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Summary

MicroRNAs have been shown to play a role in B-cell differentiation and

activation. Here, we found miR-182 to be highly induced in activated B

cells. However, mice lacking miR-182 have normal B-cell and T-cell devel-

opment. Interestingly, mutant mice exhibited a defective antibody

response at early time-points in the immunization regimen when chal-

lenged with a T-cell-dependent antigen. Germinal centres were formed but

the generation of extrafollicular plasma cells was defective in the spleens

of immunized miR-182-deficient mice. Mutant mice were also not able to

respond to a T-cell-independent type 2 antigen, which typically elicited an

extrafollicular B-cell response. Taken together, the data indicated that

miR-182 plays a critical role in driving extrafollicular B-cell antibody

responses.

Keywords: antibody response; extrafollicular B cells; germinal centres;

miR-182.

Introduction

MicroRNAs (miRNAs) are short non-coding RNAs of

approximately 18–24 nucleotides in length that negatively

regulate gene expression at the post-transcriptional level.1

They act by either inducing the degradation of target

mRNA or repressing the translation of mRNAs to pro-

teins.2–4 MicroRNAs have been shown to play critical reg-

ulatory roles in a diverse set of normal biological

processes during cellular differentiation, including

neuronal patterning,5 lineage commitment in haemato-

poiesis,6 tissue homeostasis,7–9 apoptosis10,11 and patho-

logical progression, especially carcinogenesis.12,13

The expression of miR-182, a member of the miR-183–
miR-96–miR-182 cluster, is associated with many types of

cancer, including prostate, lung and glioma.14–16 miR-182

is highly expressed in the retina and hair cells of the inner

ear.17–19 It is marginally expressed in immune cells but

can be induced in activated splenic T and B cells.20–22 We

and others have shown previously that miRNA played a

crucial role in B-cell development and differentiation.23,24

In particular, miR-181,25 miR-150,26 miR-15527 and miR-

17~9228 were shown to be required for normal B-cell

development and function. Initially, miR-182 was shown

to promote T-cell-mediated immune responses in gene

knock-down experiments.22 However, a recent study with

miR-182 knockout (KO) mice indicated that miR-182

was dispensable for T-cell development and activation.21

Hence, there remained controversy whether miR-182

played a role in the immune system. In addition, a

detailed study on the role of miR-182 in B-cell develop-

ment and function is still lacking.

B cells can produce antibodies against foreign antigens with

(thymus-dependent, TD) or without (thymus-independent,
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TI) T-cell help.29 Upon recognition of the TD or TI anti-

gen, B cells first differentiate into short-lived plasma cells

in the extrafollicular space, and this is critical in provid-

ing the first line of protection against the spread of

pathogens. At later time-points during the host response

to T-cell-dependent antigens, germinal centres (GCs)

are generated, where T-cell–B-cell interactions occur.30

GC B-cell differentiation is aided by a subset of CD4+ T

cells known as T-follicular helper (Tfh) cells.31,32

As miR-182 was shown to be highly up-regulated in

activated B cells,20,21 which might indicate that miR-182

has a critical role to play during B-cell terminal differenti-

ation into GC B cells and plasma cells, we undertake to

examine the role of miR-182 in B-cell differentiation,

paying particular attention to the antibody response.

Materials and methods

Mouse immunization

The miR-182 KO mice were obtained from Dr Naoharu

Iwai17 and backcrossed from the mixed C57BL/6 and 129

background to wild-type C57BL/6 background for five

generations. Wild-type B6 mice were maintained in-house

and used as controls. Mouse maintenance and usage in

our animal facilities in the Biological Resource Centre are

in compliance with guidelines issued by the National

Advisory Committee on Laboratory Animal Research.

Protocol (IACUC number 130857) was approved by the

Institutional Animal Care and Use Committee (IACUC)

of the Research Biological Resource Centre, Agency for

Science, Technology. Measures were taken to minimize

animal suffering.

