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MicroRNA-155 (miR-155) regulates antibody responses and sub-
sequent B-cell effector functions to exogenous antigens. However,
the role of miR-155 in systemic autoimmunity is not known. Using
the death receptor deficient (Faslpr) lupus-prone mouse, we show
here that ablation of miR-155 reduced autoantibody responses
accompanied by a decrease in serum IgG but not IgM anti-dsDNA
antibodies and a reduction of kidney inflammation. MiR-155 de-
letion in Faslpr B cells restored the reduced SH2 domain-containing
inositol 5′-phosphatase 1 to normal levels. In addition, coaggregation
of the Fc γ receptor IIB with the B-cell receptor in miR-155−/−-Faslpr

B cells resulted in decreased ERK activation, proliferation, and
production of switched antibodies compared with miR-155 suf-
ficient Faslpr B cells. Thus, by controlling the levels of SH2 domain-
containing inositol 5′-phosphatase 1, miR-155 in part maintains an
activation threshold that allows B cells to respond to antigens.

ERK pathways | SHIP-1

MicroRNA-155 (miR-155) plays a critical role in the gen-
eration of effective antibody responses to exogenous an-

tigenic challenges in mice (1–3). MiR-155 levels have been
reported to be elevated in B but low in T cells from patients with
systemic lupus erythamosus (4), yet it is not known whether miR-
155 controls autoimmune responses and the expression of
related pathology.
Mice harboring ubiquitous or B-cell-specific ablation of the

death receptor Fas develop a severe lupus-like disease. B-cell-
specific deletion of the death receptor (fas−/−) fas−/− mice develop
an excessive germinal center (GC)-derived IgG autoantibody de-
position in their kidneys and succumb to renal failure (5). It has
been suggested that loss of tolerance in lpr mice results from the
down-regulation of the low-affinity IgG inhibitory receptor FcγRIIB
(Fc γ receptor IIB), thereby rendering their B cells incapable of
terminating stimulatory signals delivered by autoantigen-containing
immune complexes (6–8). However, the mechanisms whereby lack
of FcγRIIB engagement would lead to autoimmunity, and whether
additional factors contribute to autoimmunity, are still unclear.
The SH2 domain-containing inositol 5′-phosphatase 1 (SHIP-1)

phosphatase acts downstream of inhibitory cell-surface receptors
(9–12), including the FcγRIIB, which is essential in opposing
B-cell activation signals in mice and humans (13, 14). FcγRIIB
inactivation has been implicated in the development of autor-
eactive GC B cells and plasma cells (15), as well as in the regu-
lation of the persistence and longevity of bone marrow plasma
cells (16). After coligation of the FcγRIIB with the B-cell receptor
(BCR), FcγRIIB recruits SHIP-1 to the plasma membrane, where
it negatively regulates cell survival, Ca2+-dependent effector
functions, and ERK activation, thus controlling cell proliferation,
anergy, and apoptosis (17–23). As a consequence of these wide-
ranging activities, germ-line or B-cell-specific deletion of FcγRIIB
or SHIP-1 in mice results in a severe lupus-like disease charac-
terized by high-titer serum IgG antinuclear autoantibodies,

lymphadenopathy, splenomegaly, renal failure, and increased
mortality (23–27). MiR-155 has been reported to regulate SHIP-
1 expression in mammalian myeloid and malignant B cells (28–
31). However, it is not known whether SHIP-1 regulation by
miR-155 affects GC reactions or peripheral tolerance during
a protective immune response or in an autoimmune environ-
ment, such as that in Faslpr mice.
To understand the role of miR-155 in autoimmunity, we

crossed Faslpr mice with our bic/miR-155−/− mice to generate
miR-155−/−-Faslpr animals. Here we demonstrate that deletion of
miR-155 reduced serum IgG but not IgM anti-dsDNA autoan-
tibody levels and kidney damage. Further, we show that the
absence of miR-155 derepresses the expression of SHIP-1, thus
mitigating B-cell activation, proliferation, and autoimmune
responses. We provide evidence that miR-155 could be targeted
to control autoimmunity and lupus nephritis.

