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Murine myeloid cell MCPIP1 suppresses autoimmunity by
regulating B-cell expansion and differentiation
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ABSTRACT
Myeloid-derived cells, in particular macrophages, are increasingly
recognized as critical regulators of the balance of immunity and
tolerance. However, whether they initiate autoimmune disease or
perpetuate disease progression in terms of epiphenomena remains
undefined.

Here, we show that depletion of MCPIP1 in macrophages and
granulocytes (Mcpip1fl/fl-LysMcre+ C57BL/6 mice) is sufficient to
trigger severe autoimmune disease. This was evidenced by the
expansion of B cells and plasma cells and spontaneous production of
autoantibodies, including anti-dsDNA, anti-Smith and anti-histone
antibodies. Consequently, we document evidence of severe skin
inflammation, pneumonitis and histopathologic evidence of
glomerular IgG deposits alongside mesangioproliferative nephritis
in 6-month-old mice. These phenomena are related to systemic
autoinflammation, which secondarily induces a set of cytokines such
as Baff, Il5, Il9 and Cd40L, affecting adaptive immune responses.
Therefore, abnormal macrophage activation is a key factor involved in
the loss of immune tolerance.

Overall, we demonstrate that deficiency of MCPIP1 solely in
myeloid cells triggers systemic lupus-like autoimmunity and that the
control of myeloid cell activation is a crucial checkpoint in the
development of systemic autoimmunity.
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INTRODUCTION
Monocyte chemoattractant protein-1 induced protein-1 (MCPIP1;
also known as Regnase-1) displays endoribonuclease activity and

regulates deubiquitination (Liang et al., 2010; Matsushita et al.,
2009; Mizgalska et al., 2009). The protein, encoded by the
ZC3H12A gene, is a critical negative regulator of inflammation (Jura
et al., 2012; Li et al., 2017; Liu et al., 2016). Its roles in inhibiting
various inflammatory processes initiated by pattern recognition
receptor (PRR) ligands, as well as regulating chemokines and
cytokines such as IL-8, IL-6 and IL-1β, or affecting cytokine
signaling pathways, as observed for IL-17, were described
previously (Dobosz et al., 2016; Garg et al., 2015; Matsushita
et al., 2009; Mizgalska et al., 2009). MCPIP1 restricts Toll-like
receptor (TLR) signaling by cleaving target mRNAs (Matsushita
et al., 2009) or affecting deubiquitination of molecules within the
NF-κB signaling pathway (Liang et al., 2010; Skalniak et al., 2009).
Furthermore, MCPIP1 was described as a transcription factor for
apoptotic gene families (Zhou et al., 2006). MCPIP1-deficient mice
die prematurely and display signs of severe multiorgan
inflammation (Liang et al., 2010; Matsushita et al., 2009; Miao
et al., 2013). Moreover, they develop hyper-responsiveness upon
exposure to some pathogen-associated molecular patterns (Liang
et al., 2010; Matsushita et al., 2009). Despite the general agreement
that MCPIP1 is a powerful negative regulator of inflammation, its
role in cell-specific responses and autoimmunity remains poorly
understood.

The most prominent autoimmune theories indicate several initial
triggers for autoimmune disorders; for instance, recognition of self-
molecules by innate immunity receptors and expansion of
autoreactive T and B cells (Thomas, 2001). Central tolerance
removes self-reactive T lymphocytes and self-reactive B cells in the
thymus and bone marrow, respectively. Moreover, the self-reactive
cells that have escaped this selection are counterbalanced in the
peripheral tissues (Petersone et al., 2018). Antigen-presenting cells
(APCs) perfectly link innate and adaptive immunity. They are
responsible for auto-antigen uptake and its presentation to naïve T
cells. Indeed, animals deficient in APCs do not develop sufficient
mechanisms of defense (i.e. cross-presentation) and develop
systemic autoimmune disorder (Birnberg et al., 2008; Ohnmacht
et al., 2009). Furthermore, phagocytes regulate the kinetics of
necrotic cell clearance to restrict the concentration of potential auto-
antigens within the tissue (Fond and Ravichandran, 2016; Mistry and
Kaplan, 2017). Finally, yet importantly, they are key regulators of
inflammation (Mosser et al., 2021). These necessary checkpoints within
innate immune responses limit the production of autoantibodies and
immune complex deposition that trigger autoimmune organ damage.

It has long been speculated that innate myeloid cells balance
immunity and tolerance. The findings that innate myeloid cells
subtypes robustly respond to extra- and intracellular PRR ligands
and orchestrate adaptive immune responses support this hypothesis
(Jain and Pasare, 2017). Innate immune cells act via adjusting the
constellation of co-stimulatory molecules and secretion of
polarizing cytokines, chemokines and other soluble molecules.
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Tolerogenic myeloid cells, which poorly express co-stimulatory
molecules such as CD80, CD86 and MHCII, are believed to skew
the T cells towards T-regulatory cells (Tregs) (Jonuleit et al., 2000;
Raker et al., 2015; Sato et al., 2003). Therefore, besides the cell
number, regulatory mechanisms in APCs could be crucial to shape
and balance immune activation of these cells.
Given the role of MCPIP1 as a potent suppressor of

inflammation, we hypothesized that macrophage/granulocyte-
derived MCPIP1 is responsible for systemic homeostasis and
prevents autoimmunity. To verify the cell-intrinsic function of
MCPIP1 in chronic inflammation, we generated mice lacking
MCPIP1 in hematopoietic cells of the myelomonocytic lineage
using LysM-cre and Mcpip1-floxed mice and examined them for
signs of spontaneous autoimmunity. Here, we document that
MCPIP1 suppresses the development of autoimmunity with features
of systemic lupus erythematosus (SLE) and severe nephritis.

