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Upon recognition of T cell–dependent (TD) or 
T cell–independent (TI) antigen (Ag), B cells 
differentiate into short-lived antibody (Ab)-
forming cells (AFCs), which are critical for pro-
viding frontline protection against the spread  
of blood-borne pathogens such as Salmonella  
typhimurium and influenza (Gerhard et al., 1997; 
Cunningham et al., 2007; Rothaeusler and 
Baumgarth, 2010). Alternatively, cognate in-
teraction of B cells with CD4+ T cells results 
in the formation of germinal centers (GCs) 
and selection of high-affinity clones for dif-
ferentiation to memory B cells and long-
lived plasma cells (Jacob et al., 1991).  Although 
GC responses and affinity maturation have 
been extensively studied, much less is known 
concerning the early events that govern B cell 
activation and how they influence the deci-
sion to produce extrafollicular AFC responses 
versus GC B cell differentiation.

The context in which B cells encounter 
Ag is highly influenced by the size, nature, 
and form of the Ag itself (Roozendaal et al., 
2009). Although direct recognition of small, 
soluble Ag by the BCR can occur in vivo 

(Pape et al., 2007), acquisition of membrane-
associated Ag is also an efficient means to 
trigger B cell activation (Carrasco and Batista, 
2006; Depoil et al., 2008). Multiple APCs can 
present Ag to B cells including follicular DCs, 
subcapsular sinus and marginal zone (MZ) 
macrophages, and DCs (Wykes and MacPherson, 
2000; Huang et al., 2005; Qi et al., 2006; 
Phan et al., 2009; Roozendaal et al., 2009;  
Suzuki et al., 2009). Among these, DCs in par-
ticular have been shown in vitro to influence a 
range of B cell processes including prolifera-
tion, differentiation, and Ig class-switch re-
combination (CSR; Dubois et al., 1998; Fayette  
et al., 1998; Litinskiy et al., 2002; Craxton et al., 
2003). DC-mediated presentation of Ag to B cells 
in vivo has been shown to enhance TI Ab re-
sponses to immune complexes internalized by 
FcRIIb on splenic DCs, as well as TI responses 
against Streptococcus pneumoniae mediated by 
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Dendritic cells (DCs) are best known for their ability to activate naive T cells, and emerging 
evidence suggests that distinct DC subsets induce specialized T cell responses. However, 
little is known concerning the role of DC subsets in the initiation of B cell responses. We 
report that antigen (Ag) delivery to DC-inhibitory receptor 2 (DCIR2) found on marginal 
zone (MZ)–associated CD8 DCs in mice leads to robust class-switched antibody (Ab) 
responses to a T cell–dependent (TD) Ag. DCIR2+ DCs induced rapid up-regulation of mul-
tiple B cell activation markers and changes in chemokine receptor expression, resulting in 
accumulation of Ag-specific B cells within extrafollicular splenic bridging channels as early 
as 24 h after immunization. Ag-specific B cells primed by DCIR2+ DCs were remarkably 
efficient at driving naive CD4 T cell proliferation, yet DCIR2-induced responses failed to 
form germinal centers or undergo affinity maturation of serum Ab unless toll-like receptor 
(TLR) 7 or TLR9 agonists were included at the time of immunization. These results demon-
strate DCIR2+ DCs have a unique capacity to initiate extrafollicular B cell responses to TD Ag, 
and thus define a novel division of labor among splenic DC subsets for B cell activation 
during humoral immune responses.
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(F4/80-like receptor), CIRE (C-type  
lectin immune receptor), Dectin-1, 
Clec12a, and Clec9a (Corbett et al., 
2005; Caminschi et al., 2008; Lahoud 
et al., 2009). Because the CLRs tar-
geted in these studies are also expressed 
on macrophages, plasmacytoid DCs 
(pDCs), and/or B cells, it is again un-
clear which APC populations were re-
quired for the observed Ab induction. In 
sum, many questions remain concern-

ing the induction of Ab responses by DCs.
Here, we describe a novel mechanism underlying DC-

mediated induction of Ab responses after Ag uptake by 
DC-inhibitory receptor 2 (DCIR2), a CLR found exclu-
sively on a subset of MZ-associated CD8 DCs (Dudziak 
et al., 2007). Using mAbs to deliver Ag in vivo, we show 
that Ag uptake by DCIR2, but not DEC205 found on 
CD8+ DCs, induces robust IgG1-restricted TD Ab re-
sponses without the addition of any adjuvant. Although 
DCIR2+ DCs are known to preferentially present peptide–
MHCII complexes to CD4 T cells after Ag delivery to 
DCIR2 (Dudziak et al., 2007), we found that DCIR2+ 
DCs also present Ag to B cells and facilitate their rapid acti-
vation in vivo. As early as 24 h after immunization, acti-
vated Ag-specific B cells accumulated in extrafollicular 
splenic bridging channels, coincident with the location of 
DCIR2+ DCs in situ. Importantly, DC-primed Ag-specific 
B cells were highly efficient APCs for driving naive CD4 T cell 

blood-derived DCs (Balázs et al., 2002; Bergtold et al., 
2005; Dubois and Caux, 2005).

In contrast, it is unclear what, if any, role DC–B cell in-
teractions may have during humoral responses to TD Ag. 
Some evidence has suggested that DCs directly present Ag 
to B cells during TD immune responses. Qi et al. (2006) 
showed that adoptively transferred DCs can transfer hen 
egg lysozyme (HEL) to Ag-specific B cells in the lymph 
node; however, neither the DC subset responsible for the 
Ag presentation nor the subsequent B cell response was 
evaluated. Earlier studies showed that adoptive transfer of 
Ag-bearing DCs was sufficient to induce TD Ab responses; 
however, because adoptive transfer strategies were used, 
the role of Ag uptake in situ by resident DC subsets re-
mained unclear (Wykes et al., 1998; Berney et al., 1999). 
More recent studies using mAbs to deliver Ag directly to 
APCs in vivo demonstrated Ab responses after Ag uptake 
by several C-type lectin receptors (CLRs) including FIRE 

Figure 1.  Ag delivery to DCIR2+ DCs  
in vivo induces IgG1-restricted Ab responses.  
(A–D) ELISA analyses of NP-specific serum Ab 
from B6 mice immunized 10 d earlier with the 
indicated dose of NP-33D1, NP-DEC205, or  
NP-rat IgG. Graphs show the mean ± SEM of a 
representative experiment from three indepen-
dent experiments using three to four mice/
group (using the 10 µg dose). Data were ana-
lyzed by two-way ANOVA analysis. (E) ELISPOT 
analysis showing the number of IgG-secreting 
NP-specific AFCs in the spleens of C57BL/6 mice 
on the days indicated after administration of 
NP-33D1 or NP-rat2b. The mean ± SEM from a 
single experiment using four mice/group/day is 
shown. (F) Day 10 anti-NP IgG1 Ab responses in 
FcR-deficient and C57BL/6 mice immunized 
with NP-33D1. (G) Day 10 anti-NP IgG1 Ab 
responses in CD11c-DTR transgenic and 
C57BL/6 mice treated with 100 ng DT 24 h before 
immunization with NP-33D1. Data in F and G 
were analyzed by unpaired Student’s t test and 
are representative experiments from three and 
two independent experiments, respectively,  
and show the mean ± SEM using three to four 
mice/group. P-value indicators *** and * refer to 
P < 0.001 and P < 0.05, respectively.
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(NP-DEC205), or to nonspecific poly-
clonal rat IgG (NP-rat IgG), and admin-
istered graded doses (0.1–10 µg) i.v. to 
groups of C57BL/6 (B6) mice. Animals 
immunized with NP-33D1, NP-DEC205, 
or NP-rat IgG failed to produce anti-
NP IgM Abs at all doses tested (Fig. 1 A). 
In contrast, mice injected with NP-33D1 
produced dose-dependent increases in 
anti-NP IgG1 Ab that exceeded those 
induced by NP-DEC205 up to 35-fold 
(for the 10 µg dose; Fig. 1 B). Anti-NP 
Ab induced by NP-33D1 was almost ex-
clusively IgG1, with little to no IgG2c 
or IgG3 (Fig. 1, C and D). IgG-secreting 

