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Abstract

Objectives. B cells drive the production of autoreactive antibody-
secreting cells (ASCs) in autoimmune diseases such as Systemic
Lupus Erythematosus (SLE) and Sj€ogren’s syndrome, causing long-
term organ damage. Current treatments for antibody-mediated
autoimmune diseases target B cells or broadly suppress the
immune system. However, pre-existing long-lived ASCs are often
refractory to treatment, leaving a reservoir of autoreactive cells
that continue to produce antibodies. Therefore, the development
of novel treatment methods targeting ASCs is vital to improve
patient outcomes. Our objective was to test whether targeting the
epigenetic regulator BMI-1 could deplete ASCs in autoimmune
conditions in vivo and in vitro. Methods. Use of a BMI-1 inhibitor
in both mouse and human autoimmune settings was investigated.
Lyn�/� mice, a model of SLE, were treated with the BMI-1 small
molecule inhibitor PTC-028, before assessment of ASCs, serum
antibody and immune complexes. To examine human ASC survival,
a novel human fibroblast-based assay was established, and the
impact of PTC-028 on ASCs derived from Sj€ogren’s syndrome
patients was evaluated. Results. BMI-1 inhibition significantly
decreased splenic and bone marrow ASCs in Lyn�/� mice. The
decline in ASCs was linked to aberrant cell cycle gene expression
and led to a significant decrease in serum IgG3, immune
complexes and anti-DNA IgG. PTC-028 was also efficacious in
reducing ex vivo plasma cell survival from both Sj€ogren’s syndrome
patients and age-matched healthy donors. Conclusion. These data
provide evidence that inhibiting BMI-1 can deplete ASC in a
variety of contexts and thus BMI-1 is a viable therapeutic target
for antibody-mediated autoimmune diseases.
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INTRODUCTION

Antibody-mediated autoimmune diseases
encompass a variety of heterogeneous conditions
including Systemic Lupus Erythematosus (SLE) and
Sj€ogren’s syndrome. SLE is the most common
autoantibody-mediated disease with a prevalence
in Australia of 45.3 per 100 000 people, with
women and First Nations people being 5 and 2
times more likely to be diagnosed with SLE,
respectively.1 SLE patients suffer from chronic and
systemic inflammation driven by deposition of
antigen–antibody complexes. Glomerulonephritis,
one severe outcome of the hyper-inflammatory
state in SLE, results in kidney damage often to the
point where dialysis or renal transplant is
required.2 Sj€ogren’s syndrome has a global
prevalence between 0.22% and 2.7%, with
women also being between 9 and 21 times more
likely to be diagnosed.3 Pathology is caused by
inappropriate immune activation targeting the
salivary and lacrimal glands leading to cell
destruction.4 Autoantibodies drive innate immune
cell activation, stimulating an inflammatory
response.5 Limited ability to secrete saliva and
tears causes severe ocular dryness and accelerated
dental decay, alongside other more severe
antibody-driven symptoms such as
cryoglobulinemia and vasculitis.3 While tissue
pathology may differ between SLE and Sj€ogren’s
syndrome, symptoms overlap considerably.
Autoantibodies produced by antibody-secreting
cells (ASCs) drive pathology in both conditions
and therefore are a common therapeutic target.

In the absence of available cures, current
treatments include broad-spectrum
immunosuppressants, or monoclonal antibody
therapies such as rituximab and belimumab which
target CD20, a B cell surface marker, and BAFF, a
B cell survival factor, respectively.6,7 These latter
treatments deplete B cells, and while limiting the
ability to generate more pathogenic plasma cells, do
not target pre-existing long-lived ASCs that are a
source of autoantibodies.8,9 Bortezomib, a
proteasome inhibitor, can reduce ASC numbers,
however, approximately half of all patients receiving
Bortezomib cease treatment because of adverse
events.10 The elimination of pathogenic
autoantibodies is key to reducing symptoms and

organ damage, and thus improving quality of life.
Therefore, novel therapeutic targets that can directly
deplete long-lived ASCs are vital for the treatment
of antibody-mediated autoimmunity.

