HIB19 302206 BioLegend 

2 CD20 APC/Cy7 2H7 302313 Biolegend 

3 CD21 APC Bu32 354906 BioLegend 

4 CD27 PE M-T271 356406 BioLegend 

5 CD27 APC/fire M-T271 356428 BioLegend 

6 CD38 AF700 HB-7 356624 BioLegend 

7 IgD PE/Dazzle IA6-2 348240 BioLegend 

8 IgD PE/Cy7 IA6-2 348210 BioLegend 

9 IgG PerCP cy5.5 M1310G05 410710 BioLegend 

10 CD11c AF700 Bu15 337220 BioLegend 

11 CD86 PE/Cy5 IT2.2 305408 BioLegend 

12 CD40 PE/Cy5 5C3 334314 BioLegend 

13 HLA-DR APC G-46-6 559866 BD Pharmingen 

14 IL-21R PE/Cy7 17A12 359514 BioLegend 

15 FcRL4 PE 413D12 340204 BioLegend 

16 FcRL5 PE 509f6 340304 BioLegend 

17 CXCR5 AF700 J252D4 356916 BioLegend 

18 CCR7 PE G043H7 353204 BioLegend 

19 pSyK (Y352) PE/Cy7 17A/P-ZAP70 561458 BD Bioscience 

20 pBLNK (Y84) AF647 J117-1278 558443 BD Bioscience 

21 pPLCγ2 (Y759) PE K-86-689.37 558490 BD Bioscience 

22 Zombie RedTM 

Fixable Viability Kit 

- - 423109 BioLegend 
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Figure S1. The aNAV B cells of SLE patients exhibited T cell costimulatory phenotype  

Representative histograms of CD11c, CD86, CCR7 and FCRL4 expression on aNAV B cells 

of SLE patients (shaded black area) and HCs (shaded grey area). 
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Figure S2. The ex vivo flow cytometric analysis of CD40, HLA-DR and IL-21R expression 

on aNAV B cells  

Representative histogram overlays denoted an expression of CD40, HLA- DR and IL- 21 on 

aNAV B cells from SLE (black solid line) and HC (black dash line) compared with unstained 

control (shaded plot).  
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Figure S3. The lupus aNAV B cells had upregulated T cell costimulatory molecules after 

receiving BCR and TLR7/8 signaling in vitro cultures 

Representative histogram overlays for CD40, CD86, IL- 21R and HLA- DR expression on 

aNAV B cells from SLE patients (black solid line) and HC (black dash line) after stimulation 

with R848, IL-2 and autoantigen compared to non-stimulated aNAV B cells (shaded grey area). 
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