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Type I interferons promote the survival and proinflammatory
properties of transitional B cells in systemic lupus

erythematosus patients

Mei Liu', Qiang Guo?, Chunmei Wu?, Delphine Sterlin', Shyamal Goswami', Ying Zhang', Teng Li', Chunde Bao? Nan Shen?,

Qiong Fu? and Xiaoming Zhang'

A hallmark of systemic lupus erythematosus (SLE) is the breaking of B-cell tolerance with the generation of high-affinity
autoantibodies; however, the antibody-independent features of the B-cell compartment in SLE are less understood. In this study, we
performed an extensive examination of B-cell subsets and their proinflammatory properties in a Chinese cohort of new-onset SLE
patients. We observed that SLE patients exhibited an increased frequency of transitional B cells compared with healthy donors and
rheumatoid arthritis patients. Plasma from SLE patients potently promoted the survival of transitional B cells in a type | IFN-
dependent manner, which can be recapitulated by direct IFN-a treatment. Furthermore, the effect of IFN-a on enhanced survival of
transitional B cells was associated with NF-kB pathway activation and reduced expression of the pro-apoptotic molecule Bax.
Transitional B cells from SLE patients harbored a higher capacity to produce proinflammatory cytokine IL-6, which was also linked to
the overactivated type | IFN pathway. In addition, the frequency of IL-6-producing transitional B cells was positively correlated with
disease activity in SLE patients, and these cells were significantly reduced after short-term standard therapies. Thus, the current
study provides a direct link between type | IFN pathway overactivation and the abnormally high frequency and proinflammatory
properties of transitional B cells in active SLE patients, which contributes to the understanding of the roles of type I IFNs and B cells

in the pathogenesis of SLE.

Keywords: Systemic lupus erythematosus; type | interferons; transitional B cells; apoptosis; interleukin 6

Cellular & Molecular Immunology (2019) 16:367-379; https://doi.org/10.1038/s41423-018-0010-6

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic and complex
autoimmune disease that affects many organs and results in
significant organ damage and morbidity.' B cells play a central
role in SLE pathogenesis,” and B cell-targeting therapies, including
B-cell depletion by rituximab® and B-cell modulation through
blocking human B lymphocyte stimulator by belimumab,*®
represent important advances in SLE treatment. While some B
cell-targeting therapies generate promising results, the efficacies
of certain trials are variable, indicating a highly heterogeneous
feature of the B-cell compartment in SLE.""%”

B-cell aberrations in SLE are reflected in multiple aspects.
Transitional B (Btr) cells and plasmablasts are greatly expanded
while IgM™ memory B cells are decreased in active SLE patients.®?
CXCR4" B cells are increased in SLE patients, which is positively
correlated with disease activity,’® and GC (germinal center)
exclusion of autoreactive B cells is defective in SLE patients, with
an expanded autoreactive post-GC IgG" memory B-cell and
plasma cell pool.'"'? In addition to autoantibody generation, B
cells can exert antibody-independent functions via cytokine
production in autoimmune diseases.”>'* B cells from rheumatoid

arthritis and multiple sclerosis patients have been shown to play a
pathogenic role as proinflammatory cytokine-producing cells;"®
however, their role is much less understood in SLE patients."®

Type | interferons (IFNs) are a family of pleiotropic cytokines
that may affect nearly all types of immune cells. Recent studies
have highlighted a critical role of type | IFNs in the initiation and
progression of SLE, which is closely linked to the dysregulation of
the B-cell compartment.'®'” Several studies have indicated a
positive correlation between type | IFN signature and autoanti-
body titers in SLE.'®'® Pro/pre-B cells are significantly reduced
while transitional B cells are greatly expanded in the bone marrow
of SLE patients with high IFN scores.® Type | IFNs can reduce the
B-cell receptor (BCR) activation threshold of autoreactive B cells?'
and license naive B cells to respond against Toll-like receptor 7
ligands.?? Type | IFNs, either directly or indirectly via induction of
B-cell activating factor (BAFF), promote B-cell survival, isotype
switching and terminal differentiation.?

In the current study, we investigated the distribution and
cytokine-producing capacity of different B-cell subsets and their
clinical significance in a Chinese cohort of new-onset SLE patients,
with a focus on Btr cells, known to be elevated in SLE.?*"2° We also
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explored the biological effects of type | IFNs on several aspects of
Btr cells and the possible underlying mechanisms to determine
whether there exists a relationship between overactivation of the
type | IFN pathway and the abnormalities of Btr cells in SLE.