Histone modifiers have recently emerged as a
promising class of therapeutic agents to modulate
the humoral immune system.11–15 Histone
modifiers add post-translational modifications to
histones to regulate chromatin compaction and
consequently gene expression.16 As histone
modifiers can drive oncogenesis, this has led to
the development of small molecule inhibitors as
treatment methods.17,18

The polycomb repressive complexes (PRCs) are
histone-modifying complexes that are essential for
mediating activated B cell and ASC fate.12–14,19,20 In
a previous study, we demonstrated that BMI-1, a
component of PRC1, is involved in murine ASC
differentiation and survival post-immunisation or
post-infection.13 Furthermore, BMI-1 inhibition
restored appropriate ASC development during
chronic viral infection.13 BMI1 gene expression is
specifically upregulated in human ASCs, compared
to other mature B cell populations,21 and thus it
may be a viable molecular target to deplete plasma
cells in autoimmune settings. Therefore, we set out
to test whether BMI-1 inhibition could limit ASC
numbers in antibody-mediated autoimmunity.

RESULTS

BMI-1 inhibition reduced ASCs in
Lyn�/� mice

To assess the impact of BMI-1 inhibition on ASCs
in an autoimmune environment, Lyn�/� mice were
utilised. Lyn�/� mice are a model of antibody-
mediated autoimmunity that have increased
numbers of ASCs, particularly splenic plasmablasts,
and elevated autoreactive antibodies.22,23 The
onset of SLE-like disease in Lyn�/� mice is variable;
however, at 6 months of age, nearly all Lyn�/�

mice show visible signs of autoimmunity, have
high titres of anti-nuclear antibodies and have
kidney disease.24 Thus, our current study utilised
Lyn�/� mice that were 6 months of age or older
to mimic severe disease progression.

To investigate whether targeting BMI-1 could
reduce autoreactive ASCs, we used PTC-028, a
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commercially available BMI-1 inhibitor.25 PTC-028
induces BMI-1 hyper-phosphorylation followed by
a reduction in BMI-1.25 Lyn�/� mice older than
6 months of age were treated daily with PTC-028
for 12 days, followed by assessment 4 days later
at day 15 (d15; Figure 1a). Splenic ASCs, defined
as CD138highB220low lymphocytes to encompass
both plasmablast and plasma cell subsets, were
measured via flow cytometry (Figure 1b). The
frequency of ASCs as a percentage of lymphocytes
in Lyn�/� spleen was significantly reduced two-
fold following PTC-028 treatment (Figure 1c).
Furthermore, a decrease in the total number of
splenic ASCs was also observed, with a PTC-028-
dependent two-fold reduction on d15 (Figure 1d).
This ASC decrease was not because of an overall

decrease in B cells, lymphocytes or splenocytes, as
these populations remained unaffected by PTC-
028 treatment (Supplementary figure 1a–d).
Therefore, PTC-028 treatment specifically
decreased splenic ASCs in Lyn�/� mice.

Bone marrow is enriched with long-lived plasma
cells and can host autoreactive ASCs following B
cell depletion therapy,26 and therefore bone
marrow ASCs were assessed using flow cytometry
(Figure 1e). Similar to splenic ASCs, PTC-028
treatment caused a two-fold reduction at d15 in
both frequency and total number of Lyn�/� ASCs
per leg (Figure 1f and g), while having no
significant impact on B cells, lymphocytes or total
cellularity within the bone marrow
(Supplementary figure 1e–h). It was possible that
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Figure 1. Depletion of ASCs in autoimmune-prone Lyn�/� mice treated with the BMI-1 small molecule inhibitor PTC-028. (a) Schematic of the

experimental design. Lyn�/� mice (≥6 months of age) were treated with PTC-028 or vehicle control once daily on days 0–11 and then assessed

on day 15. (b) Representative flow cytometric plots of splenic ASCs from Lyn�/� mice treated with vehicle control or PTC-028. (c) Frequency of

splenic ASC as a proportion of total lymphocytes and (d) total number of splenic ASCs in Lyn�/� mice treated with vehicle control or PTC-028 on

day 15. (e) Representative flow cytometric plots of bone marrow ASCs from Lyn�/� mice treated with vehicle control or PTC-028. (f) Frequency

of bone marrow ASC as a proportion of total lymphocytes and (g) total number of bone marrow ASCs in Lyn�/� mice treated with vehicle

control or PTC-028 on day 15. Data are presented as the mean � SEM with individual data points representing one mouse. Data are combined

from three independent experiments. n = 11 or 12 per group. Mann–Whitney non-parametric two-tailed tests were used for statistical analysis.
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ASCs with lower expression of CD138 were not
captured with our gating strategy. Expansion of
the ASC gate to include CD138lo cells confirmed
the results shown in Figure 1, with significant
decreases in the frequency of splenic ASC, as well
as the frequency and number of bone marrow
ASCs (data not shown). Together, these data
reveal that both splenic and bone marrow
ASCs were sensitive to PTC-028 treatment in
Lyn�/� mice.

