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IL-21 is a broad negative regulator of IgE class switch
recombination in mouse and human B cells
Zhiyong Yang1,2, Chung-An M. Wu1,2, Sasha Targ1,2, and Christopher D.C. Allen1,2,3

IgE antibodies may elicit potent allergic reactions, and their production is tightly controlled. The tendency to generate IgE has
been thought to reflect the balance between type 1 and type 2 cytokines, with the latter promoting IgE. Here, we reevaluated
this paradigm by a direct cellular analysis, demonstrating that IgE production was not limited to type 2 immune responses
yet was generally constrained in vivo. IL-21 was a critical negative regulator of IgE responses, whereas IFN-γ, IL-6, and IL-10
were dispensable. Follicular helper T cells were the primary source of IL-21 that inhibited IgE responses by directly engaging the
IL-21 receptor on B cells and triggering STAT3-dependent signaling. We reconciled previous discordant results between
mouse and human B cells and revealed that the inhibition of IgE class switch recombination by IL-21 was attenuated by CD40
signaling, whereas IgG1 class switch recombination was potentiated by IL-21 in the context of limited IL-4. These findings
establish key features of the extrinsic regulation of IgE production by cytokines.

Introduction
IgE is the major antibody isotype associated with allergic dis-
eases, including atopic dermatitis, allergic rhinitis, asthma, and
food allergy (Gould and Wu, 2018). IgE can trigger potent
immediate-type hypersensitivity reactions mediated by mast
cells and basophils. When these reactions occur systemically, a
dangerous life-threatening condition known as systemic ana-
phylaxis may ensue. However, despite the increasing prevalence
of allergic diseases, the majority of individuals do not experience
systemic anaphylaxis (Tanno et al., 2018). Given themultitude of
exposures of the immune system to diverse stimuli such as al-
lergens, pathogens, and vaccination, IgE responses must nor-
mally be limited in magnitude. Indeed, IgE is typically the rarest
antibody isotype in serum (Gould and Wu, 2018). While nu-
merous factors limit the amount of serum IgE, including a short-
half life and clearance mechanisms, there is significant evidence
that the number of cells producing IgE is also limited (Gould and
Wu, 2018; Yang et al., 2014).

Due to technical limitations in the detection of the cells
producing IgE, most early studies relied on indirect measure-
ments of secreted IgE. Recently, improved methodology, in-
cluding IgE reporter mice and flow cytometry staining methods,
have enabled the direct detection of IgE-expressing (IgE+) B cells
and plasma cells (PCs; He et al., 2013; Talay et al., 2012; Yang
et al., 2012). These studies revealed that IgE+ B cells only ap-
peared transiently and in limited numbers in germinal centers

(GCs). IgE responses showed evidence of constrained affinity
maturation, and memory IgE responses appear to be initiated by
IgG+ rather than IgE+ memory B cells (He et al., 2017; Turqueti-
Neves et al., 2015; Yang et al., 2014). The majority of IgE+ B cells
were found to differentiate into PCs that were primarily short-
lived (Yang et al., 2014). The various distinct features of IgE
responses have been attributed to unique properties of the IgE
B cell receptor (BCR; Achatz-Straussberger et al., 2008; Haniuda
et al., 2016; Laffleur et al., 2015; Tong et al., 2017; Vanshylla et al.,
2018; Yang et al., 2016).

While the IgE BCR is an important cell intrinsic regulator of
the fate of IgE+ B cells, extrinsic factors also are known to reg-
ulate IgE responses. The production of IgE is associated with
type 2 immune responses and is thought to be dysregulated in
the context of allergic diseases (Gould and Wu, 2018). A preva-
lent model has been that the tendency to develop allergic sen-
sitization represents an inappropriate balance between type
1 and type 2 immune responses as a result of increased hygiene
in modernized societies, a so-called hygiene hypothesis (Renz
and Herz, 2002; Romagnani, 2004). The initial impetus for
this paradigm can be traced back to cell culture studies that
revealed the dichotomous polarization of T cells into T helper
type 1 (Th1) versus Th2 cells (Coffman, 2006). The prototypical
cytokine made by Th1 cells, IFN-γ, was found to inhibit the
production of IgE, whereas the prototypical cytokine made by
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Th2 cells, IL-4, was found to promote the production of IgE. This
led to the belief that reduced exposure to viral and bacterial
pathogens in early life could shift the balance from Th1 to Th2
cells and thus promote IgE production in response to allergen
exposure (Renz and Herz, 2002; Romagnani, 2004). However,
despite the simplicity of this model, further consideration has
indicated that IgE responses must also be regulated by additional
mechanisms (Lambrecht and Hammad, 2017).

Other cytokines have also been implicated in the regulation
of IgE responses. IL-10 is produced by regulatory T cells and
B cells and has been associated with a shift from IgE to IgG4
production (Akdis and Akdis, 2014; Jeannin et al., 1998). IL-21
has been associated with both the suppression and induction
of IgE in divergent studies. Early studies of IL-21 receptor
(IL-21R)–deficient mice revealed exaggerated IgE responses
(Kasaian et al., 2002; Ozaki et al., 2002), and IL-21 was reported
to inhibit IgE production in mouse B cell cultures (Harada et al.,
2006; Suto et al., 2002). However, mixed results were reported
regarding the impact of IL-21 on human IgE production in cell
culture, with findings that IL-21 could either inhibit or promote
IgE production (Avery et al., 2008; Caven et al., 2005; Harada
et al., 2006; Pène et al., 2006; Wood et al., 2004). The inhibition
of IgE production by IL-21 was generally observed in cultures of
total peripheral blood mononuclear cells, whereas IL-21 pro-
moted IgE production in purified B cell cultures (Pène et al.,
2006; Wood et al., 2004). This was thought to indicate that IL-
21 promoted IgE production by B cells but that IL-21 induced
other factors, such as IFN-γ in T cells, that could suppress IgE
production in mixed cultures (Pène et al., 2006). These findings
have led some to presume that IL-21 may have a different impact
on the IgE responses of mouse versus human B cells.

Here, we characterized the extrinsic regulation of IgE re-
sponses in mice as well as cultured mouse and human B cells.
By a direct cellular analysis in mice, we established that
IgE+ B cells and PCs were generated under a wide range of
immunization conditions that were not restricted to type
2 immune responses yet were generally very limited in num-
ber. We demonstrated that IL-21 was a major broad negative
regulator of IgE responses, whereas IFN-γ, IL-6, and IL-10 were
not required for normal IgE regulation. T follicular helper (Tfh)
cells were the main cellular source of IL-21 that inhibited IgE
class switch recombination (CSR) by binding the IL-21R and
triggering STAT3 activation in B cells. We identified CD40 and
IL-4 signals as key modulators of the suppression of IgE CSR
and the promotion of IgG1 CSR by IL-21 in both mouse and
human B cells. Our findings indicate that IgE CSR is predomi-
nantly controlled by IL-21 rather than the type 1/type 2 axis.

Results
IgE+ B cells are generated in a variety of immune responses
IgE production is generally considered a key feature of type
2 immune responses, yet our direct flow cytometric analyses
have shown a low frequency and number of IgE+ cells in mouse
models of type 2 immunity, including immunizations with alum
adjuvant or infection with helminths (Yang et al., 2012). For
example, representative FACS profiles of GC B cells and PCs in

the draining LNs of mice immunized subcutaneously with a
T cell–dependent antigen, 4-hydroxy-3-nitrophenylacetyl con-
jugated to chicken gamma globulin (NP-CGG), in alum adjuvant,
at the peak of the response are shown in Fig. 1 A. Both IgE+ GC
B cells and PCs are typically on the order of 50-fold less abun-
dant than their IgG1+ counterparts. In contrast to the small IgE
response in vivo, comparable frequencies of IgE+ and IgG1+

B cells were generated by culturing primary mouse B cells with
anti-CD40 antibody and recombinant IL-4 to mimic B cell acti-
vation by T cells (Fig. 1 A). This striking contrast in the gener-
ation of IgE+ cells in vivo versus in cell culture suggests that IgE
responses are largely suppressed in vivo, even in the context of
type 2 immune responses.

Our findings above prompted us to revisit the paradigm that
IgE is induced only during type 2 immune responses. We as-
sessed the frequency and number of GC B cells and PCs of var-
ious BCR isotypes by flow cytometry with intracellular staining
for IgE, as we reported previously (Yang et al., 2012, 2016), in
mice immunized with different adjuvants. In detail, we subcu-
taneously immunized mice with NP-CGG together with the type
2 adjuvant alum, compared with various adjuvants that elicit a
predominantly type 1 response, specifically CFA, Sigma Adju-
vant System (SAS), and deoxy-cytidylate-phosphate-deoxy-
guanylate (CpG)–DNA, or without adjuvant as a control (Fig. 1 B).
Surprisingly, similar numbers of IgE GC B cells were generated
following immunization with alum, CFA, and SAS (Fig. 1 C).
However, as CFA and SAS induced a stronger total GC B cell
response than alum (Fig. S1), the relative frequency of IgE+ cells
within the GC was lower with CFA and SAS than with alum. IgE
PCs were also clearly induced with CFA and SAS compared with
no adjuvant, although the magnitude of these responses was
lower than with alum (Fig. 1 C). CFA and SAS also induced GC
B cells and PCs of the IgG2c isotype, whereas minimal IgG2c
responses were observed with alum, as expected (note that
IgG2c in the C57BL/6 strain is sometimes denoted IgG2ab and is
induced in type 1 immune responses in a similar manner to
IgG2a on other mouse strains). CpG, a highly type 1–polarizing
adjuvant, induced a strong IgG2c response but did not induce an
IgE response (Fig. 1 C). Thus, while highly polarized type 2 and
type 1 responses may be induced by alum and CpG, respectively,
CFA and SAS induced a mixed response including IgE, IgG1, and
IgG2c isotypes. These data indicate that the generation of IgE GC
B cells and PCs is not limited to type 2–polarized responses.
Remarkably, under all of these conditions, the frequency of IgE+

cells was very small compared with IgG1+ cells, suggesting
general mechanisms restrain the generation of IgE+ cells in vivo.

