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Regnase-1 is essential for B cell homeostasis to

prevent immunopathology

Numana Bhat'®, Richard Virgen-Slane3@®, Parham Ramezani-Rad'®, Charlotte R. Leung'®, Cindi Chen'®, Daniel Balsells'®, Ashima Shukla'®,
Elaine Kao'®, John R. Apgar'®, Mingui Fu’®, Carl F. Ware*®, and Robert C. Rickert'®

Regnase-1 is an emerging regulator of immune responses with essential roles in the posttranscriptional control of immune cell
activation. Regnase-1 is expressed in B cells; however, its B cell-specific functions remain unknown. Here, we demonstrate that
Regnase-1 prevents severe autoimmune pathology and show its essential role in maintaining B cell homeostasis. Using Cre
driver mice for ablation of Regnase-1 at various stages of B cell development, we demonstrate that loss of Regnase-1 leads to
aberrant B cell activation and differentiation, resulting in systemic autoimmunity and early morbidity. The basis of these
findings was informed by gene expression data revealing a regulatory role for Regnase-1 in the suppression of a
transcriptional program that promotes B cell activation, survival, and differentiation. Overall, our study shows that Regnase-
1 exerts critical control of B cell activation, which is required for prevention of immunopathology.

Introduction

B cell responses are critical for effectively containing pathogens
through antibody and cytokine secretion and by presenting
antigens to T cells. Several checkpoints safeguard B cells to
prevent inappropriate activation that may result in adverse
immune reactions through self-antigen recognition and uncon-
trolled responses to foreign antigens (Nemazee, 2017). Various
molecular mechanisms enable these checkpoints, such as the
regulation of gene expression during B cell differentiation,
which includes transcriptional and posttranscriptional control,
and regulation of protein function and stability mediated by
posttranslational modifications. These layers of molecular con-
trol are especially critical for maintaining B cell homeostasis and
for affecting regulated responses through transitions between
different stages of B cell development, activation, and differen-
tiation. Different states of B cell activation are governed by
distinct transcriptional programs that are mainly enabled by
posttranscriptional regulation of mRNAs to allow rapid re-
programming of B cells during these transitions, while ensuring
prevention of improper activation. RNA-binding proteins (RBPs)
are the key players that facilitate these dynamic transcriptomic
changes (Nutt et al., 2011; Turner and Diaz-Mufioz, 2018). Elu-
cidating the function and underlying mechanisms of RBPs in the
immune system is an active area of research, and the immu-
noregulatory roles of some RBPs have been studied in detail

(Jeltsch and Heissmeyer, 2016; Kafasla et al., 2014). Although
some RBPs have been shown to control B cell responses, the role
of RBPs in the context of B cell regulation remains an emerging
field of study.

Regnase-1 is an RBP that has been shown to control lethal
inflammatory disease in mice (Matsushita et al., 2009). Regnase-1,
encoded by the Zc3hi2a gene, also known as monocyte chemo-
tactic protein-inducible protein 1 (MCPIP-1), is essential for
posttranscriptional control of immune cell activation. Regnase-1
destabilizes distinct sets of target mRNAs in different cell types,
such as T cells, keratinocytes, and macrophages (Konieczny
et al., 2019; Li et al., 2017; Matsushita et al., 2009; Uehata
et al., 2013), suggesting cell type-specific immune regulation.
In T cells, Regnase-1 is proteolytically cleaved by mucosa-
associated lymphoid tissue lymphoma translocation protein
1 (MALT1), which is activated upon engagement of the T cell
receptor, resulting in de-repression of critical effectors of T cell
activation such as II2 (IL-2), Tnfrsf4 (0X40), and Rel (c-Rel)
mRNAs that are otherwise constitutively degraded by Regnase-1
during homeostatic conditions (Uehata et al., 2013). The ca-
nonical role of MALT1 had been established before this study as
a critical component of the NF-«B pathway in lymphocytes
(Ruefli-Brasse et al., 2003; Ruland et al., 2003). Antigen receptor
engagement in both B and T lymphocytes triggers formation of a
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protein complex consisting of CARMALI, BCL10, and MALT], also
known as the CBM complex (Thome et al., 2010). MALT1 plays a
critical scaffolding role for formation of the CBM complex,
which eventually results in nuclear translocation of NF-kB
proteins (Lucas et al., 2001; Uren et al., 2000). NF-kB pathway
activation up-regulates a transcriptional program that promotes
lymphocyte functions including activation, proliferation, sur-
vival, and differentiation (Kaileh and Sen, 2012). Accordingly,
MALT! is essential for T cell-dependent humoral responses and
germinal center (GC) formation (Ruefli-Brasse et al., 2003;
Ruland et al., 2003).

GCs are microanatomically distinct structures in peripheral
lymphoid organs that are formed by B cells during a T cell-
dependent response to antigenic stimulation and are critical for
mounting an effective humoral response and lasting immuno-
logical memory. During the GC reaction, B cells undergo pro-
liferative expansion accompanied by multiple iterative cycles of
somatic hypermutation and affinity-based selection, resulting in
differentiation into memory B cells or high-affinity antibody-
producing plasma cells (Mesin et al, 2016). In a previous
study, we showed that MALT1 was required for GC B cell and
plasma cell differentiation in a B cell-intrinsic manner with
distinct roles in GC formation and plasma cell differentiation
(Lee et al., 2017). Importantly, MALT1 was found to be proteo-
lytically active in GC B cells, suggesting that MALT1 regulates GC
B cells through its noncanonical activity mediated by proteolytic
cleavage of target proteins (Lee et al., 2017). Interestingly,
MALTI also cleaves Regnase-1 in PMA-activated B cells ex vivo,
suggesting that an immune regulatory mechanism similar to
MALTI-Regnase-1 regulation of T cells may exist in B cells
(Bornancin et al., 2015; Uehata et al., 2013). However, the role of
Regnase-1 in B cells remains unexplored.

We sought to investigate the role of Regnase-1 in B cells by
conditional gene inactivation of Regnase-1 at distinct stages of
B cell development. Early deletion of Regnase-1 caused a strong
immunopathological phenotype with aberrantly activated
B cells. Acute ablation of Regnase-1 in B cells resulted in an
augmented GC and antibody response to T cell-dependent anti-
gens. RNA sequencing of Regnase-1-deficient B cells enabled
identification of a Regnase-1-controlled transcriptional program
that dampens B cell activation and differentiation. Deletion of
Regnase-1 at later stages of B cell differentiation produced similar
immunopathology to that observed upon early deletion of
Regnase-1 during B cell development in the bone marrow. This
study provides a first understanding of the fundamental role of
Regnase-1 in the regulation of B cell differentiation and antibody
responses.

Results

Regnase-1 is essential for preventing B cell-mediated
immunopathology

Regnase-1 plays critical immunoregulatory roles in a cell type-
specific manner. However, its function in B cells, a critical im-
mune cell type that can mediate pathogenesis of immune-related
disorders, is not known. Therefore, to study the B cell-specific
role of Regnase-1, we selectively deleted Regnase-1 in B cells of
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mice by using mice bearing homozygous floxed Regnase-1
(Zc3h12a) genes (Regnase-17f) that had been generated by
flanking exon 3 of the Regnase-1 (Zc3hi2a) gene with loxP sites
(Li et al., 2017). We crossed the Regnase-17/f mice with a mouse
line with Mbl (Cd79a)-driven expression of Cre recombinase
(Hobeika et al., 2006), resulting in deletion of Regnase-1 during
early B cell development in mice (referred to as the Regnase-17/f
MbiCre line henceforth). We observed that the Regnase-17f
Mb1¢* mice had drastically reduced survival, with a median of
18 wk, compared with Regnase-1*/* Mbl®* controls (Fig. 1 A).
The mice also had swollen abdomens and dermatitis (data not
shown). Phenotypic characterization of Regnase-17f Mb1¢® mice
revealed severe splenomegaly and lymphadenopathy (Fig. 1 B).
Histological analysis showed disrupted follicular architecture in
the secondary lymphoid organs (spleens, inguinal lymph nodes)
as early as ~8-10 wk of age (Fig. 1 C and Fig. S1 A). In addition,
we observed leukocyte infiltration in the liver, which often oc-
curs as a consequence of autoimmune and inflammatory dis-
eases (Fig. 1 D; Hao et al., 2008; Kita et al., 2001).