To examine T-cell-dependent immune responses, sex-

matched 6- to 8-week-old mice were immunized

intraperitoneally with 100 lg of alum-precipitated NP38-

CGG (Biosearch Technologies, Petaluma, CA). Quantifi-

cation of primary IgM and IgG1 antibody responses was

carried out via ELISA using sera collected at 7, 14, 21 and

28 days after immunization. Mice were re-challenged at

day 30 with 50 lg of NP38-CGG in PBS to examine the

secondary immune response and IgM and IgG1 antibody

titres were determined by ELISA using sera collected

5 days later. Mice were also immunized intraperitoneally

with 50 lg of NP25-Ficoll (Biosearch Technologies) to

determine the T-cell-independent type II immune

response. To measure NP-specific IgM, IgG1 and IgG3

antibodies, sera were harvested at 4, 7, 14 and 21 days

after NP25-Ficoll immunizations.

Flow cytometry

Spleen, bone marrow, peritoneal cavity and Peyer’s

patches were extracted from mice and dissociated into

single-cell suspensions. The cells were then stained with

mixtures of fluorochrome-conjugated antibodies as fol-

lows: phycoerythrin (PE) -Cy7-CD4, FITC-CD8, peridinin

chlorophyll protein-conjugated T-cell receptor-b (PerCP-

TCR-b), allophycocyanin (APC) -Cy7-B220, APC-Cy7-

CD19, PE-Cy7-CD38 (BioLegend, San Diego, CA),

PerCP-PD1, biotin-CXCR5, FITC-CD21, PE-CD23, PE-

Fas (BD Biosciences, Franklin Lakes, NJ), PerCP-IgM,

FITC-IgG1, PE-IgD, FITC-CD5, PE-CD43 (eBiosciences,

San Diego, CA). Streptavidin-FITC was used to conjugate

with biotin-CXCR5. Dead cells were excluded using 40, 6-
diamidino-2-phenyindole (DAPI) (Sigma-Aldrich, St

Louis, MO). Anti-B220, Dump, anti-IgG1 antibodies and

NIP ((4-hydroxy-5-iodo-3-nitrophenyl)acetyl) were used

to visualize antigen-specific IgG1 B cells. An R-PE label-

ling kit-SH (Dojindo Molecular Technologies, Rockville,

MD) was used to generate PE-conjugated NIP-BSA (Bio-

search Technologies). Dump for cell exclusion staining

contained the following biotinylated antibodies, which

were later conjugated with Streptavidin-PerCP: anti-CD3,

anti-Ter119, anti-DX5, anti-IgD, anti-Th1.2, anti–Gr-1,
anti-AA4.1, anti-F4/80, anti-NK1.1, anti-CD138 and anti-

CD5 monoclonal antibodies.

For intracellular staining of Bcl-6 and interleukin-21

(IL-21), cells were first labelled for surface markers, incu-

bated with BD Cytofix/Cytoperm for 15 min, washed

with BD Perm/Wash buffer, incubated with BD Cytoperm

Plus for 10 min, washed, and incubated with BD Cytofix/

Cytoperm for 5 min. Cells were then labelled with anti-

bodies to PE-bcl-6, APC-IL-21 (eBioscience).

All antibodies were diluted 100 times with FACS buffer

(PBS containing 5% fetal bovine serum). Samples were

analysed on an LSRII cytometer (BD Biosciences) and

data were further analysed with FLOWJO software (Tree

Star, Ashland, OR). Fluorescence compensation was set to

correct for spill-over. For gating strategy used in flow

cytometry analysis, cells were first gated for singlets (FSC-

W versus FSC-A) and lymphocytes (SSC-A versus FSC-

A). The lymphocyte gate was further analysed for their

uptake of the Live/Dead DAPI stain to determine live

versus dead cells and their expression of CD4 and CD19/

B220 to differentiate T or B cells for further gating as

shown in the figures.

