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Abstract

Objectives: Autoreactive memory B cells (MBCs) contribute to chronic and progressive courses in autoimmune diseases like SLE. The efficacy
of belimumab (BEL), the first approved biologic treatment for SLE and LN, is generally attributed to depletion of activated naive B cells and
inhibition of B-cell activation. BEL's effect on MBCs is currently unexplained. We performed an in-depth cellular and transcriptomic analysis of
BEL’s impact on the blood MBC compartment in patients with SLE.

Methods: A retrospective meta-analysis was conducted, pooling flow cytometry data from four randomized trials involving 1245 patients with
SLE treated with intravenous BEL or placebo. Then, extensive MBC phenotyping was performed using high-sensitivity flow cytometry in
patients with mild/moderate SLE and severe SLE/LN treated with subcutaneous BEL. Finally, transcriptomic characterization of surging MBCs
was performed by single-cell RNA sequencing.

Results: In BEL-treated patients, a significant increase in circulating MBCs, in a broad range of MBC subsets, was established at week 2, gradu-
ally returning to baseline by week 52. The increase was most prominent in patients with higher SLE disease activity, serologically active patients
and patients aged <18years. MBCs had a non-proliferating phenotype with a prominent decrease in activation status and downregulation of
numerous migration genes.

Conclusion: Upon BEL initiation, an increase of MBCs was firmly established. In the small cohort investigated, circulating MBCs were
de-activated, non-proliferative and demonstrated characteristics of disrupted lymphocyte trafficking, expanding on our understanding of the
therapeutic mechanism of B-cell-activating factor inhibition by BEL.

Trial registration: ClinicalTrials.gov, http://clinicaltrials.gov, NCT00071487, NCT00410384, NCT01632241, NCT01649765, NCT03312907,
NCT03747159.
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Graphical abstract

Belimumab Disrupts Memory B-cell
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(MBC) Trafficking in Patients with SLE

Prospective highly sensitive B-cell subset
phenotyping using high-sensitivity flow cytometry
on BEL-treated patient samples from 2 trials
Intervention based on EuroFlow protocols

A0 44 with mildimoderate SLE

4

f;\lﬁ 1 6 with severe SLE/LN

In-depth characterisation of the surging

MBCs in circulation by single-cell RNA
sequencing and functional enrichment analysis
from 3 BEL-treated patients

Differentially expressed genes analysis
Cell cycle phase analysis
Migration pathway analysis

Keywords: biologicals, B-lymphocyte, gene expression, SLE, LN.

« The observed surge of MBCs was

BEL (n) 700149618 587 510 169
PBO (n) 545137493 451 390 160

[9‘ A meta-analysis of pooled individual patient data éj; 250 BEL o
A & 210 s
4RCTs g
,?\f%,?\ r T T 1 P : 22 g 180
[ T) LBSL02 BLISS-76 EMBRACE PLUTO « Initiation of BEL led to a significant = 100
(% ’9\ ‘91 ’9\ rt_»1 (NCT00071487) (NCT00410384) (NCT01632241) (NCT01649765) increase in classical CD20+CD27+ g so i I
vuuuuy ‘ MBCs compared with PBO 5 °Trt t o
0000000 os 0 2T 2% 52 6
(AR 04 - 1245 patients with Time (wesks)
(AR MBC data at baseline

Severe SLE/LN Week 0—4

1000 L P01 NS p<0OT p<001 ps0.05 OIS P<DOT PL0.0S

2
8

of switched and unswitched
MBCs and appeared to consist of
a non-specific increase across all
measured MBC-subsets

-~ 3

IBC count (cells/pL)
°

M
°
<

0.001

IgMD+ gD+ 1gG1+ 1gG2+ IgG3+ IgGa+ IgA1+ Igh2+

BEL initiation revealed significant -

fon of genes associated with Conclusion
Immurie activation processes A significant increase in circulating
Surging MBCs were in a non-proliferating MBCs associated with disrupted

state based on cell cycle gene expression Iymphocyte trafﬁcking of MBCs upon
Al cell migration gene signatures were BEL initiation, particularly in severe SLE,
i ing cell i sheds light on the potential therapeutic

actin cytoskeleton organisation, cell mechanism of BEL's impact on MBCs
igration, and cell i

Rheumatology key messages

* |n patients with systemic lupus erythematosus (SLE), belimumab substantially increased circulating memory B cells (MBCs).
* Most prominent increase was in patients with high SLE activity, serologically active or <18 years old.
* Increases in circulating MBCs potentially allow for a more efficient targeting of the B-cell compartment.