IL-21, but not IFN-γ, broadly inhibits IgE responses in mice
The low frequency and number of IgE+ B cells observed in a wide
range of in vivo immune responses suggests that general ex-
trinsic factors tightly regulate in vivo IgE responses. As dis-
cussed above (see Introduction), IL-21 and IFN-γ have been
reported in some previous studies to negatively regulate IgE
production. A challenge, however, in the interpretation of such
studies is that these cytokines are known to affect various
general properties of B cells such as proliferation, apoptosis, and
PC differentiation that could have an indirect impact on
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Figure 1. The IgE response is broadly suppressed in vivo under multiple adjuvant conditions. (A) Representative flow cytometry of GC B cells and PCs
from the draining LNs from amouse immunized with NP-CGG in alum adjuvant (left) versus splenocytes cultured for 4 d after in vitro activation with anti-CD40
and IL-4 (right). (B) Representative flow cytometry to show the gating strategy used to identify NP-specific PCs and enumerate the relative frequencies of PCs
expressing each isotype from the draining LNs of a mouse immunized with NP-CGG in alum adjuvant. (C) Cell number and frequency of IgE+, IgG1+, or IgG2c+ GC
B cells and NP-specific PCs from the draining LNs of mice immunized with NP-CGG with the indicated adjuvants or no adjuvant (Ctrl). WT mice (B6/J from our
colony [A] or purchased NCI B6 CD45.1 congenics [B and C]) were analyzed 7 d after subcutaneous immunization. Cells cultured in A were from a B6/J mouse
bred in our colony. GC B cells were gated as B220hi CD138− PNAhi CD38lo IgD− cells, and PCs were gated as B220lo CD138+ CD38lo IgD− cells, as shown
previously (Yang et al., 2012). NP-specific PCs were identified by total (intracellular and surface) staining with NP-APC. Isotype-specific cells were identified by
total (IgG1 and IgG2c) or intracellular (IgE) staining (see Yang et al., 2012 and Materials and methods). IgM+ cells were excluded from the analysis in B and C by
total IgM staining. Dots represent individual mice. Xs represent cell counts that were below the limit of detection. Bars represent the mean (frequency plots) or
geometric mean (cell number plots). n.s., not significant; *, P < 0.05; ***, P < 0.001; ****, P < 0.0001 (one-way ANOVA with Dunnett’s post-test comparing
each group to the leftmost control group). Data in A and B are representative of >10 and 5 experiments, respectively. Similar IgE and IgG1 responses as in C
were observed in a separate experiment when mice were immunized with NP-KLH in alum, CFA, and SAS (data not shown). PNA, peanut agglutinin.
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measurements of secreted IgE (Moens and Tangye, 2014). We
therefore reexamined the direct impact of these cytokines on IgE
responses by flow cytometry to assess the generation of IgE GC
B cells and PCs in gene-targeted mice immunized with NP-CGG
in the context of three different adjuvants (alum, CFA, and CpG;
Figs. 2 A and S2) in light of our earlier findings above. Strikingly,
IL-21–deficient mice showed increased frequencies of IgE GC
B cells and PCs after immunization with either alum or CFA
(Fig. 2 A). Even in the context of CpG adjuvant, a small IgE re-
sponse was noted in some IL-21–deficient mice. In contrast, no
significant alterations in the IgE response were observed in IFN-
γ–deficient mice (Fig. 2 A). The marked reduction in the IgG2c
response in the IFN-γ knockout mice confirmed that this cyto-
kine is necessary for IgG2c CSR (Finkelman et al., 1990). Taken
together, these results indicate that IL-21, but not IFN-γ, is the
major factor that suppresses IgE response in vivo.

To confirm that the enhanced IgE response observed in Il21−/−

mice was in fact due to a loss of IL-21 signaling, we also analyzed IL-
21R–deficient mice in the context of immunization with alum ad-
juvant. We observed a similar elevation in the frequency of IgE GC
B cells and PCs in Il21r−/− mice as in Il21−/− mice (Fig. 2 B). These
findings confirm that IL-21 is a major negative regulator of IgE re-
sponses and exclude a role for potential indirect effects of the tar-
geted Il21 or Il21r loci on neighboring genes (McGuire et al., 2015).

Differential impact of IL-21 on IgE GC versus PC responses
It was notable that in both Il21−/− and Il21r−/− mice, the increased
IgE PC response was substantially more pronounced than the
increase in IgE GC B cells. Indeed, while IgE PCs normally
comprise <5% of the total NP-binding PCs after immunization, in
Il21−/− and Il21r−/− mice nearly 80% of NP-binding PCs were IgE+

(Fig. 2 B). The absolute number of IgE PCs was also substantially
elevated in Il21−/− and Il21r−/− mice (Fig. S2, B and C). This result
sharply contrasted with the reduced numbers of IgG1 and IgG2c
PCs in the Il21−/− and Il21r−/− mice, consistent with previous re-
ports showing defective IgG responses in these mice (Moens and
Tangye, 2014). While the relative proportion of GC B cells that
were IgE+ was increased in Il21−/− and Il21r−/− mice (Fig. 2 B), the
majority of GC B cells still expressed the IgG1 isotype, and the
absolute number of IgE GC B cells was not consistently elevated
(Fig. S2, B and C). In addition, whenwe analyzed the kinetics of the
IgE GC B cell response, we found that the frequency of IgE+ B cells
within GCs rapidly declined over time in Il21−/− and Il21r−/− mice,
whereas the frequency of IgG1+ B cells within GCs was stable,
similar to the trends observed in WT mice (Fig. 2 C). These results
suggest that IgE GC B cell responses are largely constrained in an
IL-21–independent manner. Reciprocally, the propensity of IgE+

B cells to differentiate into PCs also seems to be IL-21 independent.

IL-21 inhibits IgE responses through the IL-21R in B cells
IL-21 has been shown to exert biological functions in numerous
cell types, and the IL-21R is broadly expressed (Spolski and
Leonard, 2014). To test whether the inhibition of IgE response
by IL-21 is a consequence of its binding to the IL-21R on B cells,
we generated mixed bone marrow (BM) chimeras in which all
B cells are selectively Il21r−/−, whereas the majority of other
cell types are Il21r+/+ (Fig. 3 A). After reconstitution and

immunization with NP-CGG in alum, we observed that selective
deficiency of Il21r in B cells recapitulated the results observed in
the full Il21r−/− mice, including a relative increase in the fre-
quency of IgE+ B cells in GCs as well as the vast majority of PCs
expressing the IgE isotype (Fig. 3 B). These observations indicate
that the inhibition of IgE responses by IL-21 is primarily medi-
ated by the direct action of IL-21 on B cells.

STAT3 signaling in B cells mediates the inhibitory function of
IL-21 on the IgE response
To further test whether IL-21R signaling in B cells negatively
regulates IgE responses, we considered the cellular requirement
for its major downstream signaling adapter, STAT3 (Spolski and
Leonard, 2014). Specifically, we used our direct cellular assays to
enumerate IgE+ B cells in mice with conditional deletion of Stat3
in B cells by Cd19Cre versus in T cells with a Cd4-Cre transgene.
Conditional deletion of Stat3 in B cells (Fig. 3 C), but not in T cells
(Fig. 3 D), led to elevated IgE GC B cell and PC responses, as we
had observed in Il21r−/− mice. To further test whether STAT3
signaling negatively regulates IgE in a B cell–intrinsic manner, we
generated mixed BM chimeras in which half of B cells were Stat3
deficient (CD45.2+) and half had normal Stat3 (CD45.1+; Fig. 3 E).
In this competitive setting, Stat3-deficient B cells showed a rela-
tively poorer contribution to the total GC and PC compartments
compared with Stat3+/+ B cells as expected (data not shown). To
normalize for this difference in precursor frequency and to spe-
cifically consider the impact on the IgE response, we determined
whether there was a change in the IgE/IgG1 ratio among Stat3-
deficient (CD45.2) cells relative to the IgE/IgG1 ratio among
control (CD45.1) cells. This analysis revealed increases in the IgE/
IgG1 ratios in Stat3-deficient B cells of ∼16-fold among GC B cells
and 64-fold among PCs, whereas the relative IgE/IgG1 ratios ob-
served in control mixed chimeras were close to 1 (Fig. 3 F). We
conclude that the negative regulation of the IgE response by
STAT3 occurs in a B cell–intrinsic manner.

IL-6 and IL-10 are not essential for IgE regulation in mice
Our analysis of GC B cells in mice with conditional deletion of
Stat3 in B cells showed a somewhat more pronounced relative
increase in IgE+ GC B cells compared with Il21r−/− mice (Fig. 3 C),
possibly implicating additional cytokines that signal via STAT3
in the suppression of IgE responses. In addition to IL-21, the
cytokines IL-6 and IL-10 also signal via STAT3 (Moens and
Tangye, 2014; Vinuesa et al., 2016) and have been implicated
in the regulation of IgE responses (Akdis and Akdis, 2014;
Fukushima et al., 2007; Jabara et al., 1990; Mäkelä et al., 2000;
Neveu et al., 2009; Noble and Zhao, 2016; Tournoy et al., 2000).
However, we observed no change in the relative frequency of
IgE GC B cells and PCs in Il6−/− and Il10−/− mice immunized with
NP-CGG and alum, whereas Il21−/− mice showed clearly en-
hanced IgE responses as in our above experiments (Fig. 3 G). The
more pronounced IgE GC response in the Cd19Cre/+ Stat3flox/flox

mice than in the Il21r−/− mice could instead be due to the syner-
gistic impact of Cd19 heterozygosity, which was previously found
to selectively enhance the frequency of IgE GC B cells (Haniuda
et al., 2016; Yang et al., 2016). While we cannot exclude minor or
redundant contributions from IL-6 and/or IL-10, our data suggest
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Figure 2. IL-21, rather than IFN-γ, is a major suppressor of IgE responses in vivo. (A–C) Mice were immunized subcutaneously with NP-CGG with the
indicated adjuvants (A) or alum adjuvant (B and C). Draining LNs were collected and analyzed 7 d (A and B) or 7–21 d (C) after immunization, and then cells were
analyzed by flow cytometry to enumerate isotype-specific GC B cells and NP-specific PCs as in Fig. 1. (A) Frequency of IgE+, IgG1+, and IgG2c+ cells in the GC
B cell and NP-specific PC compartments inWT, Il21−/−, and Ifng−/−mice. (B) Frequency of IgE+ and IgG1+ cells in the GC B cell and NP-specific PC compartments
in WT, Il21−/−, and Il21r−/− mice. (C) Kinetic analysis of the frequency of IgE+ and IgG1+ B cells among GC B cells in WT, Il21−/−, and Il21r−/− mice. WT mice were
B6/J (purchased from The Jackson Laboratory; A) or a mixture of purchased B6/J mice and WT mice on a B6 background bred in our colony (B and C). Dots
represent individual mice. Bars represent the mean. n.s., not significant; *, P < 0.05; ***, P < 0.001; ****, P < 0.0001 (two-way ANOVA with Dunnett’s post-test
comparing each knockout to theWT group [A] or one-way ANOVAwith Dunnett’s post-tests for multiple comparisons [B]). Similar IgE and IgG1 responses as in
A were observed in a separate experiment whenmice were immunized with NP-CGG in alum (data not shown). Data in B are compiled from three experiments.
Data in C at day 7 were from one experiment represented in B.
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that IL-21 is the major cytokine that negatively regulates IgE re-
sponses via IL-21R–mediated STAT3 signals in B cells.