ELISA and ELISPOT

4-Hydroxy-3-nitrophenylacytyl (NP)-specific IgM, IgG1

and IgG3 antibodies were determined by ELISA, and

IgG1 antibody-secreting cell (ASC) formation were

detected by ELISPOT, following previously published

protocols.33

For ELISA, 384-well flat-bottomed NUNC plates were

coated overnight with NP14-BSA (5 lg/ml), washed and

blocked for 2 hr with 2% BSA in PBS (blocking buffer)

at room temperature. Sera samples were serially diluted

with blocking buffer and incubated for 2 hr at room tem-
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perature. After washing thoroughly, biotinylated anti-IgM

and anti-IgG1 antibodies (1 : 1000 dilution in blocking

buffer) were added into each well for 1 hr and followed

by incubation with streptavidin-horseradish peroxidase.

3,30,5,50-Tetramethyl benzidine thiobarbituric acid sub-

strate was used to assess bound secondary antibodies and

data were collected using a Tecan microplate reader

(Tecan, M€annedorf, Switzerland).

For ELISPOT assay, multiScreen filter plates (Milli-

pore, Billerica, MA) were coated with 50 lg/ml NP14-

BSA in PBS at 4° overnight, and blocked with 2% BSA

in PBS at 37° for 2 hr. Splenocytes or bone marrow cells

were added to each well and incubated in a humidified

incubator containing 5% CO2. After a 2-hr incubation,

the filter plates were washed with PBS containing 0�1%
Tween-20 (Sigma-Aldrich) twice and then incubated

with streptavidin–alkaline phosphatase (AKP)-conjugated

anti-IgG1 antibodies. AKP activity was developed using

BCIP/NBT-plus substrate (Mabtech, Nacka Strand, Swe-

den).

B-cell isolation and real-time RT-PCR analyses

Negative selection by CD43 microbeads (Miltenyi Biotec,

Bergisch Gladbach, Germany) were used to isolate B cells

from spleens of wild-type and miR-182 KO mice. To

induce plasmablast differentiation in vitro, purified B cells

were re-suspended at 2 9 106 cells/ml and incubated for

1–3 days in the presence of anti-IgM F(ab0)2 alone

(10 lg/ml), anti-CD40 alone (1 lg/ml), anti-IgM F(ab0)2
(10 lg/ml) and anti-CD40 (1 lg/ml) antibodies, or

lipopolysaccharide alone (20 lg/ml).

Total RNA was isolated using TRIZOL Reagent (Invit-

rogen, Carlsbad, CA). TaqMan Gene Expression Assays

(Applied Biosystems, Foster City, CA) was used for real-

time RT-PCR on an ABI Prism7500 instrument (Applied

Biosystems). The miR-182 predesigned TaqMan Gene

Expression Assays [mmu-miR-182 (ID 002599)] were

used in real-time RT-PCR, and normalized to U6 snRNA

expression. Data analysis was performed using the com-

parative Ct (threshold cycle) method.

Confocal microscopy

Spleens sections were harvested, embedded in Tissue-Tek

and ‘snap-frozen’ in dry ice and stored at �80°. Cryostat
sections (8 lm in thickness) were prepared, air-dried and

fixed in ice-cold acetone for 15 min. Sections were

blocked with 5% rat serum and 2% BSA in PBS and

stained with PE-anti-IgG1 and FITC-anti-IgD antibodies

(BD Biosciences PharMingen, San Diego, CA). Antibodies

were diluted (1 : 50) in PBS containing 5% rat serum.

Sections were further mounted with CYTOSEAL 60 (Elec-

tron Microscopy Sciences, Hatfield, PA) and analysed

with an Olympus FV1000 microscope (Olympus, Tokyo,

Japan) using a 9 20 objective, and the images were

acquired with OLYMPUS FLUOVIEW Version 2.1 software.

Statistics

Two-tailed Student’s t-test was used for statistical analyses

using PRISM (GraphPad). P-values < 0�05 were considered

significant.