NP-specific AFCs were first detectable on day 4 post- 
immunization (p.i.) and continued to increase through day 7 
(Fig. 1 E). Ag uptake by DCIR2 was required because anti-
NP Abs were not detected after injection of nonspecific 
NP-rat IgG (Fig. 1, A–D), and equivalent or greater re-
sponses were obtained in FcR-deficient mice compared 
with B6 controls after NP-33D1 administration (Fig. 1 F). 
Finally, as expected, depletion of CD11c+ cells using B6 
CD11c-DTR mice significantly abrogated the Ab response 
to NP-33D1 (Fig. 1 G), demonstrating the DC dependence 
of DCIR2-induced responses.

DC-derived BAFF (B cell activating factor) and/or 
APRIL (a proliferation-inducing ligand) can induce CD40-
independent CSR (Litinskiy et al., 2002). However, we 
detected no NP-specific IgG1 after immunization of CD40-
deficient animals with NP-33D1 (Fig. 2 A). Interestingly, 
this lack of IgG1 Ab was not accompanied by increases in 
IgM or IgG2c (unpublished data). Furthermore, Ab responses 
were absent after NP-33D1 immunization of mice deficient 
in TCR-/ chains, MHCII, or CD28 (Fig. 2, B–D). Thus, 
cognate Ag presentation to CD4 T cells is an absolute re-
quirement for DCIR2-induced Ab responses.

The predominance of IgG1 Ab suggested that NP-33D1 
induced TH2-driven Ab responses. Anti-NP Ab responses 
driven by NP-33D1 immunization were significantly reduced 
in IL-4–deficient animals, which was not accompanied by 

proliferation, suggesting that B cell–mediated Ag presenta-
tion is a key component to sustaining CD4 T cell responses 
after Ag delivery to DCs. In the absence of adjuvants, 
DCIR2 DCs induced extrafollicular Ab responses that did 
not involve GC formation or affinity maturation of serum 
Ab. Instead, inclusion of agonists for toll-like receptor 
(TLR) 7 or TLR9 (but not TLR3, TLR5, or RIG-I) shifted 
the B cell differentiation program toward GC formation 
and affinity maturation. Thus, our data show that DCIR2+ 
MZ-associated DCs are uniquely equipped and/or posi-
tioned to prime B cells and initiate extrafollicular Ab re-
sponses to TD Ag.

RESULTS
MZ-associated DCIR2+ DCs induce robust TD Ab responses
Conventional splenic DCs in mice can be subdivided  
into two broad subsets: CD11c+CD8+ DCs that express 
DEC205 (CD205) and CD11c+CD8 cells, most of which 
express DCIR2 (recognized by the mAb 33D1; Dudziak  
et al., 2007; Kasahara and Clark, 2012). Previous studies 
showed that delivery of Ag to these DC subsets is achieved 
by coupling Ag to mAbs directed against DEC205 or DCIR2 
(Dudziak et al., 2007). To determine whether these DCs 
differ in their ability to induce Ab responses after Ag up-
take, we coupled the hapten (4-hydroxy-3-nitrophenyl) 
acetyl (NP) to mAbs against DCIR2 (NP-33D1) or DEC205 

Figure 2.  DCIR2-induced Ab responses are 
TD. Groups of C57BL/6 (A–D and F) or BALB/c 
animals (E) and mice deficient in the indicated 
gene product were immunized with NP-33D1 
and bled 10 d later for serum Ab analysis by 
ELISA. Graphs depict the mean ± SEM of anti-NP 
IgG1 serum Ab. Data in A, B, and E are represen-
tative data from three independent experiments 
each. Data in C, D, and F are representative of 
two independent experiments each. All experi-
ments used three to five mice/group and were 
analyzed by unpaired Student’s t tests. N.D. = not 
detected. P-value indicators ***, **, and * refer to 
P < 0.001, P < 0.01, and P < 0.05, respectively.
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rechallenge with either soluble NP-rat2b or NP-33D1 
when analyzed by plasma cell ELISPOT assay 4 d after Ag 
rechallenge (Fig. 3 E). These results suggest that DCIR2+ 
DCs invoke TD extrafollicular Ab responses after Ag uptake 
by DCIR2.

Ligation of DCIR2 by the 33D1 mAb does not up- 
regulate MHCII, CD80, or CD86 on MZ DCs (Dudziak  
et al., 2007). Thus, we reasoned that the absence of GC 
formation after NP-33D1 immunization was perhaps a result 
of Ag presentation by immature MZ DCs. Among splenic 
DC subsets, DCIR2+ DCs express the highest levels of 
TLR5 (Kasahara and Clark, 2012), the ligand for flagellin, 
and have high levels of RIG-I, an intracellular RNA heli-
case which recognizes viral RNA (Barbalat et al., 2011). 
Therefore, we immunized mice with NP-33D1 or NP-
rat2b together with flagellin, the RIG-I activator polyU/C 
RNA (pU/UC; Saito et al., 2008), or polyI:C (a TLR3  
agonist) and analyzed serum Ab responses 28 d later. Each 
agonist modestly increased the magnitude of anti-NP Ab 
responses compared with NP-33D1 alone (Fig. 4, A and C) 
but, surprisingly, failed to induce affinity maturation of serum 
Ab compared with NP-rat2b plus alum (Fig. 4, B and D). 
Collectively, these results demonstrate that TLR3, TLR5, 
or RIG-I agonists do not alter the extrafollicular Ab pro-
gram induced by DCIR2+ DCs.

an increase in anti-NP IgM or IgG2c (Fig. 2 E and not  
depicted). Furthermore, OX40L, which is essential for TH2 
responses (Flynn et al., 1998), was also required (Fig. 2 F). 
Together, these results demonstrate that Ag delivery to 
DCIR2 on MZ-associated DCs is sufficient to induce robust 
TH2-driven Ab responses.