Tfh cells are a major source of IL-21 that regulates IgE
responses
We next sought to identify the cellular source of IL-21 that
suppresses IgE responses in vivo. Previous studies have impli-
cated Tfh cells, Th17 cells, and natural killer T cells as the major
producers of IL-21 (Spolski and Leonard, 2014). A subset of Th1
cells that expresses IL-21 was also reported to promote IgG2
antibody production (Miyauchi et al., 2016). Among these sub-
sets, given the broad role of Tfh cells in B cell responses (Crotty,
2015; Vinuesa et al., 2016), we reasoned that Tfh cells were the
most likely candidates to suppress IgE. To test the role of Tfh
cells, we generated mixed BM chimeras in which Tfh cells were
selectively Il21−/− (Fig. 4 A). As a source of donor BM deficient in
Tfh cell differentiation, but capable of differentiating into other
T cell subsets, we conditionally deleted the transcription factor
Bcl6 in T cells in Cd4-Cre Bcl6flox/flox mice as reported (Hollister
et al., 2013; Kaji et al., 2012; Kobayashi et al., 2017; Meli et al.,
2017). BM from Cd4-Cre Bcl6flox/flox BMwasmixedwith Il21−/− BM
such that Tfh cells would only be derived from the Il21−/− BM,
whereas non-Tfh cells derived from the Cd4-Cre Bcl6flox/flox BM
would be capable of IL-21 expression (group 4; Fig. 4 A). After
immunization, we observed that selective deficiency of IL-21 in
Tfh cells (group 4) resulted in increased frequencies of IgE+ GC
B cells and PCs (Fig. 4 B). Though the magnitude of the IgE re-
sponse with selective Tfh cell deficiency in IL-21 (group 4) was
somewhat less pronounced than with the 100% Il21−/− (group 5),
overall, the group 4 response was clearly significantly elevated
compared with the control groups (Fig. 4 B), particularly when
considering the frequency of IgE+ PCs. Taken together, these
data suggest that Tfh cells are the major cellular source of IL-21
that negatively regulates the IgE response, with perhaps minor
contributions from other T cell subsets.

The inhibition of IgE responses by IL-21 is attenuated by CD40
signaling
Having defined the major cell types involved in the suppression
of IgE responses by IL-21 in vivo, we sought to further

characterize this suppression in the context of a simplified cell
culture model. IL-21 was reported to inhibit IgE production
whenmouse B cells were cultured with LPS and IL-4 (Suto et al.,
2002); however, in pilot experiments, we found that the addi-
tion of IL-21 in these cultures led to the loss of nearly all viable
B cells (data not shown), precluding a meaningful cellular
analysis. It was previously reported that, in addition to pro-
moting apoptosis, IL-21 strongly induced the growth arrest of
mouse B cells stimulated with LPS, whereas IL-21 enhanced the
proliferation of mouse B cells stimulated with anti-CD40 (Caven
et al., 2005; Jin et al., 2004). As we have extensively studied
mouse IgE+ B cell differentiation when B cells were cultured
with anti-CD40 and IL-4 in previous studies (Yang et al., 2012,
2016), we tested the impact of IL-21 in this context. In our initial
experiments, we observed a relatively modest impact of IL-21 on
the frequency of IgE+ cells when mouse B cells were cultured
with anti-CD40 and IL-4 (data not shown), which was surprising
given our evidence above in mice that IL-21 suppressed IgE
through the IL-21R and STAT3 in B cells. We considered the
possibility that the stimulation conditions might affect the
suppression of IgE by IL-21. We had previously observed that IgE
PC differentiation in vitro was modulated by the concentration
anti-CD40 antibody (Yang et al., 2016). We therefore tested
whether the concentration of anti-CD40 antibody affected the
B cell response to IL-21, with a fixed high concentration of IL-4.
We observed that when mouse B cells were cultured with a low
concentration of anti-CD40, then the addition of IL-21 promoted
a >5-fold reduction in the frequency of IgE+ cells (Fig. 5, A and
B). In contrast, in the context of a higher concentration of anti-
CD40, the addition of IL-21 caused a <2-fold reduction in the
frequency of IgE+ cells (Fig. 5, A and B). Therefore, strong CD40
stimulation counteracts the inhibition of IgE by IL-21.

IL-21 selectively promotes IgG1 responses in the context of
limited IL-4
In addition to the impact of CD40 stimulation, we also consid-
ered the possibility that the strength of IL-4 stimulation could
also have an impact on the response of B cells to IL-21. Notably,
the type 1 IL-4R and the IL-21R signal via the shared cytokine
receptor common γ chain (Spolski and Leonard, 2014); thus,

Figure 3. IL-21 suppresses IgE responses through the IL-21R–STAT3 signaling axis in B cells. Draining LNs were collected 7 d after subcutaneous im-
munization with NP-CGG in alum adjuvant, and then cells were analyzed by flow cytometry to enumerate isotype-specific GC B cells and NP-specific PCs as in
Fig. 1. (A) Groups of BM chimeras generated to test the impact of selective deficiency of the IL-21R in B cells. The indicated combinations of BM cells were
transplanted into lethally irradiated μMT recipient mice. WT BMwas obtained from a B6/J mouse bred in our colony. The expected frequencies of cells capable
of IL-21R expression (frequency Il21r+/+) are indicated. (B) Frequency of IgE+ and IgG1+ cells in the GC B cell and NP-specific PC compartments in BM chimeras
generated as in A. (C and D) Frequency of IgE+ and IgG1+ cells in the GC B cell and NP-specific PC compartments in mice with conditional Stat3 deletion in
B cells (C) or T cells (D). Control mice were littermates. Il21r−/− mice were included for comparison in C. (E) Groups of BM chimeras generated to test the cell
intrinsic role of STAT3 in B cells. The WT CD45.1 BM donor was a purchased NCI B6 CD45.1 mouse. The Cd19+/+ Stat3+/+ BMwas from a B6 mouse bred in our
colony. The Cd19+/+ Stat3f/f BM and Cd19Cre/+ Stat3f/f BM were from littermates. The indicated mixtures of BM cells were transferred into lethally irradiated
CD45.1 WT recipients (NCI B6 CD45.1). (F) Fold change in the ratio of IgE+ cells to IgG+ cells (IgE/IgG1) among CD45.2 cells compared with CD45.1 cells in the
GC B cell and PC compartments in the mixed BM chimeras generated as in E. The calculation of the ratio is indicated in the box on the right. Note that total PCs
(rather than NP-specific PCs) were enumerated to allow for quantification of CD45.1+ vs. CD45.2+ cells. (G) Frequency of IgE+ and IgG1+ cells in GC B cell and
NP-specific PC compartments in WT, Il6−/−, Il10−/−, and Il21−/− mice. WT mice were B6/J bred in our colony. Dots represent individual mice. Bars represent the
mean (frequency plots) or geometric mean (relative IgE/IgG1 plots). n.s., not significant; *, P < 0.05; **, P < 0.01; ****, P < 0.0001 (t tests with the Holm-Sidak
correction for multiple comparisons [B] or one-way ANOVA with Dunnett’s post-test comparing each group to the leftmost control group [C, D, F, and G]). The
B cell–intrinsic role shown in A, B, E, and F was confirmed in a separate set of chimeras with a mixture of Il21r+/+ and Il21r−/− B cells (data not shown). Data in C
and D are representative of three experiments. The comparison of WT, Il10−/−, and Il21−/− mice in G was confirmed in a separate experiment.
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signals via the IL-4R and IL-21R could be competitive. We cul-
tured mouse B cells with an intermediate concentration of anti-
CD40, together with a broad range of IL-4 concentrations, in the
presence or absence of IL-21. Surprisingly, the IL-21–mediated
reduction in the frequency of IgE+ B cells was relatively similar
across a range of IL-4 concentrations, until we reached IL-4
concentrations too low (≤0.4 ng/ml) to stimulate a good IgE
response (Fig. 5 C). IgG1 responses were also minimal in the
presence of anti-CD40 with low IL-4 alone (Fig. 5 C). Strikingly,
however, at these low concentrations of IL-4, the addition of IL-
21 selectively enhanced the frequency of IgG1+ cells (Fig. 5 C).
This result was particularly notable when we cultured mouse
B cells with 0.08 ng/ml of IL-4, which in the absence of IL-21 led
to virtually no detectable IgE+ or IgG1+ cells, but in the presence
of IL-21, >60% of cells expressed IgG1, whereas IgE+ cells were
undetectable (Fig. 5 C). Thus, culturing B cells with a small
amount of IL-4 together with IL-21 led to the majority of cells
expressing IgG1 and only a small fraction expressing IgE.
Therefore, in the context of weak IL-4 stimulation, IL-21 selec-
tively promoted an IgG1 response. Taken together, these find-
ings indicate that signals via CD40 and the IL-4R are important

modulators of the B cell response to IL-21. When mouse B cells
were stimulatedwith limiting doses of anti-CD40 antibody or IL-4,
we found that IL-21 suppressed IgE and/or promoted IgG1 re-
sponses, respectively, recapitulating our findings in vivo.

Characterization of the effects of IFN-γ, IL-10, and IL-6 on the
IgE responses of cultured mouse B cells
Given that we observed IL-21 was a major inhibitor of IgE re-
sponses in vivo yet mice deficient in other cytokines such as
IFN-γ, IL-10, and IL-6 did not have a substantial impact on the
IgE response, we examined the effects of these cytokines on
mouse B cells cultured in vitro compared with IL-21. We first
confirmed the activity of the cytokines by measuring phospho-
rylation of distinct STAT proteins. Consistent with prior reports
(Moens and Tangye, 2014), IL-21 induced phosphorylation of
both STAT1 and STAT3 in B cells (Fig. 5 D). IFN-γ induced
phosphorylation of STAT1, but not STAT3; conversely, IL-10
induced phosphorylation of STAT3, but not STAT1 (Fig. 5 D).
IL-6 did not induce STAT3 phosphorylation in B cells but did
induce STAT3 phosphorylation in CD4 T cells (Fig. 5 E), likely
due to low expression of the IL-6R on B cells (Dienz et al., 2009).

