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LKB1 inhibition of NF-jB in B cells prevents
T follicular helper cell differentiation and germinal
center formation
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David G Brooks3, Jerold E Rehg4, Herbert C Morse III5 & Michael A Teitell1,2,6,*

Abstract

T-cell-dependent antigenic stimulation drives the differentiation of
B cells into antibody-secreting plasma cells and memory B cells,
but how B cells regulate this process is unclear. We show that
LKB1 expression in B cells maintains B-cell quiescence and
prevents the premature formation of germinal centers (GCs). Lkb1-
deficient B cells (BKO) undergo spontaneous B-cell activation and
secretion of multiple inflammatory cytokines, which leads to
splenomegaly caused by an unexpected expansion of T cells.
Within this cytokine response, increased IL-6 production results
from heightened activation of NF-jB, which is suppressed by active
LKB1. Secreted IL-6 drives T-cell activation and IL-21 production,
promoting T follicular helper (TFH) cell differentiation and expan-
sion to support a ~100-fold increase in steady-state GC B cells.
Blockade of IL-6 secretion by BKO B cells inhibits IL-21 expression,
a known inducer of TFH-cell differentiation and expansion.
Together, these data reveal cell intrinsic and surprising cell extrin-
sic roles for LKB1 in B cells that control TFH-cell differentiation and
GC formation, and place LKB1 as a central regulator of T-cell-
dependent humoral immunity.
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Introduction

In adult mice, B lymphocytes develop in the bone marrow (BM) and

emigrate to secondary lymphoid tissues, where they differentiate

into memory B cells or plasma cells (PCs). Following priming of

CD4+ T cells by dendritic cells in the red pulp, B cells present

processed protein antigen to cognate CD4+ T-helper cells at the T–B

border. This encounter promotes the expansion and differentiation

of B cells into low affinity, short-lived antibody-secreting plasma

cells (PCs) or germinal center (GC) founder B cells together with the

generation of T follicular helper (TFH) cells [1,2]. TFH cells are a

specialized subpopulation of CD4+ T-helper (Th) cells that localize

to GCs where they secrete IL-21, a critical cytokine for GC develop-

ment and the formation of memory B and plasma cells [2,3].

Germinal centers are transient anatomic structures that develop

in response to T-cell-dependent antigens. The production and main-

tenance of both GC B cells and TFH cells require the expression of an

essential transcriptional repressor, Bcl6 [4,5]. In GC B cells, BCL6

transiently suppresses DNA damage checkpoint genes, such as p53

and Atr [6,7], to allow rapid cell proliferation without triggering cell

cycle arrest or apoptosis during somatic hypermutation (SHM) and

class switch recombination (CSR) of immunoglobulin (Ig) genes.

BCL6 also represses Bcl2 expression [8,9], and GC B cells upregulate

Fas expression [10]. These changes generate a FASL-dependent

apoptotic mechanism to eliminate GC B cells that do not receive an

optimal antigen-dependent B-cell receptor (BCR) rescue signal [11],

thereby enforcing antigen specificity [12]. Antigen selected GC B

cells then differentiate into memory B cells or long-lived PCs [13]

which remain quiescent until rechallenged or secrete high affinity

antigen-specific antibodies, respectively [14].

Recent studies uncovered a human GC B-cell gene expression

program that must be repressed for differentiation of GC B cells into

PCs [15]. Silencing of this program requires inactivation of the CREB

transcriptional co-activator protein CRTC2 [16,17]. Among 136 direct

CRTC2 target genes in this silenced program are AICDA, MYC, MTA3,

CDK6, BACH2, TCF3, SMAD6, SMARCA2, SMARCA4, and TCL1,

all genes encoding proteins implicated in the development and
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maintenance of GC B cells. Physiologic CRTC2 inactivation begins

with activation-induced cytidine deaminase (AID) generated DNA

double-strand breaks during CSR and proceeds through a phospho-

ser/thr signaling cascade from ATM to LKB1 to an AMPK family

member protein to CRTC2. Within this CRTC2 inactivation pathway,

LKB1 (liver kinase B1, also known as STK11), a tumor suppressor

ser/thr kinase responsible for Peutz–Jeghers syndrome [18], stands out

as an understudied kinase with broad regulatory potential in B cells.

LKB1 is phosphorylated by kinases that can be activated in B cells,

including ATM [15,19], protein kinase A [20], and ERK [21,22],

signaling kinases. LKB1 regulates AMPK activity, which in turn

controls cellular metabolism and mTOR-mediated protein synthesis

[23,24]. In mouse hematopoietic stem cells (HSCs), LKB1 also regu-

lates cell autonomous, partially AMPK-independent quiescence, prolif-

eration, differentiation, energetics, and survival [25–27]. An initial

proliferative burst by Lkb1-deficient HSCs is followed by their

rapid depletion and BM failure. Similar cell intrinsic and partial

AMPK-independent LKB1 control was also shown for mouse T-cell

development, physiology, and survival. T-cell-specific Lkb1 knockout

mice showed an incomplete block in thymocyte differentiation and

decreased in vitro proliferation [28,29] and survival [28–30], but

increased activation of mature T cells that escaped to the periphery

[28]. Despite these key findings in hematopoietic lineage cells, LKB1

has not been assessed in B cells. The current study provides evidence

that LKB1 expressed in naı̈ve B cells prevents premature, potentially

spontaneous TFH-cell differentiation and GC formation in vivo.

Results

B-cell-specific Lkb1 knockout (BKO) mice

A B-cell-specific knockout of Lkb1 (BKO mice) was generated by

crossing Lkb1fl/fl mice [31] with CD19-Cre+/� knock-in mice [32]

(Fig EV1A). Although mb1-Cre-expressing mouse B cells more effi-

ciently delete floxed alleles, CD19-Cre expression is more specific for

B cells since mb1-Cre can also have activity in T cells and germ

cells, while CD19-Cre does not [33,34]. Therefore, to prevent

complicating multi-lineage LKB1 loss [35], CD19-Cre was used to

delete Lkb1 from B lineage cells.

Southern blot analyses of CD43-depleted splenocytes showed

robust allele excision in Lkb1fl/wtCD19-Cre+/� (HET) mice,

in contrast to only partial excision of the floxed Lkb1 alleles in

Lkb1fl/flCD19-Cre+/� (BKO) mice (Fig EV1B). qRT–PCR analyses

showed a similar ~2-fold reduction in Lkb1 expression in both BKO

and HET mice compared to Lkb1wt/wtCD19-Cre+/� wild-type (WT)

mice (Fig EV1C). This prompted crosses with Rosa26-YFP mice [36]

to generate BKO-YFP, HET-YFP, and WT-YFP mice in order to track

the subset of B cells that had successfully deleted Lkb1 (LKB1�YFP+

B cells) (Fig EV1A). In WT-YFP mice, > 85% of CD19+ splenocytes

were LKB1+YFP+ in contrast to < 40% LKB1�YFP+ splenocytes in

BKO-YFP mice (Fig 1A). qRT–PCR and Western blot confirmed

loss of Lkb1 mRNA and protein expression in YFP+ but not in

YFP� splenic B cells in BKO-YFP mice (Fig 1B). Detailed analyses of

WT-YFP and HET-YFP mice revealed phenotypic and functional

equivalence so only data for WT-YFP control mice are shown. Over-

all, the YFP tracking data (Fig 1A) showed that CD19-Cre-mediated

excision is incomplete and that LKB1+YFP� B cells may have a

competitive advantage over LKB1�YFP+ B cells in BKO-YFP mice.