DCIR2+ DCs do not induce GCs or long-lived B cell responses
GCs are TD structures essential for the generation of high-
affinity Ab. The requirement for T cell help during DCIR2-
induced Ab responses suggested that Ag delivery to DCIR2+ 
DCs may evoke GC formation. However, in contrast to 
mice immunized with NP–chicken gamma globulin (NP-
CGG) precipitated in alum, NP-33D1 immunization did 
not induce significant accumulation of GL7+ GC B cells 
by day 7 p.i. (Fig. 3, A and B). Furthermore, serum Ab re-
covered from mice immunized with NP-33D1 failed to 
undergo affinity maturation over time, whereas mice im-
munized with NP-CGG plus alum displayed increased and 
sustained high-affinity Ab responses (Fig. 3 C). NP-specific 
Ab titers after NP-33D1 administration did not persist and 
decayed to barely detectable levels over time (Fig. 3 D).  
Finally, unlike NP-CGG plus alum controls, mice immunized 
with NP-33D1 failed to mount Ag recall responses upon 

Figure 3.  Ag delivery to DCIR2+ DCs does 
not induce GC formation, affinity matura-
tion, or long-lived Ab responses and fails 
to prime for Ag recall. (A) Flow cytometry 
plots show the frequency of splenic 
B220+GL7+ GC B cells in C57BL/6 mice immu-
nized 7 d previously with 50 µg NP-CGG plus 
alum or 10 µg NP-33D1 or NP-rat2b. (B) Total 
numbers of splenic B220+GL7+ GC B cells 
from the mice in A. Each dot represents an 
individual animal with the mean (horizontal 
bars) indicated. Data were analyzed by one-
way ANOVA with Bonferroni’s post-tests and 
are representative of three independent ex-
periments using three to four mice/group.  
(C and D) Groups of C57BL/6 mice were im-
munized as in A, and the relative affinity  
(C) or quantity (D) of anti-NP IgG Ab over 
time was determined by ELISA. Mean ± SEM is 
graphed for a single experiment using four 
mice/group. (E) C57BL/6 mice were immu-
nized as in A and rechallenged with 10 µg 
NP-CGG, NP-33D1, or NP-rat2b as indicated 
90 d after primary immunization. ELISPOT 
analysis shows the number of NP-specific IgG 
AFCs recovered from spleens 4 d after chal-
lenge. Data in E were analyzed by two-way 
ANOVA and are representative data from two 
independent experiments using four mice/
group. P-value indicators *** and ** refer to  
P < 0.001 and P < 0.01, respectively.
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at 48 and 72 h p.i. with the notable exception of OX40L, 
which was strongly up-regulated on B cells at both 48 and 
72 h (Fig. 5 D).

In contrast to NP-binding B cells, Ly5.1+ NP-negative 
(i.e., nonspecific) B cells from NP-33D1–immunized mice 
failed to increase their expression of activation markers or 
decrease expression of CXCR5 (Fig. 5 E), demonstrating 
that specific Ag was required for B cell activation. Although 
some NP-specific B cells would be expected to bind solu-
ble NP-33D1 directly, the lack of significant B cell activa-
tion in mice receiving nontargeting NP-rat2b isotype 
control indicates that Ag uptake by DCIR2+ DCs was re-
quired for B cell activation. Consistent with this, analysis of 
splenocytes from B6 mice injected 30 min previously with 
Fluor-conjugated NP-33D1 showed that CD8 DC- 
associated lectin 2 (DCAL2) DCs (which are DCIR2+; 
Kasahara and Clark, 2012), and not B cells or other DC 
subsets, were the only cells that bound the Ag, indicating 
that DCIR2+ DCs are the first cells to acquire Ag upon i.v. 
injection (Fig. 5 F).

We also analyzed B cell activation in NP-DEC205– 
immunized animals 24 h p.i. As seen with Ag-specific B cells 
from mice immunized with NP-33D1 or NP-rat2b, NP 
binding was likewise significantly decreased on Ag-specific 
B cells from NP-DC205–immunized mice, indicating they 
had seen Ag (unpublished data). Ag-specific B cells from NP-
DEC205–immunized animals also up-regulated CD86 and 
MHCII, but the increases in their expression were never as 
high as those seen in mice that received NP-33D1 (Fig. 5 G). 
In contrast to animals that received NP-33D1, however, we 
observed no significant increase in CD69 or CCR7 expres-
sion, or down-regulation of CXCR5 on Ag-specific B cells 
from DEC205-immunized mice. Thus, Ag delivery to 

DEC205+ DCs induced modest increases 

DCIR2+ DCs mediate rapid activation of  
Ag-specific B cells in vivo
To better understand the mechanism by which DCIR2+ 
DCs induce anti-NP Ab responses, we examined early  
B cell activation after NP-33D1 administration. To directly 
monitor B cell activation, we adoptively transferred NP-
specific B cells from Ly5.1+ B1-8hi knockin mice (Shih  
et al., 2002a) to B6 recipients 24 h before immunization 
with NP-33D1, NP-rat2b, or PBS (all i.v.), or with NP-
rat2b plus alum (i.p.). At 24, 48, and 72 h after immuniza-
tion, we analyzed B cells by flow cytometry using Ly5.1 
expression and NP binding to identify the transferred Ag-
specific B cells. As early as 24 h after Ag delivery, NP-specific 
B cells from all three groups of mice that received Ag dis-
played significant reductions in NP binding compared 
with PBS-injected controls (Fig. 5 A). Reduced Ag bind-
ing likely reflects BCR occupancy by Ag and, importantly, 
indicates that NP-specific B cells in each group were  
exposed to Ag regardless of the form (soluble vs. particulate) 
or route (i.v. vs. i.p.) in which it was administered. Strik-
ingly, NP-binding B cells from mice immunized with NP- 
33D1 showed highly increased expression of the activation 
markers CD69, CD86, and MHCII compared with con-
trols inoculated with PBS, NP-rat2b, or NP-rat2b in alum  
(Fig. 5, B and C). Additionally, the follicular homing  
receptor CXCR5 was down-regulated on NP-binding  
B cells from NP-33D1–immunized mice compared with 
controls (Fig. 5, B and C), and CCR7 levels were elevated 
(Fig. 5 C), suggesting that these cells were no longer pres-
ent within B cell follicles. We detected no changes in ex-
pression of CXCR4, CD40, CD80, or OX40L 24 h p.i. 
among B cells from NP-33D1 immunized mice (unpublished 
data). This activation profile remained essentially unchanged 

Figure 4.  Agonists for TLR3, TLR5, or RIG-I do 
not increase affinity maturation of serum Ab 
after NP-33D1 immunization. (A) Day 28 anti-
NP Ab responses from C57BL/6 mice immunized 
with NP-33D1 or NP-rat2b with or without 100 µg 
pU/UC ssRNA or 50 µg polyI:C. Means ± SEM are 
graphed. (B) Relative affinity ELISA assay showing 
the ratio of anti-NP IgG quantities that bound NP2 
versus NP15 for the groups shown in A. Means ± 
SEM are graphed. Ab responses in mice immunized 
with NP-rat2b plus alum are shown as a positive 
reference for affinity maturation. Data in A and  
B are representative data from two independent 
experiments using three to four mice/group.  
(C and D) C57BL/6 mice were immunized with NP-33D1  
with or without 20 µg flagellin and analyzed as  
A and B. Data are representative of three indepen-
dent experiments using three mice/group and  
depict the mean ± SEM. Statistical differences were 
calculated using two-way ANOVA (A and C) or one-
way ANOVA followed by Bonferroni’s post-tests  
(B and D). P-value indicators ** and * refer to  
P < 0.01 and P < 0.05, respectively.
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Figure 5.  Ag-specific B cells are rapidly activated in vivo after Ag uptake by DCIR2+ DCs. (A) Flow cytometry plots show the gating strategy for identifica-
tion of adoptively transferred Ly5.1+ NP-binding B1-8hi B cells from the spleens of C57BL/6 recipients immunized as indicated 24 h previously. Numbers denote 
frequency of gated cells among total B220+ lymphocytes. (B) Expression of CD69, CD86, MHCII, and CXCR5 among NP-binding Ly5.1+ B cells gated in A for immu-
nized mice (blue dots and solid lines) and PBS-injected controls (red dots and shaded histograms). (C) Geometric mean fluorescence intensities (MFIs) are plotted for 
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in B cell activation markers but failed to in-
duce changes in expression of receptors that 
regulate B cell migration.

