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Introduction: Renal relapses adversely affect the long-term outcomes of patients with
lupus nephritis (LN), but the pathogenic mechanisms remain elusive. B cell signatures
of miR-148a, BACH1, BACH2, and PAX5 expression are relevant to the regulation of
B lymphocyte homeostasis. It is unknown whether B cell signature is related to the
relapse of LN.

Methods: We compared B lymphocyte subsets and cellular signatures during disease
quiescence between LN patients with multiple relapses (MR, ≥3 LN relapses within
36 months) and those with no relapse (NR). Also, circulating B lymphocytes were
isolated from treatment-naïve patients with active LN and treated with antagomir-148a
in vitro to investigate the relationship between miR-148a, BACH1, BACH2, and PAX5.

Results: MR patients (n = 19), when compared with NR (n = 14), showed significantly
lower percentage of circulating naïve B cells and higher memory B cell-to-naïve B
cell ratio. MR patients also showed higher miR-148a levels in sera and B cells,
and lower BACH1, BACH2, and PAX5 expression in naïve and memory B cells.
Antagomir-148a upregulated BACH1, BACH2, and PAX5 expression, and reduced
B cell proliferation upon stimulation, in naïve and memory B cells isolated from
treatment-naïve active LN patients.

Conclusion: Altered B cell subsets and cellular signatures of miR-148a, BACH1,
BACH2, and PAX5 may be associated with distinct patient phenotypes related to the
risk of LN relapse.

Keywords: B cells, subsets, B cell signatures, lupus nephritis, disease relapse

INTRODUCTION

Lupus nephritis (LN) is a common and severe organ involvement in patients with systemic
lupus erythematosus (SLE). Although the use of effective immunosuppressive treatments have
markedly improved the clinical outcomes of LN patients (1, 2), disease relapse still constitutes a
clinically important issue in the management of LN patients. Repeated LN relapses will lead to

Frontiers in Immunology | www.frontiersin.org 1 September 2020 | Volume 11 | Article 1732

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.01732
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2020.01732
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.01732&domain=pdf&date_stamp=2020-09-10
https://www.frontiersin.org/articles/10.3389/fimmu.2020.01732/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-01732 September 8, 2020 Time: 22:16 # 2

Yap et al. B Cells Signatures in Lupus Nephritis

attrition of nephrons and increased cumulative toxicities of
immunosuppressive medications, thus jeopardizing the long-
term patient and renal outcomes (3–7).

The mechanisms leading to disease relapse in LN remain
elusive, which renders the prediction and prevention of relapse
clinically challenging. Aberrant lymphocyte response, breach
of B cell tolerance, and hyper-reactivity of B lymphocytes all
contribute to the pathogenesis of LN (8, 9). Both B and T
cells exhibit immunological memory, a property which allows
lymphocytes to react efficiently to autoantigens that they have
been exposed to previously. Previous studies also demonstrated
that memory B cells and plasma cells are less affected by
conventional immunosuppressive treatments and hence are more
readily reactivated resulting in disease relapse (10, 11). While
both B and T lymphocytes serve as crucial effector immune-
reactive cells, the B cell repertoire is believed to play an important
role in LN relapse, as renal relapse is often correlated with
or preceded by, a rise in autoantibodies such as anti-dsDNA.
Indeed, perturbations in B lymphocyte subpopulations have
been noted in lupus patients during different disease activity
states (10, 12).

The B cell repertoire is regulated by various microRNAs
and B cell transcription factors. In this context, microRNA-
148a (miR-148a) is highly abundant in B cells and plasma cells,
and has been shown to control important B cell transcription
factors (e.g., BACH2) in promoting plasma cell differentiation
and regulating B cell tolerance (13, 14). Upregulation of miR-
148a can decrease Gadd45a, Pten, and Bcl2l11 expressions, and
thereby inhibit the apoptosis of immature B lymphocytes upon
B cell receptor engagement (14). Moreover, the maturation and
proliferation of B lymphocytes and plasma cells are orchestrated
by important B cell transcription factors such as BACH1,
BACH2, and PAX5 (15, 16). BACH2, with BACH1 serving as
an auxiliary, shows critical functions in various stages of B
cell development. BACH2 together with BACH1 suppresses the
“myeloid genes” in pre-pro-B cells by binding to their putative
regulatory regions, and promotes early B cell development (15).
BACH2 also helps to determine B cell subpopulations within
germinal centers, and can interact with BCL-6 to inhibit Blimp-1
transcription and thus plasma cell differentiation (17). Previous
studies also reported that murine splenic B lymphocytes, in the
absence of BACH2, showed increased differentiation into plasma
cells via both Blimp-1-dependent and -independent pathways
(18). PAX5 is a pivotal regulator in B cell development as
the differentiation and functions of all mature B lymphocytes
are highly dependent on PAX5 expression. PAX5 directs
lymphoid progenitor cells to commit to the B cell lineage,
promotes B lymphocytes maturation, and also regulates V(H)-
DJ(H) recombination during antibody synthesis (16). Taken
together, downregulation of transcription repressors BACH2,
BACH1, and PAX5 are instrumental for normal homeostasis
of B lymphocytes and plasma cells, and aberrant expression
of these transcription factors have been implicated in the
development of autoimmune and hematological disorders (15,
16). Furthermore, the homeostasis and function of lymphocytes
are also influenced by the cytokine milieu. In this context,
BAFF, IL-6, and IL-21 affect B cell survival and differentiation