BMI-1 inhibition reduced serum IgG3 and
anti-DNA IgG

While ASCs are the producers of immunoglobulin,
antibody itself is the driver of pathology in
antibody-mediated autoimmunity. Antibodies
cause damage via immune complex-driven
inflammation in SLE or activation of innate
immune cells in Sj€ogren’s syndrome2,5 and
therefore both serum antibodies and immune
complexes were assessed. To determine whether
PTC-028 led to a reduction in antibody, enzyme-
linked immunosorbent assays (ELISAs) were
performed on d15 serum samples from Lyn�/�

mice for each immunoglobulin isotype. Total IgG3
was reduced significantly following BMI-1
inhibition (Figure 2a), whereas IgA, IgM and the
other IgG subtypes were unaffected by PTC-028
treatment at d15 (Supplementary figure 2a–e).
Data from age-matched wild-type mice greater
than 6 months old similarly showed a large
decrease in IgG3 serum levels (Supplementary

figure 2f), suggesting that BMI-1 inhibition may
specifically target IgG3-secreting ASCs in aged
mice. In addition, circulating IgG3 immune
complexes were significantly decreased in Lyn�/�

mice treated with PTC-028 compared to vehicle
control mice (Figure 2b).

DNA is a major autoantigen in many systemic
antibody-mediated autoimmune diseases,
particularly in SLE.2 Lyn�/� mice have high
amounts of pathogenic anti-DNA IgG2b, IgG2c
and IgG3.27 PTC-028 treatment in Lyn�/� mice
significantly reduced anti-DNA IgG 1.4-fold
compared to vehicle control (Figure 2c). Together,
these results demonstrated that BMI-1 inhibition
reduced IgG3 immune complexes and pathogenic
anti-DNA antibodies in Lyn�/� mice. Thus, BMI-1
inhibition may be a promising therapeutic
strategy to reduce autoreactive ASCs in vivo in
antibody-mediated autoimmune disease.

BMI-1 inhibition regulated cell cycling genes
in ASCs

RNA sequencing was performed to elucidate the
molecular changes induced by PTC-028 in ASCs in
Lyn�/� mice. ASCs were sort-purified from Lyn�/�

mice on d15 following in vivo PTC-028 or
vehicle control treatment. RNA-sequencing
analysis revealed a total of 587 differentially
expressed genes (DEGs) between the PTC-treated
and vehicle-treated ASCs. While 540 genes were
upregulated in ASCs treated with PTC-028, only 47
genes were downregulated (Figure 3a).
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Figure 2. BMI-1 inhibition reduced total IgG3 and anti-DNA IgG in Lyn�/� mice. (a) Assessment of serum antibody by ELISA. Total IgG3 in

Lyn�/� mice treated with vehicle control or PTC-028 once daily on days 0–11 and then assessed on day 15. Data shown are representative of

three independent experiments. n = 4 per group. (b) IgG3 immune complexes and (c) anti-DNA IgG in Lyn�/� mice treated with vehicle control

or PTC-028 once daily on days 0–11 and then assessed on day 15. n = 11 or 12 per group. Data are combined from three independent