Analysis of serum antibodies revealed hyperimmunoglo-
bulinemia in Regnase-1¢f Mb1¢r mice compared with the con-
trol mice, with highly elevated levels of circulating antibodies of
multiple isotypes (Fig. 1 E). Since the pathogenic antibodies that
have been shown to be associated with various autoimmune and
inflammatory disorders are of the class-switched IgG isotype
(Holmdahl et al., 2019; Werwitzke et al., 2005), we further
sought to characterize the circulating IgG antibodies from the
sera of Regnase-1-deficient mice. We tested binding of the cir-
culating IgG antibodies to a panel of antigens by ELISA, which
showed polyreactivity to diverse antigens, such as insulin, car-
diolipin, LPS, KLH, and DNA, compared with control mice (Fig. 1 F).
In addition, kidneys from the diseased mice had high Ig deposition
compared with the control animals (Fig. S1 B). Altogether, based on
the phenotypic features of the Regnase-17f Mbl* mice, we con-
clude that Regnase-1 is essential for preventing B cell-driven im-
munopathology and hyperimmunoglobulinemia.

B cell-specific Regnase-1 deletion alters peripheral B cell
populations and results in aberrant activation of B cells

Since Mbl-Cre-mediated deletion of Regnase-1 was specific to
B cells, we assessed the B cell populations in the Regnase-1f/f
Mbi1€e mice. We observed high cellularity in the secondary
lymphoid organs, including the spleen and lymph nodes, with
increased total number of B cells in Regnase-17f Mbl®* mice
compared with the control group (Fig. 2 A and data not shown).
Increased cellularity was concomitant with a higher number of
proliferating B cells as observed by the frequency of Ki67*-
staining CD19* B cells in Regnase-1f/f Mb1°" mice with respect to
the control group (Fig. 2 A). The frequency of mature re-
circulating B cells that highly express B220 was strongly di-
minished in the spleens of Regnase-17f Mb1¢*® animals (Fig. 2 B),
although the absolute numbers were not significantly altered
given the high total B cell numbers (Fig. S2 A). However, the
relative frequency and the total number of B cells with down-
regulated surface B220 and up-regulated CD138 (B220'"*CD138"),
associated with an activated or antibody-secreting phenotype,
was significantly higher in the Regnase-17f Mb1¢"® mice compared
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Figure 1. Immunopathology in mice with B cell-specific deletion of Regnase-1. (A) Survival plot of Regnase-17f Mb1°"¢/* mice and Regnase-1*/* Mb1¢re/*
controls at the indicated age in weeks (data pooled from two independent experiments; n = 10 in each). (B) Images of spleens and mesenteric and inguinal
lymph nodes indicating splenomegaly and lymphadenopathy in Regnase-17f Mb1¢¢/+ mice (n = 3 mice; at least three independent experiments). Scale bar =
1cm. (C and D) H&E staining of spleen (C) and liver (D). Scale bars = 250 pM (top), 50 M (bottom) from the mice of indicated genotypes (n = 3-5 mice; two
independent experiments). (E) Titers of total serum antibodies of different isotypes representing relative arbitrary units of measurement by ELISA. *P, < 0.05;
¥¥% P < 0.00L; ****, P < 0.0001. (F) Titers of antigen-specific serum antibodies of IgG isotype against indicated antigens representing relative arbitrary units of
measurement by ELISA. **, P < 0.01; ***, P < 0.001. (E and F) Each symbol represents data from an animal; mean and standard deviation indicated by
horizontal lines in the data points (n = 3-9 mice; two independent experiments); significance calculated by Mann-Whitney test. dsDNA, double-stranded DNA;
ssDNA, single-stranded DNA.
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Figure 2. Aberrant B cell populations in Regnase-17/f Mb1¢"e mice. (A and B) Cellularity in spleens of mice of indicated genotypes (A) and flow cytometry
dot plot showing B220 and CD138 staining to indicate an unusual B cell population (B220'°CD138*; B) in Regnase-17f Mb1°" mice compared with Regnase-1*/*
Mb1€re controls. (C) Cell size of B220M B cells measured by forward scatter (FSC-A; top) and CD86 expression (bottom), both represented as MFI measured by
flow cytometry. (D) Flow cytometry dot plots showing CD11c and B220 expression of B cells (gated on B220* lymphocytes). (A-D) n = 3-9 mice; at least three
independent experiments. (E) MFI measured by flow cytometry (n = 3 or 4 mice; two independent experiments). (C and E) Histogram events normalized to
mode. (A-E) Each circle in the graph represents data from an animal; mean and standard deviation indicated by horizontal lines in the data points; significance
calculated by unpaired Student’s t test (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).
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with the controls (Fig. 2 B). In addition, Bla cell frequency in the
peritoneal cavity and spleen of the Regnase-17f Mb1®*® mice was
significantly reduced or absent (Fig. S2 F). We assessed the activa-
tion of the B220MCD138" cells, the majority of which are naive in
normal mice, to determine if these were prematurely activated in
the Regnase-17f Mbl®® mice and thus possibly a source of the
“activated” B220™CD138* subset (Fig. 2 C). The size, as shown by
the forward scatter, and the expression of activation markers such
as CD86 were significantly higher in the B220" B cell subset of the
Regnase-17f Mb1¢e spleens (Fig. 2 C), showing that all cells are
aberrantly activated upon B cell deletion of Regnase-1.

To further characterize B cell populations altered due to the
loss of Regnase-1, we examined age-associated B cells (ABCs), a
B cell subset that has been found to be strongly associated with
ageing, autoimmunity, inflammation, and chronic viral in-
fections in humans and animal models (Hao et al., 2011; Rubtsov
et al., 2011). These cells are characterized by surface expression
of CD1lc, otherwise a conventional marker for dendritic cells,
and are driven by a T-bet-mediated transcriptional program.
Regnase-1f Mbi°™ mice displayed a significantly increased fre-
quency of CDllc-expressing B cells compared with controls
(Fig. 2 D). These cells also showed enhanced T-bet expression
compared with CDllc™ B cells, determined by intracellular
staining for T-bet (Fig. 2 E). The CD11c* ABCs were discriminated
from plasmacytoid dendritic cells, which are B220'°CDlic*, but
also express Siglec-H and Gr-1 on the surface (Fig. S2 D).

Thus, we show that the B cell-specific deletion of Regnase-1 re-
sults in strong alterations in B cell maturation, causing aberrant
activation of B cells and a high frequency of abnormal B cell sub-
populations such as B220°CD138* B cells and ABCs in the spleen.

Regnase-1 regulates a transcriptional program associated with
B cell activation

Regnase-1 as an RBP has been shown to regulate the tran-
scriptomes of immune cells, particularly T cells (Uehata et al.,
2013; Wei et al., 2019); therefore, we sought to analyze the
transcriptome of Regnase-1-deficient B cells to understand the
molecular mechanism of Regnase-1-mediated regulation in B cells.
As discussed above, early deletion of Regnase-1 at the pro-B cell
stage resulted in a striking immunopathological phenotype, thus
precluding precise analysis of B cell-specific molecular functions of
Regnase-1. In addition, the chronic effect of Mbl-Cre-dependent
Regnase-1 ablation strongly altered the surface expression of vari-
ous B cell markers, making it challenging to isolate and perform
ex vivo studies on B cells (Fig. S2 E). To circumvent these issues
resulting from the severe immunopathology that we observed, we
generated an inducible deletion model of Regnase-1 by crossing
Regnase-17f mice to a mouse line in which Cre recombinase ex-
pression is driven by a human transgene, hCD20. In these mice,
referred to as Regnase-17f hCD20Tam ™, Cre recombinase is ex-
pressed in mature B cells and is functionally activated by tamoxifen
(Khalil et al., 2012), thus enabling proper assessment of B cell-
specific roles of Regnase-1 upon acute deletion.