while IL-2, IL-4, IL-6, IL-10, IL-18, IFN-α, IFN-γ, IL-17, IL-21,
and IL-23 can modulate Th1/Th2 and Th17/Treg balance, and
elevated levels of these cytokines have been observed in SLE,
including patients with LN (19–27). While these B cell signatures
and cytokines have important regulatory effects on B lymphocyte
biology, their roles and changes in LN relapse have not been
fully elucidated.

Based on these backgrounds, we hypothesize that altered B
cell subsets and related cellular signatures may be associated with
differences in the risk of disease relapse in LN. In this study
we examined B lymphocyte subsets, levels of related cytokines,
and B cell signatures in LN patients during disease quiescence,
and compared two distinct clinical phenotypes characterized
by multiple relapses (MR) or no relapse (NR) after initial
presentation. We also performed in vitro studies with B cells
isolated from treatment-naïve active LN patients to investigate
the effect of miR-148a inhibition on BACH1, BACH2, and PAX5
expression and cell proliferation.

MATERIALS AND METHODS

Patients
The study was approved by the Institutional Review Board of the
University of Hong Kong/Hospital Authority Hong Kong West
Cluster (Approval number: UW 12-389). All experiments in this
study followed the general requirements specified by the work
safety regulations approved by the University of Hong Kong,
which was in accordance with good practices and standards
along the lines of CEN15793:2011 and WHO guidelines in
biosafety and biosecurity. To compare the lymphocyte subsets,
serum cytokines, and B cell signatures in MR and NR patients,
blood samples (30 ml) were obtained from biopsy-proven
Class III/IV ± V LN patients with the following inclusion
criteria: (1) patients who had multiple relapses (defined as ≥3
LN relapses within 36 months, unrelated to treatment non-
compliance) (MR group) or those with no relapse (defined as
never relapsed after the first episode of nephritis) (NR group);
and (2) patients with quiescent disease (SLEDAI score <4
with no points in the renal domain), and on a stable dose
of prednisolone (5–7.5 mg/day for ≥4 months) alone or in
combination with mycophenolate (1–1.5 g/day) or azathioprine
(50–100 mg/day) as maintenance treatment. LN relapse was
defined as proteinuria >1 g/day, presence of urinary red
blood cells (RBC) >30/hpf or RBC casts, a 15% increase in
serum creatinine compared with baseline, and anti-dsDNA
level >30 IU/ml. LN relapse was confirmed with a kidney
biopsy. Exclusion criteria were: (1) patients who received
calcineurin inhibitors or mammalian target of rapamycin
inhibitors as maintenance immunosuppression, or biologics
(e.g., rituximab, belimumab, or abatacept) in the preceding
12 months; (2) patients who relapsed due to treatment non-
compliance.

For the antagomir studies, we obtained blood samples
(30 ml) from treatment-naïve patients with biopsy-proven Class
III/IV ± V LN and active renal disease (denoted by proteinuria
>1 g/day, presence of urinary RBC >30/hpf or RBC casts, a
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15% increase in serum creatinine compared with baseline, and
anti-dsDNA level >30 IU/ml). Blood samples (30 ml) were also
obtained from healthy subjects as control.

Analysis of Lymphocyte Subsets
Peripheral blood mononuclear cells (PBMC) were isolated using
LymphoprepTM, then washed with PBS and resuspended in
1 ml RPMI 1640 medium supplemented with 10% FCS, 10%
DMSO, and 1% penicillin/streptomycin. PBMC were washed
with PBS and stained with Zombie NIR fixable viability dye
(diluted 1:100) for 30 min at room temperature. Non-specific
Fc binding was blocked with Human TruStain FcX solution
for 15 min on ice. For analysis of B lymphocyte subsets,
cells were stained with monoclonal antibodies against human
CD20 (1:40), together with CD27 (1:40), and CD138 (1:5)
followed by incubation on ice for 30 min. For the assessment
of T lymphocyte subsets, aliquots of PBMC were activated
with phorbol myristate acetate (PMA, 50 ng/ml) and calcium
ionophore (0.5 µg/ml) for 4 h in a 37◦C tissue culture incubator.
Brefeldin A (5 µg/ml) was added to samples during the last
3 h of incubation with PMA and calcium ionophore. PBMC
were washed with staining buffer (PBS with 5% EDTA and
0.5% BSA) and stained with Zombie NIR fixable viability
dye (diluted 1:100) for 30 min at room temperature. Non-
specific Fc binding was blocked as above. Cells were incubated
with monoclonal antibodies against CD25 (1:40) for 30 min
on ice, then fixed and permeabilized. Cells were then labeled
with monoclonal antibodies against CD3 (1:40) and/or CD4
(1:20), CD8 (1:40), IFN-γ (1:200), IL-4 (1:250), IL-17 (1:10),
and FoxP3 (1:40) for 50 min on ice. Stained lymphocytes
were washed twice with staining buffer prior to analysis using
a BD LSRFortessaTM flow cytometer (BD Biosciences) and
50,000 cells counted. Data were analyzed using FlowJo software
Version 10 (Tree Star Inc., Ashland, OR, United States).
The percentage of naïve B cells (CD20+CD27−), memory B
cells (CD20+CD27+), plasma cells (CD20−CD27+CD138+),
cytotoxic T cells (CD3+CD8+), Th1 cells (CD3+CD4+IFN-
γ+), Th2 cells (CD3+CD4+IL-4+), Th17 cells (CD3+CD4+IL-
17+), and Treg (CD3+CD4+CD25+FOXP3+) were analyzed and
compared between MR and NR patients.