Results
Ablation of miR-155 Mitigates Splenomegaly in the Faslpr Mouse.
B-cell-specific or ubiquitous inactivation of Fas leads to early
death preceded by a lymphoproliferative disorder manifested as
splenomegaly and lymphadenopathy (5, 32). Compared with the
aged-matched Faslpr group (mean size: 0.432 ± 0.01 g), miR-
155−/−-Faslpr mice had a 2.8-fold reduction in their spleen size
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(mean size: 0.153 ± 0.05 g, P < 0.0001, Fig. 1A and Fig. S1). The
smaller spleen size of miR-155−/−-Faslpr mice was accompanied
by a 2.3-fold lower total number of cells in this tissue compared
with the Faslpr mice (mean 1.4 × 108 vs. 3.2 × 108, P = 0.0019, Fig.
1B). There was a consistent normalization of total lymphoid and
CD19+ B cells in the miR-155−/−-Faslpr spleen (Fig. 1 C and D).
Additionally, miR-155−/−-Faslpr mice had smaller peripheral
lymph nodes (pLNs); however, the degree of reduction in their

size varied considerably. We did not observe a change in the
frequency of the unusual peripheral CD4−CD8− T cells in miR-
155−/−-Faslprmice compared with Faslprmice (Fig. S2) (32). Overall,
these data show that targeting of miR-155 limits the development
of splenomegaly and lymphadenopathy in Faslpr mice.

Autoantigen-Induced GC Reactions Are Reduced in miR-155−/−-Faslpr

Mice. Spontaneous GC reactions observed in Faslpr mice have
been demonstrated to be autoantigen-driven (33, 34). We and
others have previously shown that GC reactions and subsequent
B-cell effector functions are regulated by miR-155 (1–3). We
thus asked whether miR-155 deletion would mitigate spontane-
ous GC reactions in fas-deficient mice. Flow cytometry con-
firmed that compared with the age-matched B6 parental strain,
10- to 12-mo-old Faslpr mice had a higher frequency of B cells
with the GC phenotype, peanut agglutinin (PNA)+GL7+ (Fig.
2A). However, the frequency of GC-phenotype B cells in miR-
155−/−-Faslpr spleens (1.75% ± 0.65%) and pLNs (0.76% ±
0.29%) was fivefold and 12-fold lower, respectively, compared
with Faslpr mice (spleen GC B cells 8.82% ± 0.4%, P < 0.0001;
pLN GC B cells 9.0% ± 0.9%, P = 0.0013, Fig. 2 A–C). The
lower GC B-cell frequency corresponded to a statistically sig-
nificant reduction in the total number of spleen GC B cells in
miR-155−/−-Faslpr mice (Fig. 2D). Thus, in miR-155−/−-Faslpr

mice, both the frequency and total number of spleen and the
frequency of pLN GC B cells were normalized to the levels seen
in B6 and miR-155−/− control mice. At the time of analysis, aged
(10–12 mo old) Faslpr mice developed severe lymphadenopathy
with many large pLNs, possibly generated from the fusion of
many nodes, making it difficult to confidently ascertain that the
absolute number of GC B cells observed were representative
of individual pLNs. Histologically, PNA staining of follicular
structures confirmed spontaneous GC formation in Faslpr lym-
phoid tissues (Fig. 2E). By contrast, miR-155−/−-Faslpr spleens
and pLNs contained a minimal number of GCs, comparable to
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Fig. 1. Ablation of miR-155 alleviates splenomegaly in the Faslpr mouse.
Results were obtained from aged mice (10-12 mo old). WT B6 (n = 5); miR-
155−/− (n = 5); miR-155−/−-Faslpr (n = 10); Faslpr (n = 10). (A) Spleens were
weighed before analysis. Each symbol represents one mouse. (B) The number
of live spleen cells was determined by Trypan blue. (C) The number of
lymphoid cells per spleen was calculated from the number of live cells within
the lymphoid gate. (D) The number of CD19+ spleen B cells was calculated
from the lymphoid population. P values were determined by Student t test
(GraphPad Software).