We performed RNA sequencing (RNA-seq) analysis of B cells
isolated from tamoxifen-administered Regnase-17f hCD20Tam-
Cre and control mice. B cells isolated from the Regnase-17/f
hCD20Tam®® mice showed diminished Regnase-1 expression
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(Fig. S3 A and Fig. S3 B). Pathway enrichment analysis showed
highly significant impacts to pathways and cellular processes
such as cell cycle regulation, dysregulation of GC response and
other autoimmune-associated pathways, inflammatory signal-
ing involving IL-1, IL-2, macrophage migration inhibitory factor,
and survival signatures associated with B cell receptor (BCR)
signaling, TNF, Bcl2, and NF-«B pathway (Fig. 3 A and Table S1).
With further analysis for differentially expressed genes (DEGs)
using an adjusted P value of 0.1, we detected ~200 genes with
significant differential expression in Regnase-1-deficient B cells.
The top 80 genes among the DEGs are displayed in the heatmap
showing their normalized expression, scaled by row (Fig. 3 B).
As expected, Regnase-1 itself (Zc3h12a) was found among the
significantly down-regulated genes. Interestingly, IL receptors
for 12 (IL-2), Il4 (IL-4), and II21 (IL-21) were down-regulated
upon Regnase-1 deletion. Among the top up-regulated genes in
the Regnase-1-deficient B cells were TACI (transmembrane ac-
tivator and CAML interactor, or Tnfrsfl3b), which is a receptor
for B cell survival factors such as BAFF (B cell activating factor)
and APRIL (a proliferation-inducing ligand; Mackay and
Schneider, 2009). TACI is normally up-regulated on antibody-
secreting cells and is critical for class switching (Castigli et al.,
2005; He et al., 2007). In addition, TACI expression is increased
in the B cells of patients with autoimmune diseases such as lupus
nephritis, and deletion of TACI in systemic lupus erythematosus
mouse models such as BAFF transgenic mice ameliorates the
disease (Arkatkar et al., 2018; Figgett et al., 2015). Bcl2, also
among the up-regulated genes, is a critical survival factor in
B cells, but its high expression can promote autoimmune dis-
eases (Strasser et al., 1991). In addition, Nfkbiz, whose role in
B cells is not well studied but has been shown to be a substrate of
Regnase-1 in HeLa cells, was up-regulated (Behrens et al., 2018).
Interestingly, Regnase-4 (Zc3hl2d), a tumor suppressor gene
from the same family of RNases as Regnase-1, was up-regulated,
suggesting a potential compensatory role of Regnase-4 upon
Regnase-1 deficiency and thus a possible overlap in the functions
of different Regnase family members (Minagawa et al., 2014).
Notably, some other genes of interest among the top 80 DEGs
that have a previously established immunomodulatory role in
B cells were Zfp36l1, Fcgr2b, Cd72, Ikzfl, and Pou2f2.

The above analysis enabled assessing the transcriptional
program regulated by Regnase-1 in B cells under steady state.
However, engagement of the BCR is crucial for B cell activation
that results in several changes, leading to the induction of a
transcriptional program involved in activation, proliferation,
and differentiation. BCR engagement involves up-regulation of
genes associated with the NF-«B pathway orchestrated by the
BCR-induced assembly of the CBM complex. Given that TCR
activation induces proteolytic cleavage of Regnase-1, we hy-
pothesized that BCR activation could lead to similar changes in
B cells (Uehata et al., 2013). To test this hypothesis, we stimu-
lated primary mouse B cells with anti-IgM F(ab’)2 and observed
rapid cleavage of Regnase-1 (Fig. 4 A). This could be mediated by
the proteolytic activity of MALTI (Bornancin et al., 2015), as was
also indicated by probing for Regnase-1 levels in B cells from
germline-deficient MALT1~/~ mice (Fig. S4 A). The rapid cleav-
age of Regnase-1 upon BCR activation suggests its possible role in
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Figure 3. Regnase-1 regulates a B transcriptional program that promotes B cell activation, survival, and differentiation. (A) Pathway maps and
process networks from RNA-seq that are enriched in B cells isolated from Regnase-17f hCD20Tam®"® compared with Regnase-1*/* hCD20TamC" B cells. Bars
represent —log of P values for enrichment calculated in Metacore. (B) Heatmap showing top 80 differentially expressed transcripts in Regnase-17f
hCD20Tam®™ B cells. Each column represents data from one animal. Scale bar represents Z scores of DESeq2-normalized expression, scaled by row.
(A and B) n = 3 or 4 animals; RNA-seq experiment performed once. (C) Fold change of mRNA levels of Tnfrsf13b (left) and Bcl2 (right) in Regnase-17f
hCD20Tam " compared with Regnase-1*/* hCD20Tam ™ B cells. Bars represent mean and standard deviation of fold changes from experimental triplicates;
each bar represents data from one animal (n = 2-4 mice; two independent experiments). Expression levels of the tested transcripts have been normalized to
levels of GAPDH mRNA control for each data point. (D) Tnfrsf13b expression shown as MFI measured by flow cytometry. Histogram represents data from four
animals per group, also plotted in the graph (right). Histogram events normalized to mode. n = 2-4 mice; two independent experiments. Horizontal lines
indicate means with SD shown by the error bars. ****, P < 0.0001. (E) Western blot showing Bcl2 protein levels and Vinculin (loading control) in B cells from
the mice of indicated genotypes when stimulated with anti-lgM F(ab’)2 or anti-CD40. +/+ = Regnase-1*/* hCD20Tam®"; f/f = Regnase-17f hCD20Tam® (n = 2 mice;
two independent experiments). (A-E) Mice were administered tamoxifen i.p. for 5 consecutive d; B cells isolated on day 11 after first dose. MAPK, mitogen-activated

protein kinase; MIF, macrophage migration inhibitory factor; SLE, systemic lupus erythematosus.

modulating BCR-induced genes (Fig. 4 A). Accordingly, to
identify potential BCR-responsive genes that may be modulated
by Regnase-1, we performed a transcriptome analysis of B cells
from Regnase-17f hCD20Tam®" mice that were stimulated with
anti-IgM F(ab’)2. As shown in Fig. 4 B, the transcriptome
analysis revealed several genes that show significant differential
expression in the stimulated Regnase-1-deficient B cells. Prin-
cipal component analysis using regression coefficients revealed
increased expression of certain genes that have been previously
shown to be important for B cell survival and differentiation
(Fig. 4 C). These include genes such as Batf, Tnfrsfi3b, and Bcl2,
which were significantly enhanced upon BCR stimulation of
Regnase-1-deficient B cells (Fig. 4 C). The differential expression
of some of the genes of our interest among the top DEGs at steady
state or upon BCR stimulation, such as Bcl2, Tnfrsfi3b, Batf, Gpri83,
Nfkbiz, and Ikzfl, were validated by RT-gPCR (RT and quantitative
PCR; Fig. 3 C, Fig. 4 D, and Fig. S3 D). Also, the surface expression
of Tnfrsfi3b (TACI) was measured by flow cytometry, and Bcl2
expression was examined by immunoblotting, and both were
higher in Regnase-1-deficient B cells compared with controls
(Fig. 3 D). The top DEG in BCR-stimulated, Regnase-1-deficient
B cells was Batf, and interestingly, Wei et al. (2019) recently
showed that Batf is an important target and a direct substrate of
Regnase-1 that promotes anti-tumor activity of tumor-infiltrating
T cells. Among the top DEGs, Batf and Zfp36ll appeared to be
posttranscriptionally regulated by Regnase-1in B cells (Fig. S3 C).
In B cells, Batf is known to be essential for activation-induced
cytidine deaminase (AID) expression and isotype class switch-
ing, suggesting a possible role of Regnase-1 in controlling these
B cell processes (Betz et al., 2010; Ise et al., 2011).

Thus, Regnase-1 controls a transcriptional program in B cells
that is associated with survival, activation, and differentiation
and regulates the expression of a set of genes that are induced
upon BCR stimulation.