Measurements of Serum Cytokine Levels
Serum levels of cytokines were determined by commercially
available ELISA kits according to manufacturers’ instructions
(BAFF, IL-10, and IL-18 by QuantikineTM ELISA kits, R&D
Systems Inc., Bio-Techne H.K. Limited, Hong Kong; IL-2, IL-
4, IL-6, IL-17, and IFN-γ by MiniABTS ELISA Development
kits, PeproTech, Dakewe BioTech (H.K.), Hong Kong; IL-
21 and IL-23 by Ready-Set-Go! TM ELISA kit, ThermoFisher
Scientific, Life Technologies Limited, Hong Kong; and IFN-α by
ELISAPRO kit, Mabtech, Dakew BioTech (H.K.), Hong Kong).
The detection limits for BAFF, IL-2, IL-4, IL-6, IL-10, IL-17,
IL-18, IL-21, IL-23, IFN-α, and IFN-γ were 62.5–4,000 pg/ml,
62.5–4,000 pg/ml, 15.6–1,000 pg/ml, 23.0–1,500 pg/ml, 0.78–
50 pg/ml, 15.6–1,000 pg/ml, 25.6–1,000 pg/ml, 8.0–1,000
pg/ml, 15.0–2,000 pg/ml, 3.16–316 pg/ml, and 23.0–1,500
pg/ml respectively.

Isolation of Memory and Naïve B Cells
for in vitro Studies
PBMC were first separated from whole blood (30 ml) obtained
from LN patients or healthy subjects using LymphoprepTM,
and naïve and memory B cells were further isolated by the
EasySep Human Memory B Cell Isolation Kit (STEMCELLTM

Technologies, Lokco Technology Limited, Hong Kong)
according to manufacturer’s instructions using 1× 108 cells/ml in
a 1 ml suspension. The purity of isolated B cells was 96.7–98.0%
as confirmed by flow cytometry.

In vitro Antagomir-148a Studies
To determine the effect of miR-148a on cell proliferation and
BACH1, BACH2, and PAX5 gene expression, isolated B cells
from treatment-naïve LN patients with active disease were plated
at a density of 105 cell/ml in 96-well plates (100 µl/well) to
assess changes in cell proliferation or in 24-well plate (1 ml/well)
for total RNA extraction. For cell proliferation studies, B
lymphocytes were labeled with carboxyfluorescein succinimidyl
ester (CSFE, 5 µM in PBS final concentration) for 30 min prior to
stimulation. B lymphocytes were pre-incubated with or without,
scrambled antagomir (SCr-antagomir, as control) (1 µM) or
antagomir-148a (1 µM) for 2 h, and then stimulated with CpG
(2.5 µg/ml) in RPMI 1640 medium containing 10% FCS and
1% penicillin/streptomycin for up to 3 days (28). Synthetic
antagomirs (2-O-methyl RNA oligo) targeting miR-148a
(sequence: 5-mA(∗)mC(∗)mAmAmAmGmUmUmCmUmGm
UmAmGmUmGm CmAmC(∗)mU(∗)mG(∗)mA(∗)-3-Chol) and
scramble control (sequence: 5-mU(∗)mC(∗)mAmCmGmCmA
mGmAmUmUmcMAmUmAmA(∗)mC(∗)mG(∗)mU(∗)-3-Chol)
were custom-synthesized by Applied Biological Materials Inc.
(Lokco Technology Limited, Hong Kong). All ribonucleotides
are 2′-O-methyl modified (mN) and (∗) represent a
phosphorothioate modification of the backbone. At the 3′-
end of the oligonucleotides, a cholesterol molecule was added.
Cell proliferation was assessed every 24 h for up to 72 h, and
total RNA was extracted after 3 days of stimulation. The cell
proliferation of naïve and memory B cells was determined by
CSFE signals using BD LSRFortessaTM flow cytometer (BD
Bioscience) (Figure 1), and expressed as a percentage of total
cells counted (50,000 cells).