RESULTS
Macrophage expression of MCPIP1 suppresses
autoimmunity-related transcripts
To determine the effect of inflammation on Mcpip1 expression in
primary myeloid cells, we performed real-time PCR analysis of cells
stimulated for up to 24 h with lipopolysaccharide (LPS), observing
that LPS stimulation rapidly enhances Mcpip1 gene expression
(Fig. S1). We generated macrophage-specific MCPIP1-deficient
mice (Mcpip1fl/fl-LysMcre+ mice) by crossing the Mcpip1-floxed
strain with a mouse line expressing cre under the LysM (also known
as Lyz2) promotor (Clausen et al., 1999). We used bone marrow-
derived macrophages to assess the gene expression profiles after
LPS treatment and investigate the expression of autoimmunity-
related transcripts. Several transcripts – such as Baff (also known as
Tnfsf13b), Tnfrsf17 or Flt3l – were highly expressed in knockout
bone marrow-derived macrophages. Upon LPS stimulation, we
observed increased expression levels of Tlr7 and proinflammatory
cytokines such as Ifng and Il6 (Fig. 1A). First, we hypothesized that
the mice would develop a macrophage activation syndrome (MAS)
owing to the increased activation of LysM-expressing cells. As
primary MAS is a severe complication of rheumatic disease in
childhood, which is characterized by natural killer cell defects,
uncontrolled activation of macrophages, high fever and a systemic
cytokine storm, we investigated a cohort of 8-week-old Mcpip1fl/fl-
LysMcre+ mice for signs of spontaneous autoinflammation. We did
not observe any differences in inflammatory cytokines in the serum
(Fig. 1B). Total body weight and temperature did not differ
significantly between wild-type and MCPIP1-deficient mice
(Fig. 1C). We did not detect any signs of suffering, skin rashes or
lesions, splenomegaly and lymphadenopathy at the age of 8 weeks
(Fig. 1D). Cumulatively, these data argue against a spontaneous
MAS-like phenotype.

Macrophage expression of MCPIP1 suppresses
lymphoproliferation and autoinflammation in 6-month-old
mice
Next, we examined the cohort of 6-month-old animals and focused
our attention on delayed episodes of the unique clinical syndrome.
However, we could not detect high fever, obvious signs of
rheumatoid disease or other characteristics of MAS. Instead, we
observed significantly reduced body temperature in macrophage-
MCPIP1-deficient mice (Fig. 1E). Moreover, macrophage-
MCPIP1-deficient mice displayed severe wasting syndrome, as
indicated by decreased body weight (Fig. 1E). Besides weight loss,
mice displayed other signs of suffering, such as apathy and

decreased sensitivity to handling (Fig. 1E). Moreover, knockout
mice developed asymmetrical skin rashes in the malar region and
skin lesions with eczematous phenotype occurring mainly on the
back, ears and eyelids (Fig. 1F). To avoid further discomfort, and
to follow ethical standards, we euthanized all animals at 6 months
of age at the latest. The analysis of blood revealed further
abnormalities in knockouts, including increased hemolysis and
blood coagulation (Fig. 1G). Moreover, we observed significant
leukopenia in the blood of macrophage-MCPIP-deficient mice
(Fig. 1H). Further, the lack of MCPIP1 caused massive
splenomegaly and lymphadenopathy at 6 months of age (Fig. 1I).
Plasma levels of multiple pro-inflammatory cytokines revealed
increased levels of IL-6, TNF-α (also known as TNF), MCP-1 (also
known as CCL2) and IFN-γ (Fig. 1J). The two latter findings
supported previously published observations (Li et al., 2017).
Surprisingly, IFN-α, which plays a predominant role in autoimmune
diseases such as SLE, did not differ in plasma between knockouts
and controls (Fig. 1J).

As the spleen is an important component of the immune system,
serving as a reservoir for immune cells, regulating red blood cell
numbers and generating antibodies, we examined its architecture
and content. We observed increased total numbers of spleen cells
quantified by flow cytometry. This result was consistent with
enhanced Ki-67 (also known as Mki67) staining, indicating a
massive lymphoproliferation (Fig. 2A). We confirmed the finding
by testing the expression of proliferation marker Pcna (Fig. 2A).
Further, we analyzed relevant genes involved in autoinflammation
to provide an inflammatory/autoimmune profile linked to
pathophysiological changes associated with splenomegaly in
MCPIP1-deficient mice (Fig. 2B). Whereas mRNA findings from
whole-blood samples recapitulate the pro-inflammatory cytokine
profile of elevated IL-6, TNFα, and IFN-γ, we detected upregulation
of markers linked to the adaptive immune response in lymphoid
organs, i.e. Baff, Il9, Il5 and Cd40L (also known as Cd40lg)
(Fig. 2B,C). We did not observe any differences in gene expression
in the thymus or bone marrow (Fig. S2). Next, we used IL-6 and
IFN-γ (significantly upregulated in blood transcriptomic experiment)
to examine the cytokine-dependent proliferation of lymphoid cells.
Based on the proliferative properties of these cytokines, we
hypothesized that the cytokines alone can be responsible for the
splenomegaly. The heterogeneous lymphoid-organ-derived cell
population from the macrophage-MCPIP1-knockout mice
intrinsically showed higher expression of proliferation markers such
as Ki67. Stimulation with IFN-γ or IL-6 had a minor effect on the
proliferation in vitro, indicating that other factors are involved in this
process (Fig. 2D). Thus, MCPIP1 deficiency in macrophages favors
lymphoproliferation and splenomegaly, and leads to enhanced
expression of genes involved in cell proliferation and adaptive
immunity regulation.

MCPIP1 suppress the activation of APCs and controls
expansion of B cells and antigen-secreting plasma cells
Flow cytometry of the spleen revealed an expansion of activated
(MHCII+) F4/80+ cells. Surprisingly, the percentage and number of
activated (MHCII+) CD11c+ (also known as Itgax+) dendritic cells
decreased in macrophage-specific knockout mice (Fig. 3A).
This may indicate dysregulation of immunity as the activation of
the particular pathways in CD11chighMHCII+ dendritic cells
orchestrates a balance between inflammatory and regulatory
responses (Mencarelli et al., 2018).

