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Switched antibody classes are important for efficient immune
responses. Aberrant antibody production to otherwise harmless
antigens may result in autoimmunity. The protein kinase fms-like
tyrosine kinase 3 receptor (Flt3) has an important role during early
B-cell development, but the role of Flt3 in peripheral B cells has not
been assessed before. Herein we describe a previously unappre-
ciated role for Flt3 in IgG1 class-switch recombination (CSR) and
production. We show that Flt3 is reexpressed on B-cell lymphoma 6+

germinal center B cells in vivo and following LPS activation of
peripheral B cells in vitro. Absence of Flt3 signaling in Flt3 ligand-
deficient mice results in impaired IgG1 CSR and accumulation of
IgM-secreting plasma cells. On activated B cells, Flt3 is coexpressed
and functions in synergy with the common-gamma chain receptor
family. B cells from Flt3 ligand-deficient mice have impaired IL-4R
signaling, with reduced phosphorylation of signal transducer and
activator of transcription (Stat) 6, and demonstrate a failure to ini-
tiate CSR to IgG1 with low expression of γ1 germ-line transcripts,
resulting in impaired IgG1 production. Thus, functional synergy be-
tween Flt3 and IL-4R signaling is critical for Stat-mediated regulation
of sterile γ1 germ-line transcripts and CSR to IgG1.
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Activation of B cells by foreign antigens and the subsequent
formation of antibody-producing plasma cells are crucial

steps in protective humoral immunity. The immune system re-
sponds to different invading pathogens by production of anti-
bodies with unique effector functions. This is accomplished by
class-switch recombination (CSR), where the rearranged variable
region of an antibody heavy chain is joined with different
constant regions (CH) (1). Impaired CSR can cause serious com-
plications, such as hyper-IgM syndromes with increased susceptibil-
ity to bacterial infections (2), but also systemic or organ-specific
autoimmunity (3).
During CSR, the Ig heavy chain CH exons coding for IgM (Cμ)

are deleted and replaced with CH exons coding for either IgG
(Cγ), IgE (Ce), or IgA (Cα). This process is accomplished by
joining two DNA sequences, switch regions, which are located
upstream of each CH gene. CSR requires the expression of activation-
induced cytidine deaminase (AID), which deaminates deox-
ycytosines in switch (S)-region DNA, yielding deoxyuracils.
During the removal of deoxyuracil bases, double-stranded
DNA breaks occur in the upstream (donor) and downstream
(acceptor) S-regions. This activates a DNA damage response,
which promotes long-range recombination. Eventually the double-
stranded DNA breaks in Sμ and the downstream target S-region
are joined to enable expression of a new antibody isotype (1, 4).
CSR is initiated through transcription from isotype-specific

intronic promoters that continues through the intronic exon, the
adjacent S-region, and the CH exons, creating a germ-line tran-
script (GLT). GLTs are noncoding but are thought to initiate CSR
by rendering the S-region accessible for AID. In addition to B-cell

receptor signals, primary and secondary stimuli control CSR in B
cells. Whereas T-cell–dependent (i.e., CD40L) or T-cell–independent
(i.e., TLR) primary stimuli induce expression of AID, secondary
stimuli such as IL-4 (IgG1, IgE), IFN-γ (IgG2c), and TGF-β (IgA)
are needed for directing the class switch to a specific antibody
isotype through the induction of GLT (5).
During T-cell–dependent responses, CSR mainly occurs within

germinal centers (GCs) (6). IgG1 production is dependent on GC
formation and the type I cytokine IL-4 (7). Binding of IL-4 to the
IL-4 receptor (IL-4R) leads to phosphorylation of signal trans-
ducer and activator of transcription (Stat) 6 by Janus kinase (8).
Phosphorylated Stat6 binds the promoter region of γ1, inducing
GLT and subsequent CSR to IgG1 (8). IL-4 is produced by fol-
licular T cells (TFH) that are specialized B-helper T cells involved
in GC establishment and function (9).
The protein kinase fms-like tyrosine kinase 3 receptor (Flt3) is a

tyrosine kinase receptor expressed on early hematopoietic and
lymphoid progenitors in the bone marrow (BM) (10). Flt3 is acti-
vated by Flt3-ligand (FL) binding, promoting survival and differ-
entiation (11–13). FL is expressed in multiple cell types including
BM stroma cells and activated T cells, either in a membrane-bound
form or as a soluble protein (14, 15). Generally, FL has a weak
stimulatory effect on its own and acts in combination with other
cytokines (16). For example, Flt3 induces responsiveness to IL-7 in
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B-cell progenitors by driving expression of the IL-7R. Furthermore,
Flt3 signaling is suggested to potentiate IL-7–induced phosphory-
lation of Stat5 during early B-cell differentiation (17–23). Despite
the block in early B-cell development, Flt3- and FL-targeted mice
have normal numbers of peripheral B cells, antibody levels, and
responses toward T-dependent immunization (16, 24). Surface ex-
pression of Flt3 is lost when developing B cells acquire CD19 ex-
pression (25).
Recently, Flt3 was found to be reexpressed on splenic B cells

after in vitro activation with LPS or anti-CD40 and IL-4 (26).
Furthermore, Flt3+ B cells have been described in the peripheral
blood of healthy individuals, whereas increased serum levels of FL
have been measured in patients suffering from antibody-mediated
autoimmune diseases such as rheumatoid arthritis, systemic lupus
erythematosus, and Sjögren’s syndrome (27–29). Also, protective
properties of FL are identified in mouse models of chronic asthma,
a disease associated with aberrant antibody production toward
otherwise harmless antigens (30–32). Stimulation of human B cells
with FL in vitro potentiate anti-IgM–induced proliferation and
survival (29). Also, FL has potent adjuvant effects in vivo, enhancing
protective IgA immunity in streptococcal pneumonia (33). Taken
together, these results suggest that Flt3 may participate in processes
associated with B-cell activation.