Determination of miR-148a, BACH1,
BACH2, and PAX5 in Sera and B Cells
Total RNA was extracted from B lymphocytes isolated from
LN patients and healthy controls, and also from cultured B
cells following incubation with antagomir-148a as stated above.
microRNAs were extracted from sera using the miRVANATM

PARISTM kit (Applied Biosystems, Life Technologies Limited,
Hong Kong) according to the manufacturer’s instructions.
The levels of miR-148a, BACH1, BACH2, and PAX5 were
determined by quantitative qPCR using standard methods.
miR-148a expression was normalized to U6 expression (both
measured by Taqman miRNA assay; Assay 000470 for miR-
148a and Assay 001973 for U6). BACH1, BACH2, and PAX5
expressions were normalized to GAPDH expression. The primer

Frontiers in Immunology | www.frontiersin.org 3 September 2020 | Volume 11 | Article 1732

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-01732 September 8, 2020 Time: 22:16 # 4

Yap et al. B Cells Signatures in Lupus Nephritis

FIGURE 1 | A representative flow cytometric analysis of the CSFE proliferation assay for B cells treated with scramble antagomir or antagomir-148a.
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sequences of BACH1, BACH2, PAX5, and GAPDH were listed
as follows:

Gene Direction Sequence (5′ to 3′)

BACH1 Forward 5′-TAG TGT GGA GCG AGA AGT GG-3′

Reverse 5′-ACC TAA CCA CGG ACA CTC AG-3′

BACH2 Forward 5′-CCA GCA ATG ACT CAG GCA TC

Reverse 5′-TCA TGA GTC TTG TCG CTG GT-3′

PAX5 Forward 5′-GGG TGG AGT GGG AGA AAT CA-3′

Reverse 5′-CCA TGT TCT CTG GTT CCC CT-3′

GAPDH Forward 5′-TGA CCT TTC TGT AGC TGG GG-3′

Reverse 5′-CAA GCC CAC CCC TTG TCT AA-3′

Statistical Analysis
Categorical variables were expressed as frequencies (percentages),
and analyzed by the Chi-square or Fisher-Exact test where
appropriate. Continuous variables were expressed as mean ± SD
or median (range), and compared by the Mann-Whitney test.
Inter-group comparisons were analyzed by ANOVA, followed by
a post hoc Dunnett’s test. Associations between different clinical
and immunological parameters were assessed by Spearman rank’s
correlation coefficient. All statistical analyses were performed
using a Graphpad Prism 7.0 (San Diego, CA, United States) and
p values of less than 0.05 were considered statistically significant.

RESULTS

Patient Characteristics
Circulating lymphocyte subsets, serum cytokine levels, and B
cell signatures were analyzed in 33 LN patients (19 patients in
the MR group and 14 patients in the NR group, respectively)
during disease quiescence. Patient characteristics are presented
in Table 1.

Lymphocyte Subset Profiles in Lupus
Nephritis Patients With Multiple
Relapses or Those With No Relapse
Circulating naïve B cells were significantly lower in MR
patients (median 0.7%, range 0.1–14.1%) compared with NR
patients (median 4.0%, range 0.4–24.6%) (p = 0.017) (Table 2).
The percentage of circulating memory B cells and plasma
cells were comparable between the two groups. MR patients
showed significantly higher memory-to-naïve B cell ratio
[median (range): 0.8 (0.1–9.0), vs 0.2 (0.1–2.0) in NR patients,
p = 0.024], and also numerically higher plasma cell-to-naïve
B cell ratio [median (range): 0.3 (0.1–7.5), vs 0.1 (0.1–2.7)
in NR patients, p = 0.098]. The percentage of circulating T
cell subsets were similar between both groups (p > 0.05, for
all) (Table 2).

Relationship Between Lymphocyte
Subsets, and Anti-dsDNA Antibodies and
C3 Levels in Lupus Nephritis Patients
With Multiple Relapses or Those With No
Relapse
Lymphocyte subsets showed no relationship with serum anti-
dsDNA antibodies and C3 levels during disease quiescence in MR
and NR patients (p > 0.05, for all).

Serum Cytokine Profiles in Lupus
Nephritis Patients With Multiple
Relapses or Those With No Relapse
The MR and NR patients did not differ in their serum levels of
BAFF, IL-2, IL-4, IL-6, IL-10, IL-17, IL-18, IL-21, IL-23, IFN-α,
and IFN-γ during disease quiescence (p > 0.05, for all) (Table 2).