Results

Induction of miR-182 expression during B-cell
activation

Previous work had shown the abundance of miR-182 in

cancer cells, where it played a role in promoting their

proliferation.34 However, the role of miR-182 in the

immune system has been relatively unexplored. Studies

showed that miR-182 expression was largely undetectable

in naive B cells, but highly expressed in activated B cells

including those that were in vitro stimulated or found in

the germinal centre.20,21 To determine if miR-182 is

indeed induced upon B-cell activation, we purified B cells

and stimulated them with either anti-IgM, or anti-CD40

antibodies, or both, or LPS, and analysed the expression

of miR-182 by quantitative RT-PCR. We showed that

miR-182 was highly induced in activated B cells (Fig. 1).

At 3 days after activation, the expression of miR-182 was

much higher (30-fold to 250-fold) in activated B cells

compared with naive B cells in all stimulation conditions

tested. Interestingly, the induction of miR-182 was higher

in samples stimulated by anti-IgM than in those stimu-

lated by anti-CD40 antibodies. As control, the expression

of miR-182 was undetectable in B cells obtained

from miR-182 KO mice. Taken together, we confirmed

the up-regulation of miR-182 expression in activated B

cells, which suggested that it could play a role in B-cell

function.

miR-182 KO mice have normal B- and T-cell
development

To examine the role of miR-182 in B-cell activation, we

first assessed if B-cell development would be perturbed in

miR-182 KO mice. As shown in Fig. 2(a), miR-182 KO

mice have intact B-cell lymphopoiesis in the bone mar-

row with normal populations of B220low IgM� pro/pre-B

cells, B220low IgM+ immature B and B220+ IgM+ circulat-

ing mature B cells. Follicular (CD23+ CD21+) and mar-

ginal zone (CD23� CD21++) B-cell subsets were also

found to be unperturbed in the spleens of mutant mice

(Fig. 2b). In the peritoneal cavity, B-1a (CD5+ CD43+),

B-1b (CD5� CD43+) and B-2 (CD5� CD43�) cell popu-

lations were also comparable between wild-type (WT)

and miR-182 KO mice (Fig. 2c). In addition, miR-182
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KO mice also have normal T-cell populations in the thy-

mus with normal generation of CD4 and CD8 single-

positive (CD4+ CD8� or CD4� CD8+) and CD4+ CD8+

double-positive thymocytes (Fig. 2d). Taken together, the

data indicated that miR-182 KO mice have normal B-cell

and T-cell development and therefore could be used to

study the role of miR-182 in B-cell activation and termi-

nal differentiation.

miR-182 deficiency does not perturb the expansion of
Tfh and GC B cells

To determine if there is a role for miR-182 in B-cell acti-

vation, we first examined the immune cells found in the

Peyer’s patches of WT and miR-182 KO mice. Peyer’s

patches are sites of chronic immune responses, with per-

sistent GC reactions. Our flow cytometry analyses indi-

cated that miR-182 KO mice were able to generate

comparable fractions of CD4+ TCRb+ PD-1high CXCR5+

Tfh cells (Fig. 3a,b) compared with WT controls. Tfh cell

differentiation is driven by the master transcription factor

Bcl-6.35 Interestingly, Tfh cells from both WT and miR-

182 KO mice express equivalent amounts of Bcl-6, further

suggesting that the Tfh cells in miR-182 KO mice were

not compromised (Fig. 3c). Other than Tfh cells, GC also

contains antigen-activated B cells (GC B cells,

B220+ CD38�Fas+). Again, GC B cells were found to be

present in comparable fractions in WT and miR-182 KO

mice (Fig. 3d,e). These data suggest that although miR-

182 is highly induced during B-cell activation, it might

not play any role in GC B-cell differentiation in the

Peyer’s patches.

To confirm this observation, we immunized miR-182

KO mice with T-cell-dependent antigen NP38-CGG in

alum to examine the role of miR-182 in B-cell terminal

differentiation. At 10 days post-immunization, we iso-

lated splenocytes from mutant mice and compared their

composition of Tfh and GC B cells to those found in WT

mice. Consistent with the data obtained from Fig 3(a–e),
we found comparable CD4+ TCRb+ PD-1high CXCR5+