Ag-specific B cell activation after NP-33D1 
immunization was not unique to hapten-
specific B cells because adoptively transferred 
HEL-specific B cells from VDJ95 mice also 
displayed decreased Ag binding capability 
(Fig. 6 A) and were similarly activated after 
injection of HEL-coupled 33D1 (HEL-33D1), 
but not control rat IgG2b (HEL-rat2b; Fig. 6 B). 
Furthermore, HEL-specific B cells did not 
decrease Ag binding or become activated after 
immunization of VDJ95 recipients with NP-
33D1, again indicating the requirement for 
specific Ag (Fig. 6, A and B). Finally, the ob-
served NP-specific B cell activation in NP-
33D1–immunized recipients was not a result 
of the use of B cells with a high-affinity for Ag 
because low-affinity NP-specific B cells from 
B1-8lo mice (Shih et al., 2002b) were simi-
larly activated after NP-33D1 immuniza-
tion (unpublished data).

These results strongly suggested that rapid 
activation of B cells after Ag uptake by DCIR2 
is DC dependent. However, cognate inter-
actions with CD4 T cells can also contrib-
ute to B cell activation. To determine whether 

the indicated surface molecule among NP-binding Ly5.1+ B cells gated in A. Each dot represents an individual animal with the mean (horizontal bars) indicated. Data 
shown in A–C are representative data from more than four independent experiments using three to four mice/group. (D) Up-regulation of OX40L expression over 
time among transferred Ly5.1+ NP-binding B cells from C57BL/6 recipients that received NP-33D1 (solid line), NP-rat2b (dotted line), NP-rat2b plus alum (dashed 
line), or PBS-injected controls (shaded). Data are representative of two independent experiments using three mice/group. (E) Expression of the indicated activation 
marker is graphed for gated NP+ (blue line) and NP-negative (red line) populations from mice in A immunized with NP-33D1. Shaded histograms depict NP-binding 
B cells from a PBS-injected control for reference. (F) The top shows gating strategy for analysis of DC subsets and B cells. The bottom shows AF647 fluorescence 
among the indicated population 30 min after injection of 10 µg NP-33D1 (red line) or NP-rat2b (blue line) conjugated to Alexa Fluor 647. Data are representative of 
two independent experiments using two to three mice/group. (G) MFIs of the indicated surface marker are plotted for transferred NP-specific B cells (gated as in A) 
obtained from C57BL/6 recipients immunized with 10 µg NP-rat2b, NP-DEC205, or NP-33D1. The mean ± SEM from a representative experiment of three indepen-
dent experiments using three to four mice/group is shown. P-value indicators ***, **, and * refer to P < 0.001, P < 0.01, and P < 0.05, respectively.

 

Figure 6.  DC-mediated B cell activation  
requires specific Ag. (A) Flow cytometry plots show 
gating of adoptively transferred Ly5.2+ HEL-binding 
VDJ95 B cells from the spleens of recipient Ly5.1+ 
congenic C57BL/6 mice immunized as indicated 24 h 
previously. Numbers denote frequency of gated cells 
among total B220+ lymphocytes. (B) MFIs of the indi-
cated surface marker 24 h p.i. among HEL-binding 
Ly5.2+ B cells gated in A. Each dot represents an indi-
vidual animal with the mean (horizontal bars) indi-
cated. Data in A and B are representative data from 
three independent experiments using three mice/
group. Statistical differences were calculated using 
one-way ANOVA analysis followed by Bonferroni’s 
post-tests. P-value indicators ***, **, and * refer to  
P < 0.001, P < 0.01, and P < 0.05, respectively.
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p.i. (Fig. 8 D) and were often positioned toward the border 
with T cell zones (Fig. 8 E). Similar results were obtained 
when HEL-specific B cell migration was assessed in recipi-
ents of VDJ95 B cells 24 h after HEL-33D1 administration 
(Fig. 8 F). Specific Ag was required for B cell accumulation 
in bridging channels because HEL-specific B cells failed to 
migrate after administration of NP-33D1 (Fig. 8 F). On day 
2 p.i., NP-binding B cells had begun to disassociate from 
the bridging channels and many were found migrating along 
T-B borders (Fig. 8 G), as expected for a TD immune re-
sponse. By day 3 p.i., nearly all NP-binding B cells were found 
within the T cell zone or along T-B borders (Fig. 8 G).  
On day 4 p.i., we observed NP-binding B cells once again  
in extrafollicular bridging channels, with some cells found 
outside these regions in the red pulp (Fig. 8, G and H). The 
small number of NP-binding B cells detectable in the red 
pulp on day 4 agrees with the earliest time point when NP-
specific AFCs were detected by ELISPOT after NP-33D1 
immunization (Fig. 1 E). These results reveal a process that 
begins with B cell activation in DC-rich bridging channels 
before their migration to T cell zones where they could in-
teract with CD4 T cells, followed by migration once again 
through the bridging channels, presumably en route toward 
the red pulp.

B cells primed by DCIR2 DCs drive naive CD4  
T cell proliferation in vitro
Previous studies have shown that DCIR2 DCs are efficient 
APCs for induction of CD4 T cell proliferation after Ag up-
take by DCIR2 (Dudziak et al., 2007). Our finding that  
B cells are highly activated (Fig. 5) and migrate to T cell zones 
(Fig. 8) after administration of NP-33D1 suggested that they 

T cells were required for early B cell activation after Ag  
delivery to DCIR2+ DCs, we immunized B6, MHCII/, 
and TCR-// B1-8hi recipient mice with NP-33D1 
and assessed B cell activation. NP-specific B cells from both 
MHCII-deficient (Fig. 7 A) and T cell–deficient (Fig. 7 B) 
animals showed equal or greater activation after NP-33D1 
immunization compared with NP-specific B cells from B6 
control recipients. Collectively, these data show that Ag 
uptake via DCIR2 in vivo leads to rapid TI B cell activation 
that requires presentation of specific Ag to B cells by 
DCIR2+ DCs.