MATERIALS AND METHODS

Patients and controls

Peripheral blood samples from 64 new-onset SLE patients and 20
new-onset rheumatoid arthritis (RA) patients were obtained from
Renji Hospital, Shanghai, China. SLE patients fulfilled the
classification criteria of the American College of Rheumatology
for SLE. RA patients fulfilled the ACR/EULAR (American College of
Rheumatology/European League Against Rheumatism) 2010
criteria. The disease activity of SLE was evaluated by using SLEDAI
(Systemic Lupus Erythematosus Disease Activity Index) 2000
criteria.?’ Peripheral blood samples from 40 age- and sex-
matched healthy donors (HDs) were also collected. Buffy coats
were obtained from Blood Center of Changhai Hospital, Shanghai,
China. In this study, we also collected peripheral blood samples
from 21 new-onset SLE patients 1 month after receiving standard
therapy. Table 1 and Supplementary Table 1 summarize the
characteristics of all samples. Serum C3 concentration and anti-
double-stranded DNA (dsDNA) antibody titers were routinely
measured in Renji Hospital by immunoturbidimetry and Farr
radioimmunoassay, respectively. For those samples with serum
anti-dsDNA antibody titers exceeding the high limit of detection
(>100 1U/ml), serial dilutions were performed to obtain the exact
antibody titers. This study was approved by the Review Board for
Renji Hospital in Shanghai, Republic of China. Informed consent
was obtained from all study participants. All studies were
performed in accordance with the Declaration of Helsinki.

Cell isolation

Peripheral blood mononuclear cells (PBMCs) were collected by
Lymphoprep (Axis-Shield) density gradient centrifugation of
heparinized blood or buffy coats. B cells were isolated by positive
selection using anti-CD19 magnetic beads (Miltenyi Biotec). The
purity of B cells was greater than 95%. Isolated B cells were further

sorted into CD20'IgG IgA~CD27 CD24™CD38" transitional B
cells and CD207IgG IgA~CD27~CD24™CD38™ naive B cells by
Ariall (BD Bioscience).

B-cell culture and treatment

Complete medium consisted of RPMI-1640 containing L-alanyl-L-
glutamine dipeptide supplemented with 10% fetal calf serum
(Gibco), 5 x 107> M of 2-ME (Sigma) and antibiotics (penicillin 100
U/ml, streptomycin 100 pg/ml, Gibco BRL). Purified B cells (1 x 108
cells/ml) were cultured in 96-well plates in complete RPMI-1640
medium and various concentrations of IFN-a (PBL Assay Science)
or 25% plasma from individual SLE patients, RA patients or healthy
donors. For blocking studies, plasma was pre-incubated with 0.1
pg/ml B18R (type | interferon receptor protein, eBioscience) or 1
pg/ml anti-IFN-y antibody for 30 min. In some experiments, B cells
were incubated with different inhibitors: 1 uM BAY1170-82 (NF-kB
inhibitor), 10 uM SB202190 (p38 inhibitor), 10 uM SP600125 (JNK
inhibitor) or dimethyl sulfoxide (DMSO) for 30 min before IFN-a
treatment.

Cell apoptosis assay

Cell viability and apoptosis were assessed using an apoptosis
detection kit with annexin V/propidium iodide according to the
manufacturer’s instructions (eBiosciences).

Flow cytometric analysis

PBMCs or enriched B cells were surface stained with
fluorochrome-labeled antibodies against CD3 (OKT3), CD20
(SJ25C1), CD24 (ML5), CD27 (0323), CD38 (HIT2), IgM (MHM-88),
IgD (I1A6-2), IgG (G18-145) and IgA (IS118E10) from eBioscience, BD
Biosciences, Biolegend or Miltenyi. In CD37CD20" B cells,
transitional B cells (Btr), naive B cells (Bn), IgM* memory B cells
(IgM+Bm) and switched memory B cells (Sw Bm) are identified as
IgM*lgD"CD27~CD24"CD38", IlgM*/DTCD27-CD24*CD38",
IgM*IgDTCD27%, and IgM~IgD~, respectively. For intracellular
cytokine staining, cells were stimulated with 50 ng/ml phorbol 12-
myristate 13-acetate (PMA) (Sigma) plus 1ug/ml ionomycin
(Sigma) in the presence of 5pg/ml Brefeldin A (Biolegend) for
5 h. Then, cells were washed twice with phosphate-buffered saline