Serum miR-148a Expression in Lupus
Nephritis Patients With Multiple
Relapses or Those With No Relapse
The MR group showed significantly higher serum miR-148a
expression than the NR group (1.0± 0.0, 0.7± 0.2, and 9.4± 6.9
fold difference for healthy controls (HC) and NR and MR patients
respectively; p < 0.001, MR vs NR or HC).

miR-148a, BACH1, BACH2, and PAX5
Expression in Naïve B Cells From Lupus
Nephritis Patients With Multiple
Relapses or Those With No Relapse
The expression of miR-148a, BACH1, BACH2, and PAX5 was
determined in naïve B cells isolated from MR and NR patients.
The miR-148a expression was significantly higher in the naïve B
cells from MR patients compared with NR patients (1.0 ± 0.0,
0.7 ± 0.3, and 5.8 ± 2.4 fold difference for HC, NR, and MR
respectively; p < 0.001, MR vs NR or HC) (Figure 2A). Naïve
B cells from MR patients showed lower BACH1 (1.0 ± 0.0,
2.9 ± 0.8, and 0.8 ± 0.3 fold difference for HC, NR, and MR
respectively), BACH2 (1.0 ± 0.0, 3.4 ± 0.9, and 0.9 ± 0.3
fold difference for HC, NR, and MR respectively), and PAX5
(1.0 ± 0.0, 2.7 ± 0.8, and 1.0 ± 0.8 fold difference for HC,
NR, and MR respectively) expression compared with NR patients
(p < 0.001, MR vs NR, for all) (Figure 2C).

miR-148a, BACH1, BACH2, and PAX5
Expression in Memory B Cells From
Lupus Nephritis Patients With Multiple
Relapses or Those With No Relapse
The expression of miR-148a, BACH1, BACH2, and PAX5 was
also determined in memory B cells from MR and NR patients.
Memory B cells from MR patients showed significantly higher
miRNA-148a expression than NR patients and HC (1.0 ± 0.0,
0.8 ± 0.3, and 5.8 ± 1.7 fold difference for HC, NR, and MR
respectively; p < 0.001, MR vs NR or HC) (Figure 2B).
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TABLE 1 | Clinical characteristics of lupus nephritis patients with multiple relapses or those with no relapse and those with active nephritis.

MR (n = 19) NR (n = 14) Active LN (n = 8) p value†

Sex (F/M) 16/3 14/0 5/3 0.244

Age (years) 48.0 ± 6.3 52.1 ± 9.6 38.0 ± 19.5 0.240

Class of LN

III 4 6 0 0.260

IV 5 7 6 0.270

III + V 4 0 1 0.120

IV + V 6 1 1 0.090

Duration of follow-up from last nephritic episodes (months) 81.8 ± 46.7 110.9 ± 21.3 25.4 ± 17.7 0.091

Maintenance treatment

PRED alone (n, %) 4 (21.0%) 6 (42.8%) 2 (25.0%) 0.257

PRED + MMF (n, %) 11 (57.9%) 4 (28.6%) 6 (75.0%) 0.158

PRED + AZA (n, %) 4 (21.1%) 4 (28.6%) 0 (0%) 0.442

Clinical parameters

White cell count (×109/ml) 5.4 ± 1.9 4.9 ± 1.6 5.2 ± 2.4 0.480

Lymphocyte count (×109/ml) 1.3 ± 0.5 1.4 ± 0.7 0.9 ± 0.4 0.951

Serum C3 (mg/dl) 94.9 ± 31.7 80.0 ± 19.9 43.5 ± 22.8 0.329

Anti-dsDNA (IU/ml) 34.8 ± 38.8 23.9 ± 21.5 245.5 ± 101.4 0.910

eGFR (ml/min/1.73 m2) 59.4 ± 27.9 74.3 ± 21.2 61.3 ± 31.2 0.107

Serum albumin (g/l) 39.8 ± 5.5 43.1 ± 2.1 27.4 ± 5.8 0.055

Urine protein excretion (g/D) 0.28 ± 0.38 0.06 ± 0.11 3.2 ± 2.8 0.238

AZA, azathioprine; eGFR, estimated glomerular filtration rate; MMF, mycophenolate mofetil; MR, multiple relapses; NR, no relapse; PRED, prednisolone. Categorical
variables were expressed as frequency (percentage), and analyzed by the Chi square test. Continuous variables were expressed as mean ± SD, and analyzed with the
Mann-Whitney test. †Comparison between MR and NR.

TABLE 2 | Circulating lymphocyte subset and cytokine profiles in lupus nephritis patients with multiple relapses or those with no relapse.