Regnase-1 plays a role in controlling B cell growth potential
and B cell differentiation into class-switched B cells

During progression of autoimmune disorders, pathogenic anti-
bodies present as switched isotypes, mostly IgG subtypes, while
IgM has been associated with a protective role (Holmdahl et al.,
2019; Werwitzke et al., 2005). Given that the top up-regulated
genes in the transcriptome analysis promote B cell differentia-
tion, we sought to determine if Regnase-1-deficient B cells have
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an increased propensity for activation and class switching. To
test if BCR signaling was impacted in the absence of Regnase-1,
we determined the change in intracellular calcium levels upon
BCR stimulation and observed that calcium signaling in
Regnase-1-deficient B cells appears intact upon BCR stimulation
(Fig. S4 B). We also studied the effect of Regnase-1 deletion on
B cell growth, proliferation, and class switching in response to
various stimuli. Class switching to the IgG3 subtype upon LPS
stimulation and to the IgG1 isotype with stimuli that mimic T cell
help was significantly higher in B cells from Regnase-17/f
hCD20Tam®* mice compared with controls (Fig. 5 A). B cells
from the Regnase-17f hCD20Tam®"® were much bigger than the
B cells from the Regnase-1*/* hCD20Tam®"® control B cells, and
the increased cell size was further pronounced upon BCR
stimulation or treatment with anti-CD40, recombinant IL-4, and
recombinant BAFF (Fig. 5 B). In addition, B cells from Regnase-
1¥f hCD20Tam®"™ mice proliferated modestly higher upon BCR
and TLR4-stimulation or when signals (such as stimulatory anti-
CD40 antibody and IL4) that mimic T cell help were provided
(Fig. 5 B). Thus, Regnase-1 plays a role in differentiation into
class-switched B cells and B cell growth and proliferation.

Regnase-1 controls B cell differentiation in the GC

We used gene expression data extracted from the Immgen RNA-
seq database to identify genes that were enriched in GC B cells
compared with resting follicular B cells. Gene set enrichment
analysis (GSEA) led to identification of genes that were elevated
in the BCR-stimulated Regnase-1-deficient B cells in our RNA-
seq analysis, as detected by using a Generalized Linear Model
(~ Stimulation + Stimulation:Genotype), and were found to be
significantly enriched in the GC B cell genes from the Immgen
RNA-seq data (Fig. 6 A and Fig. S4 B). In contrast, the genes from
the BCR-stimulated Regnase-1-deficient B cells were down-
regulated in follicular B cell genes in the Immgen dataset
(Fig. 6 A and Fig. S4 B). However, the genes associated with
unstimulated Regnase-1-deficient B cells did not show any sig-
nificant relationships with the reference gene sets (adjusted P
value >0.1; data not shown). This suggested that Regnase-1 sup-
presses a GC-like signature in activated B cells. In addition, we
probed by immunoblotting for Regnase-1 protein expression in
follicular B cells and GC B cells and found that Regnase-1 expres-
sion was strongly down-regulated in GC B cells (Fig. 6 B). This
suggested a role for Regnase-1 in B cells during the GC reaction.
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Figure 4. Regnase-1-mediated regulation of BCR-driven transcriptome changes. (A) Western blot showing Regnase-1 cleavage upon BCR stimulation of
splenic B cells for the indicated time points (data representative of three independent experiments). (B) Heatmap showing genes with significant differential
expression in BCR-stimulated, Regnase-1-deficient B cells. Each column represents DESeq2-normalized expression data from one animal. Scale bar represents
Z scores of normalized expression, scaled by row. GenotypeKO, Regnase-17/f hCD20Tam®™; StimBCR, anti-lgM stimulated condition; +/+, Regnase-
1*/+ hCD20Tam®"e ; f/f, Regnase-17f hCD20TamC"e. (C) Principal component analysis plot generated for genes with significant differential expression in
BCR-stimulated, Regnase-1-deficient B cells. Arrows correlated with fold change of gene expression for the indicated contrasts, reported from DESeq2 re-
gression coefficients. (B and C) n = 3 or 4 animals; RNA-seq performed once. (D) Fold change of Batf mRNA levels in Regnase-17f hCD20TamC"® compared with
Regnase-1*/* hCD20Tam ™ B cells. Bars represent the mean and standard deviation of fold changes from experimental triplicates; each bar represents data
from one animal (representative of two independent experiments). Batf mRNA levels normalized to GAPDH control for each data point. (B-D) Mice were
administered tamoxifen i.p. for 5 consecutive d; B cells isolated on day 11 after first dose.

To test the role of Regnase-1 in GC B cells, we immunized
Regnase-17f hCD20Tam®™ and Regnase-1*/* hCD20Tam®" con-
trol mice with sheep RBCs (SRBCs) and analyzed T cell-
dependent responses on day 6 after immunization. Regnase-1t/f
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hCD20Tam®™ mice showed an enhanced GC response with a
higher frequency of GC B cells (B220*GL7*Fas*) compared with
control mice (Fig. 6 C). From the RNA-seq analysis, the top up-
regulated mRNA in BCR-stimulated Regnase-1-deficient B cells
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was the transcription factor Batf, which, in addition to being
essential for AID expression and class switching (Betz et al.,
2010; Ise et al., 2011), is also critical for entry of B cells from
the light zone (LZ) into the dark zone (DZ) phase of the GC re-
action (Inoue et al., 2017). Therefore, we determined the effect of
Regnase-1 deletion on the distribution of B cells between the LZ
and DZ. SRBC-immunized Regnase-17f hCD20Tam®" mice dis-
played a higher relative frequency of DZ B cells with respect to
LZ B cells (DZ/LZ ratio) compared with controls as determined
by enumerating CXCR4MCD86!° and CXCR4'°CD86M GC B cells,
respectively (Fig. 6 C). This observation indicates that Regnase-
1 may possibly play a role in the regulation of interzonal cycling
of B cells. In addition, the frequency of plasma cells (B220'°CD138M)
was significantly higher in Regnase-17f hCD20Tam®® mice
(Fig. 6 C), showing that Regnase-1 has a role in differentiation
of B cells into antibody-secreting cells. To determine if the
antibody response was altered, we measured antibody titers in
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the sera of Regnase-1/f hCD20Tam®"® and control mice. Cir-
culating antibodies were elevated in Regnase-1¥f hCD20Tam¢"®
mice, particularly the antibodies of the switched isotypes
(Fig. 6 D), consistent with increased isotype switching observed
in vitro (Fig. 5 A). Further characterization of the antigen-
specific antibody response in the immunized mice showed el-
evated SRBC-specific IgM and IgG3 but reduced SRBC-specific
IgGl1 levels in Regnase-17f hCD20Tam® mice (Fig. 6 E), indi-
cating a suboptimal T cell-dependent response. Overall, we
conclude that Regnase-1 plays a role in T cell-dependent anti-
body responses in B cells.

Regnase-1 contributes to maintenance of the GC reaction

After establishing a critical role for Regnase-1 in GC B cells and
isotype switching, we sought to determine if the requirement for
Regnase-1 for GC control continues once the class switching
has initiated in an ongoing GC response. This enabled us to
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Figure 6. Regnase-1 controls peripheral differentiation of B cells. (A) GSEA of transcripts in BCR-stimulated, Regnase-1-deleted B cells. Significant
enrichment of signatures associated with follicular and GC gene signatures; adjusted P values of 0.0869 and 0.00627, respectively, are shown. n = 3 or 4
animals; RNA-seq performed once. (B) Western blot showing Regnase-1 protein in follicular B (Fo) cells and GC B cells from spleens of mice immunized with
SRBCs for 7 d (n = 2-3; three independent experiments). (C) Representative flow cytometry plots (left) and plotted frequencies (right) from spleens of mice of
indicated genotypes analyzed day 6 after SRBC immunization and probed for GL7* Fas* cells (top), further subgated to probe for the surface expression of
CXCR4 and CD86 (middle), and splenic lymphocytes probed for CD138+*B220% " - B cells (bottom). (D) Total IgM and IgG in the sera of immunized mice of
indicated genotype, collected before and after 6 d of immunization, measured by sandwich ELISA. (E) SRBC binding IgM, IgG1, and IgG3 in the sera of im-
munized mice of indicated genotypes; plotted MFls as measured by flow cytometry. (C-E) Each circle represents an animal; solid circles = Regnase-1*/*
hCD20Tam®, clear circles = Regnase-17f hCD20Tam ™ (n = 3-5 mice; three independent experiments). Mice were administered three doses of tamoxifen i.p.
on alternate days, immunized on day 7 after the first tamoxifen dose. Horizontal lines in the graphs indicate means with SD shown by error bars. Statistical

significance calculated by unpaired Student’s t test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001).