Tfh cells in WT and mutant mice (Fig. 3f). Enumeration

of Tfh cells confirmed that these cells were generated in

normal fractions in miR-182 KO mice. Tfh cells are char-

acterized by their expressions of Bcl-6 and IL-21.35 Hence

we compared the respective expression levels of Bcl-6 and

IL-21 in Tfh cells of WT and KO mice. Both WT and

miR-182 KO mice displayed increased expression of Bcl-6

and IL-21 in their Tfh populations compared with PD-

1� CXCR5� non-Tfh cells (Fig. 3g). Furthermore,

B220+ CD38� Fas+ GC B cells were also found to be pre-

sent in normal fractions in the spleens of miR-182 KO

mice (Fig. 3h). Further examination of class-switched

antigen-binding NIP+ IgG1+ GC B cells corroborated that

these cells were generated in normal fractions in miR-182

KO mice (Fig. 3i). Taken together, the data indicated that

miR-182 was not involved in the generation of Tfh and

GC B cells.

miR-182 deficiency impairs early T-cell-dependent
immune response

Germinal centres play critical roles during adaptive

immune responses and support antibody class-switching

and plasma cell differentiation.30 Our data (Fig 3) indi-

cated that the loss of miR-182 did not affect the GC reac-

tion. To examine if miR-182 deficiency would affect the

antibody response, we examined antigen-specific antibod-

ies in the sera of immunized WT and miR-182 KO mice.

The TD antigen NP38-CGG elicits mainly IgM and IgG1

antibody responses.36 Hence, we focused on NP-specific

IgM and IgG1 antibody titres at various time-points

(days) post-immunization. Interestingly, miR-182
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Figure 1. Profiling of miR-182 expression in

stimulated B cells. Real-time RT-PCR analyses

indicate that the microRNA miR-182 is prefer-

entially expressed in activated B cells. Purified

wild-type and miR-182 knockout (KO) B cells

were stimulated with anti-IgM (F(ab0)2) alone

(10 lg/ml), anti-CD40 alone (1 lg/ml), anti-

IgM (F(ab0)2) (10 lg/ml) and anti-CD40

(1 lg/ml) antibodies, or lipopolysaccharide

(LPS) alone (20 lg/ml) for 1–3 days. Cells

were harvested and miR-182 expression was

determined by real-time RT-PCR, normalized

to U6 snRNA expression. Data shown repre-

sent averages with standard deviations from

three independent samples.
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Figure 3. Analyses of T follicular helper (Tfh) cells and germinal centre (GC) B cells in miR-182 knockout (KO) mice. (a) Flow cytometric analysis

of Tfh cells in the Peyer’s patches of unchallenged wild-type and miR-182 KO mice. CD4+ TCRb+ cells were examined for PD1 and CXCR5

expression and CD4+ TCRb+ CXCR5+ PD-1+ Tfh cells were shown. Numbers indicate per cent of CD4+ TCRb+ cells. (b) Tfh cell frequency in

wild-type and miR-182 KO mice. (c) Histogram profile of Bcl-6 expression in Tfh cells (blue histogram) and non-Tfh cells (red histogram). (d)

Flow cytometric analyses of the Peyer’s patches of wild-type and miR-182 KO mice depicting activated B-cell populations (B220+ Fas+ CD38�),
and numbers indicate per cent of total Peyer’s patches cells. Numbers indicate per cent of B220+ cells. (e) Frequency of GC B cells in wild-type

and miR-182 KO mice (on the same panel as B). (f) Wild-type and miR-182 KO mice were analysed 10 days after challenge with NP38-CGG. Flow

cytometry analysis and quantification of the percentage of Tfh cells in the spleens of immunized wild-type and miR-182 KO mice. Numbers shown

are per cent of CD4+ TCRb+ cells. (g) Histogram profile of Bcl-6 and interleukin-21 (IL-21) expression in Tfh cells (blue histogram) and non-Tfh

cells (red histogram). (h) Flow cytometry analysis and quantification of the percentage of B220+ Fas+ CD38� GC B cells in the spleens of immu-

nized wild-type and miR-182 KO mice. Numbers shown are per cent of B220+ cells. (i) FACS analysis of antigen-specific NIP+ IgG1+ B cells from

B220+Dump� cells in the spleens of immunized wild-type and miR-182 KO mice. Numbers shown are per cent of antigen-specific NIP+ IgG1+ B

cells from the B220+ Dump� gate. Frequencies of antigen-specific NIP+ IgG1+ B cells in immunized wild-type and miR-182 KO spleens.