How does the activation of APCs in MCPIP1-deficient mice
affect lymphocyte subsets? T cells make up the greatest proportion
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of lymphocytes, and their number, as well as activation status, can
affect the systemic cytokine pattern. Therefore, we characterized the
T-lymphocyte population in MCPIP1-deficient and control mice.
Surprisingly, we observed significantly reduced numbers of

T lymphocytes in spleens of MCPIP1-deficient mice, as
evidenced by histology and flow cytometry (Fig. 3B). These
results were supported by the low expression of the crucial T-cell
growth factor Il2 in the knockout animals (Fig. 3C). Importantly, the

Fig. 1. See next page for legend.
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phenomenon of lymphopenia was described in patients suffering
from an autoimmune disorder in acute phases of the disease. Some
patients with SLE display low numbers of lymphocytes and, at the
same time, suffer from accelerated anti-self T-cell proliferation
(Merayo-Chalico et al., 2016; Theofilopoulos et al., 2001).
Interestingly, only one population of T cells, Th17 cells, which
are critical for the development of an autoimmune disease, did
increase in myeloid-MCPIP1-deficient mice (Fig. 3D). In contrast,
other subsets that have strong implications for autoimmunity –
namely, regulatory CD4+CD25+FoxP3+ Tregs – were reduced in
knockout mice (Fig. 3D). Reduced expression of Flt3L in the
lymphoid organs of the knockouts could additionally participate
in decreased Treg number (Svensson et al., 2013). Consistently,
the mRNA expression of T-cell transcription factors [Foxp3, T-bet
(also known as Tbx21)] was also significantly lower compared with
that in control animals (Fig. 3F). Thus, MCPIP1 deficiency in
macrophages causes significant downregulation of Treg proliferation
and skews the Treg/Th17 ratio towards a predominance of Th17 T
cells (Fig. 3E).
Surprisingly, despite reduced T-cell population, MCPIP1

deficiency was associated with increased numbers of CD19+ B
cells (Fig. 3G). The count and percentage of activated
MHCII+CD19+ cells were decreased in MCPIP1-deficient mice.
Additionally, we observed decreased mRNA expression of the B-
cell inhibitor Bcl6 in the spleen (Fig. 3H), which prevents
plasmablast differentiation. Decreased expression of Bcl10 and
Pax5, and enhanced levels of Xbp1 and Ccl28 transcripts, implies
that myeloid cell-derived MCPIP1 has a strong immunosuppressive
effect on plasma cells (Fig. 3H). In line with that, the number of
plasma cells was increased in the spleens of knockout mice (Fig. 3I).
Next, we stained and quantified the several factors that participate in
B-cell maturation in the spleen. We observed a significantly
increased number of IRF4+, BLIMP1+ (also known as PRDM+) and
CD95+ (also known as Fas+) cells, but a low level of B220+ (also
known as PTPRC+) cells, in the spleen of the knockout mice

(Fig. 4A-C). The knockouts revealed abnormal germinal center
(GC) formation, characterized by an irregular pattern of B220
staining (Fig. 4D). Furthermore, both freshly isolated B cells and a B-
lymphocyte cell line (A20) showed enhanced proliferative activity
when stimulated with serum from knockout mice (Fig. 4E,F). Thus,
MCPIP1 has a strong suppressive effect on B-lymphocyte
differentiation and plasma cell maturation.

Macrophage expression of MCPIP1 suppresses lupus
autoantibody production in mice
Consequently, we wondered whether myeloid cell MCPIP1
deficiency would enhance IgG and autoantibody production. As
expected, plasma IgG and IgM levels were significantly increased in
knockout mice, supporting our flow cytometry finding (Fig. 5A).
Owing to leukopenia, hemolysis, skin abnormalities, a Th17-prone
T-cell signature and the presence of lymphoproliferation, we
suspected lupus-like disease as the underlying condition in
myeloid-cell-MCPIP1-deficient animals (Raymond et al., 2017).
Thus, we screened for characteristic autoantibodies. Among those,
anti-double-stranded DNA (dsDNA), anti-Smith and anti-histone
IgG were significantly increased in macrophage-specific MCPIP1-
knockout mice (Fig. 5B). Moreover, we investigated the splenic
mRNA expression of receptors relevant for adaptive immune
responses such as Tnfsrf13b (encoding transmembrane activator and
calcium modulator ligand interactor Taci), Tnfrsf13c (Baff
receptor), Tnfsrf17 [B-cell maturation antigen (Bcma)] and Cd40.
We observed significant upregulation of transcript encoding
BCMA, which is induced in late-memory B cells. BCMA is
highly expressed in cells that undergo antibody-producing
differentiation and is present on all plasma cells (Benson et al.,
2008; Mackay et al., 2003; O’Connor et al., 2004). It seems to be
important for the survival of long-lived plasma cells (O’Connor
et al., 2004; Xu and Lam, 2001). During plasma cell differentiation,
the expression of Baff receptor is decreased (O’Connor et al., 2004).
We observed this expression pattern in MCPIP1 mutants compared
to controls (Fig. 5C). Thus, MCPIP1 has a strong suppressive effect
on autoantibody production.