Circulating lymphocyte subsets MR (n = 19) NR (n = 14) p value

B lymphocyte subsets

Naïve B cell (%) 0.7% (0.1–14.1%) 4.0% (0.4–24.6%) 0.017

Memory B cell (%) 0.6% (0.2–6.3%) 1.0% (0.1–3.2%) 0.123

Plasma cells (%) 0.2% (0.1–1.1%) 0.3% (0.1–2.9%) 0.382

Memory B/Naïve B ratio 0.8 (0.1–9.0) 0.2 (0.1–2.0) 0.024

Plasma cell/Naïve B cell ratio 0.3 (0.1–7.5) 0.1 (0.1–2.7) 0.098

T lymphocyte subsets

CD8 + cytotoxic T cells (%) 25.8% (5.2–52.7%) 23.8% (8.2–48.9%) 0.808

Th1 cells (%) 3.3% (0.2–11.2%) 3.8% (0.1–6.4%) 1.000

Th2 cells (%) 3.9% (0.1–31.6%) 11.3% (0.2–47.7%) 0.087

Th17 cells (%) 0.3% (0.1–3.3%) 0.4% (0.1–2.2%) 0.545

Treg (%) 0.7% (0.1–3.0%) 0.7% (0.1–12.2%) 0.662

Serum cytokine levels

BAFF (pg/ml) 1534.8 ± 674.3 1989.5 ± 2442.8 0.465

IL-6 (pg/ml) 445.1 ± 525.2 545.7 ± 740.6 0.708

IL-21 (pg/ml) 16.5 ± 22.7 19.2 ± 23.3 0.796

IFN-α (pg/ml) 29.4 ± 17.2 35.7 ± 27.7 0.781

IFN-γ (pg/ml) 125.8 ± 190.8 95.3 ± 106.1 0.679

IL-2 (pg/ml) 3240.4 ± 3786.5 7050.4 ± 11487.4 0.464

IL-4 (pg/ml) 36.4 ± 10.6 39.5 ± 19.2 0.760

IL-10 (pg/ml) 8.5 ± 7.9 32.5 ± 83.1 0.707

IL-17 (pg/ml) 232.7 ± 246.2 238.5 ± 301.9 0.679

IL-18 (pg/ml) 230.3 ± 127.1 238.0 ± 166.8 0.674

IL-23 (pg/ml) 13.3 ± 3.4 25.3 ± 41.1 0.947

MR, multiple relapses; NR, no relapse; Th, T helper cells; Treg, regulatory T cells; BAFF, B cell activating factor; IFN, interferon; IL, interleukin. Results expressed as median
(range) or mean ± SD, and analyzed with the Mann-Whitney test.
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FIGURE 2 | miR-148a, BACH1, BACH2, and PAX5 expression in naïve and memory B cells isolated from lupus nephritis patients with multiple relapses or those with
no relapse. Naïve and memory B cells were isolated from lupus nephritis patients with multiple relapses (MR, ) (n = 19) or those with no relapse (NR, ) (n = 14).
miR-148a and BACH1, BACH2, and PAX5 expressions was determined by qPCR. miR-148a expression in panel (A) naïve B cells and (B) memory B cells was
normalized to U6 expression and BACH1, BACH2, and PAX5 expressions in panel (C) naïve B cells and (D) memory B cells were normalized to GAPDH expression,
and expressed as fold difference compared to healthy controls (HC, ) (n = 10). Data expressed as mean ± SD and analyzed by ANOVA followed by a post hoc
Dunnett’s test. *p < 0.001, MR vs NR; #p < 0.001, MR vs HC.

Memory B cells from MR patients also showed significantly
lower BACH1 expression than NR patients (1.0 ± 0.0, 3.3 ± 1.9,
and 0.8 ± 0.3 fold difference for HC, NR, and MR respectively;
p < 0.001, MR vs NR). BACH2 and PAX5 expression was
also lower in MR patients compared to NR patients (BACH2:
1.0 ± 0.0, 3.9 ± 2.0, and 0.9 ± 0.3 fold difference; PAX5:
1.0 ± 0.0, 3.5 ± 1.7, and 0.9 ± 0.2 fold difference for HC, NR,
and MR respectively; p < 0.001, MR compared with NR, for
both) (Figure 2D).

Effect of Antagomir-148a Treatment on
BACH1, BACH2, and PAX5 Expression
and Cell Proliferation in Naïve and
Memory B Cells
The effect of miR-148a on the BACH1, BACH2, and PAX5
expression and cell proliferation was next investigated in naïve
and memory B cells isolated from eight treatment-naïve active
LN patients (Table 1).

The incubation of naïve B cells with antagomir-148a mitigated
miR-148a expression after 24 h, and this inhibition was sustained

for 3 days (p < 0.001, antagomir-148a vs Scr-antagomir or no
treatment) (Figure 3A). After 3 days, the inhibition of miR-
148a expression was accompanied by a 3.7 ± 0.3, 5.6 ± 2.6,
and 3.3 ± 1.1 fold increase in BACH1, BACH2, and PAX5
expression respectively compared to control cells (p < 0.01 for
all, antagomir-148a vs Scr-antagomir) (Figure 3C). Incubation
of naïve B cells with antagomir-148a for 3 days significantly
suppressed cell proliferation compared to cells incubated with
Scr-antagomir (4.5 ± 2.8% vs 16.3 ± 8.0%, antagomir-148a vs
Scr-antagomir, p < 0.01) (Figure 3E).