Introduction

SLE is an autoimmune disease characterized by autoreactive
memory B cells (MBCs) production [1]. Belimumab (BEL), an
approved biologic agent for active SLE and LN, reduces cir-
culating B cells through neutralization of B-cell-activating
factor (BAFF) [2]. BAFF inhibition by BEL prevents the inhi-
bition of B-cell apoptosis and the promotion of B-
cell differentiation into Ig-producing plasma cells [2], result-
ing in decreases in immature and naive B cells, while sparing
MBCs [3]. Autoreactive MBCs, which have a decreased
threshold for activation, are likely to be the major contribu-
tors to the observed chronic and progressive course in auto-
immune diseases like SLE. Indeed, murine studies have
reported that MBC survival is independent of BAFF, suggest-
ing secondary humoral immune responses remain intact de-
spite the absence of BAFF [4]. This is further corroborated by
the persistence of adequate vaccination responses in BEL-
treated patients with SLE [5]. Previous BEL studies indicated
that MBCs might not only be spared but increase in circula-
tion [6, 7], suggesting reduced MBCs in the tissue. This po-
tentially means that MBCs can no longer effectively interact
with other immune cells, such as T cells, in well-organized
lymphoid structures in the tissues, likely compromising the

immune responses. Altogether, little is currently known
about the effect of BAFF inhibition on MBCs.

Furthermore, high numbers of MBCs were previously
shown to be associated with poor clinical responses to rituxi-
mab (RTX) treatment in several autoimmune diseases [8, 9].
Importantly, in patients with SLE and LN, RTX failed to
demonstrate superior efficacy to placebo (PBO) in two ran-
domized controlled trials [10, 11].

Data on BEL’s effect on MBC populations are important
as circulating autoantibodies persist despite conventional im-
munosuppressive treatment, even when BEL is employed as
an add-on therapy in SLE [12]. This persistence can be
explained by either the presence of long-lived autoreactive
plasma cells resistant to immunosuppression and BEL, or by
residual MBCs capable of mounting an autoimmune response
[13]. BAFF mediates sites of survival niches for these long-
lived cells [14, 15], and BEL could potentially interfere with
this notorious mechanism of therapy resistance, making
MBC s susceptible to therapeutic targeting.

This study investigated the hypothesis that BEL initiation
in patients with SLE increases circulating MBCs and set out
to determine the underpinning mechanism. To do so, a meta-
analysis of flow cytometric data was performed in a large
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cohort of patients with SLE treated with BEL w»s PBO.
Additionally, an in-depth characterization of the longitudinal
dynamics of human MBC response post-BEL initiation was
performed by employing EuroFlow-based high-sensitivity
flow cytometry (HSFC) and single-cell ribonucleic acid se-
quencing (scRNA-seq).

Materials and methods
Study design

A meta-analysis of individual patient data pooled from 1313
patients with SLE treated with intravenous BEL 10 mg/kg or
PBO from four randomized, double-blind, PBO-controlled stud-
ies (LBSLO2 [NCT00071487] [6], BLISS-76 [NCT00410384]
[3, EMBRACE [NCT01632241] [16] and PLUTO
[NCT01649765] [17]) was performed. Patients without a base-
line MBC value were excluded, resulting in 1245 patients with
SLE (BEL, n=700; PBO, n=>545). Additionally, extensive
B-cell subset phenotyping was performed prospectively using
HSFC on samples of 14 patients with mild/moderate SLE (SLE
Disease Activity Index 2000 [SLEDAI-2K] score >6) from
the BLISS-BELIEVE study (NCT03312907) [18] and 16
patients with severe SLE/LN (SLEDAI-2K score >12) from
the SynBioSe-2 trial (NCT03747159) [19]. These 30 patients
were >18years of age and treated with subcutaneous
BEL 200 mg/week. HSFC for both trials was performed in the
same laboratory using the same machinery and analysis techni-
ques. In-depth characterization of surging MBCs in circulation
was performed by scRNA-seq in longitudinal paired samples
from three patients from the SynBioSe-1 trial before and after
BEL initiation [20]. Further detail on B-cell subset HSFC, isola-
tion of classical MBCs by fluorescence-activated cell-sorting,
scRNA-seq and statistics are presented in the Supplementary
Methods.