Herein we investigate the role of Flt3 on mature peripheral B
cells and show that Flt3 is reexpressed on activated GC B
cells and that signals through Flt3 are essential for proper IL-
4–induced activation of Stat6 and IgG1 production.

Results
Activation of Peripheral B Cells Induces Reexpression of Surface Flt3.
The Flt3 receptor is reexpressed on mature peripheral B cells
following LPS or anti-CD40 and IL-4 in vitro stimulation (26). We
decided to further characterize B cells expressing Flt3 after in vitro
LPS activation and during T-cell–dependent antigen challenge
in vivo.
In vitro activation of naïve WT splenocytes with LPS resulted in

reexpression of Flt3 on B cells (Fig. 1A). Flt3 expression was ob-
served on proliferating B cells, with increased cell size and granu-
lation compared with Flt3− B cells and elevated expression of
activation markers CD80, CD86, MHCII, and CD40 (Fig. 1 B–D).
In vivo, immunization with three different T-cell–dependent anti-
gens [methylated bovine serum albumin (mBSA), ovalbumin
(OVA), and collagen type II (CII)] resulted in a significant in-
crease in Flt3+ B cells in lymph nodes (LNs) (Fig. 1E). As ob-
served in vitro, Flt3+ B cells were increased in size and granulation

Fig. 1. Flt3 is expressed on peripheral B cells after in vitro and in vivo activation. (A) Expression of Flt3 on LPS-stimulated B cells isolated from naïve mice.
(B) Size (FSC) and granulation (SSC) of Flt3+ versus Flt3− B cells after 72 h of in vitro LPS stimulation. (C) Expression of Flt3 during LPS-induced B-cell proliferation
after 48 h and 72 h. Cells are gated on CD19+-viable lymphocytes. (D) Expression of activation markers CD80, CD86, CD40, and MHCII (I-A/I-E) on Flt3+ versus
Flt3− B cells after in vitro (LPS) activation. FMO, fluorochrome minus one staining control. (E) Presence of Flt3-expressing B cells in LNs of mBSA-, OVA-, and CII-
immunized WT mice at day 10. (F) Size (FSC) and granulation (SSC) of Flt3+ versus Flt3− B cells found in vivo at day 10. (G) Expression of activation markers
CD80, CD40, and MHCII (I-A/I-E) on Flt3+ versus Flt3− B cells found in vivo. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistics between Flt3+ and
Flt3− B cells in the same sample were analyzed by paired Student’s t test.
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and had increased expression of activation markers compared with
Flt3− B cells (Fig. 1 F and G).

Flt3 Is Reexpressed on GC B Cells.Antigen-mediated activation of B
cells results in differentiation into antibody-secreting plasma
cells (PC) (34). We found no coexpression of CD138 and Flt3 on
activated splenocytes 28 d after immunization or after in vitro
LPS stimulation (Fig. 2A and SI Appendix, Fig. S1), suggesting
that Flt3+ B cells are activated cells that have yet to differentiate
into PCs. Rather, the presence of Flt3+ B cells correlated with
the frequency of GC B cells, suggesting that Flt3 might be
expressed on GC B cells (Fig. 2B). Accordingly, Flt3+ B cells
were CD19+GL-7+IgD− GC B cells that expressed increased
B-cell lymphoma 6 (Bcl6) levels compared with Flt3− GC B
cells (Fig. 2 C and D). Coexpression of Flt3, Bcl6, and GL7
was further visualized on LN B cells from OVA-immunized
mice using imaging flow cytometry (Fig. 2E).
Immunofluorescent staining of LNs from OVA-immunized

mice showed that Flt3+ B cells could be visualized within the
GL-7+ areas and colocalized with CXCR4+ cells (Fig. 2F). Because
CXCR4 expression on B cells has been shown to be essential for
migration of B cells between the light zone (LZ) and dark zone

(DZ) area of GC (35, 36), we analyzed the presence of Flt3+ cells
within these areas. The distribution of DZ (CXCR4+CD86lo) and
LZ (CXCR4−CD86hi) GC B cells was identical between Flt3+

and Flt3− GC B cells, but the frequency of CXCR4+ cells was
increased among the Flt3+ subset (Fig. 2G). Thus, Flt3 is
expressed on a subset of GC B cells with high Bcl6 and CXCR4
expression, and it might be important for migration of B cells
within GC.