Ag-specific B cells rapidly accumulate in bridging channels 
after Ag uptake by DCIR2+ DCs
DCIR2+ DCs are highly enriched within MZ-associated 
bridging channels, where there is a convergence of red 
pulp together with B and T cell regions (Fig. 8 A). As early 
as 1 d after immunization of mice with NP-33D1, Ag-specific 
B cells showed decreased CXCR5 expression (Fig. 5, B 
and C) and elevated levels of CCR7 (Fig. 5 C). These 
chemokine receptors play a critical role in directing B cell 
migration (Pereira et al., 2010); therefore, we determined 
the location of Ag-specific B cells after Ag delivery to 
DCIR2+ or DEC205+ DCs. Confocal analysis of frozen 
spleen sections revealed a striking accumulation of NP-
binding B cells at the apical poles of B cell follicles 24 h 
after injection of NP-33D1 (Fig. 8 B). In contrast, in mice 
that received NP-rat2b or NP-rat2b plus alum (Fig. 8 B), 
or NP-DEC205 (Fig. 8 C), NP-specific B cells were rare 
and confined largely to B cell follicles. In NP-33D1– 
immunized animals, many NP-specific B cells were in close 
association with DCIR2+ DCs in bridging channels 24 h 

Figure 7.  DC-mediated B cell activation is TI. (A and B) MFIs of the indicated surface marker are plotted for NP-binding B cells (gated as in Fig. 5 A)  
obtained from C57BL/6 and MHCII-deficient (A) or TCR-/–deficient (B) hosts 24 h after immunization with NP-33D1 or NP-rat2b as indicated. Each dot rep-
resents an individual animal with the mean (horizontal bars) indicated. Data in A and B are representative data from two independent experiments each using 
three to four mice/group. Data were analyzed by one-way ANOVA analyses followed by Bonferroni’s post-tests. P-value indicators ***, **, and * refer to  
P < 0.001, P < 0.01, and P < 0.05, respectively. n.s. = not significant.
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OVA-specific CD4 T cell proliferation in vitro after admin-
istration of NP-33D1 or NP-rat2b conjugated to OVA (NP-
OVA-33D1 and NP-OVA-rat2b, respectively; Fig. 9 A). 

may be able to present Ag to T cells. Therefore, we com-
pared the ability of Ag-specific and polyclonal B cells, as well 
as DCIR2+ DCs recovered from immunized mice, to induce 

Figure 8.  NP-specific B cells rapidly accumulate in MZ bridging channels after Ag delivery to DCIR2+ DCs. 6–8-µm sections were prepared 
from frozen spleens of B1-8hi or VDJ95 recipient C57BL/6 mice immunized 1–4 d earlier with NP-rat2b, NP-rat2b plus alum, NP-DEC205, or NP-33D1 
and stained to determine the location of Ag-specific B cells and/or DCIR2+ DCs. (A) Two examples showing colocalization of DCIR2+ (red) and CD11c+ 
(green) cells in bridging channels between B cell follicles (blue) in B1-8hi recipients immunized 24 h previously with NP-33D1. (B) NP-binding B cells 
(green) accumulate at apical poles (arrows) of B220+ B cell follicles (red) 24 h after administration of NP-33D1 (two examples, top row), but not NP-rat2b 
or NP-rat2b plus alum (bottom row). (C) Two examples indicating NP-binding B cells (green, arrows) do not localize to T cell zones (blue) or bridging 
channels 24 h p.i. with NP-DEC205. (D) NP-binding B cells (green) found in extrafollicular bridging channels are in close association with DCIR2+ DCs (red) 
24 h after immunization with NP-33D1. (E) Two examples showing NP-binding B cells (green) are oriented toward T cell zones (blue) 24 h p.i. with  
NP-33D1. Data in A–E are representative data from three independent experiments from which more than five sections were analyzed from two or more 
animals from each group. (F) HEL-binding B cells (green) accumulate in bridging channels (arrows) 24 h p.i. with HEL-33D1, but not NP-33D1. Data in  
F are representative of two independent experiments from which more than five sections from two animals from each group were analyzed.  
(G) NP-binding B cells (green) migrate from bridging channels (day 1) to CD4 T cell areas (blue; days 2 and 3) before relocating on day 4 to bridging 
channels (G) and F4/80+ red pulp (blue; H) after immunization with NP-33D1 (arrows indicate extrafollicular NP-binding B cells). Data for days 2–4 are 
representative of more than five sections analyzed from two animals for each time point from a single experiment. Bars, 100 µm.
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Figure 9.  Ag-specific B cells primed by DCIR2+ DCs are highly efficient APCs for CD4 T cell proliferation. (A) Schematic showing experimental 
design. (B) Histograms show dilution of CFSE among gated CD4+Va2+ OT-II T cells after 72 h in culture with NP-specific B cells from spleens of B1-8hi 
recipient C57BL/6 mice immunized 12 or 36 h previously with NP-33D1 or NP-rat2b. (C) Proliferation indices generated from the data in B are shown.  
(D) Same as in B, except sorted DCIR2+ DCs from spleens of immunized C57BL/6 mice were used as APCs. (E) Proliferation indices generated from the data 
in D are shown. Proliferation index is defined as total CFSE fluorescence of the negative control (APC/T cell ratio of 0:1) divided by total CFSE fluorescence 
of indicated samples. A representative experiment of two independent experiments for each time point is shown for both B and D. (F) Day 12 anti-NP IgG 
Ab responses in MHCII-deficient and C57BL/6 recipients of OT-II CD4 T cells and B1-8hi B cells after immunization with NP-OVA-33D1 or NP-OVA-rat2b is 
shown. Each dot represents an individual animal with the mean (horizontal bars) indicated. A representative experiment of two independent experiments 
using four to five mice/group is shown. P-value indicator *** refers to P < 0.001.

NP-specific B cells recovered from mice 12 or 36 h after  
immunization with NP-OVA-33D1 induced robust Ag-
specific CD4 T cell proliferation compared with NP-specific 
B cells from mice that received NP-OVA-rat2b (Fig. 9 B). 

Although the latter group induced some CD4 proliferation at 
the highest B/T cell ratio (3:1), this was much reduced com-
pared with NP-OVA-33D1 at both 12 and 36 h (Fig. 9 C). 
Polyclonal B cells from either group failed to induce CD4  
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CD4 T cell proliferation (e.g., prolifera-
tion index of 12.8 for B cells vs. 1.9 for 
DCs at 3:1 ratio) and were unable to do 
so 36 h p.i. (Fig. 9, D and E). The sorted 
DCIR2+ DCs were capable of Ag pre-
sentation at both 12 and 36 h because 
peptide-pulsed DCIR2+ DCs induced 
robust OT-II T cell proliferation in co-
cultures performed in parallel (unpublished 
data). Analysis of DC viability during the 
3-d culture revealed no differences in DC 
survival from mice injected 12 h previ-
ously with NP-OVA-33D1 or NP-OVA-
rat2b, suggesting that DCIR2 cross-linking 
by 33D1 mAb does not induce apoptosis 
(unpublished data).