Figure 4. IgE responses in vivo are inhibited by IL-21 derived primarily from Tfh cells. Draining LNs were collected 7 d after subcutaneous immunization
with NP-CGG in alum adjuvant, and then cells were analyzed by flow cytometry to enumerate isotype-specific GC B cells and NP-specific PCs as in Fig. 1.
(A) Groups of BM chimeras generated to test the impact of selective deficiency of IL-21 in Tfh cells. The indicated combinations of BM cells were transplanted
into lethally irradiated Il21−/−mice. The expected frequencies of cells capable of IL-21 expression (frequency Il21+/+) in the Tfh and non-Tfh cell compartments in
the resultant chimeras are indicated. Donor frequencies were confirmed in the chimeras by congenic markers as follows: WT BM was from a Boy/J (CD45.1)
mouse bred in our colony. The Il21−/− BMwas CD45.1, derived from backcrossing Il21−/− B6 to Boy/J congenic mice. The CD4-Cre, Bcl6f/f BM, and control Bcl6f/f

BM were from littermates (with the CD45.2 congenic marker). The recipient mice were Il21−/− CD45.1/CD45.2. (B) Frequency of IgE+ and IgG1+ cells in the GC
B cell and NP-specific PC compartments of the mixed BM chimeras generated as in A. Dots represent individual mice. Bars represent the mean. n.s., not
significant; **, P < 0.01; ****, P < 0.0001 (one-way ANOVA with Dunnett’s post-test comparing each group to group 1). Data in B were pooled from two experiments.
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Figure 5. IL-21 inhibits IgE and promotes IgG1 responses of cultured mouse B cells depending on the strength of CD40 and IL-4 signals. (A and B)
Representative flow cytometry of IgD− activated B cells (A) and quantification of the frequency of IgE+ and IgG1+ cells (B). Purified B cells were cultured for 4 d
with a fixed concentration of IL-4 (12.5 ng/ml) and the indicated concentrations of anti-CD40 (α-CD40) in the presence or absence of IL-21 (50 ng/ml).
(C) Quantification of the frequency of IgE+ and IgG1+ cells among IgD– activated B cells. Splenocytes were cultured for 4 d with a fixed concentration of anti-
CD40 (125 ng/ml) and the indicated concentrations of IL-4 in the presence or absence of IL-21 (25 ng/ml). (D) Representative flow cytometry of B cells (gated as
B220+) after splenocytes were incubated with the indicated cytokines (IL-21, IFN-γ, or IL-10; 100 ng/ml each) for 20 min at 37°C. (E) Representative flow
cytometry of B cells (gated as B220+) and CD4+ T cells (gated as CD4+) after splenocytes were incubated with the indicated cytokines (IL-21, IL-6, or IL-4;
50 ng/ml each) for 15 min at 37°C. (F) Quantification of the frequency of IgE+ and IgG1+ cells among IgD− activated B cells. Purified B cells were cultured for 4 d
with anti-CD40 (125 ng/ml) and IL-4 (12.5 ng/ml) alone (Ctrl) or with the addition of the indicated cytokines (IL-21 50 ng/ml, IFN-γ 25 ng/ml, or IL-10 25 ng/ml).
(G) Representative flow cytometry of IgE+ and IgG1+ B cells within the population of class-switched B cells (B220+ IgD− IgM−) after splenocytes were cultured
for 4 d with anti-CD40 (62.5 ng/ml) and IL-4 (25 ng/ml) in the presence or absence of IL-6 (81 ng/ml). Cells were from WT mice on a B6 background or Boy/J
CD45.1 congenic mice bred in our colony. Dots represent data points of cells from individual mice, and bars represent the mean (B, C, and F). n.s., not sig-
nificant; *, P < 0.05; **, P < 0.01; ***, P < 0.001 (t tests with the Holm-Sidak correction for multiple comparisons [B and C] or one-way ANOVA followed by
Dunnett’s post-test comparing each cytokine treatment to the control [F]). Data were pooled from four experiments (B) or three experiments (F) or are
representative of two experiments (C–E) or three experiments (G).
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In contrast, IL-4 induced STAT6 phosphorylation in both B cells
and CD4 T cells as expected (Fig. 5 E; Geha et al., 2003). Con-
sistent with classical studies (Coffman, 2006; Geha et al., 2003;
Moens and Tangye, 2014), in cultures of mouse B cells with anti-
CD40 and IL-4, the addition of IFN-γ led to a reduction in the
frequency of IgE+ cells (Fig. 5 F). However, the addition of IL-10
(Fig. 5 F) and IL-6 (Fig. 5 G) had a minimal impact on the fre-
quency of IgE+ cells when B cells were cultured with anti-CD40
and IL-4. We found that IFN-γ, but not IL-10 or IL-6, also re-
duced the frequency of IgG1+ B cells in these cultures (Fig. 5, F
and G). Taken together, these data indicate that IL-21 selectively
inhibits IgE and, under some circumstances (as described
above), can enhance IgG1 responses, whereas IFN-γ inhibits both
IgE and IgG1 responses of cultured mouse B cells. However, in
immunized mice, IFN-γ had a minimal impact on the IgE re-
sponse (Fig. 2 A), suggesting that the effects of IL-21 were
dominant. We elaborate below on the implications of these
findings in vitro and in vivo (see Discussion).

IL-21 selectively suppresses IgE responses by inhibiting IgE
CSR rather than inducing apoptosis
We next considered potential mechanisms for the IL-
21–mediated reduction in IgE+ cells. In one study, IL-21 was re-
ported to suppress IgE germline transcript (GLT) expression,
which is necessary for IgE CSR (Suto et al., 2002). However, this
result was obtained in the context of LPS stimulation, which we
had found led to the loss of nearly all viable B cells in combi-
nation with IL-21 (data not shown), as had been previously ob-
served (Jin and Malek, 2006). Another study reported that IL-21
promoted the selective apoptosis of IgE+ B cells (Harada et al.,
2006). We tested the impact of adding IL-21 to B cells cultured
with anti-CD40 and IL-4 at different time points, ranging from
before CSR to IgE occurs until after IgE+ B cells have been gen-
erated. In this culture system, IgE+ B cells first begin to appear
around day 3 and reach peak frequencies by day 4 (data not
shown), indicating CSR occurs around days 2–3. Interestingly, if
IL-21 was added on day 0, 1, or 2, substantial reductions in the
frequency of IgE+ B cells were noted, which was most pronounced
at day 1 (Fig. 6 A). However, if IL-21 was added to the culture at day
3, then no significant reduction in IgE+ cells was observed (Fig. 6 A).
Thus, IL-21 only had an impact when added on days 0–2, before
CSR to IgE, but had no effect when added on day 3, when IgE+

B cells had already been generated in culture. These data strongly
suggest that IL-21 suppresses IgE responses by preventing IgE CSR
rather than by inducing apoptosis of IgE+ B cells.

To further assess the impact of IL-21 on IgE CSR, we quantified
IgE and IgG1 GLTs in B cells cultured for 3 d with anti-CD40 and
IL-4 in the presence or absence of IL-21. Interestingly, we ob-
served that IL-21 inhibited IgE GLT expression, which was much
more pronounced with the low dose of anti-CD40 (Fig. 6 B). In
contrast, IL-21 promoted IgG1 GLT expression, which again was
more pronounced with the low dose of anti-CD40 (Fig. 6 B). These
data suggest that IL-21 suppresses IgE responses by inhibiting IgE
germline transcription, thereby preventing IgE CSR.

We next considered the possibility that the reduction in IgE
germline transcription after IL-21 treatment might be secondary to
other effects of IL-21, such as the induction of PC differentiation.

We thus quantified IgE and IgG1 GLTs at an early time point,
only 8 h after the addition of IL-21. To prevent PC differen-
tiation, as in our previous study (Yang et al., 2012), we cul-
tured B cells from BM chimeras with conditional deficiency in
Prdm1, the gene encoding BLIMP-1 (Shapiro-Shelef et al.,
2003). We observed that IL-21 treatment led to a marked re-
duction in IgE GLTs after 8 h in both control and Prdm1-
deficient B cells (Fig. 6 C). Consistent with this result, we
found that after 4 d of cell culture, IL-21 treatment led to a
reduction in the frequency of IgE+ B cells even when PC dif-
ferentiation was prevented by Prdm1-deficiency (Fig. 6 D),
similar to our observations in WT B cells.

Since IL-21 is also known to induce the proliferation of B cells
(Moens and Tangye, 2014), and both CSR and PC differentiation
events require multiple cell divisions (Hasbold et al., 1998,
2004), we further evaluated the relationship between prolifer-
ation and CSR to IgE and IgG1. After labeling B cells with Cell-
Trace Violet dye to measure cell divisions by dye dilution, we
observed, as expected, that IL-21 treatment led to an increased
proportion of divided cells (Fig. S3 A), although apoptosis also
increased (data not shown) such that the net number of divided
cells was fairly similar. Class-switched IgD−, IgE+, and IgG1+ cells
began to appear after three cell divisions and increased with
subsequent divisions (Figs. S3, B–D). The reduction of IgE+

B cells after IL-21 treatment was already apparent after three cell
divisions and maintained through subsequent cell divisions, and
this was reflected in both the frequency and absolute number of
IgE+ B cells (Fig. S3, C and D). In contrast, the frequency and
absolute number of IgG1+ B cells were relatively unaffected by
IL-21 treatment in this setting, with the exception of an increase
in the frequency of IgG1+ B cells among cells that had undergone
more than five divisions (Fig. S3, C and D). These data suggest
that IL-21 has a direct impact on the initial appearance of IgE+

B cells, consistent with the model that IL-21 inhibits IgE CSR.
Indeed, PC differentiation, detected by staining for the marker
CD138, did not reach a peak until cells had undergone more than
five divisions (Fig. S3 B), indicating this event is temporally
dissociated from the effects of IL-21 on the abundance of IgE+

B cells. Taken together, the above cell culture data provide evi-
dence that IL-21 inhibits IgE CSR independent of the effects of
IL-21 on proliferation, differentiation, and apoptosis.