FLs Induce Activation of Stat3 in Activated B Cells. Flt3 signaling
activates Stat3 in dendritic cell (DC) precursors (37). Because
Stat3 also has an important role in terminal B-cell differentiation
and formation of IgG-producing PC (38), we next examined if
FL affected Stat3 activation in B cells. B cells were isolated
and preactivated with LPS for 48 h to induce expression of Flt3
(SI Appendix, Fig. S2). Stimulation of these preactivated B cells
with FL induced activation of Stat3, indicating functional Flt3
signaling (Fig. 2H). In respect to genes associated with B-cell
differentiation, FL stimulation increased the transcription of
interferon regulatory factor 8 (IRF8) in activated B cells,
whereas it suppressed IRF4 (Fig. 2I). Transcription factor
paired box protein 5 (Pax5), an essential repressor of Flt3, was

Fig. 2. Flt3 is expressed on GC B cells. (A) Expression of Flt3 and CD138 on splenic lymphocytes frommBSA-immunized mice at day 28 in vivo and after in vitro
LPS stimulation of splenocytes for 72 h. Cells are gated on a total mononuclear-viable population. FMO, fluorochrome minus one staining control. (B) Fre-
quency of GC B cells (CD19+GL-7+IgD−) at day 10 in naïve and mBSA-immunized WT mice. The correlation between the frequency of Flt3+ and GC B cells in LNs
at day 10 is shown. (C) Expression of Flt3 on GC B cells. (D) Level of Bcl6 expression in Flt3+ and Flt3− GC B cells. (E) Imaging flow cytometry illustrates ex-
pression of Bcl6 and Flt3 on GL-7+ GC B cells. (F) Immunofluorescent staining for Flt3 and CXCR4 on GL-7+ GC B cells in LNs of OVA-immunized mice.
(G) Frequency of Flt3+ cells within the DZ (CXCR4+CD86lo) and the LZ (CXCR4−CD83HI) of GC. Expression of CXCR4 on the total Flt3+ and Flt3− GC B-cell
population is shown. (H) Level of pStat3 (Y705) and total Stat3 after 15 min (15´), 60 min (60´), and 24 h of stimulation with 200 ng/mL rmFL. (I) Gene ex-
pression heat map of activated B cells stimulated with 200 ng/mL rmFL for 20 h. *P < 0.05, **P < 0.01, ***P < 0.001. Statistical analysis was performed using
the unpaired Student’s t test.
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down-regulated to a similar extent as IRF4 but did not reach
statistical significance. The expression of other genes involved in
PC differentiation such as PR domain zinc finger protein 1
(Prdm1) [coding for B lymphocyte-induced maturation protein-1
(Blimp-1)], Bcl6, Pu.1, AID, and IL-21R was not affected by FL
stimulation (Fig. 2I).

FL Deficiency Does Not Affect the Formation of GCs. To study a
potential role of Flt3 signaling during B-cell activation, we took
advantage of FL-deficient (FLKO) mice. FLKO and WT mice
were immunized with mBSA, and the formation of GCs in spleen
and LNs was analyzed at day 14. We found normal formation of
CD19+GL-7+IgD− GC B cells in FLKO mice (Fig. 3A). In-
terestingly, immunofluorescent staining revealed an enlargement
of B-cell and Bcl6+ areas in the spleen of FLKO mice compared
with WT (Fig. 3B), suggesting increased activation of GC B cells
in FLKO mice. This was supported by increased expression of
GL-7 and CD19 and an increased size of GC B cells in spleen
from FLKO mice compared with WT cells (Fig. 3C).
Next we examined the expression of Flt3 on FLKO versus WT

GC B cells. Supporting a more activated phenotype of GC B
cells from FLKO mice, splenic Flt3+ GC B cells were found in

FLKO and not in WT mice (Fig. 3D). In LN, Flt3+ GC B cells
were found in both strains, but the frequency was significantly
increased in FLKO mice, presumably as a consequence of im-
paired Flt3 signaling (Fig. 3D). As in WT mice, the expression of
Flt3 in GL7+ B-cell areas of FLKO mice colocalized with
CXCR4 (Fig. 3E).
TFH supports formation of GC and aids in CSR during the GC

reaction (9). FL deficiency did not affect the formation of TFH
(CD4+ICOS+CXCR5+) cells or the expression of IL-21R, al-
though an increase in IL-21 was observed (SI Appendix, Fig. S3).

Absence of Flt3 Signaling in Activated B Cells Results in Enhanced
Plasma Cell Differentiation. We next examined if PC differentia-
tion is affected by Flt3 signaling. PC differentiation was first
evaluated in LPS-stimulated WT and FLKO splenocyte cultures.
We found an increased frequency of CD138+B220low plasma-
blastic cells in FLKO cultures both at day 3 and 5 (Fig. 4A). This
was associated with increased transcription of PC-promoting
genes AID and Prdm1 (Fig. 4B). The PC-suppressive gene Pu.1
was decreased, whereas Bcl6, Pax5, and IRF8 were equally
expressed in WT and FLKO cultures (Fig. 4B). We measured
production of soluble FL in cultures of LPS-activatedWT splenocytes