determine if Regnase-1-mediated control of peripheral differ-
entiation of B cells is independent of its role in aberrant class
switching of B cells. To address this question, we used a GC
B cell-restricted deletion model by crossing Regnase-17f mice
with Cy1€™ mice, in which the Cre recombinase is induced upon
initiation of IgGl constant region (Ighgl) gene transcription
(Casola et al., 2006). In this system, deletion of Regnase-1 would
occur after antigenic stimulation and after the transcription of IgG1
locus has begun in B cells. Immunization of Regnase-17f Cy1°™ mice
with SRBCs did not result in a significant difference in their GC
B cell frequencies compared with controls (Fig. 7 A). However,
Regnase-17f Cy1¢* mice showed a higher DZ/LZ B cell ratio com-
pared with control mice (Fig. 7 A). In addition, antigen-specific
antibody responses were higher in Regnase-1¢f Cy1®® mice with
significantly elevated SRBC-specific IgGl levels (Fig. 7 B).

Thus, in addition to its role in preventing aberrant GC for-
mation (Fig. 6), Regnase-1 also contributes to the control of the
antibody response and maintenance of the GC reaction and
in zonal distribution of B cells in the GCs after antigenic
stimulation.

Regnase-1 is required for preventing immunopathology
throughout the course of B cell development

We observed striking immunopathology resulting from deletion
of Regnase-1 during early B cell development. We next asked if
Regnase-1 was required for controlling B cell-mediated immu-
nopathology in late B cell maturation and differentiation. To
address this hypothesis, Regnase-17f Cyl°" mice and the
Regnase-1*/* Cy1°™ controls were maintained in a specific
pathogen-free (SPF) animal facility for over a year, without
external immunization but subjected to environmental antigens
including those from commensal microbiota, to ensure a mini-
mal basal level of antigenic challenge to the immune system of
the mice. The mice were monitored over this time, and we found
that Regnase-17/f Cy1"® mice began to die at 10 mo of age and
developed features similar to the diseased Regnase-1f/f Mbicre
mice, including swollen abdomens and dermatitis. Sera were
collected from these animals at regular intervals throughout the
course of this experiment. Terminal phenotypic characteriza-
tion of these animals revealed that two thirds of the mice
developed severe immunopathology similar to the young
Regnase-17f Mb1¢* mice, including enlarged secondary lym-
phoid organs (data not shown), disrupted architecture of lym-
phoid follicles, and immune cell infiltration in the liver (Fig. 8 A
and Fig. 8 B). Splenocytes from Regnase-17/f Cy1*® mice had a
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higher frequency of B220'°CD138* plasma cells than the controls
(Fig. 8 C). In addition, the frequency class-switched IgG1* B cells
in these mice was also higher, which was not surprising given
that the deletion of Regnase-1 in this model occurs in cells in
which isotype class switching to IgGl is already predetermined
(Fig. 8 C). Sera from these mice collected serially over time
showed a gradual increase in total IgG levels that was signifi-
cantly higher than the controls at the terminal time point
(Fig. 8 D). Overall, the aged Regnase-17f Cy1°® mice recapitu-
lated the immunopathological phenotype observed upon early
deletion of Regnase-1 in B cells (Regnase-17f Mb1¢r¢). However,
the pathology among Regnase-17f Cy1°*® mice was idiosyncratic
in terms of severity, with only two thirds of the mice exhibiting
severe disease. This was expected, as the immunological chal-
lenges that the mice were subjected to in the SPF facility were
spontaneous and thus heterogenous. Thus, Regnase-1 prevents
B cell-mediated immunopathology continuously throughout the
course of B cell development and peripheral differentiation.

Discussion

This study demonstrates an essential and novel role for Regnase-
1 in preventing B cell-dependent autoimmunity. Regnase-1
deletion in mice during early B cell development resulted in a
severe immunopathological phenotype characterized by lym-
phoid hypertrophy, altered B cell subsets with increased acti-
vation marker expression, and elevated polyreactive serum
antibodies (Fig. 1 and Fig. 2). The strong phenotype that we
observed in young adult mice highlights the importance of B cell
tolerance to avoid autoimmune and inflammatory disease out-
comes. Although B cells have been implicated in the pathology of
several autoimmune diseases, the evidence pointing to B cells as
the cell type of origin in the pathophysiology is not ample
(Franks et al., 2016). However, our findings are in line with
several studies conducted in murine models showing that breach
of tolerance mechanisms in B cells can cause autoimmune dis-
ease, as demonstrated by the phenotypes associated with
B cell-specific deletion of Fas, Ikzfl, or Lyn in mice (Hao et al.,
2008; Lamagna et al., 2014; Schwickert et al., 2019). Thus, our
study provides further insights into B cells possibly having a
causative role in morbid immunopathologies. Notably, the lethal
autoimmune disease observed upon germline deletion of
Regnase-1 has been mainly attributed to its T cell-specific role,
as T cell deletion of Regnase-1 also results in severe inflamma-
tion leading to fatality in mice (Matsushita et al., 2009; Uehata
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Figure 7. Regnase-1 s critical for maintaining GCs. (A) Representative flow cytometry plots (left) and plotted frequencies (right) from spleens of mice of
indicated genotypes analyzed at day 7 after SRBC immunization and probed for GL7* Fas* cells (top), further subgated to probe for the surface expression of
CXCR4 and CD86 (bottom). (B) SRBC binding IgG1 and IgM in the sera of immunized mice of indicated genotypes, plotted MFls as measured by flow cytometry.
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experiments). Horizontal lines in the graphs indicate means with SD shown by error bars. Statistical significance calculated by unpaired Student’s t test (*, P <

0.05; **, P < 0.01).

et al., 2013). This observation has led to extensive studies in
T cells in the past decade pertaining to the mechanism of
Regnase-1-mediated immune regulation. Therefore, our study
provides important new insights into the immunoregulatory
functions of Regnase-1. We show that B cell growth and class
switching were enhanced in the absence of Regnase-1 (Fig. 5).
Inducible deletion in mature B cells also resulted in aberrant
differentiation of B cells with an augmented GC and plasma cell
response to immunization, showing that Regnase-1 controlled
peripheral differentiation of B cells (Fig. 6). The requirement for
Regnase-1 in controlling aberrant B cell responses continues
throughout development and differentiation, even after B cells
have been activated and have received costimulatory signals
from T cells, as demonstrated by immunopathology and a dys-
regulated B cell response in a GC B cell-restricted deletion model
of Regnase-1 (Fig. 7 and Fig. 8). Thus, our study highlights the
importance of B cell responses in autoimmune diseases and also
provides new insights into the molecular control of Regnase-1in
the regulation of such responses.
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RNA-seq analysis revealed that Regnase-1 controlled molec-
ular pathways in B cells that enhance survival and proliferation,
BCR signaling, interleukin and growth factor regulation GI-S
transition of the cell cycle, and pathways that regulate the GC
reaction (Fig. 3, Fig. 4, and Fig. 6 A). B cell-specific transcripts
that were up-regulated upon Regnase-1 deletion, such as
Tnfrsf13b and Bcl2, promote survival of antibody-secreting cells,
and Tnfrsfi3b and Batf are crucial for isotype class switching. Up-
regulation of these transcripts and the molecular pathways and
differentiation networks associated with Regnase-1 loss were
consistent with the altered B cell responses that we observed in
the Regnase-1 mouse models used in this study, which showed
increased class switching and plasma cell frequency upon
ex vivo stimulation of naive B cells, as well as during immuni-
zations in mice (Fig. 5 and Fig. 6). Interestingly, a recent study of
tumor-infiltrating T cells also showed a critical role of Regnase-1
in regulating the persistence of effector T cells that was me-
diated by Batf (Wei et al., 2019). While our data indicated
that Batf mRNA is possibly posttranscriptionally regulated by
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Figure 8. Regnase-1 controls immunopathology after B cell differentiation. (A) Representative immunofluorescence images of spleens from 44-wk-old
mice of indicated genotypes, Regnase-17f Cy1°¢/+ mice with less severe disease (middle), Regnase-17/f Cy1¢/* mice with more severe disease (right). Cry-
osections stained for follicular B cells (IgD in blue), GC B cells (PNA in green), and T cells (CD3e in red). Scale bars = 100 pM (n = 2 or 3 mice; two independent
experiments). (B) H&E staining of livers collected from 44-wk-old mice of indicated genotypes. Scale bars = 100 uM (n = 3 mice; two independent experi-
ments). (C) Representative flow cytometry plots (left) and plotted frequencies (right) from spleens of mice of indicated genotypes analyzed at 44 wk of age,
splenic lymphocytes probed for CD138*B220~ B cells (top), and for IgG1*B220~ B cells. Each circle represents an animal, solid circles = Regnase-1*/* Cy1¢re/*,
clear circles = Regnase-17/f Cy1¢e/+, (D) Mean and standard deviation of relative titers of total IgM and IgG in the sera collected at the indicated time points
from mice of indicated genotype (n = 5 or 6), measured by sandwich ELISA. (C and D) n = 4-6 mice; two independent experiments. Horizontal lines in the
graphs indicate means with SD shown by error bars. Statistical significance calculated by unpaired Student’s t test (¥, P < 0.05; **, P < 0.01).