Pre-GC B-cell development in BKO mice

In the BM, the numbers of pro-B, pre-B, and immature B cells were

similar in WT and BKO mice (Fig EV1D). However, there was a

~3-fold decrease in recirculating B cells in the BM of BKO compared

to WT mice. In spleen, transitional (TR) B cells were increased

~2-fold in BKO mice, whereas follicular (FO) and marginal zone

(MZ) B cells were similar in number to WT mice (Fig 1C). In addi-

tion, there were no significant differences between WT and BKO

mice for the number of B-1a B cells in the spleen (Fig EV1E), total

cells and B cells in lymph nodes (Fig EV2A and B), or total cells and

B cells in the peritoneal cavity (Fig EV2C and D). Therefore, a

deficiency in LKB1 resulted in a reduction in recirculating BM B cells

and an increase in splenic transitional B cells. There was also a

marked decrease in the frequency of LKB1�YFP+ recirculating B

cells in the BM (Fig EV1D) and in the mature B cells in the spleen

(Figs 1C and EV1E), lymph nodes (Fig EV2B), and peritoneum

(Fig EV2D) of BKO-YFP compared to WT-YFP mice.

Splenomegaly results from T-cell expansion in BKO mice

Despite modest differences in the total number of B cells (Fig 1C

and EV1D), spleens from BKO mice weighed ~3-fold more and

contained almost 2-fold more cells compared to spleens from WT

mice (Fig 1D). The frequency of B cells among total spleen cells in

BKO mice was reduced, but their numbers were equivalent to those

▸Figure 1. Reduced LKB1� B-cell subsets with splenomegaly from a T-cell expansion in BKO-YFP mice.

A Flow cytometry for YFP expression in CD19+ splenocytes from WT-YFP (n = 7) and BKO-YFP (n = 8) mice. ****P = 4.9E-06 by two-tailed, unpaired Student’s t-test.
B qRT–PCR (n = 3) and a representative Western blot for LKB1 in YFP-sorted splenocytes from BKO-YFP mice. LKB1 expression, relative to 36b4 expression, shown

normalized to LKB1+YPF� CD19+ BKO B cells. ****P = 3.8E-05 by two-tailed, unpaired Student’s t-test.
C Flow cytometry analysis for splenic transitional (TR: CD19+B220+AA41+), follicular (FO: CD19+B220+AA41�IgM+CD21+), and marginal zone (MZ: CD19+B220+AA41�

IgM++CD21++) B cells in WT (n = 8) and BKO (n = 11) mice and the percentage of YFP+ cells for each subpopulation in WT-YFP (n = 7) and BKO-YFP (n = 8) mice.
*P = 0.03 by Mann–Whitney U-test and ****P = 3.5E-006 and 1.5E-010 by two-tailed, unpaired Student’s t-test, respectively.

D Representative images of spleens from WT and BKO mice. Weight of WT (n = 34) and BKO (n = 34) spleens and cell numbers recovered from WT (n = 13) and BKO
(n = 18) spleens. *P = 0.011 and ****P = 9.7E-13 by two-tailed, unpaired Student’s t-test.

E Flow cytometry and number of B220+CD19+ splenic B cells from WT (n = 13) and BKO (n = 18) mice.
F Flow cytometry and number of CD4+ and CD8+ T cells from WT (n = 11) and BKO (n = 11) mice. ****P = 1.1E-06 and 4.6E-06, respectively, by Mann–Whitney U-test.
G Non-lymphocyte white blood cells in spleens calculated by flow cytometry from WT (n = 5) and BKO (n = 5) mice. **P = 0.008, *P = 0.03 and 0.032, respectively, by

two-tailed, unpaired Student’s t-test.
H Histologic sections of WT and BKO spleens stained with hematoxylin and eosin (H&E), anti-B220, or anti-CD3 antibodies. Scale bar represents 500 microns.

Data information: (A, C–G) Mean � s.d. (B) Mean � SEM.
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in WT mice (Fig 1E). This resulted from an unanticipated increase

in the number of mature T cells (Fig 1F) and, to a lesser extent, an

increase in cells from multiple non-lymphoid hematopoietic cell

lineages in BKO versus WT spleens (Fig 1G). Histologic analyses of

thin sections of BKO spleens stained with H&E showed alterations

of the usual splenic architecture characterized by an expanded white

pulp. IHC analyses for B220 and CD3 expression revealed enlarged

splenic follicles with greatly expanded T-cell zones (Fig 1H). Total

thymocytes and thymocyte development (Fig EV2E and F) along

with T cells in lymph nodes (Fig EV2G) were similar between WT

(WT-YFP) and BKO (BKO-YFP) mice, whereas peritoneal T cells

were expanded ~4- to 5-fold in BKO mice (Fig EV2H). The results

showed that LKB1� splenic B cells induced robust expansions of

mature T cells in the spleens (and peritoneums) of BKO mice.

A B

C

E

G H

F

D

Figure 1.

ª 2015 The Authors EMBO reports Vol 16 | No 6 | 2015

Nicole C Walsh et al TFH-cell differentiation controlled by LKB1 in B cells EMBO reports

755



LKB1 in B cells prevents spontaneous germinal center formation

To further evaluate the marked white pulp expansion in BKO spleens

(Fig 1H), IHC for GCs was performed. Spleens from WT mice

showed occasional small clusters of peanut agglutinin (PNA) and

BCL6-positive GC cells within small primary follicles in contrast to

spleens from BKO mice, which exhibited large clusters of PNA+ and

BCL6+ GCs within expanded follicles (Fig 2A). Analyses by flow

cytometry revealed a robust increase in the number of GC B cells in

BKO versus WT spleens and lymph nodes (Figs 2B and EV3A). 75%

of GC B cells in spleens and > 90% of GC B cells in lymph nodes

from BKO-YFP mice were LKB1+YFP� (Figs 2B and EV3A). These

analyses also detected a ~33-fold increase in the number of CD4+PD-

1+CXCR5+ICOS+ TFH cells in the spleens of BKO-YFP as compared

with WT-YFP mice, which contained few TFH cells (Fig 2C). Addi-

tionally, expression of Il21, a canonical TFH cytokine, was increased

~ 20-fold in CD4+ splenic T cells from BKO-YFP mice as compared to

WT-YFP mice (Fig 2C). Thus, a subset of LKB1-deficient B cells in

BKO-YFP mice induced the formation of large GCs, with most of the

GC B cells unexpectedly expressing LKB1.