experiments. Mann–Whitney non-parametric two-tailed tests were used for statistical analysis. *P ≤ 0.05.
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Gene ontology (GO) analysis was performed to
identify affected biological processes based on the
gene clusters that were enriched in our data set.
As there were few downregulated genes, we
focused our analysis on the upregulated gene set.
119 of the upregulated genes in our drug-treated
group were found to be involved in the mitotic
cell cycle process (P = 6.7 9 10�28) (Figure 3b).
Furthermore, 6 out of the top 15 predicted
biological processes were related to cell cycling.
Gene Set Enrichment Analysis (GSEA) also revealed
enrichment for genes involved in cell cycling
(Enrichment score (ES) = 0.65, P < 10�9)
(Figure 3c), including genes associated with G1/S
phase (ES = 0.60, P < 10�9) as well as G2/M phase
(ES = 0.71, P < 10�9). This result was consistent
with previous studies that have identified BMI-1
as a key regulator of the cell cycle in several other
disease and cellular contexts.28–32 We therefore
interrogated our dataset for genes which are
known to be directly or indirectly regulated
through BMI-1 and are involved in cell cycling.
Indeed, key regulators of cell cycle processes
which have been identified as BMI-1 targets, such
as Cdk1, Cdk6, Chek1, Ccnb2, Topbp1, Pbk, Cenpa,
Mki67 and Pcna, were upregulated in Lyn�/� ASCs
following PTC-028 treatment (Figure 3a). Thus,
RNA-sequencing analysis revealed BMI-1 inhibition
caused altered gene expression of cell cycle
regulators in ASCs from Lyn�/� mice.

BMI-1 inhibition limited the survival of ASCs
derived from Sj€ogren’s syndrome patients

For BMI-1 inhibition to be a viable treatment
strategy for antibody-mediated autoimmunity it
must be able to deplete human ASCs in
autoimmune contexts. Therefore, we established
an ex vivo assay to assess the survival of human
ASCs sort-purified from human peripheral blood
mononuclear cells (PBMC) obtained from Sj€ogren’s
syndrome patients. ASCs are increased in the
peripheral blood of Sj€ogren’s syndrome compared
to healthy controls33,34 and this is correlated with
disease severity, potentially indicating a higher
prevalence of autoreactive ASCs.34 The Sj€ogren’s
syndrome patients who participated in this study
had a range of comorbidities, serum IgG
concentrations, and disease severity
(Supplementary table 1). All patients were positive
for antibodies against SSA/Ro, a key autoantigen
in Sj€ogren’s syndrome.4 All patients tested for
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rheumatoid factor were positive (Supplementary
table 2; one patient was not tested). Of note, two
thirds of patients had been or were on
immunomodulatory agents.

We first established and optimised a 6-day-long
fibroblast-based survival assay for human plasma
cells. Sort-purified ASCs were cultured in the
presence of human tonsil fibroblast supernatant
supplemented with APRIL and IL-6 and treated
with either PTC-028 or a DMSO vehicle control.
Following 6 days of culture, ASC viability was
assessed by flow cytometry (Figure 4a;
Supplementary figure 2g). Initially, age-matched
healthy donor samples (Supplementary table 2)
were used to assess the impact of BMI-1 inhibition
on human ASCs. PTC-028 treatment led to a four-
fold reduction in live ASCs, confirming the
susceptibility of human ASCs to BMI-1 inhibition
(Figure 4b). Next, we assessed the ability of BMI-1
inhibition to reduce ASCs isolated from
autoimmune patients. ASCs isolated from Sj€ogren’s

syndrome patients showed a two-fold decrease
in following PTC-028 treatment compared to the
vehicle control (Figure 4c). Despite the
heterogeneity in disease severity and current
treatment regimen in patients, PTC-028 treatment
consistently demonstrated a significant reduction
in ASC survival across all samples. Together, these
data confirm that using a BMI-1 inhibitor can
reduce the survival of human ASCs derived from
autoimmune patients.

DISCUSSION

The current treatment strategy for SLE is based on
broad immunosuppression using drugs such
as hydroxychloroquine, glucocorticoids and
methotrexate.35 When flairs occur or in refractory
SLE, drugs specifically targeting B cells are often
used.35 Rituximab is typically administered weekly to
fortnightly for 2–4 weeks, which has shown
promising results in decreasing disease activity.36
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Treatment for Sjogren’s syndrome is typically based
on tear and saliva substitutes in addition to broad
immunosuppression in patients with systemic
manifestations.37 The use of rituximab in Sjogren’s
syndrome initially showed promise; however, larger
clinical trials have not met their primary outcomes.38