Fig. 3. FL deficiency does not affect formation of GCs. (A) Frequency of GC B cells (CD19+GL-7+IgD−) in spleen and LNs at day 14. (B) Immunofluorescent
staining for Bcl6 (red) and B220 (green) in the spleen. Three individual spleens were stained, and areas were calculated as percent of total section area.
(C) Expression levels of GL-7 and CD19 and size (FSC-A) of WT (dashed line) and FLKO (solid line) GC B cells (CD19+GL-7+IgD−) in the spleen and LNs. (D) Expression
of Flt3 on GC B cells (CD19+GL-7+IgD−) in spleen and LNs. (E) Immunofluosecent staining for Flt3 and CXCR4 within the GL-7+ GC B cells in LNs of FLKO mice.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical analysis was performed using the unpaired Student’s t test.
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(29.85 ± 5.99 pg/mL, n = 8), confirming that Flt3 signaling was
taking place during PC differentiation.
We analyzed the formation of PCs in vivo after mBSA im-

munization. To identify PCs, we used the marker CD93 in
combination with CD138, which identifies antibody-secreting
plasma cells (39). FLKO mice had an enlarged population of
splenic Flt3+ B cells at day 28 (Fig. 4C). This was associated with
an increased formation of splenic and BM PCs in FLKO mice
(Fig. 4 D and F) and an increased splenic expression of PC-
promoting genes IRF4, Prdm1, and XBP1 (Fig. 4E). No differ-
ence was observed in the expression of Bcl6, Pax5, IRF8, and
Pu.1 between FLKO and WT mice (SI Appendix, Fig. S4 A and
B). Thus, PC differentiation is enhanced in the absence of
Flt3 signaling.

Increased Formation of IgM-Producing Plasma Cells in FLKO Mice.
Next we assessed antibody production by culturing splenocytes
and BM cells isolated from mBSA-immunized WT and FLKO
mice. FLKO mice had increased production of IgM in both
splenocyte and BM cultures compared with WT mice, whereas

the levels of IgG were similar (Fig. 4G). An increased level of
IgM was also found in the serum of FLKO mice at day 28 (Fig.
4H). Together this suggested that IgM-producing PCs were
enriched in the absence of FL.

FL Deficiency Causes a Specific Impairment in IgG1 Production. The
combination of increased PC differentiation with increased IgM
production led us to determine if IgG subclasses were produced
normally in FLKO mice. Surprisingly, we observed a significant
reduction in serum levels of total and mBSA-specific IgG1
antibodies at days 14 and 28 in FLKO mice (Fig. 5 A and B and
SI Appendix, Fig. S5A). Similarly, the production of mBSA-specific
IgG1 was reduced in supernatants from FLKO splenocytes and
BM cultures (Fig. 5C). Additionally, few IgG1+ cells were found in
spleens of mBSA-immunized FLKO mice at days 14 and 28,
whereas staining for IgM showed no difference (Fig. 5 D and E).
Immunized FLKO mice had sufficient levels of IgG2b, IgG2c, and
increased IgG3 (Fig. 5F), potentially explaining the absence of
differences in total IgG and total mBSA-specific IgG (Fig. 4H and
SI Appendix, Fig. S5B). The increased levels of IgG3, a subclass

Fig. 4. Absence of Flt3 signaling results in enhanced formation of IgM-producing plasma cells. (A) Frequencies of plasma cells after 3 and 5 d of in vitro
LPS stimulation of splenocytes isolated from mBSA-immunized FLKO and WT mice at day 28. (B) Gene expression heat map of spleen cells from FLKO and
WT mice at day 3 after in vitro LPS stimulation. Gene expression of target genes were normalized against GAPDH and compared with WT mice.
(C ) Frequency of Flt3+ B cells in the spleen of WT and FLKO mBSA immunized mice. (D) Absolute and relative frequency of splenic (CD138+CD93+B220−)
plasma cells. The ratio was calculated by dividing the number of plasma cells by the number of B cells (CD19+CD3− cells). (E ) mRNA levels of IRF4, Pdrm1,
and XBP1 in the spleen. (F) Absolute and relative frequency of BM (CD138+CD93hiB220−CD19−) plasma cells. The ratio was calculated by dividing the
number of plasma cells by the number of immature B cells (CD19+B220+IgM+ cells). (G) Spontaneous production of IgM and IgG by splenocytes and BM
cells from mBSA-immunized mice cultured for 48 h without stimulation. (H) Serum levels of total IgM and IgG in FLKO (n = 14) and WT (n = 14) mice.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical analysis was performed using unpaired Student’s t test. The figure presents the results of
two independent mBSA-immunization experiments in vivo and in vitro.
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mainly associated with marginal zone (MZ) B cells, could be as-
sociated with an altered distribution of MZ and follicular B cells in
FLKO mice (SI Appendix, Fig. S6), which has also previously been
reported (40). Measurement of baseline levels of IgG subclasses
in naïve mice revealed a specific reduction in IgG1 in FLKO
compared with WT mice, whereas levels of the other subclasses
were similar between the strains (SI Appendix, Fig. S7). Taken
together, these results indicate that Flt3 signaling is essential
for IgG1 production.