BKO GC B cells exhibit increased apoptosis but generate antigen-
specific antibodies

Un-stimulated GCs in BKO mice prompted a functional assessment

of CSR and antibody secretion. In the spleen and lymph nodes of

BKO mice, there was an increased percentage and number of IgG1+

B cells compared to WT mice (Figs 2D and EV3B). Consistent with

this increase, Aicda was expressed ~17-fold higher in BKO compared

to WT B cells (Fig 2D). There was ~2-fold higher serum IgM in BKO

compared to WT mice, but no difference in the amount of isotype-

switched serum antibodies (Fig EV3C). Plasmablast (PB) in the

spleen and PC numbers in the BM were statistically similar between

BKO and WT mice (Fig EV3D). In BKO-YFP mice, < 10% of PBs and

PCs were YFP+, in contrast to ~70% YFP+ PBs and PCs in WT-YFP

mice (Fig EV3E), consistent with an advantage for mature

LKB1+YFP� compared to LKB1�YFP+ B cells.

One hypothesis for the discrepant antibody-secreting cell

numbers and isotype-switched IGs in BKO mice is that GC B cells

were undergoing apoptosis instead of terminal differentiation. In

agreement, a ~2-fold increase in percentage of CD19+ B cells from

BKO mice stained positive for activated, cleaved caspase 3 by flow

cytometry (Fig EV3F); however, apoptosis was not intrinsic for B

cells that lost LKB1 expression as the percentages of YFP+ and YFP�

CD19+ B cells positive for cleaved caspase 3 was equivalent in BKO-

YFP mice (Fig EV3G). When freshly isolated B cells were partitioned

into B-cell subsets by flow cytometry, only GC B cells showed

increased numbers of cleaved caspase 3+ cells (~10-fold) in BKO-

YFP compared to control spleens (Fig 2E). Additionally, cleaved

caspase 8, the caspase-activated downstream of FAS-ligand-induced

apoptosis [37,38], was detected in whole-cell lysate from CD43-

depleted splenic B cells from BKO but not WT mice (Fig EV3H).

When compared with NP-CGG-induced GC B cells in littermate

controls (LMC) 10 days post-immunization, the frequency of

cleaved caspase 3+B220+GL7+ cells was ~3-fold higher in naı̈ve

BKO-YFP spleens (Fig 2F), suggesting that the rate of apoptosis in

naı̈ve BKO GC B cells is higher than that in immunized WT GC B

cells. Increased GC B-cell apoptosis coincides with a predominantly

GC B-cell expansion in BKO-YFP mice, which could prevent an

increase in ASC production and isotype-switched serum IGs in naı̈ve

BKO compared to WT mice. Despite the elimination of GC B cells

through apoptosis, anti-nuclear antibodies (ANA) were detected in

21% (4/19) of BKO mice aged over 6 months, whereas no anti-

ANAs were detected from littermate controls (0/12) (Fig EV3I). The

data suggest that loss of LKB1 in a subset of B cells drives GC forma-

tion, which over time may result in autoimmunity.

The presence of cleaved caspase 8 in B cells from BKO mice

indicates the lack of a rescue signal provided by antigenic or

co-stimulatory signaling upon antigen encounter [39,40]. To deter-

mine whether BKO mice respond to antigenic stimuli, BKO and

control WT mice were challenged with both T-cell-dependent and

T-cell-independent antigens. BKO mice challenged with TNP-

AECM-FICOLL, a T-cell-independent antigen, generate TNP-IgM and

TNP-IgG3 at 7 days at levels similar to WT mice (Fig EV4A). Further-

more, BKO mice immunized with NP-CGG, a T-cell-dependent anti-

gen, produced NP+ GC B cells at 10 and 28 days post-immunization

(Fig EV4B). Ten days post-immunization, BKO-YFP spleens

contained less NP+ GC B cells than WT-YFP spleens; however,

serum NP-IgG1 at 14 and 28 days was similar between BKO-YFP

and WT-YFP mice (Fig EV4C), suggesting that a subset of BKO B

cells are able to respond to T-cell-dependent stimuli and generate an

antigen-specific antibody response.

B cells in BKO mice are hyperactive and proliferative

Since GC B cells were markedly increased (Fig 2B), B-cell activation

in BKO mice was examined. CD19+ B cells from spleen and lymph

node showed increased expression of MHC II, CD86, and (for

▸Figure 2. Large GCs with a high frequency of apoptotic B cells in non-immunized BKO mice.

A IHC sections of naïve WT and BKO spleens stained for PNA and BCL6 expression.
B Flow cytometry and number of B220+GL7+FAS+ GC B cells from WT (n = 8) and BKO (n = 11) spleens, along with percentage of YFP+ GC B cells, by flow cytometry,

from WT-YFP (n = 8) and BKO-YFP (n = 8) spleens. ****P = 2.75E-05 and 1.3E-07 by Mann–Whitney U-test and two-tailed unpaired Student’s t-test, respectively.
C Flow cytometry for CD4, PD-1, CXCR5, and ICOS expression in splenocytes from WT-YFP (n = 5) and BKO-YFP (n = 5) mice. **P = 0.008 by Mann–Whitney U-test.

qRT–PCR for Il21 expression, relative to 36b4 expression, in CD4+ splenic T cells from WT-YFP (n = 4) and BKO-YFP (n = 4) mice. **P = 0.0078 by two-tailed, unpaired
Student’s t-test.

D Flow cytometry and number of B220+IgG1+ B cells from WT (n = 6) and BKO (n = 9) spleens. ***P = 0.0048 by Mann–Whitney U-test. qRT–PCR for Aicda expression,
relative to 36b4 expression, from splenic B cells of WT (n = 4) and BKO (n = 4) mice. ***P = 0.0027 by two-tailed, unpaired Student’s t-test.

E Number of cleaved caspase 3+ TR, FO, MZ, and GC B-cell subsets from WT (n = 4) and BKO (n = 4) mice. *P = 0.029 by Mann–Whitney U-test.
F Representative flow cytometry for B220, GL7, and NP expression in splenocytes from naïve BKO-YFP mice and LMCs immunized with NP-CGG 10 days post-

immunization. Frequency of cleaved caspase 3+B220+GL7+ splenic cells (n = 4). ****P = 0.0005 by two-tailed, unpaired Student’s t-test.

Data information: Mean � s.d.
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spleen) CD69 in BKO compared to WT mice (Fig 3A and Appendix

Fig S1A). Interestingly, only increased expression of MHC II was

intrinsic to B cells that deleted LKB1, as LKB1�YFP+ B cells express

higher levels of MHC II compared to LKB1+YFP� CD19+ B cells in

BKO-YFP mice (Fig 3B). Expression of CD86 and CD69 was similar

between LKB1+YFP� and LKB1�YFP+ B cells in BKO-YFP mice

(Fig 3B and Appendix Fig S1B), suggesting paracrine B-cell

activation. Pre-GC T2 and T3 transitional B-cell subsets also display

A B

C D

E F

Figure 2.
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2- to 3-fold higher MHC II surface expression in BKO compared to

WT spleens (Fig 3C). Spontaneous in vivo activation was strongly

suggested because freshly isolated B cells from BKO-YFP spleens

incorporated ~8-fold more BrdU ex vivo in a 30-min pulse than WT-

YFP splenic B cells (Fig 3D), which is consistent with the presence

of GC B cells in BKO mice (Fig 2). Interestingly, the percent of

LKB1�YFP+ and LKB1+YFP� splenic B cells that synthesized DNA

was similar in BKO-YFP mice (Fig 3D), again suggesting a cell

extrinsic influence of LKB1�YFP+ B cells on LKB1+YFP� B cells.