Rituximab does not target existing plasma cells as
they only express low levels of surface CD20.9 Here,
we demonstrate that treatment of Lyn�/� mice with
PTC-028, a BMI-1 inhibitor, depleted splenic and
bone marrow ASCs and significantly reduced serum
IgG3 and anti-DNA IgG. Additionally, BMI-1
inhibition was able to reduce human ASCs obtained
from either healthy individuals or Sj€ogren’s
syndrome patients, although inducing a higher fold
change in the former. Our previous work
demonstrated that Bmi1 expression was
heterogeneous within the ASC population, with
plasma cells expressing more Bmi1 than
plasmablasts.13 Thus, the higher efficiency of ASC
reduction in healthy individuals may possibly be
linked to the type of ASC subset present in the
peripheral blood. Nevertheless, with clinical
trials currently running to assess safety and
pharmacokinetics in the context of solid tumor
treatment (clinical trial NCT02404480), BMI-1
inhibitors could be a novel additional treatment to
limit the production of autoantibodies in patients
with systemic autoimmune disease, particularly
those who are not responding well to standard
treatments. Therefore, the use of BMI-1 inhibition
may improve disease outcomes in patients,
particularly those with high levels of long-lived ASCs.

RNA sequencing of ASCs from Lyn�/� mice
revealed 587 DEGs, with the vast majority of genes
upregulated post-BMI-1 targeting. This is consistent
with the role of BMI-1 in PRC1, a complex that
deposits a repressive histone mark H2AK119ub1,39

and consistent with conditional deletion of BMI-1
in a viral infection model.13 Perturbations in cell
cycle genes indicate BMI-1 inhibition alters cell
cycle progression. This finding is in line with the
role of BMI-1 as a cell cycle regulator. For example,
BMI-1 has been shown to alter cell cycle
progression via repression of the INK4a locus which
inhibits CDK4/6, key regulators of the cell cycle.28,29

Accordingly, Cdk6 was upregulated following
BMI-1 inhibition in Lyn�/� mice. Previous work also
revealed that BMI-1 overexpression can suppress
proliferation and cell cycle regulator genes such as
Mki67, Pcna and Ccnb2,30 which were upregulated
in our data set upon BMI-1 inhibition. Our data
showed an enrichment of genes associated with

both G2/M and G1/S phases of the cell cycle, which
in other contexts leads to apoptosis,40 and again
highlighted the dysregulation of the cell cycle in
PTC-028-treated ASCs. However, commercially
available inhibitors such as PTC-028 and PTC-596
can have off-target effects in addition to BMI-1-
dependent effects on cell biology. Thus, given the
importance of targeting BMI-1-expressing cells for
therapeutic intervention, there is a need for new
drug development to specifically inhibit BMI-1
expression.

IgG2b, IgG2c and IgG3 are the main drivers of
pathology in Lyn�/� mice.27 PTC-028 treatment in
Lyn�/� mice caused a significant decrease in the
level of total serum IgG3 and IgG3+ immune
complexes. While our data demonstrated that
ASCs were in part dependent on BMI-1 for
survival, which Ig isotype is most affected by the
absence or inhibition of BMI-1 appears to be
context dependent. Bmi1 can be detected in IgA,
IgM and IgG ASCs.13 Targeting BMI-1 in 3-month-
old mice immunised with NP-KLH or infected with
LCMV reduced IgG1 and IgG2c, respectively.13 In
contrast, BMI-1 inhibition in aged Lyn�/� mice or
aged na€ıve wild-type mice decreased IgG3. This
discrepancy could be due to the increase in IgG3
that occurs with age in C57/BL6 mice.41 Taken
together, we propose that the effect of BMI-1
may be most prominent in the primary IgG
subclass dominating the specific immune response
at the time.

Mouse IgG3 can form larger immune complexes
which was demonstrated to be dependent on the
IgG3 CH2 domain.42 Mouse and human IgG
subclasses are structurally and functionally
distinct,43 therefore, identifying the impact of
BMI-1 inhibition on human IgG subclasses is an
important future direction. IgG3 also has
an increased distance between the Fab arms,
which may also contribute to increased immune
complex formation.44 Furthermore, mouse IgG3 is
also a potent activator of complement.42 Immune
complexes and complement activation are major
drivers of inflammation in many antibody-
dependent autoimmune diseases, particularly
SLE.2,4 Therefore, targeting IgG3 may alleviate
some inflammation caused by autoreactive
antibodies. This is supported by IgG3 causing
nephritis in MRL/lpr mice.45 The significant
reduction in ASCs and serum IgG3 post-BMI-1
inhibition was concomitant with a corresponding
significant decrease in IgG3 immune complexes
and anti-DNA IgG, thus underscoring the
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potential to use BMI-1 small molecule inhibitors
to deplete immunopathogenic ASCs and alleviate
tissue pathology in autoimmune disease.