Regnase-1 in B cells (Fig. S3 C), the study by Wei et al. (2019)
found Batf to be a direct substrate of Regnase-1, with a role in
promoting metabolic fitness of T cells. This not only validates
our findings but also highlights the context-specificity of
Regnase-1 and its targets, given that BATF is essential for, and
promotes, AID expression in B cells, but its Regnase-1-associated
function in effector T cells during anti-tumor activity is medi-
ated by increased metabolic fitness.

The pathological features observed upon B cell-specific ab-
lation of Regnase-1 appear to stem from an aberrant GC reaction.
GC B cell differentiation, antibody response, and the ratio of DZ
to LZ B cell frequency was enhanced in mice bearing Regnase-
1-deficient B cells (Fig. 6 and Fig. 7). This may have resulted from
an expanded DZ or a diminished LZ compartment. Such skewed
GC response might cause a high rate of somatic hypermutation
in the absence of Regnase-1but impaired affinity-based selection
of B cells, therefore predicting a suboptimal response to com-
mensal and pathogenic antigens. While these possibilities war-
rant further investigation, they suggest a potentially critical role
of Regnase-1 in fine-tuning the adaptive immune responses to
pathogens and other antigenic challenges. Therefore, it is per-
tinent that the role of Regnase-1 is explored in the context of
viral and other microbial infections. An interesting finding from
our study was that the antibody response and zonal distribution
of B cells were altered in immunized Regnase-17f Cy1¢r® mice
(Fig. 7). This was unexpected, as we found Regnase-1 protein to
be strongly down-regulated in GC B cells (Fig. 6 B). Therefore,
deletion of Regnase-1 after GC formation should have hypo-
thetically not resulted in an alteration in further differentiation
of B cells. However, we reasoned that since the low Regnase-
1 protein levels in GC B cells were observed using bulk analysis,
we may need to study Regnase-1 expression in GC B cells at a
higher resolution. In addition, we have previously shown that
MALT1 proteolytic activity is localized in GC B cells and is re-
stricted within foci or clusters of B cells (Lee et al., 2017), which
makes it likely that Regnase-1 protein turnover is regulated
within the GC B cells in a dynamic and heterogeneous fashion.
This is particularly important in the context of interzonal cy-
cling of B cells within GCs, which is known to be stringently
regulated by surges in expression levels of transcription factors
and regulatory genes that punctuate these transitions to ensure
appropriate selection (Dominguez-Sola et al., 2015; Dominguez-
Sola et al., 2012; Sander et al., 2015; Victora et al., 2010). One of
the possible mechanisms of the dynamic regulation of GC B cells
by Regnase-1 could be mediated by its transient expression in a
small subset of LZ B cells initiating their transition to the DZ
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phase, akin to c-Myc regulation of cell cycle entry and interzonal
migration of GC B cells (Dominguez-Sola et al., 2012). Such a role
of Regnase-1 would reconcile the lack of Regnase-1 protein ob-
served in the GC B cell lysates and the GC-associated phenotype
observed upon Cyl®*-mediated deletion of Regnase-1 (Fig. 6 B,
Fig. 7, and Fig. 8). However, delving further into the dynamic
regulatory mechanisms of Regnase-1 would require tracking
B cells in the GC at a single-cell level.

Overall, we demonstrate that B cell-specific deletion of
Regnase-1 resulted in perturbations in B cell responses in all the
mouse models tested in this study. However, it remains to be
determined whether the observed pathologies in these models
are driven in a B cell-intrinsic fashion or are a cumulative
outcome of interaction and cross-activation of multiple compo-
nents of the immune system, such as possible aberrant T cell
recruitment by Regnase-1-deficient B cells. This would warrant
further investigation and would be critical for a thorough un-
derstanding of the pathogenesis of B cell-driven immune system
diseases. Moreover, it must be noted that minor leakiness re-
ported in the Mbl (Cd79a) Cre-driven recombination could po-
tentially have some confounding effect on the phenotype
observed (Hobeika et al., 2006). However, recombination in
hCD20Tam®* and Cy1¢™ is highly specific to B cells, thus as-
certaining that B cell deletion of Regnase-1 is the original source
of phenotypic characteristics observed in these mice. To further
understand the molecular underpinnings of Regnase-1-mediated
regulation of B cells, it will be critical to determine which of the
potential targets identified from the RNA-seq analysis in this
study are consequential for B cell regulation and their mode of
regulation. In addition, the role of Regnase-1 in BCR signal
transduction in the context of MALT1 function in B cells remains
to be determined.

Our findings and the previously published studies showing
Regnase-1-mediated regulation of T cells and tumor-infiltrating
T cells in solid cancers (Uehata et al., 2013; Wei et al., 2019) and
the association of Regnase-1 mutations with diffuse large B cell
lymphoma (Schmitz et al., 2018) offer potential for Regnase-1 to
be explored as a therapeutic target. However, further under-
standing of immune regulation by Regnase-1 would be critical
for harnessing the therapeutic potential of Regnase-1 in the
context of autoimmunity and cancers. In cancers, with the ex-
ception of lymphomas associated with Regnase-1 loss of func-
tion, suppressing Regnase-1 could possibly have positive
outcomes, particularly in the form of cell-based immunother-
apy, whereas enhancing Regnase-1 activity may ameliorate au-
toimmune and inflammatory diseases. However, the potential
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for Regnase-1 targeting as cancer immunotherapy such as that
described by Wei et al. (2019) will need to be cell type specific,
and any therapeutic approach targeting Regnase-1 needs to ap-
proached with caution, as complete inhibition or overactivity of
Regnase-1 may have deleterious immunopathological outcomes.
Thus, seeking therapeutic strategies that have modulatory ac-
tion on Regnase-1 could yield more favorable outcomes for both
autoimmune disease and cancer.

Materials and methods

Mice

Regnase-17f mice were generated as described (Li et al., 2017).
These mice were crossed with either Mb1¢re, hCD20TamC"e, or
Cy1¢re mice (Casola et al., 2006; Hobeika et al., 2006; Khalil et al.,
2012). Cre activation in Regnase-17/f hCD20Tam®" and Regnase-
1*/+ hCD20TamC" (controls) was induced with intraperitoneal
injections on 5 consecutive d or 3 alternate d (indicated in the
respective figure legends) with 1 mg tamoxifen (Sigma) in a 10%
(vol/vol) ethanol-in-olive oil solution.