To examine the effect of LKB1 on B-cell proliferation, Celltracer

dye dilution assays were performed on CD43-depleted B cells from

WT-YFP and BKO-YFP spleens stimulated with anti-CD40 mAb and

IL-4. After 3 days, overall cell division was similar for WT-YFP and

BKO-YFP B cells (Appendix Fig S1C). However, a greater percentage

of LKB1�YFP+ B cells divided by day 3 than did LKB1+YFP� B cells

from BKO-YFP spleens and underwent multiple rounds of division

(Appendix Fig S1D). Additionally, BrdU incorporation studies

showed similar levels of DNA synthesis between stimulated B cells

from WT-YFP and BKO-YFP spleens (Appendix Fig S1E), whereas

stimulated LKB1�YFP+ B cells synthesize ~2-fold more DNA than

LKB1+YFP� B cells from BKO-YFP mice (Appendix Fig S1E). The

data suggest that LKB1 inhibits spontaneous B-cell activation in

BKO mice and negatively regulates B-cell proliferation.

LKB1 suppresses T-cell activation

We next examined how LKB1� B cells could stimulate a marked

LKB1+ GC B-cell and massive T-cell expansion. As MHC II and the

T-cell co-stimulatory protein CD86 were upregulated on BKO B cells,

we investigated whether isolated BKO B cells could activate CD4+

T cells. In vitro co-incubation of CD4+CD62L+ naı̈ve T cells from WT

spleens with anti-CD3 and naı̈ve BKO B cells induced T-cell activation

to a similar extent as anti-CD3 plus pre-activated WT B cells, as

measured by the induction of the CD44 activation biomarker (Fig 3E).

Naı̈ve BKO B cells also induced T-cell expression of activation biomar-

ker CD25 (Fig 3F) as well as anti-CD3 and anti-CD28 co-stimulation.

In vivo, CD4+ T cells in BKO spleens showed a ~3-fold increase

in the number of activated CD44+ T cells (Fig 3G) and a ~2- to

3-fold increase in the expression of CD69 or CD25 compared with

CD4+ T cells from WT spleens (Fig 3H). Similarly, a ~2- to 3-fold

increase in activated CD4+CD44+ T cells was detected in lymph

nodes of BKO mice without an overall T-cell expansion (Appendix

Fig S1F). Combined, the data suggest that loss of LKB1 in a subset

of B cells is able to induce activation of CD4+ T cells in vivo.

LKB1 blocks IL-21 production in CD4+ T cells through
IL-6 inhibition

To determine how BKO B cells could influence the effector differentia-

tion of activated CD4+ T cells, a cytokine and chemokine array was

surveyed with conditioned media from un-stimulated cultures of

CD43-depleted cells from WT-YFP and BKO-YFP mice. Strikingly, an

inflammatory profile of 15 factors was elevated in BKO-YFP compared

to WT-YFP-enriched B cells, including IL-6, which was recently shown

to induce the earliest stages of TFH differentiation (Appendix Fig S2A)

[3,41–44]. A subset of inflammatory cytokines secreted by BKO-YFP

B cells was compared to lipopolysaccharide (LPS)-stimulated WT

B cells and bone marrow-derived macrophages (BMDMs). LPS-

stimulated B cells secreted similar amounts of RANTES and IP-10 but

increased amounts of Mip-1a, Mip-1b, and IL-16 compared to BKO B

cells, while LPS-stimulated BMDMs secreted more of all cytokines

compared to BKO-YFP B cells (Appendix Fig S2B). Il6 transcripts from

LKB1�YFP+ B cells were elevated ~3-fold over LKB1+YFP� B cells

from BKO-YFP spleens and ~4 fold over WT B cells (Fig 4A). Addition-

ally, un-stimulated LKB1�YFP+ B cells secreted ~ 3- to 4-fold more

IL-6 protein over 24 h, in vitro, than LKB1+YFP� B or WT B cells

(Fig 4B). These data strongly suggest that the loss of LKB1 is responsi-

ble for increased IL-6 production. We focused on IL-6 because of its

elevated expression in LKB1�YFP+ B cells and its potential role in GC

physiology as an early inducer of TFH-cell differentiation.

IL-6 has been shown to induce not only TFH cell, but also Th17-

and TREG-cell differentiation from naı̈ve CD4+ T cells [45–47].

Therefore, CD4+ T cells from BKO-YFP spleens were assessed for

canonical T-cell cytokine transcripts. A ~20-fold increase in Il4 tran-

scripts was detected in CD4+ T cells from BKO-YFP compared to

WT-YFP spleens (Fig EV5B). When paired with the ~20-fold

increased expression of Il21 (Fig 2C), the expression data are consis-

tent with flow cytometry data, indicating a robust TFH expansion

(Fig 2C). Increased expression of Il10, but not other Th subset

canonical cytokine transcripts (Fig EV5A), was detected in CD4+

T cells from BKO-YFP compared to WT-YFP spleens. This transcript

profile suggests that along with an increase in TFH cells, there was

▸Figure 3. BKO lymphocytes are hyperactivated.

A Flow cytometry for MHC II (n = 8 and 11), CD86 (n = 6 and 9), and CD69 (n = 5 and 7) activation biomarkers and mean fluorescence intensity (MFI) for CD19+

splenocytes from WT and BKO mice. **P = 0.005, ****P = 9.1E-06, and **P = 0.002 by two-tailed, unpaired Student’s t-test.
B MFI of MHC II (n = 9 each) and CD86 (n = 6 each) of LKB1+YFP� and LKB1�YFP+ CD19+ B cells from BKO mice. *P = 0.02 by two-tailed, unpaired Student’s t-test.
C MFI of MHC II for transitional and mature B-cell subsets from WT (n = 8) and BKO (n = 11) spleens. ***P = 0.0007, **P = 0.006 by two-tailed, unpaired Student’s

t-test.
D Flow cytometry plot of BrdU incorporation into harvested splenic B cells during a 30-min pulse and BrdU incorporation in LKB1+YFP� and LKB1�YFP+ B cells from

BKO-YFP mice. Three independent experiments; *P = 0.015 by two-tailed, unpaired Student’s t-test.
E, F CD4- and CD62L-enriched, naïve T cells were co-incubated with anti-CD3 Ab and either anti-CD28 Ab, WT B cells pre-activated for 24 h, fresh CD43-depleted WT

B cells, or fresh CD43-depleted BKO B cells for 48 h. Cultures were then harvested for analysis by flow cytometry. (E) Percentage of CD4+CD62L+CD44+-activated
T cells in listed culture conditions (n = 3). Three independent experiments; ****P = 5.9E-05 by two-tailed, unpaired Student’s t-test. (F) MFI of CD25 activation
biomarker on CD4+ T cells in listed culture conditions (n = 3). Three independent experiments; *P = 0.0135 by two-tailed, unpaired Student’s t-test.