Table 1. Demographic data of HDs, new-onset SLE and RA patients in this study

HDs (n = 40) SLE (n =64) RA (n=20)
Age, mean (range) 35.18 (21-54) 32.31 (15-54) 49.74 (20-71)
Sex (female/male) 90% (36:4) 93.75% (60:4) 85% (17:3)
SLEDAI, mean (range) NA 13.35 (2-44) NA
Fever (%) NA 1.72% NA
Rash (%) NA 52.73% NA
Alopecia, n (%) NA 12.73% NA
Arthritis (%) NA 58.18% NA
Oral ulcer (%) NA 21.82% NA
Photosensitivity (%) NA 10.00% NA
Vasculitis (%) NA 9.10% NA
Raynaud (%) NA 7.55% NA
Serositis (%) NA 19.57% NA
Renal (%) NA 24.14% NA
Hematology (%) NA 69.35% NA
Neurology (%) NA 7.27% NA
dsDNA (IU/ml), mean (range) NA 417.01 (1.16-3768) NA
C3 (g/liter), mean (range) NA 0.53 (0.10-1.54) NA
Data are numbers (%) or means (range)
NA not available
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and stained with Zombie Yellow™ Dye (Biolegend) to eliminate
dead cells. After surface staining with antibodies against CD3,
CD20, CD24, CD27, CD38, IgM and IgD, cells were fixed,
permeabilized and stained for the detection of intracellular
cytokines interleukin-6 (IL-6; MQ2-13A5) and tumor necrosis
factor-a (TNF-a; MAb11) according to the manufacturer’s instruc-
tions (BD Biosciences). Labeled cells were analyzed on an
LSRFortessa flow cytometer (BD Biosciences), and data were
analyzed by Flowjo software (Tree Star).

Cytokine detection

Concentrations of soluble factors in the plasma and supernatants
were detected by the multiplexed Luminex xMAP assay (Cytokine/
Chemokine/Growth Factor 45-Plex Human Panel 1 and Procarta-
Plex™ Simplex Kits for IL-6, interferon-inducible protein-10 (IP-10)
and macrophage inflammatory protein-1 (MIP-1f)) according to
the manufacturer’s instructions (eBioscience).

Quantification of gene expression

Total RNA was extracted from freshly sorted or cultured
transitional or naive B cells using the RNeasy Plus Micro
Kit (Qiagen) according to the manufacturer’s instructions. RNA
was reverse transcribed to complementary DNA with the
ReverTra Ace gPCR RT Kit (TOYOBO), and gene expression was
measured by quantitative reverse transcription-PCR. The primers
used are listed in Supplementary Table 2. The expression levels
were normalized to GAPDH gene. In addition, IL-6 and TNF-a gene
expressions were further normalized to control conditions with no
IFN-a treatment.

Statistical analysis

All data were analyzed with Prism (GraphPad software, v7).
Differences between groups were assessed by the Mann-Whitney
test, Wilcoxon matched pairs test, Kruskal-Wallis test with post
hoc analysis by Dunn’s multiple comparison test, or two-way
analysis of variance (ANOVA) with Bonferroni correction for
multiple comparisons. Correlations were analyzed by Pearson’s
or Spearman’s rank correlation as needed. Multivariate analysis
was performed by binary logistic regression analysis. P-values of
<0.05 were considered statistically significant.

RESULTS

Plasma from active SLE patients protects transitional B cells from
apoptosis

Given the critical role that B cells play in the pathogenesis of SLE,
we investigated peripheral B-cell subsets in a Chinese cohort of
new-onset SLE patients by polychromatic flow cytometry (Fig-
ure S1A). Consistent with the literature,”*** the frequency of
transitional B cells (Btr) was significantly increased, while that of
IgM™ memory B cells (IgM* Bm) was strongly decreased in new-
onset SLE patients compared with the frequencies measured for
HDs and new-onset RA patients (Fig. 1a).