B Cells from FLKO Mice Have Reduced Ability to Initiate IgG1 CSR in
Vivo and in Vitro. To evaluate a relationship between Flt3 and
IgG1, CSR to IgG1 was induced in WT B cells in vitro by
combined LPS + IL-4 stimulation. As expected, Flt3 and IgG1
expression was only detected on proliferating cells (Fig. 5G).
Additionally, the expression of Flt3 preceded that of IgG1 and
was detected already after 48 h, whereas IgG1 was first seen after
72 h. Also, IgG1 expression was mainly found on Flt3+ B cells
(Fig. 5G), suggesting that Flt3 signaling was involved during
initiation of IgG1 CSR. Both Flt3+ and Flt3− GC B cells in the
LNs of OVA-immunized mice were mainly IgM−IgD−. However,

assessment of surface Ig expression on total CD19+ B cells of
OVA-immunized mice revealed an enrichment of IgD−IgM− cells
within the Flt3+ subset, whereas IgD+IgM− cells were mostly Flt3−

(Fig. 5H). Also, IgG1 and Flt3 were not coexpressed on B cells in
vivo (Fig. 5H). Together, these results support the notion that
Flt3+ GC B cells are undergoing CSR and that Flt3 is important
in the early stages of CSR to IgG1.
A necessary step in CSR to IgG1 is the occurrence of GLT for

γ1 (1). FLKO mice had significantly reduced splenic expression
of γ1 GLT (Fig. 5I), but there was no difference in the levels of
GLT for IgM or other IgG subclasses (SI Appendix, Fig. S8 A and
B), supporting inability of FLKO mice to initiate CSR to IgG1.
Similar reduced ability to initiate IgG1 CSR was also found when
splenocytes were stimulated with LPS and IL-4 in vitro (Fig. 5I).
Lastly, IL-4 significantly potentiated LPS-induced production
of soluble FL (LPS, 8.9 ± 1.34 pg/mL vs. LPS + IL-4, 23.1 ±
2.84 pg/mL; P = 0.011, n = 3) from WT splenocytes, further sup-
porting a potential direct role for Flt3 involvement in IgG1 CSR.

Impaired Activation of Stat6 in FLKO B Cells. Deficiency of Stat3 in
B cells does not affect CSR to IgG1 (38), indicating that FL

Fig. 5. Mice with impaired Flt3 signaling have a selective abrogation in IgG1 production. (A) Serum levels of anti-mBSA IgG1 antibodies at day 14 (WT, n = 3;
FLKO, n = 4) and day 28 (WT, n = 14; FLKO, n = 14). (B) Total serum titers of IgG1 in mBSA-immunized mice at day 14 and day 28. (C) Spontaneous production
of anti-mBSA IgG1 antibodies from splenocytes and BM cells isolated at day 28 and cultured for 48 h without stimulation. (D) Immunohistochemisty staining
for IgM (brown) and IgG1 (brown) in the spleen of WT and FLKO mice at day 28. (Scale bar, 0.1 mm.) (E) IgG1+ B cells in the spleen at day 14. (F) Serum levels
of anti-mBSA IgG2b, IgG2c, and IgG3 at day 14 (WT, n = 3; FLKO, n = 4) and day 28 (WT, n = 14; FLKO, n = 14). (G) Expression of Flt3 and IgG1 on proliferating
splenic B cells after 48 and 72 h of in vitro LPS + IL-4 stimulation. (H) Surface expression of IgD, IgM, and IgG1 on Flt3+ and Flt3− B cells. Cells were gated on
CD19+ cells. (I) GLT mRNA transcripts for γ1 in the spleen of WT and FLKO mice in vivo 14 and 28 d after mBSA immunization and in vitro after 72 h of
stimulation with LPS and IL-4. Levels of GLT γ1 were normalized against Igβ. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistic analysis was
performed using the unpaired Student’s t test.
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affects other signaling pathways necessary for IgG1 GLT in-
duction. Previous studies suggest that Flt3 aids in the expression
and signaling through IL-7R in early B-cell progenitors (22). Due
to functional similarities between the IL-4R and IL-7R, which
both use the common γ-chain for signaling (41), we explored if
Flt3 could synergize with IL-4R signaling in mature B cells. The
LPS-activated Flt3+ B cells expressed IL-4R but not IL-7R
(Fig. 6A). The expression of IL-4R and common γ-chain mRNA
was increased in the spleen of immunized FLKO mice (Fig. 6B),
suggesting that expression of IL-4R was not directly controlled
by Flt3. Furthermore, similar levels of IL-4 mRNA were found in
the spleen of FLKO and WT mice (Fig. 6C).
Because FLKO mice had normal expression of IL-4 and IL-

4R, we explored intracellular IL-4R signaling and evaluated
activation of Stat6, the major downstream signaling molecule of
IL-4R and the transcription factor responsible for induction of
IgG1 CSR (8, 41). LPS and IL-4 stimulation induced phos-
phorylation of Stat6 in WT and FLKO B cells, however phos-
phorylation was significantly lower in FLKO B cells (Fig. 6D).
This effect of LPS + IL-4 stimulation was not a consequence of
impaired expression of IL-4R, as similar levels of both IL-4R and
common γ-chain mRNA were found in FLKO and WT cultures
(SI Appendix, Fig. S9).
The gene transcription analysis showed that this insufficient

phosphorylation of Stat6 in FLKO splenocytes was associated
with the sustained increase in IRF4 and Prdm1, which results in
higher XBP-1 (Fig. 6E), whereas the important suppressors of
Prdm1, IRF8, and Bcl6 were lower in FLKO cultures compared
with WT. IL-4 is known to inhibit the transcription of Blimp-1

during in vitro stimulation (42). In turn, repression of Blimp-1
results in higher Stat6 levels and increased CSR to IgG1 (43).
This sequence of events was clearly impaired in FLKO mice.
Together, these findings suggest that functional Flt3 signaling is
needed for proper activation of Stat6 and completion of the IL-
4R–induced transcriptional program in B cells.