Macrophage MCPIP1 suppresses renal inflammation and
lupus nephritis in mice
SLE in human patients is frequently associated with
glomerulonephritis (Lech and Anders, 2013; Pan et al., 2019). All
macrophage-specific knockouts spontaneously developed renal
inflammation evidenced by massive infiltration of immune cells
(Fig. S3). This histopathological finding suggests strong inflammatory
responses in both interstitial and glomerular compartments of
the kidney. Furthermore, Mac2+ macrophage numbers inside the
glomerular tufts and in glomerular IgG deposits were significantly
increased in the knockout mice (Fig. 5D). Renal functional
parameters, such as serum creatinine, increased in MCPIP1-deficient
mice (Fig. 5E). Furthermore, proteinuria/albuminuria levels were
elevated in knockout mice (Fig. 5E). Histopathological
analyses of periodic acid–Schiff (PAS)-stained samples revealed
mesangioproliferative glomerulonephritis characterized by an
increased number of mesangial cells and mesangial matrix
expansion (increased glomerular tuft area) in the glomeruli in
kidneys of Mcpip1fl/fl-LysMcre+ mice (Fig. S4). WT-1 staining was
analyzed separately to obtain the number of podocytes per glomerulus.
In contrast to the renal tissues of knockoutmice, renal tissues of control
mice broadly expressed the podocyte marker WT-1, which was
exclusively detected along the glomerular structures (Fig. S4). The
composite activity and chronicity score for lupus nephritis was

Fig. 1. MCPIP1 suppresses autoinflammation and lymphoproliferation in
6-month-old mice. (A) Heat map depicting the altered genes from expression
analysis of pre-selected genes in bone marrow-derived macrophages isolated
from wild type (WT) and MCPIP1 knockouts (KO) and stimulated with 10 ng/ml
ultrapure LPS. Red frames mark the genes that were significantly upregulated.
(B) Knockout and control mice were bled at 2 months to determine serum
levels of IL-6, IL-12, IL-10, IFN-γ, MCP-1 and TNF-α. Data represent
means±s.e.m. from at least four mice per group. (C) At 2 months of age,
MCPIP1-deficient mice had normal body weight and temperature. Data
represent means±s.e.m. from at least four mice per group. (D) At 2 months of
age, MCPIP1-deficient mice exhibited no hyperplasia, no lymphoproliferation/
splenomegaly and no hepatomegaly. Theweights of organs from four mice per
group are presented as means±s.e.m. (E) At 6 months of age, MCPIP1-
deficient mice displayed decreased body temperature, decreased body weight
and increased motility. Data from eight mice per group are presented as
means±s.e.m.; **P<0.01, ***P<0.001. (F) At 6 months of age, macrophage-
specific MCPIP1-deficient mice exhibited massive skin inflammation. Eight
mice per group were scored, and data are presented as means±s.e.m.;
***P<0.001. (G) Macrophage-specific MCPIP1-deficient mice displayed
increased hemolysis (means±s.e.m.; *P<0.05) and decreased blood
coagulation. (H) Blood morphology revealed a significantly decreased number
of leukocytes in knockout mice. Data from at least six mice per group are
presented as means±s.e.m.; *P<0.05 (I) At 6 months of age, macrophage-
specific MCPIP1-deficient mice exhibited massive hyperplasia of cervical,
axillar and mesenteric lymph nodes as well as splenomegaly. The weights of
cervical lymph nodes and spleens from 16 mice per group are presented as
means±s.e.m.; ***P<0.001. (J) Knockout and control mice were bled at
6 months to determine serum levels of IL-6, IL-12, IL-10, IFN-γ, MCP-1, TNF-α
and IFN-α. Data represent means±s.e.m. from at least 16 mice per group;
**P<0.01, ***P<0.001. n.s., not significant.
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significantly increased in Mcpip1fl/fl-LysMcre+ mice (Fig. 5F).
Together, these results indicate that lack of MCPIP1 in macrophage-
like cell types induces severe lupus-like immune complex nephritis, as
control mice displayed no such phenotype. Despite normal B- and T-
cell genetics, myeloid cell MCPIP1 deficiency is therefore sufficient to
trigger classical features of murine SLE and lupus nephritis. These data
emphasize an indispensable role for myeloid cells in balancing
tolerance versus autoimmunity.

The autoimmunosuppressive effect of MCPIP1 relates to the
regulation of proinflammatory cytokines
First, to elucidate the phenotype of the myeloid-MCPIP1-deficient
mice, we tested the expression of interferons and interferon-
dependent genes in lymphoid organs and blood. We did not observe
any significant increase inMx1, Ifit1, Ifit3 or interferons in knockout
mice (Fig. S5). Second, because the observed phenotype is routed in
aberrant myeloid cell function, which secondarily stimulates B- and
plasma-cell autoimmunity, and because macrophages of young
MCPIP1-deficient mice displayed inducible overexpression of
TLR-7 (Fig. 1), we speculated that macrophages would upregulate

B-cell-activating factors upon stimulation with TLR-7 (R848) and
TLR-9 (CpG) ligands. Herein, we found significant upregulation of
Tlr7, Ifng, Il5, Il6, Il15, Il17, Il22 and Il23 (Fig. 6A). Data were
replicated by real-time PCR, with similar results except for Il15
(Fig. 6B). Direct binding and mRNA suppression by MCPIP1 has
only been reported for Il6 and not the remaining dysregulated
transcripts (Mino et al., 2015).

In conclusion, MCPIP1 deficiency solely in macrophages causes
hyper-responsiveness of macrophages to endogenous ligands, i.e. to
TLR-7. In turn, MCPIP1-deficient macrophages produce increased
transcripts of IL-17-stimulating cytokines, such as Il23, Il22 and Ifng,
which favor pathologies associated with adaptive immune response.
These data offer a potential explanation for how macrophage-
dependent hyperinflammation causes a break in tolerance and
secondary expansion of autoreactive plasma cells.