As apoptosis in vivo may differ from in vitro cell culture
models, we further tested whether apoptosis was involved in the
inhibition of IgE responses by IL-21 in vivo. Eμ-Bcl2-22 trans-
genic (Bcl2 Tg) mice overexpress the antiapoptotic protein Bcl-2
in the B cell lineage, rendering B cells relatively resistant to
apoptosis (Strasser et al., 1991). We previously reported a large
expansion in IgE PCs but only a small increase in the frequency
of IgE GC B cells in Bcl2 Tg mice 14 d after immunization, sug-
gesting most IgE+ B cells differentiate into short-lived PCs
in vivo, whose survival can be rescued by Bcl-2 overexpression
(Yang et al., 2012). We also observed a modest increase in the
frequency of IgE GC B cells and a large expansion of IgE PCs in
Il21−/− mice. Previous studies demonstrated that B cell apoptosis
induced by IL-21 could be counteracted by Bcl2 overexpression
(Jin et al., 2004; Mehta et al., 2003). Consequently, if the inhi-
bition of the IgE response by IL-21 is mediated by apoptosis, then
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Figure 6. IL-21 acts independently of apoptosis and inhibits IgE germline transcription. (A) Quantification of the frequency of IgE+ and IgG1+ B cells
among class-switched B cells (B220+ IgD− IgM−) 4 d after mouse splenocytes were cultured with anti-CD40 (62.5 ng/ml) and IL-4 (12.5–25 ng/ml), with IL-21
(25 ng/ml) added at different time points (compared with no IL-21 control). (B) Relative quantification of IgE (ε) and IgG1 (γ1) GLTs from purified mouse B cells
cultured for 3 d with IL-4 (12.5 ng/ml) and the indicated concentrations of anti-CD40 in the presence or absence of IL-21 (50 ng/ml). GLT expression was
normalized by endogenous Hprt transcripts. (C) Relative quantification of ε and γ1 GLT from purified B cells of the indicated genotypes that were cultured with
anti-CD40 (125 ng/ml) and IL-4 (12.5 ng/ml) for 1 d before the addition of IL-21 (50 ng/ml) to the indicated samples. RNA was isolated 8 h after the addition of
IL-21, and GLT expression was normalized by endogenous Hprt transcripts. (D)Quantification of the frequency of IgE+ and IgG1+ B cells among activated B cells
(B220+ IgD−) 4 d after purified B cells of the indicated genotypes were cultured with anti-CD40 (62.5 ng/ml) and IL-4 (12.5 ng/ml). IL-21 (50 ng/ml) was added
on day 1 to the indicated samples. (E) Quantification of the frequency of IgE+ and IgG1+ cells in the GC B cell and NP-specific PC compartments from draining
LNs of mice with the indicated genotypes 14 d after subcutaneous immunization with NP-CGG in alum adjuvant. Isotype-specific GC B cells and NP-specific PCs
were enumerated by flow cytometry as in Fig. 1. Cells in A and B were fromWTmice on a B6 background or Boy/J CD45.1 congenic mice bred in our colony, and
cells in C and D were from BM chimeras that were generated by injecting BM from donors with the indicated genotypes (CD45.2), bred in our colony, into
irradiated NCI B6 CD45.1 congenic recipients. In E, for each given Il21 genotype (Il21+/+ or Il21−/−), the Bcl2 Tg− and Tg+ mice were littermates. Dots represent
data points derived from individual mice. Xs represent cell counts that were below the limit of detection. Bars represent the mean (A–D and E, left panel) or the
geometric mean (E, right panel). n.s., not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (one-way ANOVA followed by Dunnett’s post-test
[A and E] comparing each condition to the leftmost column or t tests with the Holm-Sidak correction for multiple comparisons [B–D] comparing the presence
or absence of IL-21 within each group). Cells were from three experiments (A and B) or two experiments (D), or data were pooled from two experiments (E).
Similar results as in C were observed in WT mice in a separate experiment.
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we would expect that the combination of Bcl2 overexpression
and IL-21 deficiency would have no additive effect on the
abundance of IgE GC B cells and PCs. However, if IL-21 acts by a
mechanism distinct from inducing apoptosis, such as preventing
IgE CSR, then the combination of Bcl2 overexpression and IL-21
deficiency would result in a further enhanced IgE response.
After immunization, we observed that the combined over-
expression of Bcl2 together with IL-21 deficiency led to a re-
markable increase in the frequency of IgE+ GC B cells and a
further expansion of IgE PCs comparedwith the Bcl-2 Tg or IL-21
deficiency alone (Fig. 6 E). Specifically, the frequency of IgE+ GC
B cells in Bcl-2 Tg, Il21−/− mice was on average 12% and reached
as high as 18%, and the number of IgE PCs exceeded 105 cells per
mouse. These data indicate that the suppression of IgE responses
by IL-21 in vivo occurs by an independent mechanism distinct
from IgE+ cell apoptosis, consistent with the cell culture results
above demonstrating that IL-21 inhibits IgE CSR.

IL-21 inhibits IgE CSR and promotes IgG1 CSR in human B cells
Whereas our above findings in mice demonstrated a clear in-
hibition of IgE responses by IL-21, some prior reports on human
B cells concluded that IL-21 stimulated IgE antibody production
(Avery et al., 2008; Caven et al., 2005; Pène et al., 2006; Wood
et al., 2004). However, these human B cell studies measured as
their primary readout the IgE secreted into the cell culture su-
pernatants, which could be affected by a multitude of factors
including cell proliferation and PC differentiation. We instead
opted for a cellular analytic approach, in which we specifically
identified human IgE+ B cells and PCs by intracellular staining
for IgE, followed by flow cytometry, similar to the methodology
we previously described with mouse B cells (Yang et al., 2012).
We induced CSR to IgE by culturing purified primary B cells
from human tonsils in the presence of anti-CD40 antibody and IL-
4 for 7 d, with or without IL-21. In light of our findings above with
mouse B cells that the inhibitory effect of IL-21 on IgE CSR was
attenuated with stronger CD40 stimulation, we varied the con-
centration of anti-CD40 antibody. Indeed, treatment of human
tonsil B cells with IL-21 led to a reduction in the frequency and
number of IgE+ cells, which was substantially more pronounced
in the context of low anti-CD40 stimulation (Fig. 7, A–C).

The discrepancy between our results that IL-21 led to a re-
duction in the frequency of IgE+ cells versus prior reports of
increased IgE antibody production could be a consequence of IL-
21 generally promoting B cell proliferation and activation
(Moens and Tangye, 2014). In the context of anti-CD40 and IL-4,
the addition of IL-21 led to substantially increased B cell division,
as measured by dilution of CellTrace Violet dye (Fig. 7 D), as well
as increased activation (frequency IgD−; Fig. 7 E), which were
much more pronounced than our observations in mouse B cells
(Fig. S3). Increased B cell division and activation were likely the
dominant effects of IL-21 in most published cell cultures studies
of human B cells, whereas the inhibition of IgE CSR by IL-21 was
likely attenuated by strong stimulation of CD40 with high con-
centrations of anti-CD40 antibody or with CD40L.

Due to their constant exposure to foreign antigens, tonsil
B cells represent a population with mixed activation and dif-
ferentiation states, including GC B cells and memory B cells,

many of which express IgG isotypes. To control for this heter-
ogeneity, we isolated naive B cells from human tonsils and then
cultured themwith anti-CD40 and IL-4 for 7 d in the presence or
absence of IL-21. To better characterize the effects of IL-21 on
different isotypes, we additionally stained for two subclasses of
IgG, IgG1 and IgG4. Human IgG1 is the most abundant subclass of
IgG, yet IgG4 has been posited to be more similar to mouse IgG1
since it is induced by IL-4 (Aalberse et al., 2016). Culture of
human naive B cells with anti-CD40 and IL-4 resulted in CSR to
IgG1, IgG4, and IgE (Fig. 7 F). The addition of IL-21 to human
naive B cells led to a reduction in the frequency of IgE+ cells in
the context of weak anti-CD40 stimulation (Fig. 7 G), similar to
our findings with total tonsil B cells above (Fig. 7 B). We ob-
served a trend toward decreased frequencies of IgG4+ cells when
IL-21 was added, though this did not reach statistical signifi-
cance. We also considered the impact of IL-21 in the context of
limiting amounts of IL-4 with high amounts of anti-CD40 as in
our studies of mouse cells above. We found that the addition of
IL-21 together with a very small amount of IL-4 led to dramat-
ically increased frequencies of IgG1+ cells, but not IgE+ cells,
analogous to our above findings with IgG1 and IgE in mice
(Fig. 7 H). Taken together, these findings indicate a similar im-
pact of IL-21 on CSR in human B cells as we had observed with
mouse B cells. Specifically, IL-21 inhibits IgE CSR in the context
of weak CD40 stimulation, whereas IL-21 promotes IgG1 CSR in
the context of limiting amounts of IL-4.

Discussion
Our observations that IgE responses were highly constrained
in vivo compared with in vitro cell culture suggested that one or
more major negative regulators of IgE responses are present
in vivo. Here, we demonstrated that IL-21 is the major cytokine
that negatively regulates IgE responses in vivo. IL-21 limited IgE
responses across a range of immunization conditions in mice,
whereas IFN-γ, IL-10, and IL-6 were dispensable. Tfh cells were
the major source of IL-21, which acted on B cells via the IL-21R
and STAT3 to suppress IgE. We found that quantitative changes
in the strength of CD40 and IL-4 signals determined whether IL-
21 inhibited IgE CSR or promoted IgG1 CSR. Our comparable
results with mouse and human B cells indicate that this fine-
tuned regulation of IgE and IgG1 CSR is highly conserved. We
have providedmodel diagrams depicting these findings in Fig. 8.

Early studies had shown that IgE production in cell culture
was suppressed by IFN-γ but promoted by IL-4, the prototypical
Th1 and Th2 cytokines, respectively (Coffman, 2006). We con-
firmed that IFN-γ was able to inhibit IgE and IgG1 CSR when
added to cultures of mouse B cells together with IL-4 and anti-
CD40. The exogenous administration of IFN-γ was also reported
to reduce IgE in mouse models (Finkelman et al., 1990; Hofstra
et al., 1998; Lack et al., 1994) and some human patients
(Finkelman et al., 1990). Surprisingly, however, there have
been relatively few studies on the impact of genetic deficiencies
in IFN-γ on IgE production in mice. Mice deficient in IFN-γ or
its receptor were reported to have elevated serum IgE after
immunization with ovalbumin in alum adjuvant or Leishmania
major infection (Coyle et al., 1996; Wang et al., 1994), although
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Figure 7. IL-21 inhibits IgE and promotes IgG1 responses of cultured human B cells depending on the strength of CD40 and IL-4 signals. Total B cells
(A–E) or naive B cells (F–H) were purified from human tonsils and cultured for 7 d with anti-CD40 (as indicated) and IL-4 (20 ng/ml, except in H), in the

