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SUMMARY

A key event in the pathogenesis of asthma and
allergies is the production of IgE antibodies. We
show here that IgE+ cells were exceptional
because they were largely found outside germi-
nal centers and expressed, from very early on, a
genetic program of plasma cells. In spite of their
extragerminal center localization, IgE+ cells
showed signs of somatic hypermutation and af-
finity maturation. We demonstrated that high-
affinity IgE+ cells could be generated through
a unique differentiation program that involved
two phases: a pre-IgE phase in which somatic
hypermutation and affinity maturation take
place in IgG1+ cells, and a post-IgE-switching
phase in which IgE cells differentiate swiftly
into plasma cells. Our results have implications
for the understanding of IgE memory responses
in allergy.

INTRODUCTION

IgE antibodies are major contributors to pathology in

atopic diseases (Oettgen and Geha, 2001). In mice, both

IgE and IgG1 antibodies are generated during T cell-

dependent B cell responses mediated by T helper 2 (Th2)

lymphocytes (Coffman et al., 1993). However, IgE re-

sponses are strictly dependent on interleukin-4 (IL-4),

whereas, under some circumstances, IgG1 antibodies

can be found in mice treated with anti-IL-4 and in IL-4 or

signal transducer and activator of transcription-6 (STAT6)-

deficient mice (Finkelman et al., 1988; Kaplan et al., 1996;

Kuhn etal., 1991; Shimoda etal., 1996). IL-18 administration

(in the absence of IL-12) has also been shown to induce

IgE production, through an IL-4-STAT6-dependent mech-

anism (Hoshino et al., 2000; Yoshimoto et al., 2000).

In T cell-dependent responses, IgG1+ cells can be

found in in germinal centers (GCs), which are the follicular

structures where class switch recombination (CSR), so-
Im
matic hypermutation (SHM), and affinity maturation take

place. GCs are essential for the formation of memory B

cells and long-lived plasma cells (Przylepa et al., 1998).

Despite the importance of the IgE response, little is

known about the location of switching to IgE, the biology

of IgE+ cells, and even whether memory IgE+ cells exist.

One of the reasons for the limited amount of informa-

tion that is available is that the study of the biology of

IgE+ cells and their tracking in vivo is hampered by their

low frequency, even in the favorable conditions of Th2 re-

sponses. To circumvent this problem, we used two mouse

models of high IgE production in vivo: immunization-

driven hyper IgE response in mice with monoclonal T and

B cells (T/B monoclonal mice) and helminth infection IgE

induction in BALB/c mice.

In the present work, we showed that high-affinity IgE an-

tibodies could be generated in a nonconventional manner.

Switching to IgE initiated in the GC, but IgE+ cells differen-

tiated quickly into plasma cells and were mostly found

outside GC areas. In spite of their brief GC phase, IgE

antibodies displayed somatic hypermutation and affinity

maturation. We demonstrated that purified GC IgG1+ and

memory IgG1+ cells could undergo a secondary switch to

IgE in a process that required IL-4 and was inhibited by

IL-21. We propose a model whereby high-affinity IgE anti-

bodies are generated through sequential switching of

IgG1+ B cells, without the need for a genuine memory

IgE+ cell compartment.

RESULTS

IgE+ Cells Are Found outside GC

In order to characterize the generation and maturation of

IgE+ cells, we used two mouse models of high IgE re-

sponse. High IgE production was elicited either by immu-

nization of T/B monoclonal mice (Curotto de Lafaille et al.,

2001) or by infection of wild-type BALB/c mice with the

helminth parasite Nippostrongylus brasiliensis (Finkelman

et al., 1990; Katona et al., 1988). T/B monoclonal mice

carry anti-chicken ovalbumin (OVA) T cell receptor trans-

genes (DO11.10) and anti-influenza hemagglutinin (HA)
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knockin B cell receptor genes on a RAG1-deficient back-

ground. The use of T/B monoclonal mice enables the

tracking of antigen-specific B cells, whereas the helminth

infection of wild-type mice allows us to analyze a broad

repertoire response in a nonmanipulated immune system.

We first characterized the temporal and spatial appear-

ance of IgG1+ and IgE+ cells, as well as GL7+ GC cells, in

peripheral lymphoid organs of T/B monoclonal mice after

immunization with the cognate antigen OVA-HA in alum.

No or very few IgG1 or IgE-producing cells or IgE anti-

bodies were observed when T/B monoclonal mice were

immunized with Alum only or myelin basic protein (MBP)

in alum (see Figure S1 in the Supplemental Data available

online). Although a substantial response was attained

by immunization with OVA in Alum, the highest response

occurred, as expected, when mice were immunized with

the crosslinked OVA-HA antigen (Figure S1). Upon immu-

nization with OVA-HA, GC cells were barely detectable in

spleen and mesenteric LN 6 days after immunization, but

increased rapidly thereafter (Figure 1A and Figure S2). Ap-

pearance of IgG1+ and IgE+ cells paralleled GC formation,

as assessed by surface staining (Figure 1A) or mRNA anal-

ysis (Figure S3). Our results correlate well with the kinetics

of serum IgG1 and IgE responses elicited by anti-IgD

treatment of wild-type mice (Finkelman et al., 1989).