Similarly, incubation of memory B cells with antagomir-148a
abrogated miR-148a expression after 24 h, and the inhibition
was sustained for 3 days (Figure 3B). miRNA-148a inhibition
was accompanied by a 3.8 ± 0.4, 4.5 ± 1.4, and 4.1 ± 1.3 fold
increase in BACH1, BACH2, and PAX5 expression respectively
compared to control cells (p < 0.01 for all, antagomir-148a vs
Scr-antagomir) (Figure 3D). Inhibition of miR-148a expression
significantly reduced cell proliferation compared to control cells
(31.7 ± 6.2% vs 57.4 ± 3.4%, antagomir-148a vs Scr-antagomir,
p < 0.001) (Figure 3F).
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FIGURE 3 | Effect of antagomir-148a on miRNA-148a, BACH1, BACH2, and PAX5 expression and cell proliferation in naïve and memory B cells from
treatment-naïve active lupus nephritis patients. Naïve and memory B cells were isolated from eight treatment-naïve active lupus nephritis patients and cultured with
serum free medium (SFM) ( ) in the presence or absence of scrambled antagomir sequence (Scr-antagomir) ( ) or antagomir-148a ( ) for 2 h. Naïve and memory B
cells were then stimulated with CpG (in RPMI 1640 medium containing 10% FCS and 1% penicillin/streptomycin) for 3 days, total RNA extracted and miR-148a,
BACH1, BACH2, and PAX5 expressions determined by qPCR. miR-148a expression in panels (A) naïve and (B) memory B cells were normalized to U6 expression,
and BACH1, BACH2, and PAX5 expression in panels (C) naïve B cells and (D) memory B cells were normalized to GAPDH expression respectively, and expressed
as fold difference compared to SFM. Cell proliferation in panels (E) naïve B cells and (F) memory B cells was determined by CSFE proliferation assay after 1, 2, and
3 days. Data expressed as mean ± SD and analyzed by ANOVA followed by a post hoc Dunnett’s test. *p < 0.001, §p < 0.05, antagomir-148a vs Scr-Antagomir;
#p < 0.001, †p < 0.05 antagomir-148a vs SFM.

DISCUSSION

The B cell repertoire has crucial pathogenic roles in LN
which include synthesis of autoantibodies, presentation
of autoantigens, and secretion of pro-inflammatory and
anti-inflammatory mediators that regulate the immune response
(29–36). Accumulating evidence suggests that SLE is associated
with perturbations in B lymphocyte subpopulations, epitomized
by an expansion of class-switched memory B cells relative to
naïve cells in active lupus patients compared to patients during
disease quiescence (10, 37, 38). Changes in B cell subtypes
pertaining to LN relapse, however, remain to be characterized.

Our current data revealed that, during disease remission, MR
patients exhibited a higher memory-to-naïve B cell ratio and
decreased circulating naïve B cells compared with NR patients.
Alterations in the B cell subset profile in MR patients may be
related to repeated exposure to autoantigens, which stimulates
naïve B cells to differentiate into more mature B cell subtypes.
Memory B cells have multiple properties pertinent to disease
relapse in SLE and LN patients. B lymphocytes which differentiate
into memory B cells typically remain dormant and are therefore
less susceptible to conventional induction agents which show
cell-cycle dependent anti-proliferative effects (38, 39). These
memory B cells, nevertheless, possess long-lasting immunological
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memory and can generate potent and efficient immune response
following stimulation with previously encountered antigens (39).
Memory B cells from lupus patients also show reduced FcγRIIb
expression, which leads to an augmented influx of calcium ion
and diminished inhibitory signals for memory B cell activation
(10, 40).

Whilst plasma cells are the key pathogenic cells responsible
for autoantibody production in LN (10, 38), we did not find
any significant difference in the number of circulating plasma
cells between MR and NR patients. Detecting a difference in
circulating plasma cells can be difficult because plasma cells
predominantly reside in the bone marrow and are only present
in very low frequencies in the circulation. Emerging data suggests
the pathogenic roles of T lymphocytes in LN, with the CD4+
T helper subset being a major driver for B cell differentiation.
Aberrant signaling, proliferation, and cytokine production have
been observed in T cells from SLE patients (25, 41–45). Here
we detect no significant difference in the T cell subsets profile
between MR and NR patients, and it remains possible that
functional rather than quantitative differences in T lymphocytes
occur in MR and NR patients although such postulations need
verification in further studies.

The homeostasis and immunological functions of B and T
lymphocytes are regulated by various pro-inflammatory and anti-
inflammatory cytokines such as BAFF, IL-2, IL-4, IL-6, IL-10,
IL-17, IL-18, IL-21, IL-23, IFN-α, and IFN-γ (19–27). In this
study, we also measured the levels of these cytokines to investigate
whether their changes could affect the B cell subset profiles in
MR and NR patients. We did not detect any change in the serum
levels of these cytokines, and this may be attributed to the time of
sample collection, that is, during disease remission.