To determine whether lupus plasma could affect the home-
ostasis of the B-cell compartment, we treated healthy donor B
cells with plasma from individual new-onset SLE patients, RA
patients or HDs for 24 h. After gating on live B cells (Figure S1B), it
became apparent that SLE plasma induced a B-cell subset
distribution pattern similar to that of active SLE patients: increased
frequency of Btr cells and decreased frequency of IgM* Bm cells
(Fig. 1b). Alternatively, when B-cell subsets were gated first and
their apoptotic status was analyzed, Btr cells showed a high
apoptotic potential in the presence of plasma from HDs or RA
patients. In contrast, SLE plasma potently enhanced the survival of
Btr cells, while this effect on naive B cells (Bn) and other B-cell
subsets was minimal (Fig. 1¢c, d, and data not shown). In addition,
enhanced protection for Btr cell survival by SLE plasma could also
be observed as late as 48 h (Figure S1C-D). Thus, our study
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indicates that SLE plasma could provide a critical signal to
promote the survival of Btr cells.

SLE plasma enhances Btr cell survival in a type | IFN-dependent
manner

To determine which signal in SLE plasma could play a role in Btr
cell survival, we measured a panel of soluble factors in plasma
(Supplementary Table 3) and identified a positive correlation
between the frequencies of Btr cells and IP-10 concentrations
(Fig. 2a). IP-10 has been shown to correlate with disease activity
and clinical manifestations in SLE patients.”® IP-10 is mainly
induced by IFN-a and IFN-y, which were also elevated in SLE
plasma (Fig. 2b). We found that blocking type I IFN pathway by the
soluble type | IFN receptor antagonist B18R could efficiently block
the survival-promoting effect of SLE plasma, particularly for
samples with detectable IFN-a (Fig. 2c). By contrast, a neutraliza-
tion antibody against IFN-y had no effect on Btr cell survival in the
presence of SLE plasma, indicating that IFN-y has no obvious
effect on the viability of Btr cell.

We then investigated the direct effect of IFN-a on the viability of
Btr cells. We observed that IFN-a promoted Btr cell survival in a
dosage-dependent manner (Fig. 3a—c). IFN-a could also promote
Bn (Fig. 3a, ¢), IgM™ Bm and Sw Bm (Figure S2A) cell survival, but
the effects were much less potent. We also performed a kinetic
study by using flow cytometry-sorted Btr cells, and as expected,
IFN-a treatment significantly increased Btr cell viability and viable
cell numbers (Fig. 3d, e). BAFF concentration was also elevated in
SLE plasma (Figure S2B), but both IFN-y and BAFF failed to show
obvious effects on Btr cell survival (Figure S2C).

NF-kB pathway is involved in IFN-a-mediated Btr cell survival

We noted that Btr cells from healthy donors expressed higher
amounts of IFN-a receptor 2 than Bn cells did (Fig. 4a). In response
to IFN-a treatment, Btr cells expressed significantly higher type |
IFN-targeted gene Mx1 than Bn cells did (Fig. 4b). In addition, type
| IFN-targeted genes Mx1 and Mcl1 were significantly upregulated
in Btr cells from SLE patients compared with those in Btr cells of
healthy donors and Bn cells from SLE patients (Fig. 4c). The above-
mentioned results suggest that Btr cells constantly receive type |
IFN signaling in vivo, which may lead to enhanced survival in an
apoptosis-prone environment.

IFN-a could activate multiple pathways, and by using several
kinase inhibitors, we found that the nuclear factor (NF)-xB
pathway is critical for IFN-a-mediated Btr cell survival (Fig. 4d).
Interestingly, there was minimal upregulation of anti-apoptotic
molecules Bcl-2 and Bcl-xL in IFN-o-treated Btr cells (Fig. 4e);
however, the pro-apoptotic protein Bax was strongly down-
regulated in Btr cells after IFN-a treatment (Fig. 4f). It has been
reported that Bax expression is inhibited by NF-kB activation;?’
thus, our study suggests that the survival-promoting effect of IFN-
a on Btr cells could be mediated by the activation of the NF-kB
pathway first, followed by the inhibition of Bax expression.