IgG1 and IgE production followed the increase in IL-4

production, consistent with the Th2 dependence of these

two isotypes (Figure S3).

The localization of IgG1+ and IgE+ cells in sections of

mesenteric LN and spleen was determined by immunohis-

tochemistry (Figure 1B and Figure S4). GC cells are B220+,

IgD�, Fas+ and bind the GL7 antibody and the lectin PNA.

In Figures 1 and 2, GC were identified as IgD� follicular

areas or by staining with the GL7 antibody. T cell areas

were identified with TCRb antibodies. As anticipated,

IgG1+ cells occupied the GC areas, and some were also

found in the T cell areas and red pulp in the spleen and

in the medullary region of LN (Figure 1B and Figure S4).

Unexpectedly, the vast majority of IgE+ cells were not

found inside GC in LN of immunized mice. Instead, IgE+

cells were found at the boundaries of GC and T cell areas,

in non-GC B cell areas, and in medullary cords (Figure 1B).

In spleen, IgE+ cells localized to the boundaries of T and B

cell areas and to T cell areas and were largely absent from

follicles and GC (Figure S4). A thorough kinetic analysis

of appearance of IgE+ cells showed that their absence

from GC was not a matter of the times chosen for analysis

(Figure S4).

IgE+ cell localization was also analyzed during the GC

phase of the response of wild-type BALB/c mice to infec-

tion with the helminth Nippostrongylus brasiliensis. Simi-

larly to T/B monoclonal mice, most IgE+ cells were found

outside GC areas, in non-GC IgD+ B cell areas, including

the medullary region (Figures 2A and 2B), whereas IgG1+

cells were found mainly in GC (Figure 2C). The morphology

of IgG1+ and IgE+ cells also differed, with IgE+ cells dis-

playing a plasmablast morphology (Figure 2D). The kinetic

analysis of the IgG1 and IgE responses in Nippostrongylus

brasiliensis-infected mice is provided in Figure S5.
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GC Origin of 3 Sterile Transcripts

The absence, at all time points, of IgE+ cells in GC of

animals undergoing high IgE responses in both animal

models was unexpected. To analyze class switching to

IgE in GC and non-GC cells at the molecular level, we

tracked the expression of IgE-specific transcripts: (1) 3

sterile transcript, which is transcribed from the I3 pro-

moter, precedes and is essential for CSR to IgE; (2) 3 post-

switched transcript, which originates from the Im promoter

after CSR to 3 took place (labeled ‘‘Switched transcript’’

in Figure 3A); and (3) 3 mature transcript, which is tran-

scribed from the VDJ promoter (Li et al., 1994; Rothman

et al., 1988; Stavnezer et al., 1988). IgG1+ GC cells

(B220+PNA+IgG1+), IgG1� GC cells (B220+PNA+IgG1�),

plasma cells (Syndecan-1+), and non-GC non-plasma

cell B cells (B220+PNA�Syn�) were purified from spleen

of mice on day 12 of immunization. Expression of 3 tran-

scripts in the fractions was analyzed by real-time PCR

(Figure 3B). The highest expression of 3 sterile transcripts

was found in the two GC (PNA+) fractions, indicating that

switching to IgE initiates in the GC. Postswitched 3 tran-

scripts predominated in the PNA+IgG1+ fraction of GC.

Mature 3 transcripts were found in the PNA+IgG1� fraction

but not in the PNA+IgG1+ fraction. The highest expression

of mature IgE transcripts was detected in the Syndecan-

1+ fraction. Although sterile and postswitched transcripts

could be derived from the second chromosome, which

has the VDJ gene segments in germline configuration in

these RAG-deficient mice, the very low amount of sterile

transcript in non-GC B220+ cells supports the GC origin

of IgE switching. In sum, the kinetics shown in Figure 1A

and the pattern of expression of sterile 3 transcripts indi-

cates that class switching to IgE initiates in GC.

Swift Differentiation of IgE+ Cells into Plasma Cells

To determine the differentiation state of IgE+ cells during

the GC phase of a primary response, we analyzed the ex-

pression of Syndecan-1, Fas, and B220 in IgE+ (and IgG1+)

cells in mesenteric LN from immunized T/B monoclonal

mice and Nippostrongylus brasiliensis-infected BALB/c

mice. Most IgE+ cells did not express B220 and expressed

high amounts of Fas, and a large fraction (80.9% ± 6.3% in

T/B monoclonal mice and 57.2% ± 11.5% in Nippostron-

gylus-infected BALB/c mice) expressed Syndecan-1

(Figure 4A). Loss of B220 expression and acquisition of

Syndecan-1 expression are characteristic of plasma cells.

In contrast, most IgG1+ cells were B220+Fas+Syndecan-1�

(96.8% ± 0.9% in T/B monoclonal mice and 94.5% ± 0.5%

in Nippostrongylus-infected BALB/c mice), consistent

with their GC localization (Figure 4A, see overlapping his-

tograms of gated IgE+ and IgG1+ cells). Analysis of gated

Syndecan-1+ cells showed an overrepresentation of sur-

face IgE+ cells (20%–40%) in this fraction (Figure 4B).