In summary, our study demonstrates that BMI-1
inhibition significantly reduces ASCs from
autoreactive environments in both mice and
humans, establishing a proof of principle that BMI-1
is a viable therapeutic target to deplete ASCs in
antibody-dependent autoimmune diseases.

METHODS

Mice

Lyn�/� mice were housed at the Monash Animal Research
Platform. All experiments were ethically reviewed and
approved by the Monash University Animal Ethics
Committee. Experiments were performed in accordance
with NHMRC guidelines for the care and use of laboratory
animals. Male and female Lyn�/� mice at least 6 months of
age prior to treatment, with experiments performed on
mice approximately 7–10 months of age. PTC-028 (Sapphire
Bioscience, Sydney, Australia) was dissolved in 0.5% Methyl
cellulose (Sigma-Aldrich, St. Louis, USA) 1% Tween 80 (MP
Biomedicals, Irvine, USA) in MilliQ water. Age-matched and
sex-matched Lyn�/� mice were treated with 15 mg kg�1 of
PTC-028 or vehicle control (0.5% Methylcellulose 1% Tween
80 in MilliQ water) by oral gavage daily for 12 days. Mice
were humanely euthanised by hypercapnia. Spleens, hind-
leg bones and blood were collected for analysis.

Human samples

Peripheral blood mononuclear cells were isolated from fresh
whole blood by density gradient Ficoll-Leucosep
centrifugation and cryopreserved in liquid nitrogen. Patients
with a diagnosis of Sjogren’s Syndrome were recruited from
the Rheumatology Unit, The Queen Elizabeth Hospital,
Adelaide. Unrelated healthy donors were recruited from the
Volunteer Blood Donor Registry (WEHI, Melbourne,
Australia). Written informed consent was obtained from all
participants prior to inclusion in the study, and all
procedures performed involving human participants were in
accordance with the ethical standards of local Human
Research Ethics Committees at Central Adelaide Local Health
Network, WEHI and Monash and with the 1964 Helsinki
declaration and its later amendments or comparable ethical
standards. Sj€ogren’s Syndrome patients were aged between
32 and 67 years old (mean of 57 years old) and included 6
females (Supplementary table 1). Healthy donors were aged
between 33 and 67 years old (mean of 58 years old) and
included 6 females (Supplementary table 2).

Flow cytometry and fluorescent-activated
cell sorting (FACS)

Single-cell suspensions were prepared and resuspended in
PBS 2% FCS. Cell viability was measured using Fixable
Viability Stain FVS780 (BD, Franklin Lakes, USA). Mouse cells

were incubated with B220 (RA3-6B2, BioLegend, San Diego,
USA) and CD138 (281-2, BioLegend), whereas human cells
were incubated with CD20 (2H7, BD Biosciences, San Jose,
USA), CD19 (SJ25C1, BioLegend), CD27 (M-T271, BioLegend),
CD38 (HIT2, BD Biosciences), CD3 (UCHT1, BioLegend), CD14
(HCD14, BioLegend) and CD16 (3G8, BioLegend). Antibody
cocktails included normal rat serum (Sigma-Aldrich) and
FccRII/III (2.4G2 supernatant). Live ASCs were sort-purified
using an Influx (BD). For flow cytometric analysis, human
cells were fixed using Cytofix Fixation Buffer (BD).
Multiparameter flow cytometric analysis was performed on
a Fortessa X20 flow cytometer (BD) with data acquired
using FACSDiva software (BD). Data analysis was performed
with FlowJo v10 (TreeStar, Ashland, USA).