Enhanced proinflammatory properties of transitional B cells in
active SLE patients
Next, we investigated the cytokine-producing capacity of different
B-cell subsets in SLE patients, which is not well understood in
SLE."* The IL-10-positive signals were too low to be reliably
detected under our 5 h PMA plus lonomycin stimulation condition.
By contrast, IL-6- and TNF-a-producing B cells were readily
detected by flow cytometry (Figure S3A). Compared with those
from healthy donors, B cells from SLE patients did not show an
enhanced capacity to produce IL-6 (Figure S3B), and the frequency
of TNF-a-producing B cells tended to be even lower (Figure S3C).
Interestingly, unlike B cells, Btr cells and to a lesser extent Bn
cells from SLE patients showed a much higher frequency of IL-6-
producing cells than those from healthy donors (Fig. 5a). In
contrast, a significant decrease in TNF-a-producing Sw Bm cells
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Fig. 1 Plasma from SLE patients protects transitional B cells from apoptosis. a Scatter plots show the percentages of different peripheral B-cell
subsets from 40 healthy donors (HDs), 64 SLE patients and 20 RA patients. b—d Purified B cells from healthy donors were cultured with 25%
plasma from 4 HDs, 11 SLE patients or 4 RA patients for 24 h. b Scatter plots show the percentages of different B-cell subsets among PI™
annexin V™ live B cells after different plasma treatment. ¢ Representative flow cytometry plots show the survival of Btr and Bn cells cultured
with different plasmas. d Bar plot shows the increased cell viability of Btr and Bn with SLE or RA plasma treatment after normalization to HD
plasma. Data are represented as means+SEM (a, b, d) and are representative of three experiments (b-d). Data were analyzed by the
Kruskal-Wallis test with post hoc analysis by Dunn’s multiple comparison test (a, b) and two-way ANOVA with Bonferroni correction for
multiple comparisons (d). *P < 0.05, **P < 0.01, ***P < 0.001
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Btr or Bn cells and IP-10 concentration in plasma from 64 new-onset SLE patients, with the correlation analyzed with Spearman’s rank
correlation. b Scatter plots show IP-10, IFN-a and IFN-y levels in plasma from 22 HDs, 64 new-onset SLE patients and 16 RA patients. ¢ Plasma
from 4 HDs, 11 SLE patients (Neg: IFN-a was undetectable (4 patients); Pos: IFN-a was detectable (7 patients)), or 4 RA patients was pre-treated
with medium, B18R or anti-IFN-y antibody for 30 min at 4°C. Then, purified B cells from healthy donor were cultured with 25% pre-treated
plasma. In addition, after 24 h, Pl and annexin V were used to detect their survival. Scatter plots show Btr cell viability after different pre-
treated plasma treatment. Data are represented as means + SEM (b) and are representative of three experiments (c). Data were analyzed by
the Kruskal-Wallis test with post hoc analysis by Dunn’s multiple comparison test (b), and two-way ANOVA with Bonferroni correction for

multiple comparisons (c). *P < 0.05, ***P < 0.001

was observed in SLE patients (Fig. 5a). We also observed that
several B-cell subsets from RA patients harbored a high capacity to
produce IL-6 (Bn and IgM™ Bm cells) and TNF-a (Btr and IgM™* Bm)
(Fig. 5a). Collectively, B-cell subsets from SLE patients exhibited a
unique cytokine-producing profile unlike that of HD or RA
patients.

Plasma from SLE patients promotes the IL-6-producing capacity of
Btr cells in a type | IFN-dependent manner

B-cell activities can be strongly influenced by extrinsic factors;
therefore, we tested whether plasma from active SLE patients
could affect the cytokine-producing capacity of Btr cells. Healthy
donor B cells were treated with plasma from new-onset SLE

Cellular & Molecular Immunology (2019) 16:367 - 379

patients, RA patients and healthy donors for 24 h. We found that
plasma from SLE patients had a strong capacity to induce IL-6
production compared with plasma from RA patients or healthy
donors (Fig. 5b). We observed that only SLE plasma with
detectable IFN-a efficiently stimulated Btr cells to produce IL-6
(Fig. 5¢), suggesting that IFN-a may play an important role in
triggering IL-6 expression in Btr cells. The type | IFN dependence
was confirmed by using the soluble type | IFN receptor antagonist
B18R (Fig. 5d). By contrast, neutralization of IFN-y had no obvious
effect on IL-6 production by Btr cells (Figure S4). We also found
that other cytokines, namely, BAFF, APRIL and IL-6, did not
play a role in the generation of IL-6-producing Btr cells (data not
shown).
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IFN-a protects Btr cells from spontaneous apoptosis. a—c Purified B cells from healthy donors were cultured with increasing

concentrations of IFN-a for 24 h, and Pl and annexin V were used to detect their survival. Representative flow cytometry plots (a) and
cumulative data (b) show Btr cell viability. ¢ Bar chart shows the increase in Btr and Bn cell viability with increasing doses of IFN-a normalized
to medium alone. d, e Btr cells were sorted from HD B cells, then cultured with or without 1000 U/ml IFN-a. Bar charts show Btr cell viability (Pl/
Annexin V staining) (d) and viable cell numbers [trypan blue method] (e) at different time points. b—e Data are presented as means + SEM and
are representative of at least three experiments. Data were analyzed by one-way ANOVA with post hoc analysis by Dunnett’s multiple
comparison test (b) and two-way ANOVA with Bonferroni correction for multiple comparisons (c-e). ***P < 0.001