0

5

10

15 p<0.0001

p=0.3115

Pe
rc

en
t s

pl
ee

n 
G

C
 B

 c
el

ls

B6 155-/- 155-/-lpr lpr

BA
B6 lpr155-/- 155-/-lpr

Spleen

pLN

GL-7

P
N

A 1.5 0.77 6.07 10

0.97 2.2 2.6 33

B6 155-/- 155-/-lpr lpr

Spleen

pLN

E

0

10

20

30

40
p=0.0013

p=0.8676

Pe
rc

en
t p

LN
 G

C
 B

 c
el

ls
 

C

B6 155-/- 155-/-lpr lpr
0

10

20

30

40 p<0.0001

p=0.3135

G
C

 B
 c

el
ls

/s
pl

ee
n 

(1
05 )

D

B6 155-/- 155-/-lpr lpr

Fig. 2. Autoantigen-induced GC reactions are re-
duced in miR-155−/−-Faslpr mice. (A) The frequency
of GC B cells within the CD19 gate using PNA-
phycoerythrin (PE) and GL-7-FITC. Plots are repre-
sentative of 5–10 experiments. B6 (n = 5), miR-155−/−

(n = 5), miR-155−/−-Faslpr (n = 10), Faslpr (n = 10). (B)
The frequency of spleen GC B cells within the CD19
gate was determined from A. Each symbol repre-
sents one mouse. (C) The frequency of pLN GC B
cells within the CD19 gate was determined from A.
(D) The absolute number of spleen GC B cells was
calculated from B. P values were determined using
the GraphPad Software Student t test. (E) Immuno-
histochemistry of spleens and pLNs was done using
paraffin sections. Arrows indicates germinal centers
stained with PNA (brown) and counterstained with
hematoxylin. Blue stain indicates follicles.
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those in B6 and miR-155−/− control mice (Fig. 2E, arrows in-
dicate GCs). Therefore, in addition to controlling GC formation
in response to exogenous antigens (1), miR-155 participates in
autoantigen-driven GC reactions in the Faslpr mouse.

Serum IgG Anti-dsDNA Autoantibodies Are Decreased in miR-155−/−

-Faslpr Mice. A marker of human systemic lupus erythamosus is
the presence of high-titer IgG autoantibodies against nuclear
autoantigens, especially dsDNA (35, 36). Similarly, aged Faslpr

or B-cell-specific fas-deficient mice produce excessive amounts
of autoantibodies directed against dsDNA or ssDNA auto-
antigens (5, 32). As early as 8 wk of age and before the onset of
overt kidney pathology, total serum IgM and IgG anti-dsDNA
autoantibodies were high in Faslpr mice compared with B6
controls, as expected (Fig. 3 A and B). By contrast, miR-155−/
−-Faslpr mice had ∼twofold lower levels of total IgG anti-
dsDNA autoantibodies at all ages examined (Fig. 3B, *P ≤
0.02). However, miR-155−/−-Faslpr mice maintained the same
levels of IgM anti-dsDNA antibodies as in Faslpr mice (Fig. 3A).
To understand the reason for the reduced serum IgG observed
in miR-155−/−-Faslpr mice, we carried out in vitro switched assays.
B-cell cultures from B6, miR-155−/−, and miR-155−/−-Faslpr mice
showed similar frequencies of IgG1-positive (∼15%) and divided
cells (∼33%) after stimulation (Fig. 3 C–E). By contrast, we ob-
served a higher frequency of class-switched cells in the Faslpr

cultures (29%), which corresponded to a higher frequency of di-
vided cells (69%, Fig. 3 C–E). Overall, there was an ∼twofold
decrease in the level of serum IgG anti-dsDNA and a 1.9-fold
decrease in switched IgG1 antibodies in miR-155−/−-Faslpr com-
pared with Faslpr mice. Therefore, miR-155 deficiency in part
reduces B-cell proliferation and isotype-switched antibody pro-
duction in fas-deficient lpr mice.
It has been suggested that most isotype-switched and somati-