Specific details relating to the individual clinical trials
utilized for this analysis can be found in their primary publi-
cations [3, 6, 16-19].

Ethics

This meta-analysis was exempt from ethics approval as data
were obtained from previous studies for which informed con-
sent and all necessary approvals had already been obtained
for each study by the trial investigators. Therefore, the use of
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these data for the current analysis adheres to the ethical
standards established in original studies.

Retrospective meta-analysis of flow cytometry data

Flow cytometry data on the absolute peripheral MBC subset
(CD19+CD20+CD27+) were previously determined in four
clinical trials (LBSL0O2, BLISS-76, EMBRACE and PLUTO)
using a central laboratory. These trials were conducted over a
period of 15 years; thus, the gating strategy was not identical
across trials. For LBSL02 and BLISS-76, the enumeration of
MBCs was derived from back-calculations using the white
blood cell count and lymphocyte count from the Gen-S
Haematology Analyzer, whereas for EMBRACE and
PLUTO, the absolute counts of MBCs were derived from
back-calculations using a standard bead-based lymphocyte
subset flow cytometry panel. Data from baseline, weeks 8, 24
and 52 were combined from all four studies, week 4 data
from studies LBSL0O2 and PLUTO [6, 17] were combined,
and week 76 data were derived from BLISS-76 [3] only.
Exclusively on-treatment data from BEL- or PBO-treated
patients were considered. Percentage changes from baseline
were summarized by visit and summaries of absolute cell
counts were added in a post hoc analysis. MBC variability
was investigated by covariate analysis of week 8 percentage
change data (Supplementary Methods).

Results
Initiation of BEL treatment causes a surge in
circulating MBCs

Pooled flow cytometry data showed a considerable MBC in-
crease in BEL-treated patients vs PBO treatment at week 4 and
week 8, the earliest time points for each study (Fig. 1A).
Corresponding increases in median percentage change contin-
ued until week 24 in BEL-treated patients (Fig. 1B). By week
52, circulating MBCs had gradually returned towards baseline
levels. MBC levels in PBO-treated patients stayed stable over
time (Fig. 1). No clear associations for the surge of MBCs were
identified (Supplementary Fig. S1, available at Rheumatology
online). Although significant, a weak correlation without clini-
cal relevance was found between MBC percentage change and
BAFF or anti-dsDNA autoantibody levels.

More evident insights into MBC variability were obtained
from the categorized covariates (Supplementary Table S1,
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Figure 1. Median (IQR) MBC changes in patients from four pooled SLE clinical trials treated with BEL 10 mg/kg IV or PBO: absolute cell count (post hoc
analysis) (A), and percentage change from baseline (B). Week 4 data are from studies LBSL02 [6] and PLUTO [17] only, and Week 76 data are from
BLISS-76 [3] only. The apparent increase in absolute cell counts at week 4 in the PBO arm is an artefact attributable to minor variations in baseline cell
counts in the included studies. Patients with a baseline MBC count of zero were excluded from percentage change calculations in post-baseline visits (B)
because of division with zero. BEL: belimumab; IQR: interquartile range; IV: intravenous; MBC: memory B-cell; PBO: placebo
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Figure 2. B-cell changes after initiation of BEL measured by high-sensitivity FACS by EuroFlow protocol on samples from 14 patients with mild/moderate
SLE (A, C) and 16 patients with severe SLE/LN (B, D). Depicted are changes in B-cell subsets at baseline compared with week 4 in absolute cell counts
with the median in bold (A, B) and in median (IQR) percentage change (C, D). The grey area indicates 1-20 analyzed events that were excluded from the
analysis. Black dotted line at 0.01 cells/uL indicates the detection limit. Red dotted lines indicate the proposed normal values for adults 18-59 years of
age [21]. ¥*P< 0.05; **P< 0.01; ***P < 0.001. BEL: belimumab; FACS: fluorescence-activated cell-sorting; IQR: interquartile range; ns: not significant