DISCUSSION
MCPIP1 is a member of a CCCH zinc-finger-containing protein
family, and MCPIP1 was identified as an MCP-1-induced gene in
humanmonocytes (Zhou et al., 2006). It was described as a negative

Fig. 2. MCPIP1 regulates the proliferation of splenocytes. (A) Splenocytes were quantified by flow cytometry; spleen sections were stained with Ki67
proliferation marker and quantified using image software as described in the Materials and Methods (magnification ×100). RNA was isolated from knockout
and control mice for real-time PCR analysis. Data are expressed as means of the ratio of Pcna versus that of Gapdh mRNA. Data are means±s.e.m. from
at least eight mice per group; ***P<0.001 versus control mice. (B) Heat map depicting the splenic and whole-blood expression of pre-selected genes of wild type
andMCPIP1 knockouts. Red framesmark the genes that were significantly upregulated in the blood; blue framesmark the genes that were considerably changed
in the spleen. (C) Genes that were considerably changed in the spleen were investigated in a larger sample (eight wild type versus eight knockouts). (D) Freshly
isolated splenocytes were stimulated with selected cytokines to investigate their potential role in splenomegaly. Expression levels of transcripts were quantified
by real-time PCR. Data are shown as means of the ratio of the specific mRNA versus that of Gapdh mRNA; *P<0.05, **P<0.01, ***P<0.001.
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Fig. 3. See next page for legend.
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regulator of proinflammatory activation of macrophages in vitro
(Liang et al., 2008). However, its cell-specific role in the regulation
of innate and adaptive immune responses is still unclear. Using
Mcpip1fl/fl-LysMcre+ mice, we have identified a crucial role for
macrophage/granulocytes in maintaining immune homeostasis
(Clausen et al., 1999). Our study has also revealed an important role
for macrophage-dependent innate immune activation as a trigger of
secondary autoimmunity, despite the genetic integrity of T and B cells.
The experimental Mcpip1fl/fl-LysMcre+ mice demonstrated that some
features of autoimmune disease, such as autoantibodies and
mesangioproliferative glomerulonephritis, are typical of SLE, whereas
others, like lymphadenopathy, splenomegaly and dysregulation of
lymphocyte activation, can be linked to autoimmune
lymphoproliferative syndrome.
Current understanding of the effects of macrophages in certain

autoimmune diseases is limited. Macrophages have been suspected
to play a role in regulating self-tolerance, whereas B- and T-cellular
adaptive immunity is considered to be more important (Navegantes
et al., 2017). On the other hand, Lyn-deficient mice were shown to
develop lupus-like autoimmunity and nephritis in a dendritic cell
MyD88-dependent manner, indicating that TLR-dependent
hyperinflammation can trigger secondary autoimmunity (Lamagna
et al., 2013). Similarly, macrophages are well recognized for their
abilities to change their phenotype and regulate immune responses
(Navegantes et al., 2017). Therefore, the phenotypic and activation
properties of macrophages lacking regulatory mechanisms could
lead to the identification of more effective therapeutic strategies in
the future. We showed that MCPIP1 expression in macrophage/
granulocytes (LysM+ cells) protects against spontaneous lupus-like
autoimmunity. This was evidenced by the fact that several B-cell
differentiation and survival factors/cytokines were de-regulated,
promoting the expansion of plasma cells and the production of
autoantibodies. We showed that the deletion leads to the expansion
of IRF4+, BLIMP1+ and CD95+ cells in lymphoid organs. IRF4

controls several events of B-lymphocyte development and
maturation, including pre-B-cell differentiation, marginal zone B-
cell development and plasma cell differentiation (Ma et al., 2008;
Sciammas et al., 2006; Simonetti et al., 2013). AsGCs display a zone
of collaboration between proliferating B cells, T-helper cells and
dendritic cells, the abnormal GC formation observed in the spleen of
knockout mice indicates homeostatic problems in the tissue. The
significantly higher number of BLIMP1+ cells suggests increased
terminal differentiation of B lymphocytes to plasma cells (Shaffer
et al., 2002; Turner et al., 1994). This goes in line with the elevated
levels of plasma cells and antibodies including autoantibodies.
Furthermore, high levels of CD95 receptor in spleens of knockout
mice indicate enhanced CD95-dependent apoptotic activity, which
could be associated with maturation of B cells (Hao et al., 2008;
Rothstein et al., 1995). Several studies have shown that macrophages
are important players in the induction of plasma cell terminal
differentiation (Charo and Ransohoff, 2006; Sallusto and Baggiolini,
2008; Xu et al., 2012). In this study, we showed that the activation of
B lymphocytes by macrophages significantly contributes to the
development of autoantibodies. Indeed, MCPIP1-deficient
macrophages triggered B-lymphocyte maturation, plasma cell
expansion and autoantibody production in vivo. The plasma cell
expansion can be linked to the fact that spleen tissue displayed
significantly increased Baff expression, which activates B-cell
responses. Moreover, IL-6, for which transcript is targeted by
MCPIP1, was recently described as the essential growth and survival
factor for plasmablasts (Jego et al., 2003; Matsushita et al., 2009;
Mohr et al., 2009). Another upregulated cytokine, IL-5, was
described to regulate genes involved in B-cell terminal maturation
(Horikawa and Takatsu, 2006). Previous investigations failed to
identify structural features that qualified IL-5 as an MCPIP1
substrate (Mino et al., 2015). However, the latest studies identified
MCPIP1 as a regulator of the development and functions of IL-5-
producing Th2 cells, which supports our findings (Peng et al., 2018).
Furthermore, we observed a significant increase in Cd40L
expression in knockout mice. CD40/CD40L interaction is required
for the activation of humoral immune responses, including B-cell
activation, plasma cell differentiation, antibody secretion and isotype
switching (Malkiel et al., 2018; Uehata et al., 2013). SLE patients
showed a significant increase in the CD40L-expressing monocytes
(Katsiari et al., 2002), and recombinant CD40L induces the
production of total IgG in B cells of SLE patients (Harigai et al.,
1999), while CD40L overexpression triggers lupus-like autoimmune
disease (Higuchi et al., 2002; Wang et al., 2003). Interestingly, only
Tnfrsf13b/Taci, which is predominantly expressed on plasma cells
and needed for the optimal generation of long-lived plasma cells, is
upregulated in the spleen of knockout mice. Upregulation of
transcript encoding BCMA indicates elevated plasma cell levels.
BCMA is induced in late-memory B cells undergoing differentiation
to antibody-producing B cells and is present on all plasma cells
(Benson et al., 2008; Mackay et al., 2003; O’Connor et al., 2004). It
seems to be important for the survival of long-lived plasma cells
(O’Connor et al., 2004; Xu and Lam, 2001). Strongly downregulated
Baff receptor/Tnfrsf13c that is present onmature B cells suggests that
the mature B cells are a minor cell subpopulation and emphasize the
disproportion in B-cell differentiation in knockout mice. During
plasma cell differentiation, BCMA is induced, whereas Baff receptor
is decreased (O’Connor et al., 2004). Exactly such an expression
pattern was observed in MCPIP1 mutants compared to controls.
However, the experiments with Cd19-cre-deleting strains crossed
with mice carrying a floxed allele of Mcpip1 are still needed to
evaluate the role of MCPIP1 in B cells. B-cell-intrinsic sensitivity to