cally mutated autoantibodies produced in aged lprmice originate
from short-lived plasmablasts (B220+, CD138+, CD22low) that
develop outside the GC (37–39). However, in the lpr autoim-
mune environment, miR-155 deficiency did not change the fre-
quency or number of B220+CD138+CD22low B cells (Fig. S3 A
and B). Our data suggest that in the lpr autoimmune environ-
ment, miR-155 controls the homeostasis of switched autoreactive
B cells.

MiR-155 Deficiency Alleviates Lupus Nephritis in fas-Deficient Lupus-
Prone Mice. Faslpr and B-cell-specific fas-deficient mice often
succumb to renal failure associated with the overproduction of
autoantibodies and immune-complex deposition in the kidneys
(5, 32). We thus asked whether systemic B-cell changes in our
miR155-deficient lpr mice correlated with changes in Igs de-
position in their kidneys. Immunofluorescence staining revealed
less IgG staining in the glomeruli of miR-155−/−-Faslpr mice
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Fig. 3. Serum IgG anti-dsDNA autoantibodies are
decreased in miR-155−/−-Faslpr mice. (A and B) Se-
rum IgM and IgG anti-dsDNA antibodies were
measured by ELISA, and levels were expressed as
arbitrary units; *P ≤ 0.02. (C) Naïve spleen B cells
were labeled with CFSE and induced to divide and
class switch in vitro for 3 d with 2 μg/mL anti-CD40
Ab (clone HM40-3) and 25 ng/mL IL-4. Cell division
was determined with FlowJo Proliferation Platform
software. Dead cells were excluded by the DNA vital
dye TO-PRO-3. (D and E) Compilation of results
obtained in C. P values were determined by Student
t test (GraphPad Software).
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compared with the large amounts of IgG seen in Faslpr kidneys
(Fig. 4A). The IgG signal intensity in B6 and miR-155−/− control
kidneys was negligible (Fig. 4A). By contrast, IgM deposition
remained similar in kidneys of Faslpr and miR-155−/−-Faslpr mice,
consistent with the fact they had comparable levels of serum IgM
(Fig. 4A). Extensive IgG positivity was also observed in the
medulla and vessels of Faslpr kidneys but not in the corre-
sponding areas of miR-155−/−-Faslpr kidneys (Fig. S4 A and B).
Histopathologic analyses of kidneys from Faslpr mice showed
enhanced mononuclear cell infiltration, disrupted architecture,
and enlarged glomeruli (Fig. 4B and Fig. S5, thick and thin
arrows indicate glomeruli and vessels, respectively). By contrast,
the kidneys of age-matched miR-155−/−-Faslpr, B6, and miR-
155−/− mice showed little or no abnormalities in the overall ar-
chitecture, negligible levels of mononuclear cell infiltration, and
contained normal-size glomeruli, correlating with the absence of
IgG staining. Lower serum IgG autoantibody levels were asso-
ciated with improved renal clinical parameters in miR-155−/−

-Faslpr mice (Table S1). Urinalysis of the compound mutant
mice, using Multistix strips, revealed only trace amounts of blood
and an undetectable number of lymphocytes, similar to WT B6
and miR-155−/− mice. Although the level of urinary proteins in
the miR-155−/−-Faslpr mice was higher than that of WT B6 and
miR-155−/− mice, it was fourfold lower than in Faslpr mice (53 ± 36
vs. 260 ± 89, P = 0.0006). Collectively, our results demonstrate
that targeting miR-155 in the lupus-prone Faslpr mouse leads to
decreased IgG deposition and renal damages.