Isotype-specific ELISAs

96-well high-binding ELISA plates (Sarstedt, N€umbrecht,
Germany) were coated overnight at 4°C with either goat
anti-mouse IgA, goat anti-mouse IgM, goat anti-mouse
IgG1, goat anti-mouse IgG2b, goat anti-mouse IgG2c or
goat anti-mouse IgG3 (Southern Biotech, Birmingham,
USA). Plates were blocked for 1 h using PBS 1% BSA,
washed with PBS 0.05% Tween 20 followed by distilled
water, and loaded with serially diluted serum samples for
3 h at 37°C. Plates were washed prior to adding goat anti-
mouse IgA-HRP, goat anti-mouse IgM-HRP, goat anti-mouse
IgG1-HRP, goat anti-mouse IgG2b-HRP, goat anti-mouse
IgG2c-HRP or goat anti-mouse IgG3-HRP (Southern Biotech)
and incubated for 1 h at 37°C. Plates were washed and
then developed using OPD substrate solution (Sigma-
Aldrich). Optical density was measured at 450 nm using a
FLUOstar OPTIMA (BMG Labtech, Ortenberg, Germany).
Average blank optical density (OD) values were subtracted
from sample raw OD values.

Immune complex assay

Immune complexes from mice sera were precipitated by
incubating serum in an equal volume of 5% PEG6000 in PBS
overnight at 4°C. This solution was then diluted 1:3 with
2.5% PEG6000 in RPMI and centrifuged at 2000 g for
30 min at 4°C. IgG3 immune complexes were then
measured via ELISA as described.

Anti-DNA IgG ELISA

96-well Maxisorp Immunoplates (Thermo Scientific Nunc,
Rochester, USA) were coated overnight at 4°C with
50 lg mL�1 of calf thymus DNA (Sigma Aldrich) diluted in
autoclaved PBS 1 mM EDTA (50 lL/well). Plates were
washed twice with PBS and blocked for 1 h at room
temperature with 100 lL assay diluent (BD). Plates were
washed with PBS before adding sera diluted in assay
diluent and incubated for 2 h at room temperature
(50 lL/well). A serial dilution of an in-house, high anti-
dsDNA IgG reference serum was used to generate a
standard curve. Plates were washed six times with PBS
0.05% Tween-20 (Sigma-Aldrich) and incubated for 1 h at
room temperature with horseradish peroxidase-conjugated
goat anti-mouse IgG (Southern Biotech) diluted 1:4000
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with assay diluent. Plates were washed six times with
PBS-tween and developed by adding 50 lL/well of
tetramethylbenzidine substrate (BD), with the reaction
stopped using 1.5 M H2SO4. Plates were read at 450 nm,
corrected at 570 nm, using the MultiSkan GO microplate
spectrophotometer (Thermo Fisher Scientific, Waltham,
USA). Relative titres were determined by plotting the
optical density against the standard curve. All samples were
normalised to the mean of the vehicle control.

RNA sequencing and bioinformatics analysis

RNA sequencing

Antibody-secreting cells (FVS780�B220lowCD138hi) were sort-
purified from biological replicates of Lyn�/� mice treated
with either vehicle control or PTC-028. One biological
replicate in each group (vehicle or PTC-028) was obtained
by pooling sort-purified ASCs from two individual mice
because of low cell numbers. ASCs were lysed using RLP
buffer (QIAGEN, Hilden, Germany). RNA was extracted
using the RNeasy Plus Micro Kit (QIAGEN) according to the
manufacturer’s protocol, removing genomic DNA by using a
gDNA eliminator spin column (QIAGEN). Total mRNA
quantity and quality were measured using a Qubit
Fluorometer (Invitrogen) and a Bioanalyzer (Agilent, Santa
Clara, USA). Total RNA was enriched for mRNA using poly-A
enrichment before fragmentation and cDNA synthesis. RNA
sequencing was performed by AZENTA Life Sciences
(Suzhou, China) on the Illumina (San Diego, USA) Novaseq
platform in a 150-base pair paired-end configuration.