Figure 2. Examination of B- and T-cell populations in wild-type and miR-182 knockout (KO) mice. Flow cytometric analyses of B-cell popula-

tions in the bone marrow (a), spleen (b) and peritoneal cavity (c), and T-cell subsets in the thymus (d) of wild-type and miR-182 KO mice. (a)

Bone marrow cell suspension was stained for B220 and IgM expression and numbers adjacent to gated areas indicate per cent of total bone mar-

row cells. (b) Gated splenic CD19+ cells were further interrogated for their expression of CD23 and CD21 to determine populations of

CD23+ CD21+ follicular B, CD23� CD21++ marginal zone B, and a mature B-cell subset termed age-associated B cells that are CD23� CD21�.
Numbers shown are per cent of CD19+ B cells. (c) CD5 and CD43 expression were used to differentiate cell populations in the peritoneal cavity,

namely CD5+ CD43+ B-1a, CD5� CD43+ B-1b, and CD5� CD43� B-2 cells. Numbers shown are per cent of CD19+ cells. (d) Thymocytes were

stained for CD8 and CD4 expression and numbers adjacent to gated areas indicate per cent of live cells. Frequencies of each subset of cells in

wild-type and miR-182 KO mice are shown. Data shown represent averages with standard deviations from three independent experiments.
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deficiency led to defective generation of antigen-specific

IgM and IgG1 antibodies at early time-points (days 7 and

14) after primary immunization in miR-182 KO mice

(Fig. 4a). The ELISA data suggested that miR-182 is

required for the early generation of antibodies against T-

cell-dependent antigens.

Following immunization with a T-cell-dependent anti-

gen, B cells start proliferating and differentiate into anti-

body-secreting plasma cells and this process either

occurs in the extrafollicular compartments or in the ger-

minal centres of secondary lymphoid organs. Since

NIP+ IgG1+ B cells were observed in GC upon immu-

nization (Fig. 3i), and yet there were reduced serum

IgM and IgG1 antibodies at days 7 and 14 (Fig. 4a) in

immunized miR-182 KO mice, we wondered if plasma

cells or ASC would be generated in normal fractions in

miR-182 KO mice upon antigen challenge. Plasma cells

were thought to arise a few days after antigen challenge.

Hence, we examined the generation of antigen-specific

IgG1 ASC during early time-points in the immunization

regime. Interestingly, comparable numbers of NP-specific

IgG1 ASC were detected by ELISPOT in the spleen

(Fig. 4b) and bone marrow (Fig. 4c) of miR-182 KO

mice compared with control mice at day 10 post-immu-

nization. Given the impaired serum antibody generation

at early time-points in the immunization regimen, we

decided to measure the number of NP-specific IgG1

ASC at day 5 post-immunization. At this time-point in

the immunization process, the ASC present arose mainly

from an extrafollicular B-cell response. The number of

ASC was found to be significantly reduced in the spleens

of miR-182 KO mice at this early time-point (Fig. 4d),

which might account for the observed reduction of

serum antibodies early in the immunization regimen.

Next, we further confirmed this finding by confocal

microscopy. Substantial numbers of IgG1 ASC were

found to cluster in the extrafollicular regions of the

spleen in immunized WT mice but these cells were dras-

tically reduced in numbers in the KO mice at day 5

post-immunization (Fig. 4e). At this time-point in the

antigen challenge, both WT and miR-182 KO mice

started to initiate the GC reaction with the generation

of comparable fractions of Tfh cells (Fig. 4f) and GC B

cells (Fig. 4g). These data together suggest that mice

lacking miR-182 are impaired in the generation of early

short-lived extrafollicular plasma cells, which helped to

explain the impaired antibody responses seen at early

time-points during the immunization process.