The striking difference in the ability  
of Ag-specific B cells and DCIR2+ DCs  
to induce CD4 T cell proliferation in vitro 

suggested that DC-mediated Ag presentation to CD4 T cells 
may be dispensable for Ab responses induced by NP-33D1 
immunization. To test this, we immunized C57BL/6 and 

T cell proliferation (unpublished data). Surprisingly, com-
pared with NP-specific B cells, DCIR2+ DCs isolated from 
animals immunized 12 h earlier induced relatively weak 

Figure 10.  TLR7 and TLR9 agonists promote 
increased Ab responses, GC formation, and af-
finity maturation of serum Ab. (A) Kinetics of 
anti-NP IgG Ab responses in C57BL/6 mice that 
received NP-33D1 alone or together with 20 µg 
R848 or 50 µg CpG-B. (B) Kinetics of affinity matu-
ration among total anti-NP IgG serum Ab from the 
animals in A. Statistical values comparing each 
group with NP-33D1–only control were generated 
using an unpaired Student’s t test. Data in A and  
B depict a representative experiment of two inde-
pendent experiments using three mice/group. 
Means ± SEM are graphed. (C) C57BL/6 recipients 
of B1-8hi B cells were immunized as indicated and 
analyzed on day 7 p.i. Flow cytometry plots show 
gating strategy (left column) and frequency of NP-
binding B cells (middle column) among total B220+ 
B cells. Right column shows expression of GL7 and 
Fas among gated NP-binding B cells. Numbers indi-
cate frequency of GC B cells among total NP-binding 
B cells. Total numbers per spleen of NP-binding  
B cells (D) and NP-binding GC B cells (E) are plotted 
for the mice in C. Each dot represents an individual 
animal with the mean (horizontal bars) indicated. 
Data in C–E are representative of two independent 
experiments using three to four mice/group. Statis-
tical values were generated using one-way ANOVA 
analyses followed by Bonferroni’s post-tests.  
(F) Immunofluorescence showing GC formation 7 d 
p.i. in spleen sections derived from mice immunized 
as in C and stained with B220 (blue), PNA (red), and 
NP (green). Two examples from each immunization 
are shown (top and bottom rows). Bars, 100 µm. 
Data are representative of more than six sections 
per mouse taken from two mice per condition.  
P-value indicators ***, **, and * refer to P < 0.001,  
P < 0.01, and P < 0.05, respectively.



1836 DC-mediated B cell activation | Chappell et al.

MHCII-deficient mice that received both Ag-specific 
OT-II T cells and B1-8hi B cells with NP-OVA-33D1 or 
NP-OVA-rat2b. MHCII-deficient recipients were unable 
to mount a significant Ab response after NP-OVA-33D1 
immunization compared with C57BL/6 recipients (Fig. 9 F). 
These results show that DCIR2-primed B cells are highly 
efficient APCs for driving CD4 T cell proliferation and 
that cognate DC–T cell interaction is required for DCIR2-
induced Ab responses.

TLR7 and TLR9 agonists significantly enhance  
Ab responses and affinity maturation
The TLR5 agonist flagellin can activate DCs and promote 
TH2-driven Ab responses in vivo (Didierlaurent et al., 2004; 
Letran et al., 2011), yet it failed to promote affinity matu-
ration when administered in conjunction with NP-33D1 
(Fig. 4 D). This result, together with those showing that  
B cells primed by DCIR2+ DCs are highly efficient APCs, 
prompted us to determine whether inclusion of agonists for 
TLRs highly expressed in B cells would induce GC forma-
tion and affinity-matured Ab in mice immunized with NP-
33D1. TLR7 and TLR9, unlike TLR3, TLR5, and RIG-I, 
are expressed at high levels in mouse B cells (Gururajan  
et al., 2007). Immunization of mice with NP-33D1, to-
gether with agonists for TLR7 (R848) or TLR9 (CpG-B), 
showed that inclusion of either agonist significantly increased 
total anti-NP IgG production (Fig. 10 A); however, R848 
had the greatest impact, resulting in >50-fold more anti-NP 
Ab at day 28 p.i. compared with NP-33D1 alone. Immuni-
zation of mice with NP-rat2b plus TLR7 or TLR9 agonists 
failed to generate anti-NP Abs, demonstrating that TLR-
enhanced Ab production was dependent on DC-mediated 
B cell activation (unpublished data).

In contrast to NP-33D1 alone or in conjunction with 
flagellin (Fig. 4 D), both TLR7 and TLR9 agonists significantly 
increased high-affinity anti-NP Ab production (Fig. 10 B),  
suggesting that these agonists also induced GC formation. 
Using the B1-8 adoptive transfer system, we found that 
agonists for TLR7 and TLR9, but not TLR5, each en-
hanced the frequency and number of NP-specific B cells 
(Fig. 10, C and D). Interestingly, R848 (TLR7 agonist) 
was the only agonist to significantly enhance the expan-
sion of GL7+Fas+ GC B cells (Fig. 10, C and E) in B1-8 
recipients. These results were confirmed by conventional 
histology which showed significant accumulation of NP-
specific B cells in the red pulp in mice that received CpG-B 
or R848, demonstrating that these adjuvants induced  
a strong extrafollicular response (Fig. 10 F). Importantly, 
only mice that received R848 together with NP-33D1 
contained numerous PNA+ GCs, which were sparse in 
mice that received CpG-B and absent in mice that re-
ceived flagellin (Fig. 10 F). These results demonstrate that 
in the context of Ag delivery to DCIR2+ DCs, select sec-
ondary stimuli is required to alter the B cell differentia-
tion program toward GC formation and production of 
high-affinity Ab.

DISCUSSION
In this study, we focused on B cell responses after Ag uptake 
by two distinct subsets of splenic DCs in mice. We show that 
Ag delivery to the CLR DCIR2 expressed on MZ-associated 
CD8 DCs generates robust TD IgG1-restricted Ab re-
sponses without generating detectable levels of IgM. In con-
trast, Ag uptake via DEC205 found on CD8+ DCs induced 
very weak Ag-specific Ab responses. We found that DCIR2-
induced Ab responses correlated with the ability of DCIR2+ 
DCs to mediate rapid B cell activation and migration in vivo, 
which resulted in the generation of Ag-specific B cells highly 
proficient at driving naive CD4 T cell proliferation. The 
IgG1-restricted TD Ab responses induced by DCIR2+ DCs 
differed markedly from the rapid TI IgM-restricted responses 
that are seen when Ag enters lymphoid tissue associated with 
CD11clo blood-derived DCs (Balázs et al., 2002). These re-
sults show that the context in which Ag enters lymphoid tis-
sues has a profound influence on the ensuing Ab response 
and suggest that, in addition to the selective activation of  
T cells by DC subsets, a similar paradigm exists regarding DC 
subpopulations and their ability to activate B cells and induce 
humoral immune responses.

The manner in which B cells acquire their Ag, and how 
this event influences the humoral response, is a critical yet 
poorly understood aspect of B cell biology. After subcutaneous 
injection of Ag-loaded DCs, Qi et al. (2006) directly visualized 
DC-mediated activation of Ag-specific B cells via Ag transfer 
in regions proximal to high endothelial venules within lymph 
nodes. Although these studies provided direct evidence for 
DC–B cell interactions in vivo, the contribution of individual 
DC subsets to B cell activation and subsequent Ab responses 
was not investigated. Our approach of delivering Ag directly to 
DC subsets in vivo revealed a remarkable contrast in the ability 
of DCIR2+ versus DEC205+ DCs to activate B cells and in-
duce Ab production after Ag uptake in situ. It is unclear from 
our studies whether B cells obtain all their Ag directly from 
DCIR2 DCs or whether they collect further free circulating 
Ag after becoming activated. NP-specific B cells from mice 
injected with nontargeting NP-rat2b isotype control take 
up Ag in vivo, as indicated by decreased Ag binding in vitro 
(Fig. 5 A). However, Ag presentation by DCIR2+ DCs to  
B cells was required for activation because administration of 
nontargeting NP-rat2b, which would be expected to remain 
in circulation as long as NP-33D1, failed to induce either  
B cell activation or plasma cell differentiation.