Next, we examined whether IFN-a could directly enhance the
cytokine-producing capacity of Btr cells. The results showed that
IFN-a can strongly increase the capacity of Btr cells to produce IL-6
at both the protein and messenger RNA (mRNA) levels (Fig. 6a—c).
IFN-a can also promote IL-6 expression in Bn cells; however, its
effect is less dramatic, particularly at the mRNA level (Fig. 6a—c).
TNF-a expression in Btr cells was less affected following IFN-a
stimulation, and only a high concentration of IFN-a exhibited a
promoting effect (Fig. 6a—c). Moreover, IFN-a stimulation also
promoted the secretion of IL-6, as well as that of IP-10 and MIP-1(3,
from Btr cells (Fig. 6d), while TNF-a was undetectable in our

SPRINGERNATURE

experiments. These results indicate that IFN-a can directly
promote IL-6 expression in Btr cells, which explains the enhanced
IL-6 production observed in SLE Btr cells that are likely to be
conditioned by a type | IFN-rich environment.

The frequency of IL-6-producing Btr cells is strongly correlated
with disease activities in SLE patients

Given the increased frequency of IL-6-producing Btr cells in active
SLE patients, we next explored the possible clinical relevance of
these cells. We found a highly positive correlation between the
frequency of IL-6-producing Btr cells and SLEDAI scores (Fig. 7a).
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were measured by intracellular staining. e Representative flow cytometry plots show Bcl-2 and Bcl-xL expression in Btr cells. f Representative
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comparisons (¢, d) and the Wilcoxon matched pairs test (a—c, f). *P <0.05, **P <0.01, ***P < 0.001

The frequency of IL-6-producing Btr cells was also positively disease activity, SLEDAI =8), the frequency of IL-6-producing Btr
correlated with the titers of serum anti-dsDNA autoantibody cells was still significant following multivariate analysis (P = 0.042)
(Fig. 7b) and tended to be inversely associated with serum C3 (Supplementary Table 4), suggesting that the frequency of IL-6-
levels (Fig. 7c). Furthermore, SLE patients with lupus nephritis (LN) producing Btr cells is a robust parameter for indicating lupus
showed significantly higher frequencies of IL-6-producing Btr cells disease activity.

than those without LN (Fig. 7d). By contrast, the frequency of IL-6- We also checked several parameters in this cohort of SLE
producing Bn cells was much lower or was not associated with patients who have received a short-term (1 month) standard
disease activity, including SLEDAI scores, serum anti-dsDNA therapy. We found that SLEDAI scores (Fig. 8a), plasma IFN-a
autoantibody, serum C3 levels or association with renal involve- concentrations (Fig. 8b) and the frequencies of Btr cells (Fig. 8c)

ment (Fig. 7a-d). When SLE patients were divided into two groups and IL-6-producing Btr cells (Fig. 8e) were significantly reduced
according to SLEDAI scores (low disease activity, SLEDAI <8; high after treatment. In contrast, the frequency of Bn cells (Fig. 8d) was
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(Fig. 8f) was observed after therapy. The frequencies of TNF-a-
producing Btr and Bn cells also did not show significant changes
(data not shown). These results clearly indicate that the frequency
of IL-6-producing Btr cells closely reflects disease status in active
SLE.