MiR-155 Modulates SHIP-1 Expression and the Downstream ERK
Kinase Pathway After BCR and FcγRIIB Coligation. Although our
data suggest that miR-155 plays an essential role in regulating
autoantibody responses in lupus-prone Faslpr mice, the mecha-
nisms by which miR-155 exerts its regulatory functions are not
readily apparent. It has been proposed that miR-155 regulates
SHIP-1 expression in mammalian myeloid and malignant B cells
(28–31). However, it is not known whether SHIP-1 regulation by
miR-155 affects GC reactions or peripheral tolerance during
a protective immune response or in an autoimmune environ-
ment, such as that in Faslpr mice. We previously showed that

although miR-155 levels are negligible in resting B cells, stimu-
lation induces a transient peak of miR-155 expression at 24 h (1).
Because spleens from Faslpr mice contained B cells with an ac-
tivated/GC phenotype, we asked whether miR-155 would be
detected in these cells. As shown in Fig. 5A, resting and activated
CD19+ spleen B cells from Faslpr mice expressed miR-155. By
contrast, miR-155 was only present in activated spleen B cells
from B6 mice. MiR-155 was not detected in either miR-155−/− or
miR-155−/−-Faslpr B cells, as expected. Whereas treatment with
intact goat IgG anti-IgM (BCR) had little effects on SHIP-1
levels in B6 B cells, miR-155–deficient B cells had a 2.4-fold
increase in SHIP-1 levels after treatment, as measured by
Western immunoblots (Fig. 5B). We observed little difference in
SHIP-1 steady-state expression in unstimulated B6, miR-155−/−,
and miR-155−/−-Faslpr spleen B cells, consistent with the fact that
miR-155 is not expressed in resting normal B cells. SHIP-1
protein expression was lower in unstimulated Faslpr spleen B cells
and was unaffected by our stimulation, perhaps because miR-155
was constitutively present in these cells. By contrast, SHIP-1
levels in miR-155−/−-Faslpr spleen B cells increased after activa-
tion compared with Faslpr, but still lower than that of miR-155−/−
B cells. Thus, miR-155 deficiency restores SHIP-1 expression
levels in Faslpr spleen B cells, suggesting that in the lpr back-
ground, miR-155 is at least partially responsible for poor SHIP-1
expression in B cells. These results also suggest that upon acti-
vation, miR-155 is induced to maintain a SHIP-1 level that would
prevent the prolongation of SHIP-1 inhibitory effects on B-cell
activation. However, in Faslpr B cells, the persistent presence of
miR-155 keeps SHIP-1 levels low, thus allowing these cells to be
readily activated.
Next we asked whether ERK activation is affected by the

dysregulated SHIP-1 expression in miR-155–deficient B cells.
Indeed, after BCR and FcγRIIB coengagement, ERK phos-
phorylation was dampened in miR-155−/− and miR-155−/−-Faslpr
spleen B cells compared with B6 controls (Fig. 5C). Faslpr B cells
displayed a higher level of ERK activation after engagement of
the BCR and the FcγRIIB, corresponding to the lower level of
SHIP-1 seen in these cells. In the absence of FcγRIIB coen-
gagement [goat IgG (Fab’)2], hence no inhibitory signal, the
ERK activation state remained similar in spleen B cells from
mice of all genotypes (Fig. 5D). There was negligible ERK ac-
tivation in all unstimulated cultures. Thus, our results implicate
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Fig. 4. MiR-155 deficiency alleviates renal pathologies in fas-deficient lu-
pus-prone mice. Kidneys were obtained from 10- to 12-mo-old mice. (A)
Confocal microscopy was done to determine IgG and IgM (green) deposition
on kidney sections. (B) Kidney morphology was assessed by histology with
H&E stain. Thick and thin arrows indicate glomeruli and vessels, respectively.