B cells were isolated from tamoxifen-treated mice for ex vivo
studies, including Ca?* flux, proliferation, immunoblots, in vitro
stimulation, and RNA-seq, at day 11 after first tamoxifen dose.
Immunizations with SRBCs were done at day 7 after first ta-
moxifen dose, and the animals were sacrificed on the time points
indicated in the respective figure legends. Experimental animals
(combination of male or female mice) were age matched for all
experiments. Animals were bred and housed at the SPF facility at
the Sanford Burnham Prebys Medical Discovery Institute (SBP),
and the Institutional Animal Care and User Committee guide-
lines were followed while carrying out all animal experiments.

Histology
Tissues were frozen in Tissue-TEK OCT (Sakura Finetek) com-
pound at -80°C. For immunofluorescent staining, 6-uM sections
were mounted on Superfrost Plus slides (Thermo Fisher Scien-
tific), fixed with cold acetone for 10 min, and blocked with 5%
FBS. The following antibodies were used to stain the sections:
peanut agglutinin (Vector Labs) and B220 (RA3-6B2; Thermo
Fisher Scientific) for 2 h at room temperature and washed with a
0.5% Tween in PBS (vol/vol) solution. Images were acquired
using a Zeiss Axio ImagerM1 microscope and Slidebook software
(Intelligent Imaging Innovations).

For H&E staining, tissues were fixed in 10% zinc formalin,
and staining and scanning were performed by the SBP histology
core facility.

Immunizations

Animals were immunized with intraperitoneal injections with
100 ul citrated SRBCs (Colorado Serum Company) that were
washed twice with PBS and resuspended at 10% (vol/vol) in PBS.
Sera for measuring antibodies were collected on day 0 and day 6
or 7 of injections.

Serum antibody assays
Total serum Ig was measured by sandwich ELISA. High-binding
assay plates were coated overnight with 50 ul capture antibody
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(Bethyl Labs) diluted in carbonate buffer. Plates were washed
with wash buffer (0.1% Tween20 in PBS) and blocked for 2 h at
37°C with 50 pl of 5% BSA and 0.05% sodium azide in PBS. After
washing, 50-pl mouse serum samples (diluted in 1% BSA and
0.1% Tween20 in PBS) were added and incubated for 2 h at 37°C.
Plates were washed and incubated with alkaline phosphatase-
conjugated detection antibodies (Bethyl Labs) for 1 h. Plates were
washed and incubated with 100 pl phosphatase substrate solu-
tion (Sigma) for 10-15 min, and absorbance was measured at
405 nm.

Polyreactivity was assessed by performing ELISA as previ-
ously described (Gitlin et al., 2016) using cardiolipin (Sigma),
LPS (Sigma), human insulin (Sigma), double-stranded DNA
(Sigma), and KLH (Sigma).

SRBC-specific IgM, IgG3, and IgGl in the sera were measured
by flow cytometry-based MFIs (median fluorescence intensity)
of anti-IgM (Clone I1/41; eBioscience), anti-IgG3 (Clone R40-82;
BD PharMingen), and anti-IgGl (A85-1; BD Biosciences) binding
to SRBC-bound serum antibodies using a method described
previously (McAllister et al., 2017).

Western blots

Freshly isolated splenocytes were enriched for B cells using
CD43 magnetic bead-based depletion and stimulated in RPMI
1640 with or without stimuli. Cells were collected at various time
points and lysed with 1% SDS. Lysates were run on 4-12% gradient
polyacrylamide Bis-Tris gels (Invitrogen). The resolved proteins
were transferred to polyvinylidene difluoride membranes using
the BOLT transfer system (Thermo Fisher Scientific). The fol-
lowing antibodies were used to probe for various proteins:
Regnase-1 (GeneTex), Bcl2 (BD Biosciences), Vinculin (Cell Sig-
naling Technology), and b-Actin (Cell Signaling Technology).

For the immunoblots with GC B cells and follicular B cells
(Fig. 6 B), wild-type mice were immunized with SRBCs, and GC
and follicular B cells isolated by magnetic bead-based depletion
using the strategy previously described (Cato et al., 2011).

Flow cytometry

Single-cell suspensions of spleens were subjected to RBC lysis
with ACK buffer and stained in FACS buffer (1% FBS and 0.05%
sodium azide in PBS).

Surface staining of cell suspensions was performed by
treating the cells with anti-CD16/32 (clone 24G2; BD Bio-
sciences), followed by staining with these antibodies: B220
(RA3-6B2), IgM (II/41), Fas (Jo2), GL7, CXCR4 (L276F12), IgGl
(A85-1), 1gG3 (R40-82), CD86 (GL-1), CD138 (281-2), CDllc
(N418), and T-bet (4B10). The flow cytometry assays were run
on FACS Canto (BD Biosciences), and analysis was performed
using FlowJo (Treestar) software.

Calcium flux assay was performed by measuring the ratio of
bound to unbound calcium indicator Indo-1 AM, which was
loaded into splenic B cells that were either left untreated or were
treated with probenecid (Thermo Fisher Scientific) before ac-
quisition. After acquisition of baseline for 20 s, cells were
treated with the indicated stimuli, and data were acquired on
LSR Fortessa X-20 (BD Biosciences) and analyzed using Flow]Jo
(Treestar) software.
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In vitro stimulation of naive splenic B cells

Splenic B cells were isolated by magnetic bead-based depletion
using CD43 Microbeads (Miltenyi) after ACK buffer treatment to
lyse RBCs. Cells were left either unstimulated or stimulated with
the indicated combinations of 10 ug/ml anti-IgM (Jackson Im-
munoResearch), 5 ug/ml anti-CD40 (1C10; Thermo Fisher Sci-
entific), 10 ng/ml rIL4 (Thermo Fisher Scientific), and 10 pg/ml
LPS (InvivoGen). For the in vitro proliferation assay, the cells
were loaded with eFluor 670 dye (eBioscience) and cultured for
3 d in RPMI 1640 (Corning) supplemented with 10% FBS
(Sigma), penicillin-streptomycin, MEM Nonessential Amino
Acids (Corning), 1 mM sodium pyruvate, 2 mM GlutaMax, and
55 uM 2-mercaptoethanol (Thermo Fisher Scientific). Prolifer-
ation was assessed by determining dilution of the dye by flow
cytometry.

RNA-seq

Transcriptome analysis was performed on 13 RNA samples,
which comprised four control samples from naive B cells
(Regnase-1*/* hCD20Tam¢"®), three samples each from Regnase-
1-deficient naive B cells (Regnase-1ff hCD20Tam¢"), BCR-
stimulated control B cells (BCR-Regnase-1"/* hCD20Tam ™),
and Regnase-1-deficient BCR-stimulated B cells (BCR-Regnase-
1¥£ hCD20Tam®"®). Splenic B cells were isolated by negative se-
lection with CD43 beads (Miltenyi). BCR stimulation was done
for 4 h with 10 pg/ml of anti-IgM F(ab’)2 (Jackson ImmunoR-
esearch) in RPMI 1640 medium (Corning). Cells were lysed with
the TRIzol reagent (Invitrogen), and RNA was isolated using
chloroform and isopropanol. RNA was washed with ethanol and
passed through the Qiagen RNA cleanup kit for further purifi-
cation. RNA-seq was done at the La Jolla Institute for Immu-
nology sequencing core facility using Hiseq2500 technology
from Hlumina with single-end 50-bp reads. Pathway analysis
was performed using the Metacore platform. For GSEA methods,
the fgsea package was used, and analysis was performed with
minSize = 1, maxSize = 500, and 100,000 permutations. A
Benjamini-Hochberg-adjusted P value of 0.1 was used for
significance.

Genes that were differentially expressed in the Regnase-17f
hCD20Tam® versus controls were uploaded to GeneGo, and
enrichment analysis was performed. Both up and down signals
were selected using a threshold = 0; P value = 0.1.

The DESeq2 package was used for differential expression
analysis using the following model: Stimulation + Genotype +
Stimulation:Genotype. A Benjamini-Hochberg-adjusted P value
of 0.1 was used as the threshold for significance. For GSEA, BCR
stimulation-dependent genes that were regulated by Regnase-
1 were identified using an alternative model: Stimulation +
Stimulation:Genotype.