available at Rheumatology online), where the surge of MBCs
(median percentage change from baseline to week 8) in
BEL-treated patients exhibited consistent, statistically signifi-
cant increases in subgroups of patients with higher disease ac-
tivity (SLEDAI score >10, anti-dsDNA >301U/mL and low
complement levels). There was a trend for greater percentage
increases in MBCs among BEL-treated patients who received
steroid or antimalarial concomitant medication at baseline vs
those who did not. In PBO-treated patients, no statistically
significant differences in MBC percentage change associated
with disease activity or baseline concomitant medications
were found. Of note, the youngest age group (<18 years) had
a statistically significantly larger percentage increase in
MBCs vs the reference group (19-45 years). This effect was

discernible in both the treatment groups but was more pro-
nounced in BEL vs PBO.

Increase in MBCs is not specific for certain
Ig subsets

HSFC was employed for a more in-depth cellular phenotyp-
ing of the surge in MBCs, other B-cell subsets and Ig subsets.
Absolute cell numbers and fold changes for different B-
cell subsets showed significant increases in circulating
unswitched and switched MBCs in both mild/moderate and
severe SLE/LN patient groups (Fig. 2). Comparing the fold
changes of patients with mild/moderate SLE (Fig. 2A and C)
with patients with severe SLE/LN (Fig. 2B and D), a more
profound increase was observed in the severe SLE/LN group
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Figure 3. MBC changes after initiation of BEL measured by HSFC by EuroFlow protocol on samples from two different clinical trials including 14 patients
with mild/moderate SLE (A, C) vs 16 patients with severe SLE/LN (B, D). Depicted are changes in MBCs subclassified according to their Ig isotypes at
baseline compared with week 4 in absolute cell counts with the median in bold (A, B) and in median (IQR) percentage change (C, D). The grey area
indicates 1-20 analyzed events that were excluded from the analysis. Black dotted line at 0.01 cells/uL indicates the detection limit. Red dotted lines
indicate the proposed normal values for adults 18-59 years of age [21]. *P< 0.05; **P< 0.01; ***P< 0.001. BEL: belimumab; HSFC: high-sensitivity flow

cytometry; MBC: memory B-cell; ns: not significant

for both unswitched and switched MBCs. For other B-
cell subsets, plasma cells decreased significantly in both the
groups. Concurrently, immature B cells in the mild/moderate
SLE group decreased significantly. Interestingly, a non-
significant increase in mature naive B cells was observed in
the severe SLE/LN group.

The surge in circulating MBCs was not limited to a particu-
lar MBC subset, as significant increases were observed in all
assessed MBC subsets in both the patient groups (Fig. 3) ex-
cept for IgG4+ (Fig. 3A and C) and IgD+ (Fig. 3B and D).
These two subsets showed a consistent trend towards a
strong increase but were significant in only one patient group
(mild/moderate SLE for IgG4+; severe SLE/LN for IgD+),
owing to very low starting numbers with a normal range
reaching below the detection limit (0.01 cells/uL).

To better understand the kinetics of the MBC surge post-BEL
initiation, a subset of nine patients with severe SLE/LN was
assessed. In this subset of patients with severe SLE/LN,
the MBC increase was already present at week 2, with similar

B-cell subset kinetics showing apparent increases in MBCs and
all assessed subsets, except for plasma cells (Supplementary Fig.
S2, available at Rheumatology online).

Notably, we were able to confirm a high level of similarity
in MBCs before and after BEL treatment by assessing the se-
quence density and mutation frequency of the different Ig
subsets with scRNA-seq (Supplementary Fig. S3A, available
at Rheumatology online). As expected, the greatest portion of
MBCs comprised IgM, IgG1 and IgA1, and a non-specific in-
crease in all Ig subsets was observed (Supplementary Fig.
S3B, available at Rbheumatology online).