miR-148a plays an instrumental role in B cell development,
and its increased expression has been observed in B and T
lymphocytes and also tissue pathologies in SLE patients and
murine lupus models (46–49). Upregulated miR-148a expression
renders B lymphocytes more resilient to B cell receptor-induced
apoptosis, resulting in improved survival of immature B cells
(14). BACH1 and BACH2 are essential transcription factors in B
lymphocytes that are regulated by miR-148a, and together they
exert suppressive effects on the maturation and homeostasis of
B lymphcoytes (13–15, 17, 18). PAX5 has also been reported
to inhibit the development and proliferation of B lymphocytes
but its relationship with miR-148a remains poorly understood
(16). Based on our findings in the B cell subset profile, we
next evaluated the blood miR-148a level and its expressions
in naïve and memory B cells, and also investigated the effect
of miR-148a on BACH1, BACH2, and PAX5 expression in B
lymphocytes. Our present data showed that, even during disease
remission, MR patients had a significantly higher serum miR-
148a level compared to NR patients. MR patients also exhibited
higher miR-148a expression in naïve and memory B cells, and
this was accompanied by lower BACH1, BACH2, and PAX5
expressions in B lymphocytes. To further elucidate the effect
of miR-148a on BACH1, BACH2, and PAX5 expression and
cell proliferation in naïve and memory B cells, we treated B
cells isolated from active LN patients with antagomir-148a, an
oligonucleotide that inhibits miR-148a expression. Inhibition of
miR-148a resulted in an upregulation of BACH1, BACH2, and

PAX5 expressed and decreased cell proliferation in naive and
memory B cells, suggesting that miR-148a exerts an inhibitory
effect on transcription factors which negatively modulates B
lymphocyte differentiation and proliferation.

It has been shown that increased miR-148a expression can
downregulate Gadd45a, Bim, and PTEN and inhibit apoptosis of
immature B cells, thus leading to enhanced B cell autoreactivity
(14). Reinstitution of miR-148a-transfected hematopoietic stem
cells to lethally irradiated MRL/lpr mice restored lupus
phenotypes and decreased the survival rates compared to
control mice (14). Other investigators have demonstrated
that miR-148a could downregulate BACH2 expression in B
lymphocytes isolated from C57BL/6 mice, resulting in enhanced
differentiation and survival of plasma cells (13). Over-expression
of BACH2 would inhibit “myeloid genes” in pre- and pro-
B cells, and thus divert them from committing to the
lymphoid lineage (15). BACH2 can also interact with BCL-6 to
suppress Blimp-1 expression during germinal center reaction,
leading to reduced plasma cell differentiation (17). Independent
researchers also reported that mouse splenic B cells deficient
in BACH2 showed a more ready differentiation into plasma
cells (18). Diminished BACH2 expression was observed in B
lymphocytes from lupus patients, and transfection of BACH2
into these B cells resulted in increased apoptosis and suppressed
proliferation (50). Furthermore, one recent GWAS meta-analysis
also identified BACH2 as a susceptibility locus in Chinese lupus
patients (51).

Data regarding the relationship between miR-148a and PAX5
expression is limited. Our results suggest that inhibition of
miR-148a will upregulate PAX5 expression and suppresses B
cell proliferation in LN patients. PAX5 is a master regulator
in the development and function of B lymphocytes. During
early B lymphocyte development, PAX5 can direct lymphoid
progenitors to commit a B cell destiny by repressing “B-
lineage-inappropriate” genes and simultaneously activating
B-cell-specific genes (16). PAX5 can also induce V(H)-DJ(H)
recombination during immunoglobulin production to enhance
the antibody repertoire (16). In this study, we did not explore
the interaction between BACH1, BACH2, and PAX5 in B
lymphocytes. Notwithstanding, our findings suggest that elevated
miR-148a expression in B lymphocytes from MR patients
may decrease expression of BACH1, BACH2, and PAX5 and
hence promote their differentiation into more mature B cell
subpopulations. Such alterations in cellular signatures may
account for the increased memory-to-naïve B cell ratio and
decreased circulating naïve B cells as observed in MR patients,
which thereby may increase propensity for disease relapse in
LN patients. The mechanisms by which miR-148a downregulates
BACH1, BACH2, and PAX5 expression remains obscure and
putative mechanisms include base pairing to sequence motifs
in the 3′UTR of mRNA with exact or closely analogous
complementarities or epigenetic modifications of downstream
target genes (46, 52, 53).

While it is important to conduct in vivo studies to verify
our current in vitro findings, one should appreciate that the
commonly used murine lupus models are not optimal for
investigating disease relapse. Due to the limited clinical samples,
we only measured the level of BACH1, BACH2, and PAX5
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transcripts but not the protein levels, which remains an
important shortcoming of this study. Another limitation of
our study was that we did not examine the other immune-
reactive cells and the complement cascades which are also
highly relevant in LN pathogenesis. Also, clinical materials
were only obtained during disease remission and were not
compared with samples collected during active LN flares.
Nevertheless, one should appreciate that patients in the
MR and NR groups were carefully matched for patient
characteristics and background immunosuppressive therapies,
and thus the observed differences in B cell subsets and
related cellular signatures is more likely due to intrinsic
immunological abnormalities rather than patient heterogeneity
and effect of treatments.

CONCLUSION

The results suggest that altered B cell subsets and cellular
signatures of miR-148a, BACH1, BACH2, and PAX5 are
associated with distinct phenotypes related to the risk of renal
relapse in patients with LN.
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