Although other groups have noted the inability of Ag up-
take via DEC205 to induce robust Ab responses in the ab-
sence of adjuvants (Lahoud et al., 2009, 2011; White et al., 
2010), our analysis is the first to correlate DC-induced B cell 
activation and migration with the ability of a DC subset to 
induce humoral immune responses. Ag delivery to DEC205+ 
DCs resulted in increased CD86 and MHCII expression on 
Ag-specific B cells (which were decreased compared with 
those induced by DCIR2+ DCs), yet DEC205+ DCs failed 
to down-regulate CXCR5 expression or up-regulate CCR7 
levels on Ag-specific B cells. These changes in chemokine 
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(Dudziak et al., 2007). A slower rate of internalization could 
result in prolonged display of surface Ag and potentially allow 
for more sustained BCR engagement, leading to both greater 
B cell activation and increased acquisition of Ag.

Similar to DCIR2, Ag delivery to the CLR Clec9a  
also induces robust Ab responses in the absence of adju-
vant (Caminschi et al., 2008). Unlike DCIR2, however, 
Clec9a is highly expressed on mature CD8+DEC205+ DCs, 
CD8CD24hiMHCII+/ precursors of CD8+ DCs, and 
CD11cint pDCs (Caminschi et al., 2012). In this case, it was 
shown that the ability of Clec9a+ DCs and their precursors to 
induce CD4 T cell proliferation is the correlative marker for 
Ab production after Ag delivery to Clec9a. In contrast, we 
found that CD4 T cell proliferation induced by DCIR2+ 
DCs in vitro was less efficient than that induced by Ag-specific 
B cells after immunization with NP-OVA-33D1 (Fig. 9). 
Dudziak et al. (2007) have reported that DCIR2+ DCs in-
duce robust proliferation of CD4 T cells. Although a direct 
comparison of the in vitro data are not possible because of the 
use of different assays (CFSE versus thymidine incorporation), 
we did observe robust OT-II CD4 T cell proliferation in vivo 
in C57BL/6 recipients after immunization with OVA-33D1 
(unpublished data), similar to the results of Dudziak et al. 
(2007). This observation further strengthens the conclusion 
that the correlative marker of humoral immune responses 
after Ag delivery to DCIR2+ DCs is the ability of the DC 
to prime B cells to become highly effective APCs for CD4 
T cells. Overall, it appears that individual DC subsets may 
use different mechanisms to drive Ab production.

Because immunization with NP-33D1 exclusively yields 
low-affinity extrafollicular Ab responses, this approach pro-
vided a unique opportunity to investigate signals that influ-
ence GC versus extrafollicular AFC differentiation. BCR 
affinity for Ag is a critical factor that influences B cell differ-
entiation (Shih et al., 2002a; Paus et al., 2006); however, 
other factors or cell types may be involved (Odegard et al., 
2008). GC B cell differentiation requires interaction with 
CD4 TFH cells (Crotty, 2011). Most models of TFH differentia-
tion suggest DCs are required for their development, which 
is sustained via subsequent interactions with Ag-specific  
B cells (Haynes et al., 2007; Crotty et al., 2010; Deenick  
et al., 2010). Surprisingly, agonists for pattern recognition 
receptors that can activate DCs and/or promote type I IFN 
(Didierlaurent et al., 2004; Saito et al., 2008; Longhi et al., 
2009) failed to promote GC B cell differentiation or affinity 
maturation after NP-33D1 immunization (Fig. 4). Instead, in-
clusion of TLR7 agonist together with NP-33D1 immuniza-
tion markedly enhanced total Ab responses and supported 
GC differentiation and high-affinity Ab production (Fig. 10). 
The mechanism underlying TLR7-induced GC differentia-
tion likely involves several factors. Stimulation via TLR7 
elicits type I IFN production from pDCs (Akira et al., 2006), 
which can act directly on B cells and CD4 T cells to promote 
CSR and TFH development, respectively (Braun et al., 2002; 
Le Bon et al., 2006; Cucak et al., 2009). However, polyI:C 
and pU/UC also induce type I IFN, yet these agonists failed 

receptor expression are critical for B cell migration to the 
T-B border, a required step for T-B collaboration during TD 
humoral immune responses (McHeyzer-Williams et al., 2003; 
Pereira et al., 2010). Furthermore, DEC205+ DCs failed to 
up-regulate CD69 expression on Ag-specific B cells. In addi-
tion to its utility as an early marker of lymphocyte activation, 
CD69 is a negative regulator of S1P1 (sphingosine-1-phosphate 
receptor 1) activity (Shiow et al., 2006), which is required for 
B cell egress from lymphoid tissues (Schwab and Cyster, 2007). 
Thus, despite increases in markers which facilitate T–B cognate 
interactions, Ag-specific B cells from DEC205-immunized 
animals failed to alter expression of critical trafficking recep-
tors and their regulators, and hence were unable to properly 
position themselves for collaboration with CD4 T cells. This 
was confirmed by our confocal analysis of spleen sections 24 h 
p.i. that show Ag-specific B cells in DEC205-immunized 
mice were sparse and found within B cell follicles or red 
pulp but not the T cell zones where DEC205+ DCs are 
located (Fig. 8 C). In contrast, Ag-specific B cells from 
DCIR2-immunized mice showed significant accumulation 
in MZ-associated bridging channels that are densely popu-
lated by DCIR2+ DCs (Fig. 8, A and B; Czeloth et al., 2007; 
Dudziak et al., 2007). These results provide a mechanistic 
explanation for the observations that Ag delivery to some 
DC subsets can induce robust Ab responses, whereas Ag de-
livery to other DC subsets does not (Corbett et al., 2005; 
Lahoud et al., 2009, 2011; White et al., 2010).

Why are DCIR2+ DCs able to effect these changes on  
B cells? Several possibilities may explain the superior ability 
of DCIR2+ DCs to efficiently activate Ag-specific B cells in 
vivo. First, their position within the extrafollicular bridging 
channels is ideally suited to enhance encounters with rare 
Ag-specific B cells immigrating from the circulation. This is 
supported by our observation that many more Ag-specific  
B cells are detected in individual spleen sections of mice 24 h 
after NP-33D1 administration compared with mice that re-
ceived PBS or NP-rat2b controls (Fig. 8 B). This is unlikely 
a result of B cell division at such an early time point, suggest-
ing that B cell accumulation in bridging channels is due in 
part to capture of B cells exiting circulation. In contrast, 
DEC205+ DCs are found primarily in the PALS, a region 
which does not receive much lymphocyte traffic, and 
therefore encounter of Ag-specific B cells with Ag-bearing 
DEC205+ DCs is likely to be much more infrequent. Sec-
ond, DCIR2+ DCs may secrete one or more chemokines 
that attract B cells from the follicles. Although cross-linking 
DCIR2 by the 33D1 mAb does not induce up-regulation of 
classical DC activation markers, the secretion of chemokines 
has not been investigated. Consistent with this notion, we 
were unable to find Ag-specific B cells in the follicles of 
DCIR2-immunized mice. Third, the receptor DCIR2 likely 
has a role in this process. It is unclear at present whether Ag 
internalized by DCIR2 is returned to the surface in its na-
tive form, similar to Ag internalized by FcRIIb (Bergtold 
et al., 2005). Ag internalization by DCIR2 has been noted to 
occur more slowly than DEC205-mediated internalization 
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(Saito et al., 2008). Final reaction products were extracted with TRIzol, ex-
tensively washed, resuspended in endotoxin-free water, and stored at 20°C 
until use. HEL was conjugated to Alexa Fluor 647 using the microscale pro-
tein labeling kit according to manufacturer’s instructions (Invitrogen).