A decrease in activation status of MBCs is
associated with downregulation of

migratory processes

The MBC surge may be due to proliferation of MBCs, migra-
tion of different MBCs into the circulation or accumulation
of MBCs in circulation by reduced extravasation of circulat-
ing MBCs. To investigate these hypotheses, we performed
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Figure 4. Identification of DEGs and co-DEGs at 2 weeks after BEL initiation. Depicted are the average log, fold changes from genes with a minimal
percentage expression of 10% and a change above 0.25 in all analyzed patients. Downregulation is shown in blue, upregulation in red (A), with the
corresponding top 20 significant biological processes assessed from functional enrichment analysis on 414 downregulated DEGs (B) and 115
upregulated DEGs (C). BEL: belimumab; DEG: differentially expressed gene; mRNA, messenger RNA; RNA: ribonucleic acid; SRP: signal-

recognition particle

scRNA-seq on sorted MBCs before and after BEL initiation
using samples from baseline and week 2, as this time point
showed the most profound increase in MBC levels in severe
SLE/LN.

The scRNA-seq analysis revealed 529 significant differen-
tially expressed genes (DEG), of which 414 were predomi-
nantly downregulated and 115 were upregulated (Fig. 4A).
These DEGs are associated with 685 downregulated and 46
upregulated biological processes, respectively. The downre-
gulated processes are all characterized by decreased activa-
tion of the immune response via a decrease in antigen
processing and presentation, a decrease in immune response
signalling and a decrease in type I interferon signature

(Fig. 4B). The upregulated processes are less specific and can
be summarized by an increase in basal cellular processes rep-
resented by proteins targeting the endoplasmic reticulum and
membrane, ribosome assembly with cytoplasmic translation
and messenger RNA degradation (Fig. 4C). Taken together,
these findings indicate a decrease in activation status of the
MBCs 2 weeks post-BEL initiation.

From the 529 DEGs, 102 co-DEGs were differentially
expressed in all patients: 16 upregulated, 72 downregulated
and 14 genes with an inconsistent fold change (Fig. 4A and
Supplementary Fig. S4, available at Rheumatology online).
Within the downregulated genes, CD40, CCR7 and SELL
(CD62L) are well-known genes associated with cell
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Figure 5. In-depth analysis on DEGs and co-DEGs using FEA on GO terms and migration analysis at 2 weeks after BEL initiation. The top 20 significant
biological processes associated with the 102 co-DEGs are shown (A). The average log, fold changes at 2 weeks after BEL initiation of 99 DEGs
associated with migration processes are depicted, subdivided into four categories: cell migration, cell adhesion, cell chemotaxis, and actin cytoskeleton
organization (B). BEL: belimumab; DEG: differentially expressed gene; FEA: functional enrichment analysis; GO: gene ontology

interactions. Functional enrichment was employed to assess
all genes associated with biological processes, yielding results
similar to those of the total DEG set (Fig. 5A). Consistent
with the treatment, the downstream pathway of BAFF-R,
which is the TNF ligand superfamily member 13B that signals
through the TNF-mediated signalling pathway (Gene
Ontology, GO: 0033209) and Nuclear Factor Kappa B
Subunit 2 (NF-xB-2)-inducing kinase (NIK)/NF-xB-2 signal-
ling (GO: 0038061), was significantly downregulated in all
patients. In total, 17 GO terms associated with downstream
BAFF signalling were significantly downregulated. While
BAFF-R itself was not downregulated on the RNA level, the

transmembrane activator calcium modulator and cyclophilin
ligand interactor receptor (TNFRS13B), which is another sur-
vival receptor and a ligand for a proliferation-inducing li-
gand, and BAFF, to a smaller extent, did have decreased
RNA expression.

Despite a surge in circulating MBCs post-BEL
initiation, their non-proliferating phenotype

appears unaltered

To investigate whether proliferation was a relevant factor for
the MBC surge, we performed a cell cycle analysis to deter-
mine the phase of each cell. The analysis revealed that, at
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Baseline

42.8% G1
45.9% S
B 11.3% G2/M

P1

46.2% G1
47.5% S
B 6.3% G2/M

P2

44.8% G1
47.7% S
B 7.6% G2/M

P3
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Week 2

46.5% G1
44.7% S
H 8.9% G2/M

54.8% G1
39.7% S
B 5.5% G2/M

51.4% G1
43.1% S
B 5.5% G2/M

Figure 6. Identification of the cell cycle phase of each cell analyzed from three patients (P1, P2 and P3) with severe SLE at 2 weeks after BEL initiation,
shown as percentage of MBCs per sample that are predicted to be in G1, S or G2/M phase. BEL: belimumab; MBC: memory B-cell

baseline, 90.5% of the measured MBCs were in the non-
proliferating G1 or S phase (Fig. 6). At week 2, a decrease in
proliferating G2/M phase from 9.6% to 6.5% of the total
MBCs was observed. Also, functional gene expression analy-
sis on the active proliferation marker MKI67 did not show
any expression in MBCs and was not differentially expressed
post-BEL initiation. Taken together, a non-proliferating phe-
notype of the MBCs 2 weeks post-BEL initiation was estab-
lished, corresponding to the decrease in activation status
found by functional enrichment analysis.