Discussion
Flt3 is expressed on the surface of B-cell progenitors and has an
important role during B-cell development (16, 19). Although
Flt3 is down-regulated early during B-cell differentiation, it
reappears on peripheral B cells after in vitro activation (26).
However, the functional role of Flt3 signaling in mature B cells
has not been addressed in any detail before.
Herein we show that Flt3 expression defines an activated and

proliferating B-cell population, which can be found in peripheral
lymphoid organs and is associated with GC formation. Further-
more, by using FLKO mice, we discovered a previously unac-
knowledged function for the Flt3 receptor during mature B-cell
responses. We show that lack of functional Flt3 signaling causes
an enhanced PC differentiation and a specific IgG1 CSR defi-
ciency, an effect of impaired IL-4–dependent transcriptional pro-
gram in FLKO B cells.
DCs are important for T-cell activation and differentiation

and subsequent IgG CSR (44, 45). FLKO mice have a signifi-
cantly reduced number of DCs, and previous studies on the role
for FL in mediating DC- and T-cell–dependent production of
IgG have rendered contradictory results (16, 46). Here we
demonstrate normal formation of TFH cells, production of IL-4,

Fig. 6. Deficiency of functional Flt3 signaling in activated B cells results in impaired IL-4–induced activation of Stat6. (A) Expression of the IL-4R and IL-7R on
activated Flt3+ WT B cells (gated on CD19+ cells) after 72 h of LPS stimulation. (B) mRNA for IL-4R and the common γ-chain in the spleen of FLKO and WT mice.
(C) IL-4 mRNA in the spleen of WT and FLKO mice. (D) Phosphorylation of Stat6 (Tyr641) in WT and FLKO B cells after 72 h stimulation with LPS (dashed line) or
LPS + IL-4 (solid line). Cells are gated on B220+ lymphocytes. Histograms represent the difference between LPS and LPS + IL-4 simulated cells. (E) Gene ex-
pression heat map of spleen cells from FLKO and WT mice at day 3 after in vitro LPS + IL-4 stimulation. Gene expression of target genes was normalized
against GAPDH- and LPS-stimulated cultures. *P < 0.05. Statistical analysis was performed using the unpaired Student’s t test.
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CSR to T-dependent IgG2c, and comparable levels of total anti-
mBSA IgG in the absence of Flt3 signaling, all of which imply
functional antigen presentation.
PC differentiation relies on a tightly regulated network of

transcription factors. IRF4, Pu.1, and IRF8 have important
functions in terminal B-cell differentiation. IRF4 promotes PC
differentiation through induction of Blimp-1, whereas Pu.1 and
IRF8 suppress PC differentiation by promoting transcription of
Pax5 and Bcl6 and suppressing the function of IRF4 (47, 48).
Pu.1 controls expression of Flt3, and FL has previously been
shown to induce IRF8 in DC progenitors (49, 50). We show that
FL affects the balance between IRF8 and IRF4 in activated B
cells and that loss of FL causes increased expression of IRF4 and
Prdm-1 (coding for Blimp-1), resulting in enhanced PC differ-
entiation. We found this to be potentially regulated by FL
through activation of Stat3. However, neither Stat3- nor IRF8-
deficient B cells show any defects in CSR to IgG1 and could
therefore not explain the IgG1 deficiency in FLKO mice.
The receptors for IL-7 and IL-4 (IL-7R and IL-4R) belong to

the common γ-chain receptor family and have important roles in
B-cell development and function (41, 51). In the BM, IL-7R
signaling is critical for promoting early B-cell commitment and
differentiation, but IL-7 has a limited function in mature B cells
(52, 53). In contrast, IL-4R supports proliferation and CSR
during peripheral B-cell activation but is dispensable in early
development (41, 54). Flt3 has previously been suggested to
regulate the expression of IL-7R on B-cell progenitors in the BM
(22), but a connection between Flt3 and IL-4R has never been
described. Herein, we show that Flt3 is coexpressed with the IL-4R
on activated peripheral B cells, but in contrast to the IL-7R, we
find no indications that IL-4R is affected by FL deficiency.
Instead, increased splenic expression of IL-4R mRNA is asso-
ciated with an increased frequency of Flt3+ B cells, suggesting
that the two receptors are expressed concomitantly rather than
in sequence and enabling functional synergy between these
receptors during B-cell activation.
In addition to induction of IL-7R expression, Flt3 has been

suggested to synergize with IL-7R signaling through promotion
of Stat5 phosphorylation in early B-cell progenitors (17). Stat6 is
the major downstream signaling molecule of the IL-4R and is
required for the initiation of CSR to IgG1 by activating tran-
scription of γ1 GLT (55). Accordingly, both Stat6- and IL-4–
deficient mice show a specific abrogation in IgG1 production.
Also, immunization of IL-4–deficient mice with a T-cell–dependent
antigen induces high production of antigen-specific IgG2b,
IgG2a, and IgG3, whereas IgG1 production is severely dimin-
ished (8, 54, 56). We observed a similar IgG subclass phenotype
in FLKO mice characterized by a specific abrogation in IgG1-
producing and -expressing B cells, whereas production of other
IgG subclasses (IgG2b, IgG2c, and IgG3) was unaffected. This
suggested that FLKO B cells might have a specific impairment
in IL-4R signaling. Accordingly, we could show that FLKO B
cells had reduced activation of Stat6 in response to IL-4, which
resulted in reduced transcription of γ1 GLT and impaired pro-
duction of IgG1.
CSR to IgG1 occurs during the GC reaction (57). In accor-