G Flow cytometry for the expression of CD4, CD62L, and CD44 in splenocytes from WT (n = 5) and BKO (n = 7) mice. ***P = 0.0025 by Mann–Whitney U-test.
H MFI for CD69 and CD25 activation biomarkers in CD4+ splenic T cells from WT (n = 5) and BKO (n = 7) mice. ****P = 0.0001 and 3.4E-06, respectively, by

two-tailed, unpaired Student’s t-test.

Data information: Mean � s.d.
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also an increase in TREG cells in BKO mice. Consistent with this

expression profile, increased expression of Foxp3 was identified in

CD4+ T cells from BKO mice (Fig EV5B). Further analyses by flow

cytometry detected a marked increase in CD4+FoxP3+ TREG cells

but not CD4+PD-1+CXCR5+FoxP3+ T follicular regulatory (TFR)

[48] cells (Fig EV5C). Importantly, as previously shown [43], Il21

induction required IL-6 secretion from LKB1�YFP+ BKO B cells, as

naı̈ve WT T-cell co-incubation with WT, or even pre-activated,

A

D

E G

F
H

B

C

Figure 3.
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B cells failed to induce Il21 transcripts, whereas co-incubation with

BKO B cells caused a significant induction of Il21 expression

(Fig 4C). Blockade of secreted IL-6 with an anti-IL-6R antibody

inhibited Il21 induction almost to WT or pre-activated B-cell levels

(Fig 4C). Induction of Il21 in CD4+CD62L+ WT T cells by co-

incubation with BKO-YFP B cells for 48 h, however, was not as

robust as the Il21 produced by CD4+ T cells from BKO-YFP mice or

by TFH sorted from LCMV-infected mice (Fig 4D).

LKB1 expression inhibits NF-jB to block IL-6 production

To determine the impact of LKB1 expression on IL-6 production

without the influence of other cell types or cell extrinsic factors, WT

and LKB1� mouse embryonic fibroblasts (MEFs) were chosen as a

study system. WT MEFs produced few Il6 transcripts, whereas

LKB1� MEFs displayed a ~350-fold increase in Il6 transcripts

(Fig 5A). LKB1� MEFs also secreted ~10-fold more IL-6 over 24 h

than WT MEFs (Fig 5B). This increase in IL-6 production was

specific to LKB1 loss because reconstitution of LKB1� MEFs with a

mouse Lkb1 expression vector (Fig 5C) resulted in both a repression

of Il6 transcripts (Fig 5A) and IL-6 secretion (Fig 5B).

Multiple signaling pathways acting on a variety of transcrip-

tion factors regulate the expression of Il6 [49–52]. LKB1� MEFs

exhibited an increase in nuclear p65, p52, and p50 NF-jB family

member proteins compared to WT and LKB1-reconstituted MEFs

(Fig 5D), whereas other signaling pathways displayed similar or

reduced activity compared to WT MEFs (Appendix Fig S3A–E).

To determine whether increased p65 NF-jB activity contributed

to Il6 production, LKB1� MEFs were incubated with an inhibitor

of p65 nuclear import, JSH-23 [53]. Titration of JSH-23 below

the established IC50 of 7.1 lM resulted in a dose-dependent

response in Il6 transcription in LKB1� MEFs (Appendix Fig S3F).

Additionally, JSH-23 exposure decreased Il6 transcription by

~50% in LKB1� MEFs compared to DMSO-treated controls

(Fig 5E). Similar to LKB1� MEFS, LKB1�YFP+ B cells from BKO

spleens contained increased nuclear p65, p52, and p50 proteins

compared to both CD43-depleted WT B cells and LKB1+YFP� B

cells from the same BKO spleen (Fig 5F). These data indicate

that LKB1 inhibits spontaneous IL-6 production by repression of

NF-jB activation, although this result does not exclude addi-

tional LKB1-independent mechanisms of NF-jB and IL-6

regulation.

A B

C D

Figure 4. BKO B cells activate CD4+ T cells and induce Il21 expression by IL-6 secretion.

A qRT–PCR for Il6 expression, relative to 36b4 expression, in CD43-depleted splenic B cells from WT-YFP (n = 3), and LKB1+YFP�- (n = 4) and LKB1�YFP+- (n = 4) sorted
CD19+ splenic B cells from BKO-YFP mice. **P = 0.0098 by one-way ANOVA.

B IL-6 secreted by WT-YFP (n = 3), and LKB1+YFP� (n = 5) and LKB1�YFP+ (n = 5) CD19+ splenic B cells from BKO-YFP mice during 24 h in culture. ***P = 0.0047 by
one-way ANOVA.

C CD4+CD62L+ naïve T cells were co-incubated with anti-CD3 Ab and WT B cells pre-activated for 24 h, WT B cells, or B cells from BKO mice, with or without anti-IL-6R
Ab for 48 h. qRT–PCR for induced Il21 expression, relative to 36b4 expression, and normalized to the induction of Il21 expression in BKO B-cell co-culture, is shown.
Three independent experiments; ****P = 0.0002 and 6.5E-05, *P = 0.024, respectively, by two-tailed, unpaired Student’s t-test.

D qRT–PCR analysis of Il21 expression, relative to 36b4 expression, by CD4+CD62L+ T cells co-incubated with anti-CD3 antibody and B cells from BKO-YFP mice for 48 h,
CD4+ T cells from BKO-YFP mice, or sorted TFH cells from LCMV-infected WT mice. Three independent experiments (co-culture) or 3 biological replicates; **P = 0.009
and ***P = 0.0014 by two-tailed, unpaired Student’s t-test.

Data information: Mean � s.d.
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LKB1 is phosphorylated downstream of B-cell receptor signaling

NF-jB signaling is an important mediator for B-cell responses such

as proliferation and CSR [54] and is activated downstream of

B-cell receptor (BCR) signaling [55]. Interestingly, LKB1 can be

phosphorylated downstream of multiple signaling pathways [56],

including MAPK/ERK pathway signaling [20], which is an impor-

tant mediator of BCR signaling [57]. To determine whether LKB1

is phosphorylated downstream of BCR engagement, CD43-depleted

WT B cells were stimulated with anti-IgM F(ab2) fragment. As

expected, ERK was phosphorylated within 5 min upon stimulation

(Fig 6). Additionally, LKB1 was phosphorylated at Ser431 upon

BCR signaling induction, similarly to ERK phosphorylation (Fig 6).

Additionally, pre-treatment of B cells with the MEK inhibitor,

U0126, resulted in the decreased phosphorylation of LKB1 upon

BCR signaling (Fig 6). The regulation of LKB1 by post-translational

modification is complex, multi-faceted, and incompletely under-

stood [56], although phosphorylation of S428 (S431 in mice) has

been shown to be inhibitory in multiple cellular contexts [58–60]

and could potentially link LKB1 inactivation to the induction of

NF-jB through BCR signaling.