A surge of circulating MBCs post-BEL initiation is
associated with downregulation of
migratory processes

Lastly, a more focused analysis on migration-associated
DEGs was performed. We identified 57 downregulated bio-
logical processes associated with 99 individual DEGs related
to migration, compared with no relation to any of the upre-
gulated processes. These migratory processes can be catego-
rized into four groups: cell adhesion, actin cytoskeleton
organization, cell migration or cell chemotaxis (Fig. 5B). Of
the 10 GO terms related to cell adhesion, based on 46 down-
regulated genes, the most significantly downregulated process
was leucocyte cell—cell adhesion. Actin cytoskeleton organiza-
tion was represented by 25 GO terms based on 44 genes that
showed significant downregulation of actin cytoskeleton

organization, filament-based process and the Arp2/3
complex-mediated actin nucleation. Cell migration was rep-
resented by 18 GO terms; the most important downregulated
processes were leucocyte migration and positive regulation of
cell motility. Lastly, cell chemotaxis was represented by four
GO terms based on 17 genes demonstrating downregulation
of cell chemotaxis and leucocyte chemotaxis (Supplementary
Table S2, available at Rheumatology online). Collectively,
these data demonstrate elaborate suppression of cell-
migration processes at the RNA level of MBCs.

Discussion

The present study firmly established that initiation of BEL led
to a substantial increase in circulating MBCs, most notably in
younger patients or patients with severe, serologically active
SLE/LN. The absolute circulating MBC increase was present
2 weeks after treatment initiation and was sustained at
4-8 weeks, with a gradual decline to baseline values after a
period of 3-12 months. The surge in circulating MBCs was
not restricted to a certain subset but occurred in all MBC sub-
sets independently of proliferation. Instead, a strong modula-
tion of gene expression in MBCs demonstrated in a small
cohort indicated a disruption of MBC trafficking with re-
duced expression of cell migration genes. Collectively, the
surge of circulating MBCs post-BEL initiation was associated
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with disrupted lymphocyte trafficking, encompassing a new
therapeutic mechanism attributable to BEL.

We performed a meta-analysis of flow cytometric data
from four large, randomized trials [3, 6, 16, 17], and con-
firmed, in the largest PBO-controlled population thus far
reported, the surge of circulating MBCs post-BEL initiation,
which was not observed in comparator patients with SLE
treated with PBO plus standard therapy. The surge of circu-
lating MBCs post-BEL initiation was significantly higher in
children compared with adults 19-45 years of age. In agree-
ment with findings in the literature [21], which indicate that
the median number of circulating MBCs tends to be higher in
healthy individuals 5-17 years of age and decreases with age,
it is possible that a higher number of MBCs is available to be
modulated by BEL treatment. The observed surge in circulat-
ing MBCs is not unique to SLE; BEL-treated patients with
primary SS (pSS) showed an increase in peripheral MBCs
within 1week, lasting until RTX infusion at 8 weeks [22].
Also, the observed effect on MBCs is not unique to BEL as
other inhibitors of B-cell receptor-signalling pathways display
similar effects [23-25]. For example, patients with chronic
lymphocytic leukaemia treated with ibrutinib, a B-
cell receptor-associated kinase inhibitor, experienced blood
lymphocytosis 1 week after treatment initiation, which was
reversible upon temporary drug deprivation and lasted until
week 4 before a decline [23]. Patients treated with tabalu-
mab, a humanized anti-BAFF monoclonal antibody, also ex-
perienced increases in total B cells as early as 1week [24].
Collectively, it can be concluded that inhibition of BAFF by
BEL initiation causes a surge of MBCs in the circulation.