Fig. 3. MCPIP1 suppresses the activation of macrophages and, indirectly,
Th17 lymphocytes and B-cell subsets. (A) The total number of CD11c+

dendritic cells and F4/80+ macrophages and their activation in spleens was
quantified by flow cytometry in both investigated genotypes as described in the
Materials and Methods. Data represent means±s.e.m. from at least eight mice
per group. **P<0.01, ***P<0.001 versus control mice. (B) Spleen sections were
stained for CD3+ T cells and quantified with image software as described in the
Materials and Methods (magnification ×100). Data are means±s.e.m. from at
least eight mice per group; ***P<0.001. RNA was isolated from spleens, and
mRNA levels in spleen were analyzed for relevant transcripts. (C) Expression
levels of Il2were quantified by real-time PCR. Data are shown as means of the
ratio of the specific mRNA versus that of Gapdh mRNA; *P<0.05. (D,E) The
total numbers of the CD4+ T-cell subset (D) and Th17/Treg ratio (E) were
quantified by flow cytometry in both investigated genotypes as described in the
Materials and Methods. Data represent means±s.e.m. from at least eight mice
per group. *P<0.05 versus control mice. (F) mRNA levels of T-cell-relevant
transcription factors in spleens were quantified by real-time PCR. Data are
shown asmeans of the ratio of the specific mRNAversus that ofGapdhmRNA;
*P<0.05, ***P<0.001 versus control mice. (G) Spleen sections were stained for
CD19+ B cells and quantified with image software as described in theMaterials
and Methods (magnification ×200). Data are means±s.e.m. from at least eight
mice per group; ***P<0.001. The total numbers of spleen B220+/CD19+/
MHCII+ cells were quantified in 6-month-old mice by flow cytometry. Data are
means±s.e.m. of at least eight mice per group; **P<0.01, ***P<0.001 versus
control mice. (H) mRNA levels in the spleen were analyzed for B-cell survival
and stimulatory factors. Expression levels were quantified by real-time PCR.
Data are shown as means of the ratio of the specific mRNA versus that of
Gapdh mRNA; *P<0.05, ***P<0.001. (I) Mature B cells and kappa light chain+

CD138+ (also known as Sdc1+) plasma cells were quantified in 6-month-old
mice by flow cytometry. Data are means±s.e.m. of at least eight mice per
group; **P<0.01 versus control mice. n.s., not significant.
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relevant molecules such as Baff or Cd40L, and signs of
autoimmunity-like production of autoantibodies and organ
damage, need to be investigated. Nevertheless, these data
emphasize the concept that macrophages orchestrate B-cell
autoimmunity. Some activation pathways are intrinsic to B or T
cells, but regulation processes may involve macrophages.

To our surprise, we observed low splenic T-cell count in the
knockout mice, suggesting that healthy macrophage signaling
supports not only B cells but also T-cell homeostasis. We detected
very few signs of activation of the T cells in theMcpip1fl/fl-LysMcre+

mice, except for increased cytokine expression such as IFN-γ and a
higher number of Th17 cells. Both IL-17 and IFN-γ are present in

Fig. 4. Macrophage-derived
MCPIP1 regulates B-lymphocyte
expansion in lymphoid organs.
(A-D) Spleen sections were stained
with anti-mouse IRF4, BLIMP1,
CD95 and B220 antibodies and
quantified by Adobe Photoshop
software as percentage of positively
stained high-power field (HPF) from
eight mice per group; ***P<0.001.
(magnification ×200, A,B; ×400, C;
×100, D) (E) The proliferative activity
of primary B lymphocytes stimulated
with serum from wild-type and
knockout mice. Data are means
±s.e.m. (F) The proliferative activity of
A20 B-lymphocyte cell line stimulated
with serum from wild-type and
knockout mice and CpG. Data are
means±s.e.m.; ***P<0.001.
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patients with SLE and correlate with disease severity (Bengtsson
et al., 2000; Ma et al., 2010). The inconsistent low expression of
Rorc could be a result of activation or differentiated status (Castro

et al., 2017). Moreover, RORγt (Rorc gene product) is expressed not
exclusively on Th17 cells but also in a subset of Tregs with
enhanced immunosuppressive function (RORγt+ Tregs) (Ohnmacht