Our BKO mice suggest that in B cells, LKB1 expression likely

prevents unprovoked cellular activation and IL-6 production by

inhibiting NF-jB activation. LKB1�YFP+ B cells show spontaneous

activation and secrete inflammatory cytokines, including IL-6,

which activate surrounding CD4+ T cells and induce Il21 expres-

sion. IL-6 and IL-21 promote CD4+ T-cell differentiation into TFH

cells potentially driving un-stimulated GC formation and expansion.

These results suggest a model in which antigen-triggered LKB1 inac-

tivation in mature B cells is a physiologic mechanism for stimulating

the start of a GC reaction through B-cell intrinsic and extrinsic

immune system activation (Fig 7).

Discussion

Previously, we identified a CSR-initiated signaling pathway in GC

B cells that ends with inactivation of CRTC2 to silence GC B-cell

genes and enable the differentiation of PCs [15]. An essential inter-

mediate in this signaling pathway is LKB1, whose siRNA repres-

sion blocked human tonsil B cells from becoming IG-secreting PBs

in an in vitro GC-like B-cell differentiation system and whose loss

of expression was detected in human lymphoma samples [15].

However, these studies did not examine LKB1 in B cells in vivo

where the microenvironment and non-B-cell types influence GC

formation, maintenance [61–66], size regulation [67], and PC

production. Therefore, Lkb1 was deleted in developing and mature

B cells in mice to assess its contextualized function. This resulted

A D F

B

C E

Figure 5. Loss of LKB1 induces IL-6 production through NF-jB activation.

A qRT–PCR for Il6 expression, relative to 36b4 expression in WT, LKB1� (KO), and LKB1� reconstituted MEFs (KO + LKB1), in triplicate. Mean � SEM; ***P = 0.0017 by
one-way ANOVA.

B IL-6 secreted from WT, KO, and KO + LKB1 MEFs into culture media for 24 h, in triplicate. Mean � SEM; ****P = 0.0001 by one-way ANOVA.
C Representative Western blot of WT, LKB1� (KO), and LKB1� reconstituted MEFs (KO + LKB1) for LKB1 and actin protein expression.
D Representative Western blot analysis of NF-jB family member proteins in nuclear lysates from WT, KO, and KO + LKB1 MEFs.
E qRT–PCR for Il6 expression, relative to 36b4 expression, in WT MEFS incubated with DMSO, and LKB1� MEFs incubated with either DMSO or 5 lM JSH-23.

Mean � s.d. for three independent experiments; **P = 0.006 by one-way ANOVA.
F Representative Western blot analysis of NF-jB family member proteins in nuclear lysates from CD43� B cells from WT, sorted YFP+, and sorted YFP� B cells from BKO

mice (n = 3).
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in reductions in mature LKB1�YFP+ B cells, which resembled cell

reductions in lineage-specific Lkb1 knockout T-cell and HSC mice.

Most interestingly, LKB1� B cells also exerted unanticipated

control over T-cell activation, expansion, and differentiation that

recruited naı̈ve LKB1+ and LKB1� B cells into hyperplastic GC

reactions (Fig 7).

Lkb1 knockout in mouse thymocytes or HSCs altered cell autono-

mous functions, including quiescence, survival, differentiation,

activation, and metabolism [25–30, 68]. Consistent with these stud-

ies, B cells with Lkb1 deletion at the pro-/pre-B-cell stage showed

reductions in all mature B-cell populations in the spleen, lymph

nodes, and in the peritoneum of BKO mice. However, total B-cell

numbers in the spleen, lymph node, and peritoneum were equiva-

lent between WT and BKO mice, indicating that LKB1+ B cells in

BKO mice compensated for these reductions, resulting in B-cell

homeostasis. An up to ~100-fold expansion of LKB1+ and LKB1�

GC B cells in BKO-YFP mouse spleens and lymph nodes contrasts

with reduced steady-state HSCs, thymocytes, T cells, and pre-GC

B cells. This non-target LKB1+ GC B-cell expansion stimulated our

focus on the cell extrinsic functions of LKB1 loss in B cells as a

potential explanation.

We showed that BKO B cells activate and expand T cells by

increased expression of MHC class II proteins for antigen presenta-

tion, CD86 (B7-2) for co-stimulation, and augmented cytokine secre-

tion. Secreted cytokines produced a mainly TFH cell-polarizing

inflammatory response. Interestingly, Lkb1 deletion in mature

T cells resulted in autonomous cell activation and the production of

interferon-c and IL-17, potentially via mTORC1 hyperactivity [28]. A

similar mTORC1 mechanism for cytokine secretion could operate in

LKB1� B cells, although mTORC1 is a general regulator of protein

synthesis and an explanation for TFH-polarizing cytokine production

is not revealed.

The loss of LKB1 in both B cells and MEFs induced the expres-

sion of Il6, which may occur by increased NF-jB activation [49].

Our data show an increase in nuclear NF-jB family member

proteins in LKB1� MEFs that, when inhibited, led to a decrease in

Il6 levels. Together, these results suggest that LKB1 inhibits NF-jB.
There is a low level of tonic NF-jB activity in mature B cells [69]

and induced NF-jB activation is required for B-cell proliferation,

class switch recombination, and cytokine production [54]. However,

excessive NF-jB signaling has been shown to be detrimental to B

cells. Mice with constitutively active NF-jB display B-cell hyper-

plasia [70–73], autoimmunity [71,74,75], and lymphomagenesis

[72]. B cells from these mice respond by hyperactivation and hyper-

proliferation to stimulation [71,72,75], secrete IL-6 [71,75], and

form robust GCs [71,73–75]. Regulation of NF-jB activity by LKB1

could be a mechanism by which B cells survive with tonic

BCR signaling, followed by heightened NF-jB activation from

stimulation, such as by antigen, that provokes B-cell activation and

subsequent GC formation.

Recently, IL-6 induction in B cells during an anti-viral immune

response was reported to be dependent on Oct2 and OBF-1 tran-

scription factors [44]. Karnowski et al showed that in response to

influenza, in vivo, and in response to TLR signaling, in vitro, IL-6

induction in B cells is dependent on the induction of Oct2 and

particularly OBF-1 [44]. Similar to our model (Fig 7), IL-6

produced by B cells induces IL-21 production in T cells and these

cytokines play overlapping roles in the anti-viral responses of TFH-

cell differentiation and GC formation. In response to BCR signal-

ing, however, Oct2�/� mice were able to induce Il6 expression,

and while Obf1�/� mice were not, it is known that Obf1�/� B cells

have defects in BCR signaling and that Obf1�/� mice cannot form

GCs [76]. Given the emerging role of IL-6 as an early inducer of

TFH-cell differentiation [3,41–43], multiple mechanisms could exist

for initiation of IL-6 production in B cells depending on the

triggering stimulus inducing an immune response. While inflam-

matory stimuli could provoke robust IL-6 secretion through Oct2

and OBF-1 induction [44], non-inflammatory activation of B cells

through antigen–BCR signaling could induce IL-6 production

through NF-jB activation to provide a mechanism for TFH-cell

differentiation.