HSFC for patients with SLE included in the randomized,
controlled BLISS-BELIEVE and SynBioSe-2 trials also
detected a surge of circulating MBCs. Although the use of
concomitant immunosuppression could confound these anal-
yses, the increase in MBCs was not as prominent in PBO-
treated patients who were also exposed to concomitant im-
munosuppression. We observed a difference in amplitude of
B-cell dynamics between the patients with mild/moderate
SLE from the BLISS-BELIEVE trial and those with severe
SLE/LN from the SynBioSe-2 trial, which might be explained
by a higher steroid dosage, a greater disease severity between
non-renal SLE and LN, a potential qualitative difference be-
tween LN and other SLE manifestations, or a combination of
all these factors. However, as the flow cytometry data from
the meta-analysis presented here also indicated a significantly
greater increase in MBCs in patients with higher disease ac-
tivity, it is plausible that the observed differences in MBC
increases between the two trials are due to the differences in
disease severity at baseline. Since BEL has good clinical effi-
cacy, especially in patients with autoantibody-positivity and
high disease activity [26], we speculate that the mobilization
of MBCs to the blood could correlate with therapeutic effi-
cacy in patients with the most severe SLE and should be fur-
ther investigated as a predictive marker of response.

After confirming the surge of MBCs, which was indepen-
dent of proliferation, we wanted to further determine the un-
derpinning mechanism of the MBC response upon BEL
initiation by scRNA-seq. In this study, the number of down-
regulated genes associated with migration processes may be
explained by the lowered activation of the immune response,
as B cells can regulate their location and movement according
to their activation state [27]. BAFF increased B-cell chemo-
taxis in vitro, which was abolished by blockage of the
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BAFF-R; this B-cell chemotaxis was strongly dependent on
the activation of NF-xB [28]. Ibrutinib, which blocks the
downstream effects of the B-cell receptor, has also been
shown to inhibit cell chemotaxis together with the inhibition
of actin polymerization and activation of B-cell receptor,
C-X-C motif chemokine ligand 12 (CXCL12) and CXCL13
signalling [29]. In patients with pSS, reduction of serum
CXCL13 post-BEL treatment was observed upon the earliest
measurement at 8 weeks [22]. The receptor for CXCL13
(C-X~C chemokine receptor type 5) is widely expressed by
B cells, including MBCs. Besides its role in cell migration,
CXCL13 is important in the direction of B cells into the fol-
licles of secondary lymphoid organs and maintenance of ec-
topic tertiary lymphoid structures [30]. In patients with
active SLE, large titres of autoantibodies are produced
through high numbers of antibody-secreting cells derived
from either pre-existing MBCs or germinal centre (GC) and
extrafollicular (EF) reactions [31, 32], which are sites of rapid
B-cell proliferation in response to different types of immuni-
zation [33]. In our study, we observed reduced gene expres-
sion levels of CD40, CCR7 and SELL (CD62L), which
potentially leads to a decreased interaction with surrounding
cells, e.g., dendritic and T cells, a process that is critical for
the formation of GC or EF reactions [34-36]. Also, the role
of BAFF in adhesion was previously established iz vitro; high
BAFF levels increase cell adhesion together with a decrease in
cell adhesion on blockage of BAFF-R [37]. Additionally, pre-
vious studies have postulated the importance of BAFF in the
formation of GC-like follicles, as observed in autoimmune
diseases [28]. Disruption of these GC/EF reactions by BAFF
deprivation, combined with an increase in circulating MBCs
that are unable to migrate out of the circulation due to re-
duced migration capacity, is an attractive hypothetical expla-
nation for the MBC surge. This hypothesis is further
supported by histological stainings from Cynomolgus mon-
keys treated with BEL for 13-26 weeks, which demonstrated
a decrease in CD20+ B-lymphocyte representation in lymph
tissue and a decreased lymphoid follicle size and/or number
[38]. With these study results, although limited by small pa-
tient numbers (7 =3), we can deduct that upon BEL initia-
tion, MBCs are de-activated, non-proliferative and
demonstrate characteristics of disrupted lymphocyte traffick-
ing residing in the peripheral blood of patients with SLE.