Analysis of RNA sequencing

Paired-end reads in fastq format were trimmed of adaptors
with TrimGalore version 0.6.10 (cutadapt version 4.3).
Meanwhile read quality was assessed with FastQC. Adaptor-
trimmed reads were aligned to the mm39 genome
(downloaded from the UCSC Genomic Browser) with hisat2
version 2.2.1. Duplicated alignment pairs were marked and
removed with MarkDuplicates from Picard Tools version
2.18.0, and alignments with mapping quality < 3 were
removed. The remaining high-quality alignments
were assigned to genes using featureCounts function from
Bioconductor Rsubread package version 2.12.3 with inbuilt
mm39 annotation. Differential expression along with
adjusted P-values (FDR) and log-fold changes (logFC) were
computed using Bioconductor edgeR package (glmLRT
function). Immunoglobulin genes are highly expressed in
plasma cells and thus were excluded from the analysis.
Genes were deemed differentially expressed if their
FDR was less than 0.05 and fold change greater than
2 (|logFC| > 1). Adam6a is the most highly upregulated gene
in ASCs following PTC-028 treatment; however, it is
positioned in the V-D region and has the opposite
orientation to the immunoglobulin genes.46 It is likely this
sequence is being transcribed because of immunoglobulin
gene transcription and has been misaligned during
processing and thus was removed from further analysis.
Volcano plots were made using ggVolcanoR.47

GO analysis

Selected genes were included in GO analysis if they had an
FDR < 0.10 and fold change > 1.5 (|logFC| > log2(1.5)). We
further split into genes upregulated and downregulated in
PTC-028 treated vs control samples, and GO analysis was
performed for each subset separately. Bioconductor topGO
package version 2.50.0 with classic algorithm and exact
Fisher test was used.

Cell cycle enrichment analysis

We used the list of cell cycle-related genes from48 and
converted them into mouse genes where applicable. We
used the ES method as in49 separately taking G2/M genes,
G1/S and all of the above as our Gene Set. Since there were
four samples, we could not permute the sample labels, so we
permuted the genes. Based on 1 billion permutations, the
maximum deviations were 0.57, 0.54 and 0.50, respectively,
lower than the ES, so based on these tests, the P-values are
< 10�9 for each set.

Human ASC survival culture

ASCs (FVS780�CD20�CD3�CD14�CD16�CD19+CD27hiCD38hi)
were sort-purified from human peripheral blood
mononuclear cells into culture media (10% FCS, 2 mM L-
glutamine (Gibco, Billings, USA), 100 units mL�1 Penicillin
and 100 ng mL�1 Streptomycin (Sigma-Aldrich), 10 mM
HEPES (Gibco), 1 mM Sodium Pyruvate (Gibco) in RPMI).
Two of the biological replicates within each group
(patients or healthy donors) were each obtained from
pooling sort-purified ASCs from two individual donors,
due to low cell number. Samples were pooled following
sort-purification. The primary human tonsil fibroblast line
was a kind gift from Shannon Turley and has been
previously characterised.50 It was used at passage 4-X.
Fibroblasts were cultured in the above media for 3–4 days
in a 75- cm3 sterile culture flask (Falcon, Corning, USA) or
until confluent. During the passaging of human tonsil
fibroblasts, supernatant was kept and frozen. Fibroblast
supernatant batches that promoted high survival of ASCs
were pooled and used for the survival assay. 3000–5000
ASCs per well were cultured in sterile 96-well tissue
culture plates (Falcon) in the presence of 20 ng mL�1 IL-6
(R&D Systems, Minneapolis, USA), 100 ng mL�1 APRIL (R&D
Systems) diluted in supernatant from human tonsillar
fibroblasts. ASCs were cultured for 6 days in the presence
of 1.25 lM PTC-028 dissolved in DMSO (Sigma) or DMSO
only as a vehicle control. 104 Calibrite Beads (BD) were
added per well to facilitate the enumeration of cells. Cells
were harvested and viability and surface marker
expression were determined via flow cytometry. The
number of live ASCs was calculated based on the
known number of beads added per well and normalised
for the number of cells initially cultured. Collection
and/or use of human cells was ethically reviewed and
approved by the Monash University Human Research
Ethics Committee.
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Statistical analysis

Mann–Whitney non-parametric two-tailed tests and ratio-
paired t-tests were used for statistical analysis. *P ≤ 0.05,
**P ≤ 0.01 or exact P-values are stated with P ≤ 0.05 treated
as significant. Data are presented as mean � standard error
of the mean (SEM) and/or individual data points. Analysis
was performed using GraphPad Prism v9 (GraphPad
Software, San Diego, USA).
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