Yang et al. Journal of Experimental Medicine 13 of 21

IL-21 is the major negative regulator of IgE CSR https://doi.org/10.1084/jem.20190472

https://doi.org/10.1084/jem.20190472


variable results were observed in other studies with ovalbumin
immunization (Bruselle et al., 1997; Hofstra et al., 1998). An-
other study also concluded that IL-21, but not IFN-γ, regulated
IgE in mice, though the flow cytometry analysis of IgE surface
staining in this study likely reflected IgE captured on basophils
and naive B cells rather than IgE-producing cells (Shang et al.,
2006). By a robust cellular analysis of IgE+ GC B cells and PCs, our
data in IFN-γ–deficient mice indicated that this cytokine is largely
dispensable for IgE regulation under multiple immunization

conditions. We speculate that the limited impact of IFN-γ on IgE
CSR in vivo might be due to either the frequency or kinetics
of B cell interactions with Tfh cells or Th1 cells that express IFN-γ.
Tfh cells have been reported to express IL-21 at early stages of
the immune response (Gonzalez et al., 2018; Weinstein et al.,
2016), and IL-21 is broadly expressed among Tfh cells (Vinuesa
et al., 2016); thus, this cytokine may play a more dominant role
in IgE regulation. The B cells that receive IFN-γ signals may be
the subset that undergo CSR to IgG2a/IgG2c, which was further

presence or absence of IL-21 (20 ng/ml). (A–C) Representative flow cytometry (A) and quantification of the frequency (B) and total number (C) of IgG+ and IgE+

cells among IgD− cells from cultures of total B cells with the indicated concentrations of anti-CD40 and a fixed concentration of IL-4 (20 ng/ml) in the presence
or absence of IL-21. (D) Representative flow cytometry showing proliferation of total B cells cultured from human tonsils with anti-CD40 (100 ng/ml) and IL-4,
in the presence or absence of IL-21, as measured by dilution of CellTrace Violet. (E) Frequency of activated (IgD−) cells among total tonsil B cells after culture
with anti-CD40 (as indicated) and IL-4, in the presence or absence of IL-21, quantified as a percentage of live cells. (F–H) Representative flow cytometry (F) and
quantification (G and H) of the frequency of IgG4+, IgG1+, and IgE+ B cells, quantified as a percentage of IgD− cells, after culturing naive B cells. (F) Naive B cells
were cultured with anti-CD40 (20 ng/ml) and IL-4 in the presence or absence of IL-21. Cells were pregated as IgD– (left panels) to identify IgG4+ cells; gates for
IgG1+ and IgE+ cells were then drawn within the IgG4− population (right panels). IgG1+ and IgG4+ populations were gated sequentially to account for cross-
reactivity of the anti-IgG1 antibody with IgG4. (G) Naive B cells were cultured with a variable concentration of anti-CD40 as indicated with a fixed con-
centration of IL-4 (20 ng/ml), in the presence or absence of IL-21. (H) Naive B cells were cultured with a fixed concentration of anti-CD40 (100 ng/ml) and
a variable concentration of IL-4, as indicated, in the presence or absence of IL-21. Dots represent data points from individual donors. Bars represent arithmetic
(B, E, G, and H) or geometric (C) means. n.s., not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (t tests with the Holm-Sidak correction for
multiple comparisons). Data were pooled from 10 experiments (B, C, and E), five experiments (G), or two experiments (H). In D, each donor is from a different
experiment, and the results for each donor were replicated in another experiment.

Figure 8. Models of the regulation of IgE CSR. (A) Our data indicate that while IL-4 promotes both IgE and IgG1 CSR, IL-21 inhibits IgE CSR but promotes
IgG1 CSR. IL-21 appears to be the key negative regulator of IgE under a broad range of conditions in bothmouse and human B cells. We observed that IFN-γwas
required for IgG2a/c CSR but in vivo had no physiological impact on IgE and IgG1 CSR under the conditions tested. (B)Model of the interaction of a T cell (such
as a Tfh cell) with a B cell. Our data indicate that IL-21 produced by T cells, signaling via the IL-21R and STAT3 in B cells, inhibits IgE germline transcription,
thereby preventing IgE CSR. Conversely, IL-4, signaling via the IL-4R and STAT6; and CD40L, signaling via CD40 and NF-κB; are known to directly promote IgE
germline transcription in B cells (Geha et al., 2003). The model does not exclude the possibility that other signaling pathways downstream of these receptors
may also contribute to IgE regulation. The hatched lines show an expanded view of the regulation of IgE germline transcription by these receptors in C.
(C) Model of the regulation of IgE germline transcription by the relative strength of IL-4R, CD40, and IL-21R signaling in B cells. Quantitative differences in
signals from these receptors may depend on the extent and/or duration of receptor ligation (such as differences in the relative amounts of IL-4, IL-21, and
CD40L expressed by T cells, versus the duration of T cell–B cell contacts). Three cases are provided for consideration: (1) IgE germline transcription is promoted
in the context of strong IL-4R and CD40 signals. The CD40 signals attenuate the inhibitory signals downstream of the IL-21R. (2) When CD40 signals are
weaker, strong IL-21R signals can inhibit IgE germline transcription, even in the presence of strong IL-4R signals. (3) When IL-4R signals are too weak, only
minimal IgE germline transcription would occur regardless of the relative strength of CD40 and IL-21R signals. Note that in all three cases, IgG1 germline
transcription would be promoted by these signals, and thus cases 2 or 3 would lead to a bias toward IgG1 CSR rather than IgE CSR.
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supported by our data here showing that IFN-γ–deficient C57BL/6
mice had a marked reduction in IgG2c+ GC B cells and PCs in
the context of mixed or type 1 immunizations. It was reported
that substantially less exogenous IFN-γ was needed to stim-
ulate IgG2a than to inhibit IgE responses in mice (Finkelman
et al., 1990), which together with our results here suggests
that the quantitative exposure of B cells to IFN-γ in vivo may
often be limited.

IgE responses are also thought to be suppressed by regulatory
T cells. IL-10 is a cytokine produced by regulatory T cells and
B cells, as well as in the context of type 2 immune responses, that
has been implicated in the inhibition of IgE CSR (Akdis and
Akdis, 2014). IL-10 deficiency was reported to have an impact
on serum IgE in immunized mice in some studies, but not in
others (Fukushima et al., 2007; Mäkelä et al., 2000; Tournoy
et al., 2000). We found that IL-10 was dispensable for the reg-
ulation of IgE GC B cell and PC responses in mice immunized
with NP-CGG and alum adjuvant and that IL-10 did not inhibit
IgE CSR in cell culture. Since IL-10 and IL-21 both promoted
STAT3 phosphorylation in B cells, our data suggest that STAT3-
mediated signaling is necessary, but not sufficient, for the in-
hibition of IgE CSR. Alternatively, the extent and/or kinetics of
STAT3 phosphorylation induced by IL-10 versus IL-21 could
differ. We observed that IL-6 induced STAT3 phosphorylation in
T cells, but not in B cells. Although IL-6 has also been reported to
promote IL-21 production by mouse T cells (Dienz et al., 2009)
and Tfh cell differentiation (Vinuesa et al., 2016), we found no
impact of IL-6 deficiency on the IgE response inmice immunized
with NP-CGG and alum adjuvant, in contrast to the clear in-
crease in IgE in IL-21–deficient mice.

Our mixed chimera data indicated that the majority of the IL-
21 production relevant for inhibiting IgE responses was derived
from Bcl6-dependent T cells. While these data do not exclude
contributions from other T cell subsets, our results implicate Tfh
cells as the major subset contributing to the negative regulation
of IgE CSR by IL-21. Conversely, recent evidence from studies in
helminth infection and asthma models showed a contribution of
Bcl6-dependent T cells to IgE production (Kobayashi et al., 2017;
Meli et al., 2017). Studies of IL-4 enhancer mutants (Harada
et al., 2012; Vijayanand et al., 2012) and an IL-6R mutant
(Noble and Zhao, 2016) have also implicated Tfh cells in IgE
production. A recent study described a subpopulation of Tfh
cells that produces IL-13 in addition to IL-4 yet produces rela-
tively low amounts of IL-21, potentially implicating these “Tfh13”
cells in IgE production (Gowthaman et al., 2019). These Tfh13
cells have been detected in mouse models of repetitive allergen
inhalation (Clement et al., 2019; Gowthaman et al., 2019), but not
in the context of infection with the helminth Nippostrongylus
brasiliensis that strongly induces IgE production, suggesting the
potential role of Tfh13 cells in IgE CSR may be limited to par-
ticular types of immune responses. Indeed, the production of IgE
in N. brasiliensis infection was found to be normal in mice in
which IL-13–producing T cells were depleted, suggesting that IL-
4–producing Tfh cells drive IgE CSR in helminth infection (Liang
et al., 2011). Overall, Tfh cells appear to be the primary negative
and positive regulators of IgE CSR through the production of the
cytokines IL-21 and IL-4, respectively.

The relative amount of IL-4 versus IL-21 produced by a Tfh
cell, as it interacts with a B cell, has been proposed to determine
the isotype to which the B cell may switch (Crotty, 2015). In
support of this model, our cell culture data with both mouse and
human B cells showed that very low concentrations of IL-4 to-
gether with high concentrations of IL-21 promoted IgG1 CSR,
withminimal IgE CSR. These data support previous findings that
IL-21 can promote IgG1 CSR (Moens and Tangye, 2014) and in-
terestingly suggest some similarity of the induction of mouse
IgG1 and human IgG1. The degree to which IL-4 is limiting
during in vivo Tfh cell–B cell interactions, however, is unclear.
Haploinsufficiency of IL-4 in mice led to markedly reduced IgE
responses, suggesting that the concentration of IL-4 at the im-
munological synapse may be close to the threshold needed for
IgE CSR (Robinson et al., 2017). Yet, in numerous studies in
different immunization models, the majority of Tfh cells seem to
express IL-4 (Bao and Reinhardt, 2015). One study reported that
there is a progression from IL-21 production alone to dual IL-4
and IL-21 production followed by IL-4 production alone
(Weinstein et al., 2016). One might thus expect IgE CSR to be
favored by IL-4 production alone at later stages of the immune
response. In contrast to this timeline, however, previous studies
indicated that the IgE response is dominated by the relatively
early appearance of IgE PCs and GC B cells, both of which decline
rapidly thereafter, suggesting ongoing CSR to IgE is minimal at
later stages of the B cell response (Yang et al., 2014). IL-21 was
reported to inhibit the sequential switching of IgG1+ B cells to IgE
(Erazo et al., 2007), which may be an ongoing mechanism for GC
B cells and memory B cells to maintain IgG1 expression.

Our work also demonstrated that the suppression of IgE CSR
by IL-21 was inversely correlated with the strength of CD40
stimulation. This result suggests that IgE CSR may require ex-
tended or frequent contacts with T cells expressing CD40L in
order to overcome the inhibition by IL-21. Some indications that
CD40 signaling could modify responses to IL-21 were noted in
earlier studies (Mehta et al., 2003; Parrish-Novak et al., 2000;
Suto et al., 2002; Wood et al., 2004). However, somewhat par-
adoxically in relation to our findings here, CD40 signaling was
reported to up-regulate IL-21R expression (de Totero et al., 2006;
Good et al., 2006). Future studies may reveal how the signals
downstream of the IL-21R and CD40 interact to regulate IgE CSR.