dance with the proposed involvement of Flt3 in CSR to IgG1, we
show that Flt3 was expressed on GC B cells and up-regulated
before IgG1 CSR. We found no indications that the lack of FL
affected the formation of GC B cells or TFH cells. This is in line
with previous reports, in which FLKO mice have been found to
respond normally to T-cell–dependent immunizations (16).
GC B cells are highly prone to apoptosis due to increased

DNA damage during somatic hypermutation and CSR (58). FL
promotes survival of hematopoietic stem cells and peripheral
DCs (13) and has been suggested to promote survival of human
B cells (29). These findings suggest that FL might regulate the
survival of Flt3+ GC B cells during or after CSR to IgG1.

However, the reduced levels of GLT for γ1 in FLKO mice argue
against this, as this is the initial step in CSR to IgG1 that pre-
cedes AID-induced DNA damage (5).
FL-induced activation of Flt3 has previously been shown to

regulate CXCL12/CXCR4-induced migration of hematopoietic
stem cells. Whereas short exposure to FL promotes CXCL12/
CXCR4-induced migration, prolonged exposure led to down-
regulation of the CXCR4 receptor and reduced migration of
hematopoietic stem cells (59). Because CXCR4 is important for
the migration between LZ and DZ during the GC reaction,
signaling through the Flt3 receptor could help to regulate shut-
tling through these two zones by affecting CXCL12/CXCR4-
induced migration. This would support why Flt3+ B cells were
equally distributed between the LZ and DZ of GC.
In conclusion, this study provides consistent experimental ev-

idence for a previously unacknowledged role for Flt3 during
activation of B cells. We show that functional synergy between
Flt3 and the IL-4R is critical for proper activation of Stat6 and
induction of GLT for γ1, CSR, and production of IgG1. We also
show that Flt3 directly activates Stat3 and induces transcription
of IRF8 during B-cell activation, which may be of importance for
limiting premature PC differentiation.

Methods
Mice. WT and FLKO mice, on a C57BL/6 background, were purchased from
Taconic, and BALB/c mice were purchased from Charles River. Animals were
housed at the animal facility of the Department of Rheumatology & In-
flammation Research, supplied with continuous airflow, and fed laboratory
chow and water ad libitum. The Ethics Committee of Gothenburg University
approved all animal experiments.

Immunization Procedure. Mice were immunized with mBSA (Sigma), CII, or
OVA as previously described (60, 61). Briefly, the antigens were emulsified in
complete Freund’s adjuvant (Sigma-Aldrich) s.c. on day 0 (200 μg per mouse)
followed by a booster emulsified in incomplete Freund’s adjuvant on day 7
(100 μg per mouse). Mice were immunized with mBSA in four independent
experiments and killed on days 10 (n = 1, 10 mice), 14 (n = 1, 8 mice), or 28
(n = 2, 16 mice). Immunization with CII or OVA was performed in one ex-
periment, and mice (n = 6) were killed on day 14. Serum, spleen, LNs, and BM
were collected.

In Vitro Stimulations and Induction of CSR. Splenic B cells, purified using the
EasySep Mouse B Cell Isolation kit (Stemcell), and total splenocytes isolated
from naïve WT mice were stained with CellTrace Violet (Life Technologies)
according to the manufacturer’s protocol and stimulated with 10 μg/mL LPS
(Sigma-Aldrich) or 10 μg/mL LPS and 50 ng/mL IL-4 (Peprotech) for 48 and
72 h. PC differentiation was induced in splenocytes of mBSA-immunized mice
by stimulation with 10 μg/mL LPS for 3 and 5 d, as previously described (47).
For in vitro induction of Stat6 phosphorylation, splenocytes were isolated at
day 14 and stimulated with LPS (10 μg/mL) or LPS (10 μg/mL) and IL-4 (50 ng/mL).
For in vitro stimulation of Flt3+ B cells, WT B cells were stimulated for 48 h with
10 μg/mL LPS, washed, and incubated for 3 h without LPS before stimulation
with recombinant mouse FL (rmFL) (200 ng/mL; Creative Biomart) for 15 min,
60 min, or 24 h.

Cell Preparation and Flow Cytometry. Single-cell suspensions were pre-
incubated with Fc block (BD Pharmingen) before antibody staining. Anti-
bodies used for flow cytometry staining are listed in SI Appendix, Table S1.
For staining of intracellular antigens, the FoxP3/Transcription Factor staining
buffer set was used (eBioscience). Phosphorylated Stat6 (pY641) was stained
according to the protocol adopted from BD Phosflow. Data collection was
performed on a FACSCanto II equipped with FACSDiva software (BD Bio-
sciences) and analyzed using FlowJo software (Tree Star Inc.). The gating
of cells was based on the isotype control and fluorochrome minus one
(FMO) settings.