Immunizations and adoptive transfers. Ag-coupled mAbs were diluted 
in sterile PBS and administered via tail vein injection i.v. Immunizations 
consisted of 10 µg mAb, except for experiments in Fig. 1. When used, ago-
nists were admixed with the immunogen and administered i.v. For adoptive 
transfer experiments, splenic B cells from B1-8hi, B1-8lo, or VDJ95 mice 
were negatively selected via magnetic enrichment (EasySep B cell enrich-
ment kit; STEMCELL Technologies) and labeled with the proper Fluor-
conjugated Ag and anti-B220 to determine the frequency of Ag-specific  
B cells by flow cytometry. 1–2 × 106 (Figs. 5–8) or 2 × 105 (Fig. 9) Ag-binding 
B cells were transferred to B6 or B6.Ly5.1 recipients (as appropriate) 18–24 h 
before immunization. For OT-II transfers, CD4 T cells were enriched using 
EasySep CD4 T cell enrichment kit (STEMCELL Technologies) and 106 
V2+ CD4+ T cells were transferred 18–24 h before immunization.

Antibodies and flow cytometry. For analysis of splenic B cell activa-
tion, RBC-lysed single cell suspensions were stained with mAbs conju-
gated to FITC, PE, allophycocyanin, eFluor450, allophycocyanin-eFluor780, 
PE-Cy7, or biotin. Biotin-conjugated mAbs were revealed with streptavidin-
conjugated peridinin chlorophyll protein (PerCP)–Cy5.5 (BD). For analysis of 
B cells, six- or seven-color flow cytometry was performed by staining the cells 
with combinations of mAbs against B220, Ly5.1, Ly5.2, CD80, CD86, CD69, 
MHCII, CD40, OX40L, CCR7, GL7, and CD95 (all from eBioscience), and 
CXCR4 and CXCR5 (from BD), together with either NP-allophycocyanin 
or HEL–Alexa Fluor 647. To improve staining for both chemokine receptors 
and Ag binding, splenocytes were preincubated at 37°C for 30 min in RPMI 
1640 containing 10% FBS (Thermo Fisher Scientific) before incubation with 
Fluor- or biotin-conjugated mAbs at 37°C for 30 min. Secondary staining with 
streptavidin-PerCP-Cy5.5 was performed on ice for 20 min in the dark. Pri-
mary staining for CD4 T cell proliferation was performed on ice for 20 min in 
the dark. Data were collected using LSRII or FACScan flow cytometers (BD) 
and analyzed with FlowJo software (Tree Star).

Cell sorting. For DC purification, pooled spleens were digested with Lib-
erase IV (Roche), followed by magnetic enrichment of CD11c+ cells (Miltenyi 
Biotec) according to manufacturer’s instructions. Enriched cells were  
labeled with CD11c-FITC, CD8-PE, B220-PE-Cy7, NK1.1-PE-Cy7, 
and DCAL2–Alexa Fluor 647. DCIR2+ DCs were isolated by sorting 
CD11c+B220NK1.1 splenocytes that displayed a CD8DCAL2 phe-
notype (Kasahara and Clark, 2012). For isolation of NP-specific B cells,  
splenocytes from pooled spleens were enriched for Ig + B cells by including 
biotinylated anti-kappa mAb (BD) in the B cell enrichment cocktail provided 
with the EasySep B cell enrichment kit (STEMCELL Technologies). Enriched 
cells were labeled with NP-PE, B220-eFluor450, and Ly5.1-allophycocyanin 
before sorting. All sorting was performed using a FACSAria II cell sorter (BD).

In vitro CFSE proliferation assay. CD4 T cells were enriched from 
pooled spleens of OVA-specific OT-II mice by negative selection using 
CD4 T cell enrichment kit according to manufacturer’s instructions (EasySep). 
Resulting cells were labeled with CD4-FITC and V2-PE to determine 
the frequency and absolute number of OVA-specific CD4 T cells. Enriched 
cells were loaded with 2.5 µM CFSE in PBS at 37°C for 10 min, quenched 
with RPMI 1640 containing 10% FBS, and washed extensively. 8–10 × 104 
OVA-specific CD4 T cells were placed into culture at 37°C and 5% CO2 
together with titrating numbers of sorted APC populations (see previous 
section). Co-cultures were incubated for 72 h, harvested, and analyzed for 
CFSE dilution among CD4+ V2+ T cells by flow cytometry.

Immunohistochemistry. Spleens from immunized B1-8hi or VDJ9 recipi-
ent mice were embedded in OTC medium and frozen at 80°C. 6–8-µM 
sections were fixed to glass slides and kept at 80°C until use. Sections were 

to induce high-affinity Ab production (Fig. 4), suggesting 
that induction of type I IFN is not the sole mechanism by 
which TLR7 and TLR9 mediate affinity maturation. Alter-
natively, enhanced B cell–driven TFH differentiation may 
play a role. Further experiments are needed to discriminate 
among these possibilities.

By comparing the early response of Ag-specific B cells  
after Ag delivery to two distinct DC subsets, we provide new 
insight into the events that are required for DC-induced Ab 
responses. Our results suggest a model whereby Ag-bearing 
MZ-associated DCs prime B cells to become efficient APCs 
for CD4 T cells, a critical event which drives the TD humoral 
response. This is supported by our findings that agonists for 
pattern recognition receptors highly expressed in B cells, but 
not DCs, greatly enhanced both high- and low-affinity Ab pro-
duction. These results further our understanding of the cellular 
interactions and molecular signals that govern B cell activation 
and differentiation, which is critical for the rational design of 
vaccines aimed at generating protective Ab responses.

MATERIALS AND METHODS
Mice. C57BL/6 mice were bred and maintained by our laboratory or alter-
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of California, San Francisco, San Francisco, CA) were backcrossed to 
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Committee at the University of Washington.
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ture with NP-PE, B220-eFluor450, CD4–Alexa Fluor 647, CD11c-FITC, 
DCIR2-biotin, PNA-FITC, or F4/80-biotin (eBioscience) for 90 min in 
PBST (PBS containing 0.05% Tween-20). For detection of HEL-specific 
B cells, sections were incubated with 200 ng/ml HEL in PBST, followed by 
secondary incubation with biotinylated anti-HEL (HyHEL9-biotin) for 
60 min at room temperature. Biotinylated reagents were revealed with 
streptavidin-conjugated Alexa Fluor 555 in PBST for 60 min at room tem-
perature. For DCIR2 staining, anti–DCIR2-biotin was detected with sec-
ondary biotinylated anti–rat IgG followed by Cyanine5 TSA amplification 
(PerkinElmer) according to the manufacturer’s instructions. Sections were 
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(Vector Laboratories). Images were collected on an LSM 510 META confocal 
microscope (Carl Zeiss) with LSM 510 (v 4.2) software (Carl Zeiss) using 10 
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ELISA and ELISPOT assays. ELISA and ELISPOT assays were performed 
as previously described (Goins et al., 2010).

Statistics. Statistical analyses and data presentation were generated using Prism 
(GraphPad Software). Statistical tests used are indicated in the figure legends.
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