Resting Intact anti-IgM

CD19+ spleen B cells

CC miR-155-
/-

miR-155-
/- lpr

lpr miR-155-
/-

miR-155-
/- lpr

lpr

miR-155

U6

A B

SHIP-1

β−actin

1 1 1.31 0.30.2 1 2.4 Ratio

Resting Intact anti-IgM
Spleen B cells

CC miR-155-
/-

miR-155-
/- lpr

lpr miR-155-
/-

miR-155-
/- lpr

lpr

C

pERK

ERK

Ratio1 0.4 30.6

Spleen B cells 

R R R RI I I I
C 155-/-155-/-lpr lpr

Intact pERK

ERK

Spleen B cells 

1 0.9 1 1.1 Ratio

D
R R R RF F F F

C 155-/- 155-/-lpr lpr
F(ab’)2

Fig. 5. MiR-155 modulates SHIP-1 expression and the downstream ERK ki-
nase pathway after BCR and FcγRIIB coligation. (A) CD19+ spleen B cells were
left untouched or activated with intact IgG anti-IgM for 16 h. MiR-155 or U6
was probed from 2 μg of total RNA per sample. (B) CD19+ spleen B cells were
left untouched or activated with intact IgG anti-IgM for 24 h. Whole-cell
lysates were probed with an anti-SHIP-1 antibody followed by anti-β-actin.
Results are representative of three independent experiments with six mice
per genotype. Ratio: total SHIP-1/β-actin determined by Bio-Rad Quantity One
software. (C and D) Naïve spleen B cells were activated with intact IgG anti-IgM
(C) or with F(ab’)2 anti-IgM (D) for 15 min. Whole-cell lysates were probed with
anti-phospho-ERK, stripped, then reprobed with anti-total ERK. Ratio: pERK/
total ERK determined by Bio-Rad Quantity One software. Results are repre-
sentative of three independent experiments with six mice per genotype.

Thai et al. PNAS | December 10, 2013 | vol. 110 | no. 50 | 20197

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1317632110/-/DCSupplemental/pnas.201317632SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1317632110/-/DCSupplemental/pnas.201317632SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1317632110/-/DCSupplemental/pnas.201317632SI.pdf?targetid=nameddest=ST1


miR-155 in the suppression of SHIP-1 while promoting the ac-
tivation of the ERK–kinase signaling pathway in both non-
autoimmune and autoimmune mice. The elevated ERK
activation status observed in Faslpr B cells likely results from
reduced SHIP-1 expression levels in these cells. Our observations
suggest a mechanism whereby miR-155 controls SHIP-1 levels to
maintain a certain B-cell activation threshold after coaggregation
of the BCR and FcγRIIB by immune complexes.

MiR-155 Controls B-Cell Proliferation Through SHIP-1.Because SHIP-
1 controls cell proliferation after BCR and FcγRIIB coligation,
we reasoned that the increased SHIP-1 expression and decreased
ERK activation would lead to a lower proliferation rate of
miR-155−/− and miR-155−/−-Faslpr activated B cells, and that
engagement of the BCR alone would have no effects. After BCR
and FcγRIIB coengagement, cell proliferation was decreased in
all cultures compared with activation through the BCR alone
(Fig. 6 A and B). However, after coligation of the BCR and
FcγRIIB, we observed a further 1.9-fold reduction in the fre-
quency of divided cells in miR-155−/− B-cell cultures (14% ±
1%) compared with B6 (26% ± 1.2%, *P = 0.0003, Fig. 6B).
Likewise, there was a twofold decrease in the number of divided
cells in miR-155−/−-Faslpr (23% ± 3%) compared with Faslpr

cultures (49% ± 4%, **P = 0.0022). Furthermore, knock-down
of Inpp5d (the gene encoding SHIP-1) in miR-155−/−-Faslpr B
cells partially restored ERK phosphorylation and cell pro-
liferation (Fig. S6). The proliferation rate between B6 (26% ±
1.2%) and miR-155−/−-Faslpr (23% ± 3%) cultures remained
similar. There was no appreciable difference in the frequency of
divided cells or cell death in all cultures in the absence of
FcγRIIB coaggregation (Fig. 6 A and B and Fig. S6). After
coligation of the BCR and FcγRIIB, miR-155−/− and miR-155−/−

-Faslpr cultures contained more dead cells compared with con-
trols, as measured by the DNA vital dye TO-PRO-3 (Fig. S7). As
expected, the percentage of cell death was highest in all cultures
that did not receive stimuli (Fig. S7). Thus, miR-155 deficiency
normalized Faslpr B-cell proliferation rate to that of B6. We
propose that the reduction of autoreactive B cells in the miR-
155−/−-Faslpr mouse results in part from the recovery of SHIP-1

expression, leading to an attenuation of B-cell activation path-
ways induced by immune complexes.