Our findings showing that CD40 signaling can override the
inhibition of IgE CSR by IL-21, together with our direct assess-
ment of IgE+ B cells by flow cytometry, allowed us to reveal that
IL-21 can suppress IgE CSR in cultured human B cells. Previous
observations that IL-21 promoted IgE production were likely due
to strong CD40 stimulation coupled with the general induction
of B cell proliferation and PC differentiation by IL-21, leading to
an increase in the total amount of secreted IgE antibody. It was
thought that the inhibition of IgE by IL-21 in human cell cultures
involved the production of factors from other cells such as IFN-γ
by T cells (Pène et al., 2006), but here, we showed that IL-21
could directly inhibit IgE CSR of purified human B cells. Con-
sistent with our findings reported here, polymorphisms in the
IL21 and IL21R genes have been associated with serum IgE levels
(Hecker et al., 2003; Li et al., 2013; Pène et al., 2006), and several
patients with IL21 or IL21R loss-of-function mutations were
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reported to have elevated serum IgE (Erman et al., 2015; Kotlarz
et al., 2014). Dominant negative mutations in the downstream
signaling adapter STAT3 are prevalent in patients with hyper-
IgE syndrome (Moens and Tangye, 2014), although there has
been confusion as to the cellular basis for the increased IgE. An
early study concluded that STAT3 was dispensable in mouse
B cells for the regulation of IgE (Fornek et al., 2006), yet this has
been contradicted by two more recent studies (Dascani et al.,
2018; Kane et al., 2016). Through the use of mixed chimeras as
well as conditional deletion of STAT3, our experiments con-
firmed that both the IL-21R and STAT3 were required in B cells
in a cell-intrinsic manner for the suppression of IgE CSR by IL-
21. Conversely, conditional deletion of STAT3 in T cells had no
impact on the generation of IgE+ B cells and PCs. As conditional
deletion of STAT3 in T cells inhibits Th17 cell generation (Korn
et al., 2009), our findings also imply that Th17 cells are dis-
pensable for the regulation of IgE CSR. Interestingly, similar to
our studies in mice, a human patient was identified with a so-
matic mutation of STAT3 in B cells but not in T cells, which led to
hyper-IgE but normal IL-17A production (Alcántara-Montiel
et al., 2016). Taken together, in light of these studies as well as
our findings here, we propose that the excessive IgE production
in hyper-IgE syndrome occurs as a result of the STAT3 muta-
tions causing defective IL-21R signaling in B cells.

IL-21R signaling is also known to promote B cell proliferation,
apoptosis, and PC differentiation (Moens and Tangye, 2014). Our
data presented here indicate that these effects of IL-21 can be
dissociated from the impact of IL-21 on IgE CSR. Interestingly, it
appears that unlike B cells expressing other isotypes, IgE-
switched B cells can readily undergo PC differentiation in the
absence of IL-21. This was apparent in our studies of immunized
Il21−/− and Il21r−/− mice, in which most PCs were of the IgE iso-
type, yet IgG1 PCs were greatly reduced in number. Conversely,
though there was an increase in the frequency of IgE+ GC B cells
in Il21−/− and Il21r−/− mice, most GC B cells were still IgG1+.
Previous studies have indicated that the IgE BCR has constitutive
signaling activity that promotes differentiation into short-lived
PCs and limits IgE GC B cell responses (Haniuda et al., 2016; Yang
et al., 2016). The IgE BCR has also been reported to directly
promote apoptosis in some studies (Haniuda et al., 2016; Laffleur
et al., 2015). The cell-intrinsic regulation by the IgE BCR is likely
independent from the extrinsic regulation of IgE CSR by IL-21.
We propose that IL-21 limits the initial generation of IgE+ B cells,
whereas the IgE BCR constrains the fate of those IgE+ B cells that
are generated. Consistent with this model, we found that pre-
venting apoptosis with a Bcl2 transgene, in the context of IL-21
deficiency, led to a remarkable combined increase in the number
of IgE GC B cells and PCs.

In summary, we conclude that IL-21 is a major negative
regulator of the generation of IgE+ B cells by suppressing IgE
CSR. Conversely, IL-4 is known to be the major positive regu-
lator of IgE CSR (Finkelman et al., 1990). Tfh cells, which are
abundant producers of both of these cytokines as well as CD40L
(Crotty, 2015; Vinuesa et al., 2016), are thus heavily implicated
in the tight control of IgE CSR. The likelihood of a B cell un-
dergoing CSR to IgE may depend on several features of B cell–
T cell interactions, such as their frequency and duration, which

would affect the extent of CD40 ligation as well as the amounts
of IL-4 and IL-21 secreted. These interactions are likely to be
heterogeneous, with particular characteristics (see Fig. 8) lead-
ing a small number of B cells to undergo CSR to IgE. It will be
interesting in future studies to assess the features of B cell–T cell
interactions that lead to IgE production specific for allergens in
the context of allergic sensitization.

Materials and methods
Mice and chimeras
All mice in this study were on a C57BL/6 (B6) background
(backcrossed ≥10 generations). Mice for experiments were sex
and age matched as much as possible. The origins of the control
mice are indicated in the figure legends. B6/J mice (000664;
C57BL/6J), Boy/J CD45.1 mice (002014; B6.SJL-Ptprca Pepcb/BoyJ),
Bcl6flox mice (023727; B6.129S(FVB)-Bcl6tm1.1Dent/J), Cd4-Cre
mice (022071; B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ), Prdm1flox mice
(008100; B6.129-Prdm1tm1Clme/J), Stat3flox mice (016923; B6.129S1-
Stat3tm1Xyfu/J), and μMT mice (002288; B6.129S2-Ighmtm1Cgn/J)
were originally purchased from The Jackson Laboratory and
then bred in our colony. Some B6/J mice, Ifng−/− mice (002287;
B6.129S7-Ifngtm1Ts/J), Il6−/− mice (002650; B6.129S2-Il6tm1Kopf/J),
and Il10−/− mice (002251; B6.129P2-Il10tm1Cgn/J) were purchased
directly from The Jackson Laboratory for experiments. Il21−/−

mice (032800-UCD; B6.129S-Il21tm1Lex/Mmucd) were obtained
from the Mutant Mouse Resource and Research Centers, where
they were originally deposited by Lexicon Pharmaceuticals, and
then bred in our colony. Cd19Cre mice (Rickert et al., 1995), Eμ-
Bcl2-22 Tg mice (Strasser et al., 1991), Il21r−/− mice (Ozaki et al.,
2002), and Prdm1gfp mice (Kallies et al., 2004) were maintained
in our colony on a B6 background. Otherwise, B6 CD45.1 con-
genic mice, which were used as WT mice in some experiments
as indicated, were purchased from the National Cancer Institute
(NCI)/Charles River (01B96; B6-Ly5.2/Cr, later renamed to B6-
Ly5.1/Cr). Mice were housed in specific pathogen–free facilities,
and protocols were approved by the Institutional Animal Care
and Use Committee of the University of California, San Francisco
(UCSF). The preparation of BM from donor, irradiation, and
reconstitution of recipients were as described previously (Yang
et al., 2012). We allowed at least 6 wk for reconstitution of the
chimeras before immunization or cell culture studies.

Immunizations
To prepare antigen for immunization for each mouse, 50 µg NP-
CGG in 60 µl PBS was mixed with equal volume of PBS or one of
the following adjuvants: alum (Alhydrogel; Accurate Chemical
and Scientific), CFA (Sigma-Aldrich), SAS (Sigma-Aldrich), or
CpG-DNA for mouse (50 µg; Hycult Biotech) according to the
manufacturer’s instructions. 30 µl antigen mix per site was in-
jected into the upper flanks and above the shoulders to generate
responses in the draining axillary and brachial LNs.

Human tonsil B cell purification
Human tonsil specimens were acquired from patients under-
going routine tonsillectomies under a protocol approved by the
UCSF Human Research Protection Program and Institutional
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Review Board. Tonsil specimens were deidentified and subsequent
studies were classified as not human subjects research according to
the guidelines from the UCSF Institutional Review Board.

Tonsillar tissue was dissociated, a single cell suspension was
prepared and then cells were cryopreserved as described pre-
viously (Wu et al., 2018). Total B cells were purified with the
Dynabeads Untouched Human B cells kit (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions. Naive
B cells were purified by flow cytometric sorting (for Fig. 7 G; see
details below) or magnetic bead depletion (for Fig. 7 H) using the
Mojosort Human Naive B Cell Isolation kit (BioLegend) with the
following modifications to deplete GC B cells: ∼20 million tonsil
lymphocytes were resuspended in 0.2 ml PBS with 1% FBS, and
then 20 µl antibody mix from the kit, a 1:100 dilution of anti-
human CD10-biotin (clone: SN5c; eBioscience), and a 1:20 dilu-
tion of anti-human IgG1-biotin (clone IS11-12.E4.23.20; Miltenyi
Biotec) were added to the sample. The mixture was incubated on
ice for 20 min, then 20 µl Mojosort beads were added and in-
cubated on ice for 10 min. The mixture was then transferred to a
5-ml tube with 3 ml ice-cold PBS with 1% FBS, and the tube was
then put in a MojoSort magnet (BioLegend) on ice for 5 min. The
supernatant was then decanted into a new 5-ml tube and
centrifuged at 450 ×g for 5 min. The cell pellet was resuspended
in 100 µl complete IMDM medium for cell culture.

Cell culture
Primary mouse B cells were purified as described previously
(Sullivan et al., 2011). Purified splenic B cells or crude spleno-
cytes were cultured as described previously (Yang et al., 2012,
2016). Briefly, 1 × 105 cells were cultured in complete RPMI
media with rat anti-mouse CD40 antibody (FGK-45; Miltenyi
Biotec) and the indicated cytokine(s) in 96-well Microtest
U-bottom plates (BD Falcon) with a volume of 200 µl per well.
Recombinant mouse IL-4 (Peprotech), IL-6 (R&D Systems), IL-10
(Peprotech), IL-21 (R&D Biosystems), or IFN-γ (Peprotech) were
added to cultures as indicated. Cells were cultured for 4 d in a
humidified incubator at 37°C in 5% CO2.

Total or naive B cells from human tonsils were isolated and
purified as described above. Cells were then cultured as de-
scribed previously (Wu et al., 2018) for 7 d with anti-human
CD40 antibody (clone G28.5; Bio-X-Cell), recombinant human
IL-4 (Peprotech), and/or recombinant human IL-21 (Peprotech
or R&D Biosystems).

Cell proliferation assay
To track cell divisions in vitro, B cells were labeled with Cell-
Trace Violet (Thermo Fisher Scientific) before culture. Cells
were resuspended in PBS containing 2% FBS to a concentration
between 2 and 20 million cells/ml. CellTrace Violet was diluted
in PBS to a working concentration of 2 μM and then added at a
1:1 ratio to the cell suspension, achieving a final concentration of
1 μM. The mixture was incubated at 37°C for 20 min, agitating
every 5 to 10 min to prevent cells from settling. Cells were then
washed twice with PBS containing 2% FBS. Prior to centrifuga-
tion, FBS was carefully layered at the bottom of the tube at 1/10
of the suspension volume. Finally, cells were resuspended in
complete media and cultured as described above.