RT-qPCR
cDNA was prepared from 100 ng RNA per sample with iScript
Reverse Transcription Supermix (Bio-Rad) using the manu-
facturer’s protocol. RT-qPCR was performed using SYBR Green
Supermix (Bio-Rad). The following primer sequences were
obtained from PrimerBank (Spandidos et al., 2010) for the fol-
lowing genes: Batf (forward) 5'-CACAGAAAGCCGACACCCTT-

Bhat et al.

Role of Regnase-1in B cells

3, Batf (reverse) 5'-GCTGTTTGATCTCTTTGCGGA-3'; Tnfrsfi3b
(forward) 5'-GAGCAAGGCAGGTACTACGAC-3', Tnfrsfi3b (re-
verse) 5-TCGCTACTTAGCCTCAATCCT-3'; Bcl2 (forward) 5'-
ATGCCTTTGTGGAACTATATGGC-3', Bcl2 (reverse) 5'-GGTATG
CACCCAGAGTGATGC-3'; and GAPDH (forward) 5'-CATGGCCTT
CCGTGTTCCTA-3', GAPDH (reverse) 5'-CCTGCTTCACCACCT
TCTTGAT-3'. The mRNA level of each tested gene was nor-
malized to GAPDH, and fold change was calculated by the AACt
method.

Statistical analysis

GraphPad Prism software and R were used for statistical
analysis. Statistically significant differences in experimental
readouts are indicated by asterisks. Tests performed to deter-
mine statistical significance are indicated in the respective fig-
ure legends.

Data availability

Data from RNA-seq have been deposited in the Gene Expression
Omnibus repository and are available under accession no.
GSE147799.

Online supplemental material

Fig. S1 shows immunopathological features by H&E staining of
inguinal lymph node sections and immunofluorescent images of
kidney sections of Regnase-17f Mbl®® mice and Regnase-1*/*
Mb1€e control mice. Fig. S2 shows phenotypic analysis of al-
tered B cell populations in Regnase-17f Mb1°" mice including
CD1lc* B cells and splenic and peritoneal Bl B cells and altered
expression of surface markers such as CD43, CD21, and CD23 in
splenic B cells. Fig. S3 shows a schematic of tamoxifen admin-
istration to Regnase-1¥f hCD20Tam®™® mice and Regnase-1*/*
hCD20Tam®® control mice, immunoblots showing deletion of
Regnase-1, and posttranscriptional regulation of select targets
from the RNA-seq analysis of Regnase-1-deficient cells. Fig. S4
shows Regnase-1 expression in B cells in the absence of MALTI,
Ca2* flux upon BCR activation in Regnase-1-deficient B cells, and
heatmaps indicating gene signatures of follicular and GC B cells
that are differentially expressed in the absence of Regnase-1 in
B cells. Table S1 includes pathway and gene network analysis
from the Metacore platform generated from the RNA-seq of
Regnase-1-deficient B cells.
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Supplemental material

A Regnase-1+* Regnase-1ff B Regnase-1+/+ Regnase-1f
Mb1 Cre/+ Mb1 Cre/+ Mb1Cre/+ Mb1Crer+

Inguinal Lymph Node

Figure S1. Regnase-1 controls B cell-mediated immunopathology. (A) H&E staining of the inguinal lymph nodes from mice of indicated genotypes. Scale
bars = 250 puM (top), 100 uM (bottom); n = 3-5 mice; two independent experiments. (B) Representative immunofluorescence images of kidneys from 8-12-wk-
old mice of indicated genotypes. Cryosections stained for total IgG (red); scale bar = 100 uM (n = 2 or 3 mice; two independent experiments).
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Figure S2. Altered B cell populations in Regnase-1/f Mb1¢r¢/* mouse spleens. (A) Absolute numbers of B220" B cells in spleens from mice of indicated
genotypes. (B) Cell size (left) of B220'" B cells measured by forward scatter (FSC-A; left) and CD86 expression (right), both represented as MFI measured by
flow cytometry. (C) Frequency (left) and total numbers (right) of CD138* cells in the spleens from mice of indicated genotypes assessed by flow cytometry.
(A-C) Each circle represents an animal; solid circles = Regnase-1*/* Mb1¢™/*, clear circles = Regnase-17/f Mb1°r/*; (n = 3-9 mice; at least three independent
experiments). Horizontal lines indicate means with SD shown by error bars. Statistical significance calculated by unpaired Student’s t test (¥, P < 0.05; **, P <
0.03; ***, P < 0.001). (D) Representative flow cytometry dot plot (left) from spleen of Regnase-17f Mb1"e mice showing B220 and CD11c staining gated as
shown; CD11c and Gr-1 staining (right); and surface expression of Siglec-H from the indicated subpopulations represented as MFls (middle; n = 3-9 mice; three
independent experiments). (E) B220 and CD43 expression (left) on lymphocytes from spleens of indicated genotypes to show the presence of a CD43-
expressing B cell subset in Regnase-17f Mb1¢" mice. Representative plots (right) showing altered CD21 and CD23 expression on B cells from Regnase-17f
Mb1e mice. (D and E) n = 3-9 mice; two independent experiments. (F) Representative flow cytometry dot plot from spleen (left) and peritoneal lavage (right)
from Regnase-17f Mb1¢"® mice showing B1 cell subset frequencies using B220 and CD19 expression (top) and CD5 and CD23 expression (bottom) among cells
gated on CD19MB220' population cells. Graphs showing combined data from two independent experiments (n = 2 in each experiment); ****, P < 0.0001.
Horizontal lines indicate means with SD shown by error bars.
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Figure S3. Inducible deletion of Regnase-1 in B cells. (A) Schematic indicating time points for tamoxifen administration and B cell isolation; flow cytometry
plots showing purity of enriched B cells by CD43 magnetic bead-based depletion (n = 3-5 mice; at least two independent experiments). (B) Immunoblot
showing deletion of Regnase-1 (left) and quantification of signal (right). Splenic B cells isolated on day 11 after tamoxifen dose #1. Each lane represents one
animal (n = 2-5 mice; three independent experiments). (C) mRNA levels of Batf (left), Zfp36l1 (middle), and Gpri83 (right) in splenic B cells from mice of
indicated genotypes at the indicated time points after actinomycin treatment (after anti-lgM stimulation). mRNA measured by RT-qPCR; relative abundance to
GAPDH obtained for each data point, values normalized to untreated. n = 3 technical replicates; circles indicate means with SD shown by error bars. Data are
representative of two independent experiments run using two mice from each genotype. (D) Fold change of total mRNA levels of Gpr183 (left), Nfkbiz (middle),
and lkefl (right) in unstimulated Regnase-17f hCD20Tam®"® B cells compared with Regnase-1*/* hCD20Tam®" controls. Bar graphs represent mean and
standard deviation of fold changes from experimental triplicates from one animal (data represent two independent experiments; n = 2 in each). Expression
levels of the tested transcripts have been normalized to levels of GAPDH mRNA control for each data point.
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Figure S4. Effect of Regnase-1 deletion on BCR signaling. (A) Immunoblot comparing Regnase-1 protein expression in MALT1/~ B cells to Regnase-1*/* x
hCD20T2mCre Regnase-17/f x hCD20T@mCre B cells (each lane represents one animal; blot representative of two independent experiments). (B) Calcium flux in
Regnase-17f hCD20Tam®™ and Regnase-1*/* hCD20Tam ™ B cells upon indicated treatments, which include stimulatory anti-lgM and stimulatory anti-k chain
of BCR, with ionomycin treatment as positive control; measured by flow cytometry and shown as the ratio of calcium-bound to unbound indicator (n = 2 mice;
two independent experiments). (C) Heatmaps showing the gene signatures of follicular (left) and GC (right) B cells that are significantly down-regulated or up-

regulated in BCR-activated Regnase-17f hCD20Tam ™ B cells (n = 3 or 4 mice; RNA-seq experiment performed once). +/+, Regnase-1*/* hCD20Tam®" ; f/f,
Regnase-17f hCD20Tamcre,
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Provided online is one Excel table. Table S1 includes pathway and gene network analysis from the Metacore platform generated
from the RNA-seq of Regnase-1-deficient B cells.
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