SPRINGERNATURE

Overactivation of the type | IFN pathway and dysregulation
of the B-cell compartment are two salient features of SLE,
and several studies have reported that the two abnormalities
are intimately associated.'**® Here, we provide strong
evidence that a close link exists between type | IFN signaling
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Fig. 5 Proinflammatory potency of transitional B cells in active SLE patients. a PBMC from 22 HDs, 64 SLE patients and 20 RA patients were
stimulated with PMA/lonomycin in the presence of Brefeldin A for 5 h, and intracellular IL-6 and TNF-a were detected by flow cytometry.
Scatter plots show the frequencies of IL-6 and TNF-a production in different B-cell subsets. b, ¢ Purified B cells from healthy donors were
cultured with 25% plasma from 4 healthy donors or 11 SLE patients (Neg: IFN-a was undetectable (4 patients); Pos: IFN-a was detectable (7
patients)) for 24 h. PMA/lonomycin and Brefeldin A were added in the last 5 h. b Representative flow cytometry plots show IL-6 production in
Btr and Bn cells in different plasmas. ¢ Bar plots show increased IL-6 secretion in Btr cells with SLE or RA plasma treatment after normalization
to healthy donor plasma treatment. d Plasma was pre-treated with medium or B18R for 30 min at 4 °C. Then, purified B cells from healthy
donors were cultured with 25% pre-treated plasma. Scatter plots show the frequency of IL-6-producing Btr cells after different pre-treated
plasma treatment. Data are presented as means + SEM (a, ¢) and are representative of three experiments (b-d). Data were analyzed by the
Kruskal-Wallis test with post hoc analysis by Dunn’s multiple comparison test (a) and two-way ANOVA with Bonferroni correction for multiple

comparisons (c, d). *P < 0.05, **P < 0.01, ***P < 0.001

and enhanced survival and the IL-6-producing capacity of
circulating transitional B cells in a Chinese cohort of new-onset
SLE patients. In addition, the frequency of IL-6-secreting Btr cells
closely reflects disease activity in SLE patients, supporting the
notion that this frequency could be a new parameter for
monitoring disease progress.

One feature of the B-cell compartment in active SLE patients is
the expanded circulation of Btr cells,>*** but how this phenom-
enon is established remains poorly understood. Increased bone
marrow output could be one reason, as one study has provided an
association between expansion of Btr cells and type | IFN-induced
BAFF and APRIL within human bone marrow.?° However, Btr cells
are prone to apoptosis in the absence of stimulation;* therefore,
this population should be stably maintained by a given signal. In
the current study, we first found a correlation between Btr cell
frequency and IP-10, an IFN-induced chemokine, in a population
of new-onset SLE patients. Although we were unable to conduct a
direct correlation study between Btr cell frequency and IFN-a as
the latter is undetectable in many lupus samples, we demon-
strated the role of the type | IFN pathway in promoting Btr cell
survival by a specific type | IFN antagonist B18R or direct
treatment.

Previous studies have demonstrated a role of type |
IFNs in promoting B-cell survival,®'? and the effect of type |
IFNs has been attributed to the phosphatidylinositol-3-kinase
(PI3K) and NF-kB pathways, particularly anti-apoptotic
molecules Bcl-2 and Bcl-xL3*** In our study, we also found
that NF-kB activation is required for IFN-a to promote Btr
cell survival. However, we failed to observe a clear difference in
Bcl-2 and Bcl-xL expression with or without IFN-a treatment.
Instead, we observed that pro-apoptotic molecule Bax
expression is downregulated in Btr cells following IFN-a treatment.
Thus, an NF-kB-Bax axis is likely operative in IFN-o-treated
Btr cells. IFN-a is still able to enhance Btr cell survival at
later time points (36-48 h, Fig. 3d, e) compared with medium
alone; however, the effect becomes modest. This finding is most
likely due to the nature of the transient activation of the NF-«kB
pathway. Compared with naive B cells, transitional B cells
express higher levels of type | IFN receptor and show higher
responsiveness to type | IFNs by increasing the expression of
several IFN-targeted genes. This mechanism may explain the
preferential effects of type | IFNs on transitional B cells.
Taken together, type | IFNs are likely to affect Btr cells in several
respects, including increased bone marrow output and enhanced
peripheral survival.

It should be noted that under our experimental conditions, we
failed to find a role of BAFF in promoting Btr survival. BAFF is a
critical cytokine for regulating B-cell development and differentia-
tion and promotes the survival of immature/transitional B cells in
mice.*>*% To our knowledge, few studies have directly verified
BAFF ability to promote immature/transitional B-cell survival in
humans. While BAFF enhances human mature B-cell survival,?>>’
Sims et al.® failed to observed a pro-survival effect of BAFF on
immature B cells. Our result is consistent with this finding. The
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reason is not known, but species differences and/or different
experimental conditions could provide an explanation. Possibly,
additional signals such as BCR or other cytokine signals are
required to synergize with BAFF to function on human immature/
transitional B cells.