Fig. 5. See next page for legend.
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et al., 2015; Sefik et al., 2015). We observed that there was a
decrease in the percentage of other T-cell populations, including
FoxP3+ Treg cells, in macrophage-specific MCPIP1-deficient mice.
This was consistent with lower expression of Flt3L in the knockout
mice, which facilitates the formation of Treg cells and reduces the
severity of antigen-induced arthritis in mice (Svensson et al., 2013).
Our data identify the control of autoimmunity as a novel function of
MCPIP1. It controls Tlr7- and Tlr9-dependent activation of
macrophages and therefore affects an important pathomechanism
of SLE. MCPIP1-deficient macrophages exhibited enhanced
production of proinflammatory cytokines, such as Il5, Il6, Il17,
Il22, Il23 and Ifng, but not type I IFN signaling. Whereas
degradation of Il6 mRNA has already been documented, the other
transcripts have not been investigated experimentally (Liang et al.,
2008; Matsushita et al., 2009; Mino et al., 2015; Wilamowski et al.,
2018).
Overall, our results indicate that MCPIP1, which had previously

unknown immunoregulatory effects in the context of spontaneous
autoimmunity, is an important factor that limits the autoimmune
renal phenotype. The severe autoinflammatory syndrome that
develops in mice with a myeloid-specific MCPIP1 deficiency
sheds light on the role of macrophages in processes of adaptive
immunity.

MATERIALS AND METHODS
Animal studies
Myelomonocytic cell MCPIP1-deficient mice (Mus musculus) were
generated and backcrossed to the C57BL/6 strain by crossing Lox-P-
MCPIP1 mice with LysM-cre mice (The Jackson Laboratory). Female mice
were housed in sterile filter-top cages with a 12 h dark/light cycle. All mice
were sacrificed by cervical dislocation at 8 or 24 weeks of age. This study
was carried out following the principles of the Directive 2010/63/EU on the
Protection of Animals Used for Scientific Purpose and with approval by the
local government authorities, II Lokalna Komisja Etyczna (local ethic
commission) in Krakow.

Evaluation of autoimmune tissue injury
Organs were fixed in 4% buffered formalin and embedded in paraffin.
Histology staining was performed according to the manufacturer’s
instructions. We used the following antibodies: rat anti-BLIMP1 (cat. 14-
5963-82, Invitrogen, 1:100), rabbit anti-CD95 (cat. bs-0215R-TR, Bioss,
1:400), rat anti-IRF4 (cat. sc-130921, Santa Cruz Biotechnology, 1:200), rat
anti-B220 (cat. 14-0452-82, Invitrogen, 1:400), anti-CD3 (cat. MCA1477,
Bio-Rad, 1:100), anti-F4/80 (cat. NB 600-404SS, NovusBio, 1:100) and
anti-Ly6C (cat. MCA771GA, Serotec, 1:200). For quantitative analysis,
glomerular cells were counted in ten cortical glomeruli per section (from at
least eight to 16mice in the group) or were analyzed using Adobe Photoshop

CS4Extended (percentage of stained high-power field). Kidney function
was determined by measuring serum BUN (DiaSys Diagnostic Systems),
and serum creatinine levels were determined by the Jaffe method (DiaSys
Diagnostic Systems). Albuminuria and proteinuria were determined via a
mouse Albumin Quantification Set (Bethyl Laboratories, Montgomery, TX,
USA) and the Bradford method, respectively.

Flow cytometry
Anti-mouse CD3 FITC (cat. 553062, BD Biosciences), anti-CD4 APC (cat.
553051, BDBiosciences), anti-CD8a PerCP (cat. 553030, BDBiosciences),
anti-CD25 PB (cat. 553072, BD Biosciences), anti-FoxP3 (BioLegend, San
Diego, USA), anti-CD11c PE (cat. 557401, BD Biosciences), anti-F4/80
APC (AbDSeroTec, Düsseldorf, Germany), anti-CD86 FITC (cat. 553691,
BD Biosciences), BV421 rat anti-mouse CD18 Clone C71/16 (RUO), anti-
CD19 PB (cat. 115526, BioLegend), anti-MHC II (I-A/I-E) (cat. 107605,
BioLegend), B220 Alexa Fluor 647 (cat. 103229, BioLegend), anti-mouse
kappa light chain PE (cat. 559940, BD Biosciences), anti-CD138 APC (cat.
558626, BD Biosciences), anti-CD11b PECy7 (cat. 101216, BioLegend),
anti-CD11c FITC (cat. 117306, BioLegend), anti-MHCII PerCP Cy5.5 (cat.
107626, BioLegend), anti-CD16/32 (cat. 101302, BioLegend), anti-cd80
violett650 (cat. 104732, BioLegend), anti-CD317 PE (cat. 127104,
BioLegend) and mouse anti-Th17/Tregs Phenotyping Kit (cat. 560767,
BD Biosciences) were used to differentiate T- and B-cell subsets as well as
dendritic cells and macrophages. Intracellular labeling (FoxP3 and kappa
light chain) was done using a Cytofix/Cytoperm Kit (BD Biosciences),
following the manufacturer’s instructions. Plasma cells were analyzed after
doublet and dead cell exclusion (Zombie viability dye) from lymphocytes
(scatter gate) gating for MHCII+CD138+ and kappa light chain-positive
cells. Staining for the kappa light chain was done using BD Biosciences
intracellular staining, following the manufacturer’s instructions. Cell-
counting beads (Invitrogen) were used for determining cell numbers by
FACS Cytoflex (Beckman Coulter, Indianapolis, IN, USA) and analyzed
with FlowJo V.10 Software (BD Biosciences).

Quantitative real-time PCR
SYBR Green Dye detection system was used for quantitative real-time PCR
on a Light Cycler 480 (Roche, Mannheim, Germany). Gene-specific
primers (225 nM; Metabion, Martinsried, Germany) were used as listed in
Table S1. Standard controls for genomic DNA contamination, RNA quality
and general PCR performance were included.