For the imaging flow cytometry, purified WT B cells were stimulated with
10 μg/mL LPS for 48 h. Cells were stained with FITC-conjugated anti-GL7, PE-
conjugated anti-Flt3, and Alexa Fluor 647-conjugated anti–Bcl-6 antibodies,
with the addition of DAPI (3 μM), to visualize cell nuclei. Samples (1 × 105

cells) were acquired on an imaging flow cytometer (ImageStreamX MkII,
Amnis) and analyzed using IDEAS version 6.1 software (Amnis) for coex-
pression of GL7, Flt3, and Bcl-6 as described (61).
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Immunhistochemical and Immunofluorescent Staining. Freshly isolated groin
LNs were put in a 4% (vol/vol) paraformaldehyde in PBS containing 10% (vol/vol)
sucrose. Antigen retrieval was performed overnight in 30% (vol/vol) sucrose in
PBS. LNs were transferred into optimum cutting temperature compound and
frozen in isopentane cooled in liquid nitrogen. The tissue was sectioned and
fixated for 10 min in 100% acetone. Unspecific binding was blocked using an
Avidin/Biotin blocking kit (Vector Laboratories), Fc block (CD16/32), and 5%
(vol/vol) goat serum. Sections were incubated in separate steps with rat anti-
Flt3 antibody and secondary goat anti-rat antibody followed by the rat anti-
GL7 and anti-CXCR4 antibodies. The tissue sections were then incubated
with streptavidin and nuclear stain for 1 additional hour and mounted using
Dako Fluorescence Mounting Medium (Dako).

Formalin-fixed mouse spleens were sectioned and deparaffinized, and
antigen retrieval was performed in DIVA Decloaker buffer (Biocare Med-
ical) using a Retriever 2100 (EMS). Endogenous peroxidase was inactivated
by 3% (vol/vol) H2O2. For staining of IgM and IgG1, sections were blocked
with 5% (vol/vol) goat serum and stained against IgG1 or IgM followed by
VECTASTAIN ABC kit (Vector Labs). The reaction was completed using the
ImmPACT AEC Peroxidase Substrate kit (Vector Labs). For immunofluo-
rescent staining, sections were blocked with Fc block and 1% goat serum.
Sections were then stained with mouse anti-Bcl6 and rat anti-B220. Next,
sections were incubated in the presence of the goat anti-rat secondary
antibody and nuclear stain before mounting with Dako Fluorescence
Mounting Medium. Paraffin sections of formalin-fixed mouse LNs were
also stained for Flt3, CXCR4, and GL7, as described above. Images were
captured using LSM 700 confocal microscope and the software ZEN 2009
(Zeiss). Antibodies and reagents used for immunohistochemistry are listed
in SI Appendix, Table S2.

Detection of Antibodies. Levels of total and anti-mBSA Ig in serum and
supernatants were measured using ELISA as described (60). In brief, plates
were coated with mBSA (10ug/mL) or with goat F(ab´)2 fragments to mouse
Igs (5 μg/mL). Binding of Igs to antigen was detected using biotin-conjugated
antibodies specific for IgM, IgG, IgG1, IgG2b, IgG2c, and IgG3 followed by
extravidin–HRP (Sigma) and 3,3′, 5,5′ Tetramethylbenzidine substrate. Ab-
sorbance was read at 450 nm. Measurements were performed using serial
dilutions of serum and supernatants. Antibodies and reagents used for ELISA
are listed in SI Appendix, Table S3.

Gene Expression Analysis. RNA samples were prepared from cell lysates in RLT
buffer or from tissues in RNAlater solution (Qiagen), by RNeasy Mini kit
(Qiagen), as described (62). We used 100–400 ng RNA for cDNA synthesis
using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
Real-time PCR was performed using primers as indicated in SI Appendix,
Table S4. The results are presented as a fold change compared with the
expression level in control cells with the ΔΔCq method and presented as
heat maps using Gene-e software (www.broadinstitute.org).

Protein Preparation and Western Blotting. Cells for Western blot were lysed
and sonicated in lysis buffer containing protease and phosphatase inhibitors
(Complete Mini and PhosSTOP; Roche Diagnostics). Protein concentrations
were measured using the Bicinchoninic Acid Protein Assay kit (Pierce). Proteins
were separated using SDS/PAGE on 4–12% Bis·Tris gels (NuPAGE; Invitrogen)
and transferred to polyvinylidene difluoride membranes (NuPAGE; Invi-
trogen), which were blocked with 5% BSA and incubated with anti–pStat3-
Y705 (ab76315; Abcam) or anti-Stat3 (#4904; Cell Signaling) at 4 °C overnight.
Detection was performed with peroxidase-conjugated anti-rabbit secondary
antibody (NA934VS; GE Healthcare Life Sciences) using Amersham ECL Select
substrate (GE Healthcare Life Sciences). Chemiluminescent signals were visu-
alized and quantified using ChemiDoc equipment with Quantity One soft-
ware (Bio-Rad Laboratories).

Statistical Analysis. Data are presented as mean ± SEM, and the comparison
between the groups was performed using unpaired t test. For comparisons
between populations within the same sample, paired t test was used. All
statistical evaluation was done using Prism version 6.00 (GraphPad Soft-
ware). A P value < 0.05 was considered significant.
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