The identification of upstream regulators and downstream effec-

tors of LKB1 signaling in B cells is required to understand and

potentially manipulate LKB1 control of the GC reaction. To enable

PC differentiation of GC B cells in human tonsil, LKB1 relays signals

from ATM during CSR to an unidentified AMPK family member

protein to inactivate CRTC2. It is not known which of 13 potential

AMPK family member proteins LKB1 targets to repress genes that

support GC B cells. These LKB1-repressed CRTC2 target genes

control key GC processes. This repressed gene program alone seems

sufficient to terminate the GC reaction, but additional AMPK family

targets of LKB1 signaling are well positioned to regulate key GC and

PC processes, including energy metabolism (AMPK) [24], cell polar-

ity (MARK proteins, others) [77], and anoikis (SIK1) [78]. Definitive

Figure 6. BCR signaling results in inhibitory LKB1 S431 phosphorylation.
Representative Western blot of phosphorylation of LKB1 on serine 431 in CD43-
depleted WT B cells stimulated with F(ab2) fragments of anti-IgM and either
DMSO or U0126 for the indicated times. Ratio of phospho-LKB1 to total LKB1
expression, normalized to T = 0, is shown as mean for three independent
experiments.
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evidence that LKB1 inactivation of CRTC2 is a main control

point for PC production requires generation of an in vivo model that

replicates the results of the in vitro GC-like B-cell differentiation

system [15,79,80].

Surprisingly, LKB1� B cells induced the activation and prolifera-

tion of both LKB1+ and LKB1� B cells. LKB1� B cells produced

inflammatory cytokines including IL-6 that induced T-cell expansion

and TFH-cell differentiation to support the generation of GCs that

recruited both LKB1+ and LKB1� B cells. A key remaining question

is whether LKB1 controls the start of endogenous GC reactions. The

earliest stage of GC formation at the outer T–B border zones

requires signaling through BCR–cognate antigen recognition and

CD40/CD40L B- to T-cell interactions. LKB1 is a constitutively

active ser/thr kinase [18] with potential for altered activity by post-

translational modification, subcellular localization, or substrate

availability [18,28]. MAPK/ERK pathway signaling phosphorylates

Ser325 and/or Ser428 in the C-terminal regulatory domain of LKB1

[18,19]. B-RAF V600E mutant melanoma cells also phosphorylate

these sites through ERK signaling to negatively regulate LKB1 and

drive cancer cell proliferation [22]. Interestingly, BCR signaling and

CD40 signaling in B cells also activate MAPK/ERK pathway signal-

ing. Further work is required to determine whether this signaling,

changes in localization, or target protein availability attenuates

LKB1 kinase activity to generate TFH-polarizing cytokines that help

initiate a GC reaction.

LKB1 prevents naive B cells from expressing IL-6, a key in vivo

cytokine that stimulates CD4+ T cells differentiate into TFH cells

[41,42]. IL-16 secretion from activated B cells [81] results in the

recruitment of T cells and dendritic cells at the B-T border. In turn,

TFH cells express CXCL13, to attract B cells into growing GCs

[82,83] and IL-21, to enhance the differentiation and expansion of

TFH cells to support larger GCs [42,43]. Interestingly, the rigid

requirement for antigen presentation by dendritic cells and B cells

for TFH differentiation and maintenance may be abrogated by Lkb1

deletion from B cells [84,85]. Future studies will focus on precisely

how physiologic BCR, CD40, or other signaling relieves LKB1-

enforced B-cell quiescence, how LKB1 inhibition in B cells induces a

TFH-cell-polarizing inflammatory cytokine response, and whether

manipulation of LKB1 activity can enhance humoral immunity or

block a deleterious autoantibody response.

Materials and Methods

Mice

Lkb1fl/fl mice were obtained from the National Cancer Institute

repository. Lkb1fl/fl, CD19-Cre+/�, and Rosa26-YFP mice (Jackson

Laboratory) were housed in a pathogen-free animal facility at UCLA.

All mouse studies were done between 6 and 12 weeks of age

Figure 7. IL-6 from BKO B cells influences the differentiation of TFH cells.
Details for this model are given in the text.
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with approval (#1998-113-51) from the UCLA Animal Research

Committee.

Reagents and antibodies

Anti-mouse antibodies included CD45R (RA3-6B2), CD5 (53-6.7),

CD21/35 (7G6), CD43 (S7), CD44 (IM7), CD62L (MEL-4), CD86

(GL1), CD95, CD138 (281-2), IgM (R6-60.2), and T- to B-cell activa-

tion antigen (GL-7) (all from BD); CD45R (RA3-6B2), CD4 (RM4-5),

CD8a (5306.7), CD23 (B3B4), CD44 (IM7), CD69 (H1.2F3), CD93

(AA4.1), IgM (11/41), and MHC II (114.15.2) (all from eBioscience);

and CD19 (6D5) (Biolegend), CD45R (RM) (Invitrogen), active

caspase 3, BrdU-Red (BioVision) phospho-LKB1 (C-1) (Santa Cruz),

and b-tubulin (Sigma). Anti-rabbit antibodies included cleaved

(D5B2) and total (D35G2) caspase 8, phospho-p42/44 (D13.14.4E),

p42/44 (137F5), phosphor-p38 (D3F9), p38 (D13E1), phospho-JNK

(81E11), JNK (56G8), p65 (D14E12), NF-jB p100/52 and LKB1

(D60C5) (Cell Signaling), actin (Sigma), NF-jB p50, HDAC1 (H-51),

JunB, CREB, and phospho-CREB S133 (Millipore), and NP-PE (Bio-

search Technologies).

Southern blot analysis

Cre-mediated excision of Lkb1 exons 3–6 was determined by multi-

plex PCR or Southern blot analysis from tail genomic DNA as previ-

ously described [31] with an exon 5–8 digoxigenin-11-dUTP labeled

probe (Roche). Blot hybridizations were visualized with an anti-

digoxigenin-alkaline phosphatase conjugate (Roche) and chemilumi-

nescent detection.

Cell culture

Wild-type and LKB1� MEFs were obtained from Nabeel Bardeesy

and were grown in DMEM (Mediatech, Inc.) supplemented with

10% FBS (Omega Scientific) with or without JSH-23 (Santa Cruz

Biotechnology) as indicated. Isolated mouse splenic B cells

(1 × 106 cells/ml) were grown in RPMI 1640 (Mediatech, Inc.)

supplemented with 10% FBS (Omega Scientific) and b-mercaptoeth-

anol and stimulated with 1 lg/ml anti-CD40 mAb (BD Pharmingen)

and 25 ng/ml IL-4 (R&D Systems) for up to 3 days or 10 lg/ml

F(ab2) fragment of anti-IgM (Jackson Labs) for up to 1 h or with

10 lg/ml lipopolysaccharide (clone 0111:B4) (Sigma-Aldrich) for

24 h. Mouse T cells were co-incubated with 1 lg/ml of plate bound

anti-CD3 mAb (BioLegend) and either 1 lg/ml anti-CD28 mAb

(BioLegend), WT B cells pre-activated for 24 h, fresh WT B cells,

or BKO B cells for 48 h with or without of 10 lg/ml anti-IL-6R Ab

(BioLegend).