Discussion
In this study, we asked whether and how miR-155 regulates
systemic autoimmunity. We find that ablation of miR-155
reduces autoantigen-induced GC reactions in spleens and pLNs
of lupus-prone fas-deficient mice. There was a strong decrease in
the level of serum IgG anti-dsDNA but not IgM anti-dsDNA
autoantibodies. Correspondingly, miR-155−/−-Faslpr mice show
greatly reduced IgG but not IgM deposition in their kidneys, and
renal pathologies were almost completely abrogated. Mecha-
nistically, we show that miR-155 in part controls the expression
of SHIP-1 in spleen B cells. Coaggregation of the BCR with
FcγRIIB leads to an increase in SHIP-1 protein and impaired
ERK activation in miR-155−/− B cells compared with B6 B cells.
We find that naïve as well as activated Faslpr B cells are defective
in SHIP-1 expression, whereas ERK activation is enhanced.
MiR-155 deficiency in the Faslpr mouse restores SHIP-1 ex-
pression and mitigates ERK activation, cell proliferation, and the
production of switched antibodies.
In the lpr autoimmune environment, miR-155 controls IgG but

not IgM responses to chronic autoantigen exposure. Likewise, in
germ line-deleted miR-155 mice or mice receiving miR-155−/−

bone marrow, miR-155 does not affect IgM responses to
haptenated proteins such as NP-CGG or NP-KLH (3). By con-
trast, germ line-deleted miR-155 mice infected with the live-
attenuated form of the enteric pathogen Salmonella typhimurium
or with the unhaptenated T-dependent antigen tetanus toxin
fragment C protein have reduced serum IgM (2). Together, these
observations suggest that in both systemic autoimmune and
nonautoimmune environments, the nature and dose of the an-
tigen, as well as the site and duration of exposure to the antigen,
elicit distinct signals and mechanisms governing IgG vs. IgM
responses, which are likely under the control of miR-155.
In human and mouse, switched autoantibodies to nuclear

antigens are shown to be derived from both extrafollicular and
GC reactions (15, 37–45). In response to exogenous antigens,
miR-155 regulates both GC and non-GC reactions. Therefore,
our results suggest that in the Faslpr mouse, targeting miR-155
likely affects both GC and extrafollicular responses, leading to
the reduction of IgG autoantibodies, which are pathogenic.
Mice harboring B-cell-specific FcγRIIB or SHIP-1 deletion

develop severe lupus-like disease characterized by the presence
of high-titer serum antinuclear and antikidney autoantibodies,
lymphadenopathy, splenomegaly, and renal pathologies (23–27).
Thus, our results suggest that miR-155 in part modulates the
expression level of SHIP-1 after coligation of the BCR and
FcγRIIB by immune complexes. SHIP-1 in turn regulates the
threshold of B-cell activation through the ERK signaling path-
way. By targeting miR-155 in the Faslpr mouse, we could block
the persistent activation of switched autoreactive B cells, thus
alleviating lupus-like disease. Our results offer insights into how
autoimmunity is regulated by miR-155 and suggest the possibility
of targeting miR-155 to treat autoimmunity while preserving the
protective immunity (46, 47).

Materials and Methods
Generation of Mutant Mice. To generate miR-155−/−-Faslpr double-mutant
mice, we crossed B6-Faslpr mice (Jackson Laboratory) with our bic/miR-155−/−

mice (1). C57BL/6 were purchased from Jackson Laboratory. bic/miR-155−/− mice
were maintained in house. All mice were bred and maintained in specific
pathogen-free conditions. All mouse protocols were approved by the
Beth Israel Deaconess Medical Center Institutional Animal Care and Use
Committee.