Flow cytometry
Cell suspensions were prepared from LNs or cell culture and
stained with antibodies (Table S1 and Table S2) essentially as
described previously (Yang et al., 2012, 2016). Cell counts were
obtained from total LN cells on a Coulter Counter Z2 instrument
equipped with a 100-µm ampoule aperture tube, using a size
threshold of 22.45 fl (μm3) to 113.10 fl after treatment of samples
diluted in ISOTON II with ZAP-OGLOBIN II lytic reagent. Cell
counts for cultured cells were determined by flow cytometry by
adding a fixed amount of AccuCount Ultra Rainbow Fluorescent
Particles (5.0–5.9 μm; Spherotech). Flow cytometry data were
collected on an LSR Fortessa (BD Biosciences) and analyzed with
FlowJo v10. Nonviable cells were excluded by labeling with
fixable viability dye eFluor780 (eBioscience). All samples were
gated on FSC-A versus SSC-A over a broad range of FSC-A to
include blasting lymphocytes, followed by FSC-W versus FSC-H
and then SSC-W versus SSC-H gates to exclude doublets.

Human intracellular IgE staining was analogous to our
method for mouse intracellular IgE staining (Yang et al., 2012).
Briefly, cell surface IgE was blocked with an excess of uncon-
jugated anti-human IgE antibody clone MHE-18 (BioLegend)
during surface staining. Mouse gamma globulin (Jackson Im-
munoResearch) was used as a blocking agent during surface
staining of human B cells (rather than “Fc block,” which we
found interfered with subsequent staining with anti-human IgG
antibodies). Cells were then fixed and permeabilized using a
Cytofix/Cytoperm Fixation/Permeabilization solution kit (BD
Biosciences). Finally, intracellular IgE was stained with fluo-
rescently conjugated MHE-18 together with antibodies to detect
total (surface and intracellular) IgG or specific IgG isotypes (IgG1
and IgG4) and total IgM (Table S2).

For PhosFlow analysis of phosphorylation of STAT proteins,
cells were incubated with eFluor780 viability dye at room tem-
perature for 10min, washed once with PBS, and then resuspended
in 100 µl culture medium. Cytokines were added, and cells were
incubated at 37°C for 20 min; then, 100 µl of 4% PFA was added,
and the sample was incubated at room temperature for 10 min to
stop cytokine signaling and fix the cells. The cells were washed
once with FACS buffer and stained with surface markers at room
temperature for 20 min. The cells were washed once with FACS
buffer and resuspended in 120 µl FACS buffer, and then 80 µl 4%
PFA was added, followed by incubation at room temperature for
5 min. The cells were then centrifuged at 1,000 ×g at room tem-
perature for 2 min, resuspended in the residual liquid, and cooled
on ice for 2min. Then 3 × 30 µl ice-cold 90%methanol were added
to the cell samples, whilemixing the samples by tapping after each
addition. The samples were incubated on ice for 30 min before
150 µl FACS buffer was added, and then the samples were further
incubated on ice for 5 min. The cells were then pelleted down by
centrifugation at 1,000 ×g for 3 min and washed again with FACS
buffer. Cell pellets were resuspended in FACS staining buffer with
pSTAT-specific antibodies (Table S1) and then incubated at room
temperature for 30 min. Cells were washed twice with FACS
buffer before analysis.

For sorting of naive B cells from human tonsils, cry-
opreserved tonsil lymphocytes were thawed and resuspended
in sorting media consisting of Hanks’ balanced salt solution
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containing 1% FBS, 0.5% (wt/vol) bovine serum albumin fraction
V (Roche), 10 mM Hepes (Gibco), and 2 mM EDTA (Thermo
Fisher Scientific) that had been filter sterilized using a 0.2-µm
syringe filter (Corning). Cells were first blocked by incubating
with 0.1 mg/ml mouse gamma-globulin (Jackson ImmunoR-
esearch) for 15 min; stained with anti-CD3, anti-CD27, and anti-
CD38 at a 1/50 dilution (see Table S2) for 30min on ice; and then
washed with an excess of sorting media. Stained cells were re-
suspended in sorting media to a concentration of 30 million cells
per milliliter and sorted on a FACS Aria IIIu (BD Biosciences) cell
sorter. Sorted cells were collected in a 1:1 (vol/vol)mixture of FBS
and IMDM.

Transcriptional analysis
Purified B cells were cultured under the conditions indicated in
Fig. 6, B and C, as indicated, and then five wells of cells of each
treatment were pooled and harvested by centrifugation at 750 ×g
for 2 min. Cells were washed once with PBS, and the cell pellet
was immediately lysed in 0.25 ml lysis buffer LBP of the Nu-
cleospin RNA Plus kit (Macherey-Nagel) and processed for total
RNA preparation using the kit according to manufacturer’s in-
structions. Total RNA from each sample was eluted in 30 µl
RNase-free water, and 6 µl RNA from each sample was used as
template for cDNA synthesis using the ProtoScript First Strand
cDNA Synthesis Kit (NEB) following the manufacturer’s manual.
The resultant cDNA samples were used as templates for quan-
titative PCR (qPCR) assays using SYBR Premix Ex Taq Master-
mix (Takara) in a 10-µl volume in a 384-well plate on an
ABI7900HT machine. The following specific primers were
used for the qPCR assays: ε GLT (forward: 59-TCGAATAAGAAC
AGTCTGGCC-39; reverse: 59-TCACAGGACCAGGGAAGTAG-39);
γ1 GLT (forward: 59-CAGGTTGAGAGAACCAAGGAAG-39; re-
verse: 59-AGGGTCACCATGGAGTTAGT-39); and internal control
Hprt (forward: 59-TGACACTGGCAAAACAATGCA-39; reverse: 59-
GGTCCTTTTCACCAGCAAGCT-39). The final concentration of
each primer was 250 nM. The qPCR thermal cycler conditions
were 95°C 30 s; 95°C 8 s, 60°C 60 s for 40 cycles. A relative
standard curve for cDNA derived from each transcript was
constructed by using serially diluted cDNA from B cells cultured
with anti-CD40 plus IL-4 as qPCR standards, and the relative
quantity of cDNA of each gene was calculated based on the
corresponding standard curve. The relative quantity of ε and
γ1 GLT was finally normalized by the quantity of Hprt cDNA in
the same sample.

Statistical analysis
GraphPad Prism v7 was used for statistical analyses, with
appropriate tests chosen based on experimental design after
consulting the GraphPad Statistics Guide. Data approximated a
log-normal distribution and thus were log transformed for sta-
tistical tests. In cases where samples had zero events detected,
data were either not log transformed for frequency calculations
or the cell count was set to a value of five, which was approxi-
mately twofold below our limit of detection (denoted as “X” in
corresponding plots). All tests were two tailed. To achieve suf-
ficient power to discern meaningful differences, experiments
were performed with multiple biological replicates and/or

multiple times, with details provided in each individual figure
legend. The number of samples chosen for each comparison
was determined based on past similar experiments or by per-
forming pilot experiments to assess the expected magnitude of
differences.

Online supplemental material
Fig. S1 provides the total cell counts for the analyses shown in
Fig. 1 C. Fig. S2 provides the cell counts for the experiments in
Fig. 2. Fig. S3 shows an analysis of the differentiation of IgE+

versus IgG1+ B cells, as well as PCs, with respect to the cell di-
visions of mouse B cells cultured with or without IL-21. Table S1
is a list of reagents used for flow cytometric analysis of mouse
samples. Table S2 is a list of reagents used for flow cytometric
analysis of human samples.
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Supplemental material

Figure S1. Total cell counts in draining LNs from mice immunized with various adjuvants. Related to Fig. 1. Cell counts are shown for the experiment
shown in Fig. 1 C (see Fig. 1 legend for details). Mice were analyzed 7 d after subcutaneous immunization with NP-CGG and the indicated adjuvants or no
adjuvant (Ctrl). Dots represent individual mice. Bars represent the mean (draining LN cellularity plot) or geometric mean (total GC B and NP-specific PCs plots).
****, P < 0.0001 (one-way ANOVA with Dunnett’s post-test comparing each group to the leftmost control group).
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Figure S2. IL-21 selectively suppresses IgE responses in vivo. Related to Fig. 2. Cell counts are shown for the experiments in Fig. 2 (see Fig. 2 legend for
details). (A–C) Mice were immunized subcutaneously with NP-CGG with the indicated adjuvants (A and B) or alum adjuvant (C). Draining LNs were collected
and analyzed 7 d after immunization. (A and B) Total cell counts in draining LNs and enumeration of the number of total GC B cells and NP-specific PCs (A) and
the number of IgE+, IgG1+, and IgG2c+ cells in the GC B cell and NP-specific PC compartments (B) in immunized WT, Il21−/−, and Ifng−/− mice. (C) Quantification
of the number of IgE+ and IgG1+ cells in the GC B cell and NP-specific PC compartments in WT, Il21−/−, and Il21r−/− mice. Dots represent individual mice. Xs
represent cell counts that were below the limit of detection. Bars represent the mean (draining LN cellularity plot) or geometric mean (cell number plots). n.s.,
not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (two-way ANOVA with Dunnett’s post-test comparing each knockout to the WT group
[A and B] and one-way ANOVA with Dunnett’s post-test for multiple comparisons [C]).
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Figure S3. The inhibition of the generation of IgE-producing B cells by IL-21 in vitro is independent of cell division. Related to Fig. 6. Purified mouse
B cells, labeled with CellTrace Violet, were cultured for 4 d with anti-CD40 (62.5 ng/ml) and IL-4 (12.5 ng/ml), with the addition of IL-21 (50 ng/ml) to the
indicated samples on day 1. (A) Representative flow cytometry of cell divisions shown by dilution of CellTrace Violet dye. Cells that had undergone three to six
divisions were gated for further analysis. (B) Representative flow cytometry showing B cell activation and CSR (IgD−, left) and PC differentiation (CD138+, right)
in relation to CellTrace Violet dilution. (C and D) Quantification of the frequency (C) and number (D) of IgE+ and IgG1+ cells among IgD−IgM− cells in different
cell divisions. Cells were from WT mice on a B6 background bred in our colony. Dots represent data points from individual mice (C and D). Bars represent the
mean (C) or the geometric mean (D). n.s. not significant; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (t tests with the Holm-Sidak correction for multiple
comparisons [C and D]). Data in C and D awere pooled from four experiments.
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Tables S1 and S2 are provided online as separate Word documents. Table S1 lists the reagents used for flow cytometric analysis of
mouse samples. Table S2 lists the reagents used for flow cytometric analysis of human samples.
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