To assess whether miR-182 deficiency would affect the

ability of miR-182 KO mice to mount a rapid successful

secondary immune response upon re-encounter with the

same antigen, we re-challenged the mice at 30 days after
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Figure 4. Impaired early T-cell-dependent antibody response in miR-182 knockout (KO) mice. (a) Serum IgM and IgG1 antigen-specific anti-

body levels in wild-type (empty circles) and miR-182 KO (filled circles) mice determined via ELISA at indicated time-points after NP38-CGG

immunization. Sera were diluted 300 and 20 000 times, respectively, to measure NP-specific IgM and IgG1 antibodies. Data indicated are repre-

sentative of two independent experiments and each experiment comprised at least five mice per group. (b, c) ELISPOT analyses of antigen-bind-

ing IgG1 secreting cells in the spleen (b) and bone marrow (c) of wild-type and miR-182 KO mice 10 days after primary immunization. (d)

ELISPOT analyses and quantification of antigen specific IgG1 antibody-secreting cells (ASCs) in the spleens of wild-type and miR-182 KO mice

at day 5 after primary challenge. (e) Splenic tissue section analyses of NP38-CGG-challenged wild-type and miR-182 KO mice at day 5 post-

immunization by confocal microscopy. Anti-IgD (green, to visualize B-cell follicles) and anti-IgG1 (red, to visualize IgG1 ASC) antibodies were

used in the staining. White bar, 100 lm. Image indicated representative from three spleens analysed per group. Quantification of flow cytometry

analysis of the percentage of follicular helper T (Tfh) cells (f) and germinal centre (GC) B cells (g) in the spleens of immunized wild-type and

miR-182 KO mice. Numbers shown are per cent of CD4+ TCRb+ and B220+ cells, respectively. Each circle stands for data from one mouse

examined. *P < 0�05; **P < 0�01; ***P < 0�001.
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the primary immunization. As depicted in Fig. 5, both

WT and miR-182 KO mice were able to elicit a

significant recall IgM and IgG1 response upon re-encoun-

tering the same antigen. These data suggest that miR-182

KO mice harbour an intact immune memory compart-

ment.

Defective T-cell-independent type 2 immune response
in miR-182 KO mice

The defective extrafollicular immune response observed in

miR-182 KO mice during the T-cell-dependent challenge

prompted us to further characterize the T-cell-independent

immune response in these mice. The T-cell-independent

response predominantly involved extrafollicular B-cell

responses when antigen-activated B cells differentiate into

plasma cells and produce antibodies without T-cell help.

We immunized WT and miR-182 KO mice intraperi-

toneally with the T-cell-independent type II antigen

(TI-II), NP25-Ficoll, and measured sera immunoglobulin

titres at days 4, 7, 14 and 21 after antigenic challenge. As

seen in Fig 6(a), WT mice were able to rapidly produce a

substantial amount of IgM antibodies from day 4 and to

generate class-switched IgG1 and IgG3 antibodies from day

7 upon immunization with NP25-Ficoll. However, miR-182

KO mice were impaired in mounting an immune response

to NP25-Ficoll with drastic reduction in the production of

NP-specific IgM, IgG1 and IgG3 antibodies throughout the

immunization period. Hence, the lack of miR-182 leads to

defective TI-II humoral immune responses.

Given the observation of a defective serum antibody

response, we examined the formation of NP-specific IgG1

ASC at day 5 post-immunization. Consistently with our

observation during the early time-points of the TD

immune response, IgG1 ASC were also found to be

reduced in the spleens of miR-182 KO mice at this time-

point upon NP25-Ficoll challenge (Fig. 6b), which

accounted for the reduced serum antibody responses seen

in these mice. Histological studies using spleen tissue sec-

tions obtained from day 5 post-immunized mice further

corroborated the absence of IgG1 ASC in the spleens of

KO mice compared with WT controls (Fig. 6c). These

data together suggest that miR-182-deficient B cells are

impaired in their generation of short-lived extrafollicular

plasma cells and so led to a defective antibody response

to TI-II antigen.