ELISA. To determine IgG anti-dsDNA antibody, ELISA (Alpha Diagnostic) was
performed using serum from 8-wk-old to 20-wk-old mice, according the
manufacturer’s recommendations.
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Fig. 6. MiR-155 controls B-cell proliferation through SHIP-1 after BCR and
FcγRIIB coligation. (A) Naïve spleen B cells were labeled with CFSE and
stimulated with either intact IgG or F(ab’)2 anti-IgM for 3 d. Cell division was
determined using FlowJo Proliferation Platform software. Results are rep-
resentative of four independent experiments with eight mice per genotype.
(B) Same as in A. F, (Fab’)2 anti-IgM; I, intact IgG anti-IgM. *P = 0.0003; **P =
0.0022; ∞P = 0.6097 determined by Student t test. Results are from four
independent experiments with eight mice per genotype.
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Urinalysis. To determine kidney functions, urine was collected from agedmice.
Multistix 10 SG strips and the CLINITEKStatus machine (Siemens) were used to
determine the presence of blood, lymphocytes, and proteins in urine samples.

Histology, Immunohistochemistry, and Immunofluorescence. Four-micrometer
tissue sections of kidneys were used. The following reagents were used:
biotinylated PNA (Vector Laboratories); anti-streptavidin-HRP Envision+ kit
(DAKO USA); goat anti-mouse IgG (SouthernBiotech); goat anti-mouse IgM
(Fab’)2 fragments (Jackson ImmunoResearch Laboratories); and donkey anti-
goat-Alexa-488 (1:200, Life Technologies). Images were acquired with a Zeiss
710 laser scanning confocal microscope and analyzed with Zen 2010 and
ImageJ software. All images were ∼400 μM.

In Vitro B-Cell Activation and Isotype Switch Assay. Magnetic-activated cell
sorting (MACS)-purified (Miltenyi Biotec) CD43− or CD19+ B cells were acti-
vated in vitro at a density of 1–3 × 106 cells/mL with 2 μg/mL of anti-CD40
clone HM40-3 (eBiosciences) plus 25 ng/mL of recombinant mouse IL-4 (R&D
Systems), 10 μg/mL of goat F(ab’)2 anti-mouse IgM, or with 10 μg/mL of goat
IgG (intact) anti-mouse IgM antibody (Jackson Immunoresearch).

Proliferation Assays and Analysis. MACS-purified CD43− B cells labeled with
Carboxyfluorescein succinimidyl ester (CFSE) CFSE were activated with indicated
stimuli as above for 3 or 4 d. Data were analyzed using the proliferation
platform of FlowJo software (Tree Star).

Western Immunoblot Assays. Pellets were lysed with RIPA buffer containing
protease inhibitors (Roche). The following antibodies were used: rabbit anti-
SHIP-1 monoclonal antibody (catalog no. 2727), rabbit anti-phospho-p44/42
(pErk1/2) MAPK antibody, and rabbit anti-p44/42 (Erk1/2) MAPK antibody;
all antibodies were purchased from Cell Signaling Technology. Anti-mouse
β-actin was purchased from Sigma-Aldrich. For chemiluminescence detection,
we used the Fujifilm LAS-4000 imaging system.

Northern Blot Assays. Northern blots were carried out using the Signosis high
sensitive system per the manufacturer’s suggestions (Signosis). Briefly, 2 μg of
total RNA was separated through gel electrophoresis and transferred onto
a membrane. Expression of miR-155 or U6 was detected with a biotin-
labeled probe. For chemiluminescence detection, we used the Fujifilm LAS-
4000 imaging system.

Statistical Analysis. P values were determined by applying Student’s two-
tailed t test for independent samples, assuming equal variances on all experi-
mental data sets, using the online t test calculator from GraphPad Software.
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