The findings presented here have important implications
for our understanding and subsequent improvement of
B-cell targeted treatment strategies in patients with active
SLE and LN. MBC accumulation in circulation might allow
for more efficient targeting of the B-cell compartment as sig-
nificant fractions of MBCs have been shown to escape from
anti-CD20 treatment [39], likely due to the localization in
lymphoid tissues or their survival sites [14]. Although RTX
treatment results in nearly complete depletion of CD20+
B cells in the peripheral blood [40], relatively high numbers
of CD20+ B cells can persist in lymphoid organs such as the
bone marrow and lymph nodes [41, 42]. Furthermore, B cells
have also been shown to persist in target tissues in autoim-
mune diseases, such as in the synovium tissue in rheumatoid
arthritis [43] and in salivary glands in patients with pSS [44].
The relative resistance of tissue-resident CD20+ B cells to the
effects of RTX may be related to sustained BAFF signalling
[45]. The sequential therapy of BEL followed by anti-CD20
therapy for the treatment of severe SLE is promising and
awaits further data from ongoing clinical trials [18, 19].
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A potential limitation of the study was that the meta-
analysis was performed using existing data generated from
flow cytometry study designs that were not identical, as the as-
say and gating approaches between the different clinical stud-
ies evolved over the 15 study years. Despite this, the kinetics of
circulating MBCs following BEL administration were gener-
ally consistent across studies. In support of observing robust
modulation of MBC levels across the different clinical studies,
MBCs are a relatively abundant B-cell subset and further
increases in MBCs observed following BEL initiation greatly
enhance the accurate identification and enumeration of this B-
cell subset by flow cytometry. Another limitation was that the
transcriptomic analysis was unable to firmly establish whether
a specific tissue-derived MBC subset migrated into the circula-
tion. The absence of evidence for this subset could be
explained by the downregulation of tissue-specific markers
upon entering the circulation. Alternatively, it might take lon-
ger for BEL to reach sufficient levels in the tissue to affect
tissue-resident MBCs. Another limitation is that the transcrip-
tomic data are based on a small number of patient samples
and the DEG data were investigated within the same patient
over time; by not introducing comparisons with healthy con-
trols, the potential introduction of heterogeneity associated
with DEG in different individuals was minimized. These anal-
yses included classical CD20+CD27+ MBC markers, which
possibly excluded atypical MBCs. Also, all analyses are based
on peripheral blood, which limits the insights on complete
MBC population kinetics that ideally would have been gained
by analysis of MBCs in tissue. Consequently, although well-
placed in the literature, we remain dependent on previously
obtained transcriptomic data interpretations. For example,
BEL-treated patients with systemic sclerosis showed a signifi-
cant decrease in the expression of B-cell signalling in the skin,
established by DNA microarray [46]. The transcriptomic
changes in this trial can be attributed to a direct effect of BEL
due to the significant decrease in activity of the downstream
pathway of BAFF indicated by the observed reduction in TNF-
mediated and NIK/NF-«xB signalling pathway [47].
Furthermore, the downregulation of the interferon type I sig-
nature, which is implicated in the pathogenesis of SLE [48],
and the downregulation of the Fc receptor-signalling pathway
together indicate a specific change in autoimmune phenotype,
as autoantibodies and immune complexes have been shown to
lead to inflammation through Fc receptor crosslinking [49],
thus indicating an effective initial treatment.

MBC:s can contribute to autoimmune diseases through vari-
ous mechanisms, including presentation of autoantigens, pro-
duction of autoantibodies or cytokines, or formation of
germinal centres [50]. Here, a substantial increase in circulating
MBCs, particularly in patients with severe, serologically active
SLE/LN, was firmly established upon BEL initiation. The in-
crease suggests reduced MBC levels in the tissue leading to
MBCs no longer interacting effectively with other immune
cells, such as T cells, in lymphoid structures, possibly
compromising the immune responses. The surge of circulating
MBCs associated with disrupted lymphocyte trafficking of
MBCs, thus, expands the existing understanding of the thera-
peutic mechanism of BEL’s impact on MBCs in SLE that might
allow for more efficient targeting of the B-cell compartment.

Supplementary material

Supplementary material is available at Rheumatology online.
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Data availability

Anonymized patient-level data and study documents from in-
dividual studies can be requested for further research from
www.clinicalstudydatarequest.com.
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