Discussion

Previous profiling studies have revealed differentiated

expression of miRNAs during different stages of B-cell

development. A number of miRNAs have also been impli-

cated in B-cell activation.37 Specifically, miR-155 was

shown to be important for GC and post-GC plasma cell

responses38,39 and our laboratory had also elucidated a

role for miR-17~92 in plasma cell function.28 Hence, we

embarked on this study to examine the role of miR-182

in the humoral immune response given that miR-182 has

been found to be highly up-regulated in activated B cells.

We found that miR-182 KO mice have intact B-cell and

T-cell development and could generate comparable Tfh

and GC B-cell populations upon challenge with a T-cell-

dependent antigen. The miR-182 KO mice were also able

to generate normal recalled antibody responses upon

re-challenge with the same antigen. Hence, the data

suggest that miR-182 might be dispensable for B-cell acti-

vation during T-cell-dependent immune challenge. How-

ever, when we examined more closely the kinetics of the

primary T-cell-dependent immune response in vivo, we

found that miR-182 KO mice exhibited defective genera-

tion of antigen-specific antibodies at an early time-point

in the immunization scheme. This finding suggested that

the generation of extrafollicular plasma cells could be

defective in miR-182 KO mice. In addition, miR-182 KO

mice were also found to be unable to produce antibodies

to a TI-II antigen, which typically elicits an extrafollicular

antibody response, corroborating our earlier findings.

Taken together, our data suggest that miR-182 is required

for the extrafollicular B-cell antibody responses.

While our work was in progress, Pucella et al. pub-

lished that miR-182-deficiency had minimal impact on

B-cell biology and that there was a lack of correlation

between miR-182 expression and function in B cells.21

The group reported normal B-cell development and GC

responses. These findings were consistent with ours.

However, in their study, the authors measured the anti-

body response at one time-point in the secondary chal-

lenge, which mainly interrogated the recalled memory

immune response in the miR-182 KO mice. They did not

examine in detail the primary antibody response and in

particular, the early time-points of the immune response

0·9

IgM (1:1,000) IgG1 (1:20,000)

ns

ns

WT
KO

A
bs

or
ba

nc
e 

45
0/

57
0

A
bs

or
ba

nc
e 

45
0/

57
0

0·6

0·3

0·0 0·0

0·5

1·0

1·5
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knockout (KO) mice. Mice previously challenged with alum-precipi-

tated NP38-CGG were further immunized with soluble NP38-CGG

30 days later. Serially diluted sera samples were examined using

ELISA to determine antigen-binding NP+ IgM (1: 1000 dilution) and

IgG1 (1: 20 000 dilution) titres in wild-type (empty circles) and

miR-182 KO (filled circles) mice 5 days after re-challenge.

ª 2016 John Wiley & Sons Ltd, Immunology, 148, 140–149 147

miR-182 in B cell extrafollicular response



to a TD antigen. Furthermore, the authors also did not

examine the antibody response to TI-II antigen. Hence

our study not only confirms the normal B-cell develop-

ment data seen in the Pucella et al. study but substan-

tially advances the field by revealing that miR-182 plays

an important role in regulating the extrafollicular anti-

body response. Without miR-182, there was a delay in

the production of antigen-specific antibodies at early

time-points in a TD antigenic challenge and a complete

impairment of antibody response in a TI type II antigenic

challenge.

It would be interesting to identify the targets of miR-

182 in the modulation of the extrafollicular B-cell

responses. So far, we have examined a few candidates

using an in vitro culture system of plasma cell generation

but none seems to be responsible for the phenotype.

However, the in vitro culture system might not reflect the

in vivo situation and so could hamper our understanding

of the role of miR-182 in B-cell biology. Nevertheless, we

will carry out future experiments to elucidate the real tar-

gets of miR-182 in activated B cells that are responsible

for the defective extrafollicular response. Future work is

needed to help us understand how miR-182 affects the

short-lived extrafollicular plasma cells. For example, does

miR-182 affect the generation, differentiation or survival

of the extrafollicular plasma cells?
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