Murine BMDMs were generated by flushing BM cells from

femurs of LMC mice. BM cells were cultured for 7 days in DMEM

(Mediatech, Inc.) containing 10% FBS (Omega Scientific), 1%

penicillin/streptomycin, and 10% conditioned media from L929

cells. BMDMs were stimulated with 1 lg/ml lipopolysaccharide

(clone 0111:B4) (Sigma-Aldrich) for 4 h in DMEM containing 10%

FBS and 1% penicillin/streptomycin. TFH cells were isolated on day

9 after acute LCMV-Armstrong infection and isolated by FACS based

on SLAM, CXCR5 expression as previously described [86]. Sorted

TFH (SLAM-, CXCR5+) were greater than 99% pure based on post-

sort analysis.

Immunizations

Mice were immunized with 25 lg TNP-AECM-FICOLL (Biosearch

Technologies) in 1xPBS, pH 7.4, via intra-peritoneal injection, and

blood was collected and assayed 7 days post-injection by enzyme-

linked immunosorbent assay (ELISA). 100 lg of NP(20-29)-CGG

(Biosearch Technologies) in alum was administered via intra-

peritoneal injection, and blood was collected and assayed 14 and

28 days post-injection by ELISA.

ELISA

Serum IG concentrations were determine by ELISA using goat

anti-mouse IG as a capture antibody and developed with an isotype-

specific goat anti-mouse antibody conjugated to horseradish peroxi-

dase (HRP) (Southern Biotech). Blood was collected via retro-orbital

eye bleed. ELISA was performed with NP-BSA or TNP-BSA as a

capture antibody (Biosearch Technologies) and developed with an

isotype-specific goat anti-mouse antibody conjugated to HRP (South-

ern Biotech).

qRT–PCR

RNA was isolated using Trizol (Life Technologies) and converted to

cDNA with iScript (Bio-Rad). qRT–PCR was performed on a Light-

Cycler480 (Roche) using SYBR green (Roche). Transcript levels were

normalized to the housekeeping gene 36b4 (Rplp0) [87].

Immunoblotting

Cells were lysed with Triton-X lysis buffer or fractionated using the

NE-PER Nuclear and cytoplasmic extraction kit (Thermo Scientific).

Extracts were separated by SDS–PAGE and transferred to either

nitrocellulose or PVDF membranes. Membranes were incubated

overnight with the indicated antibodies in TBS–Tween and 5% milk

or 5% BSA.

Flow cytometry and cell sorting

Single-cell suspensions were stained with conjugated antibodies;

data were obtained on a BD LSRII (BD Biosciences) and analyzed

with FlowJo software (Treestar). Cell sorting was performed on a

BD FACSAria (BD Biosciences).

Histology and immunohistochemistry

Spleens were dehydrated and paraffin embedded. Thin 6-lm
sections were stained with hematoxylin and eosin or hematoxylin

and antibodies using the avidin–biotin peroxidase complex method.

Histologic images were viewed with an Olympus Ax70 microscope

(40/0.75 oil objective lens) and photographed with an Olympus

DP71 camera; DP controller software (version 3.3.1.292) was used

for image acquisition.

B- and T-cell enrichment

RBC-depleted splenocytes were enriched for B cells by CD43 deple-

tion or naı̈ve T cells by depletion of non-CD4+ T cells and positive
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selection of CD62L+ T cells (Miltenyi Biotec). All enrichments were

≥ 85% pure by flow cytometry.

BrdU labeling

BrdU was added to stimulation media for 30 min prior to harvest.

Cells were prepared and stained using the BrdU for flow cytometry

kit (BD Biosciences).

Il-6 ELISA

IL-6 in conditioned media from overnight cultures was quantified by

IL-6 ELISA (R&D Systems) per the manufacturer’s instructions.

Proliferation assay

CD43-depleted B cells were incubated at 1 × 106 cell/ml with Cell-

tracer Violet (Invitrogen), followed by culture with 1 lg/ml anti-

CD40 Ab (BD Bioscience) and 25 ng/ml IL-4 (R&D Technologies)

for 3 days. Fluorescent intensity was measured daily by flow cyto-

metry. Proliferation was analyzed using FlowJo software (TreeStar).

Cytokine proteome array

Single-cell suspensions of CD43-depleted splenic B cells from WT

(n = 2) and BKO (n = 2) mice were incubated in RPMI 1640 for 6 h,

and culture media were harvested and analyzed using the Proteome

Profiler Mouse Cytokine Array (R&D Systems). Briefly, cells were

incubated with a detection antibody cocktail for 1 h, added to the

membranes, and incubated overnight. Membranes were developed

with streptavidin–HRP and exposed to film. Pixel density was deter-

mined using ImageJ software.

Cytokine ELISA

Conditioned media from equivalent cultures of CD43-depleted naı̈ve

WT-YFP, naı̈ve BKO-YFP, WT B cells stimulated with LPS (all

cultured overnight), and BMDM stimulated with LPS (4 h) were

assayed for relative cytokine secretion by Multi-Analyte ELISArray

(Qiagen), according to the manufacturer’s instructions.

FoxP3 staining

Red blood cell-depleted single-cell suspensions from spleens were

stained with anti-bodies against CD4, CXCR5, PD-1, and SLAM and

then fixed and permeabilized using the Mouse FoxP3 Buffer Set (BD

Biosciences), according to the manufacturer’s instructions. Fixed

and permeabilized cells were stained with an antibody against

FoxP3 (BD Horizon). Samples were run on an LSRII (BD Biosciences)

and analyzed with FlowJo software (TreeStar).

Retrovirus generation and infection

Mouse Lkb1 was cloned into the MSCV-IRES-tNGFR retroviral

expression vector [88] by standard methods. Viral supernatant was

harvested from HEK293T cells 48 and 72 h after transfection with

FuGene (Roche). 2.0 × 106 cells were incubated with virus supple-

mented with 4 lg polybrene for 6 h. Prior to experimental assays,

NGFR-expressing cells were enriched by incubation with NGFR-PE

antibody (Miltenyi Biotec) and anti-PE microbeads then passed

through a magnetic column (Miltenyi Biotec).

ANA ELISA

Anti-nuclear antibodies in serum were detected by anti-ANA ELISA

(Alpha Diagnostics), according to the manufacturer’s instructions.

The positivity index was calculated as follows: mean OD of WT

samples + 2SD. All samples were then compared to the positivity

index, with values greater than 1.0 considered positive.

Statistical analysis and experimental design

The two-tailed, unpaired Student’s t-test and the Mann–Whitney

U-test were employed to analyze parametric and nonparametric data,

respectively. In the instances of more than 2 samples, the one-way

ANOVA test was employed, in all cases, P < 0.05 was also consid-

ered significant. Study sample size was determined using a Cohen’s

d between 1.5 and 2 with at least 80% power for all studies. Addi-

tionally, there was no blinding or randomization for animal studies.

Expanded View for this article is available online:

http://embor.embopress.org
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