Autoantibody and plasma cytokine analysis
For detection of antibodies to dsDNA, NUNC MaxiSorp ELISA plates
(Thermo Fisher Scientific) were coated with poly-L-lysine (Trevigen) and
PBS (ratio 1:1) for 1 h. Plates were washed with TrisNaCl (50 mM Tris and
0.14 M NaCl pH 7.5) and were coated with dsDNA (2 µg/ml) in saline-
sodium citrate (SSC) pH 7.0 buffer overnight. For anti-nucleosome
antibodies, MaxiSorp enzyme-linked immunosorbent assay (ELISA)
plates were pre-coated with poly-L-lysine and PBS (1:1) for 1 h. Plates
were washed with TrisNaCl buffer and incubated with mouse DNA histones
(2 µg/ml) in SSC buffer overnight at 4°C. For anti-Smith antibodies,
MaxiSorp ELISA plates were coated with Smith antigen (Sm3000;
Immunovision) in 0.05 M carbonate-bicarbonate buffer overnight at 4°C.
Serum samples were diluted 1:100 to 1:1,000,000 for all IgM/IgG ELISAs.
Sera from 24week-old C57BL/6lpr/lpr and 24-week-old MRLlpr/lpr mice, as
well as IgG-poor serum, were used as controls. Horseradish peroxidase-
conjugated antibody to mouse IgG and IgM (A90-131P and A90-101A,
Bethyl) was used as a secondary antibody (1:50,000). Absorbance was
measured at 450 nm with a Sun-rise plate reader (TECAN).

In vitro experiments
Bone marrow cells from wild-type and knockout mice were isolated from
femur and tibia, erythrocyte depleted and cultured with 20 ng/ml mouse
recombinant M-CSF (Immunotools, Germany) in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS) and
1% penicillin/streptomycin for 7 days to generate macrophages. On day 7,
cells were stimulated with 10 ng/ml LPS (Sigma-Aldrich, USA), 0.3 µM

Fig. 5. Macrophage-derived MCPIP1 limits antibody production and
kidney injury. (A,B) Mice from both groups were bled at 6 months to determine
serum levels of IgG and IgM (A), as well as anti-histone, anti-dsDNA and anti-
Smith autoantibodies (B) by ELISA. Data show means±s.e.m. from at least 16
mice per group; ***P<0.001 versus control mice. (C) mRNA levels in the spleen
were analyzed for B-cell-relevant genes. Expression levels were quantified by
real-time PCR. Data are shown as means of the ratio of the specific mRNA
versus that of Gapdh mRNA; **P<0.01, ***P<0.001. (D) Kidney sections were
stained for Mac2 and total IgG, and quantified by counting (Mac2) or by using a
semi-quantitative score (IgG) (magnification ×400). Data are shown as means
of at least 40 scored HPFs or quantified in glomeruli from at least eight mice per
group; ***P<0.001. (E) Kidney parameters were measured in both groups of
mice. Data are means±s.e.m. of eight to 16 mice per group; *P<0.05, **P<0.01
versus control mice. (F) Kidney sections were stained with periodic acid–Schiff
(PAS) and Masson Trichrome, and quantified using a semi-quantitative score
(magnification ×400). Data are shown as means of at least 40 scored HPFs or
quantified in glomeruli from at least eight mice per group; ***P<0.001. n.s., not
significant.
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CpG ODN 2006 (Hycult Biotechnology, The Netherlands), 100 ng/ml
R848 (Enzo Life Science, NY, USA) or left untreated as a control.
Splenocyte cells from wild-type and knockout mice were isolated from fresh
spleens, erythrocyte depleted and cultured in DMEM supplemented with
10% FCS and 1% penicillin/streptomycin for 24 h. The next day, cells were
stimulated with 10 ng/ml IFN-γ, 10 ng/ml IL-6 or left untreated as a control.
All ligands and cytokines were obtained from Invivogen and Immunotools,
respectively. After 4 h and 24 h, macrophages and splenocytes were
processed for further analysis as indicated in the Results section.

The MACS kit purchased from Miltenyi Biotec was used for purification
of the B-cell subset from spleen cell suspension of wild-type and knockout
mice. Isolated cells were seeded for 48 h stimulation with 1%, 20% and 50%
wild-type and knockout murine serum on 96-well plates. Proliferation of the
cells was detected with the thymidine analog 5-bromo-2′-deoxyuridine
(BrdU) following its incorporation into newly synthesized DNA and its
subsequent detection with an anti-BrdU antibody (Roche), following
manual instruction. Absorbance was measured at 450 nm using FlexStation
(Molecular Devices). The A20 B-lymphocyte cell line (ATCC TIB-208)

was exposed on 96-well plates to 20% wild-type and knockout murine
serum and 0.3 µM CpG ODN 2006 for 48 h. MTT assay was performed
according to a commercial manual; absorbance was measured at 570 nm.

Statistical analysis
Data were expressed as mean±s.e.m. Data from wild-type and knockout
mice were compared with ANOVA on ranks, followed by the Student–
Newman-Keuls test using SigmaStat Software (Jandel Scientific, Erkrath,
Germany) (Figs. 2D, 5B, 6B). Student’s t-test was used for direct
comparisons between single groups, i.e. wild-type and knockout cells/
mice in cases of normally distributed data or sample size n>15 (Figs. 1I, 2A,
3B, 5A,D-F). Mann–Whitney U test was used to analyze data with a small
sample size and non-parametric distribution (all other figures). We used
GraphPad Prism software for the analyses. P<0.05 indicated statistical
significance.

Competing interests
The authors declare no competing or financial interests.

Fig. 6. MCPIP1 orchestrates autoimmunity by affecting TLR7 and TLR9 signaling. (A) Heat map depicting the altered genes from expression analysis of pre-
selected genes in bone marrow-derived macrophages isolated from wild type and MCPIP1 knockouts and stimulated with R848 and CpG. Red marks the genes
that were upregulated in knockouts upon stimulation. (B) Expression of selected genes was determined in bone marrow-derived macrophages 4 h post-
stimulation with R848 and CpG. Data represent means±s.e.m.; *P<0.05, **P<0.01, ***P<0.001.
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