B cells exert their functions via antibody-dependent and
antibody-independent pathways. In recent years, the antibody-
independent roles of B cells have attracted great attention,®>2
particularly in the context of autoimmune diseases. B cells
from patients with rheumatoid arthritis or multiple sclerosis
have shown enhanced production of proinflammatory cytokines
IL-6 and TNF-0>°*' The effectiveness of B-cell depletion
therapy in the two diseases has been linked to the
elimination of proinflammatory cytokine-producing B cells.”?
However, the antibody-independent role of B cells in SLE patients
is still unclear. In one study, B cells from SLE patients did not show
an increased capacity to produce IL-6 and TNF-0,*? and in another
study, B cells from SLE patients produced lower levels of
proinflammatory cytokines than those measured for healthy
controls.® Consistent with these studies, we found that B cells
overall do not exhibit a proinflammatory feature in active SLE
patients.

Insight into B-cell subsets revealed that the frequency of IL-6-
producing Btr cells in SLE patients is significantly higher than that
of healthy controls. Human Btr cells have been identified as an
important source of IL-10-producing regulatory B cells; however,
the regulatory activity of these cells is abolished in SLE** and RA
patients.***> The underlying mechanism for the loss of regulatory
activity in Btr cells is not clear, although chronic stimulation by
type | IFNs has been proposed.'” Interestingly, our results suggest
an additional proinflammatory feature of Btr cells in SLE patients
with a significant link to enhanced type | IFN activity. Serum and
urinary IL-6 levels are increased in active SLE patients,*® and IL-6 is
well known to promote plasma cells and T helper 17 differentia-
tion.*” Several clinical trials aiming to block IL-6*3*° or IL-6
receptor’® have shown positive effects. Thus, IL-6 has been
suggested to play a pathogenic role in SLE. Whether the IL-6-
producing Btr cells described in the current study contribute
to auto-inflammation is an open question; however, given the
close correlation between these cells and disease activity,
IL-6-producing Btr cells may become a useful biomarker in SLE.
The memory B-cell compartment of SLE patients painted a
different  picture, and TNF-a-producing isotype-switched
memory B cells were significantly decreased in lupus patients.
This result was most likely due to the “exhausted” memory B-cell
expansion in SLE patients,®*>'*? an issue to be addressed in our
future study.

In conclusion, we observed that type | IFNs critically
contribute to the abnormalities of transitional B cells by
promoting their survival and proinflammatory activities in
active SLE patients. Our study provides new insight into the
heterogeneous nature of the immune disorders in SLE. Given the
promising as well as challenging results gathered from
targeted therapies to type | IFN pathway,>® B cells® and IL-6,%%4°
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Fig. 6 IFN-o promotes IL-6 expression in transitional B cells. a, b Purified B cells from healthy donors were cultured with increasing
concentrations of IFN-a for 24 h, and PMA/lonomycin was added in the last 5 h in the presence of Brefeldin A. IL-6- and TNF-a-producing B-cell
subsets were measured by flow cytometry. Representative flow cytometry plots (a) and cumulative data (b) show the frequencies of IL-6- and
TNF-a-producing Btr and Bn cells. ¢ Purified Btr and Bn cells from healthy donor B cells were stimulated with 10,000 U/ml IFN-o for 3 and 6 h.
Bar plots show fold changes of IL-6 and TNF-a mRNA expression of Btr or Bn cells after IFN-a stimulation. d Purified Btr and Bn cells from
healthy donor B cells were stimulated with or without 10,000 U/ml IFN-« in the presence of 100 ng/ml PMA and 2 pug/ml lonomycin for 24 h.
Scatter plots show concentrations of IL-6, IP-10 and MIP-1p levels in the supernatants of Btr or Bn cells. Data are represented as means + SEM
and are representative of three experiments (b, c). Data were analyzed by two-way ANOVA with Bonferroni correction for multiple
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Fig. 7 The frequency of IL-6-producing Btr cells is strongly correlated with disease activities in SLE patients. Scatter plots show the correlations
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levels (c) in new-onset SLE patients. Data were analyzed with Pearson'’s correlation. d Scatter plots show the frequency of IL-6-producing Btr
(left) or Bn (right) cells in SLE patients with (Yes) or without (No) lupus nephritis. Data are presented as means + SEM and were analyzed by the
Mann-Whitney test. *P < 0.05, ***P < 0.001
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our study further stresses the importance of personalized
immunomonitoring and tailored immunotherapy in tackling SLE,
a yet uncured disease.
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