The validity of the identification of IgE+ and IgG1+ cells

was confirmed by the expression of mature IgE and

IgG1 transcripts, respectively (Figure 4C). As expected,

there were very few IgE+ and IgG1+ cells, as well as Syn-

decan+ cells, in unimmunized T/B monoclonal mice or un-

treated BALB/c mice (Figure 4D). The localization of IgE+
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Figure 1. Switching to IgE Occurs during the GC Phase of an Immune Response, but IgE Cells Are Found outside GC

T/B monoclonal mice were immunized with OVA-HA in alum by i.p. route.

(A) Kinetics of appearance of GC (GL7+B220+) in spleen and mesenteric LN (mLN) and of IgE+ and IgG1+ cells in mLN. Shown are mean ± SD. n = 3

mice per time point. The data were derived from FACS analysis of cells on days 6, 9, 12, 19, 27, and 43 after primary immunization, with the gates

shown in Figure S1. Representative of three experiments.

(B) Immunohistochemistry showing tissue distribution of IgE+ and IgG1+ cells in sections of mLN at day 12 of immunization. Germinal centers (GC),

T cell, and follicular B cell (B) areas are indicated. Original magnification 1003. More than 100 sections from 30 mice were analyzed.
cells and their pattern of B220 and Syndecan expression

suggested a plasma cell phenotype. We therefore ana-

lyzed purified IgE+ cells for the transcription of molecules

expressed at the GC stage such as Pax5 (Gonda et al.,

2003; Johnson and Calame, 2003) and Bcl6 (Dent et al.,

1997; Ye et al., 1997), or the plasma cell stage such as

Blimp1 (Johnson and Calame, 2003) and Xbp1 (Reimold
Im
et al., 2001), as well as the enzyme AID (Muramatsu et al.,

2000), required for immunoglobulin class switch recombi-

nation and somatic hypermutation. IgE+Fas+ cells from

spleen did not express Pax5, Bcl6, or AID, but expressed

high amounts of Blimp and Xbp1 (Figure 4E). The reverse

was observed for the IgG1+ cells. In non-GC B220+ cells

from immunized mice and B cells from nonimmunized
munity 26, 191–203, February 2007 ª2007 Elsevier Inc. 193
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Figure 2. Different Localization of IgE+ and IgG1+ Cells in Lymph Nodes of BALB/c Mice Infected with Nippostrongylus

brasiliensis

Frozen sections of mesenteric LN from N. brasiliensis-infected BALB/c mice (day12) were analyzed by immunohistology.

(A) Staining with antibodies to IgE, IgD, and TCRab reveals IgE+ cells in non-GC B cell areas and medullary region.

(B) IgE+ cells are found in the margins and outside GL7+ GC areas.

(C) IgG1 cells colocalize with GL7+ GC areas. Serial sections of the same LN are shown.

(D) IgG1+ cells show predominantly membrane staining in GC, while IgE+ cells have bright cytoplasmic staining.

(A, B, C) Original magnification 1003; (D) 4003. Germinal centers (GC), T cell (T), cortical (C), and medullary (M) areas are indicated. Representative of

12 mice from 2 independent experiments.
mice, only Pax5 was highly expressed, consistent with a

naive phenotype. Similar results were obtained with puri-

fied IgE+ and IgG1+ cells from lymph nodes (LN, Fig-

ure 4E). Furthermore, we took advantadge of the fact that

plasma cells, but not mature B cells, display very high fluo-

rescence intensity after intracellular staining with anti-

immunoglobulin reagents. Although only a very small

percentage of the IgG1+ population showed a very high

fluorescence intensity upon intracellular staining, the

vast majority of the IgE+ population did (Figure S6). Finally,

immunohistology showed that IgE+ cells, but not IgG1+

cells, have a morphology and cytoplasmic immunoglobu-

lin expression characteristic of plasma cells (Figure 2D).

All these results demonstrate that IgE+ cells display,

from early on, a genetic program of plasma cells.
194 Immunity 26, 191–203, February 2007 ª2007 Elsevier Inc.
It has been shown in chimeric mice that contained B

cells from wild-type and Cxcr5�/� mice that B cells from

the latter were excluded from GC (Allen et al., 2004). Our

observation of extrafollicular localization of IgE+ in spleen

and of their overall exclusion from GC areas suggested the

possibility of a distinct homing pattern that could involve

altered regulation of CXCR5 (Allen et al., 2004; Cyster,

1999). Strikingly, no CXCR5 expression was detected in

IgE+ cells from spleen, likely explaining the paucity of

these cells in follicular and GC areas. CXCR5 expression

was also decreased in LN IgE+ cells compared to IgG1+

cells (Figure 4E). Thus, together with a swift differentiation

to plasma cells, IgE+ cells are characterized by low ex-

pression of the chemokine receptor required for follicular

and GC localization.
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Figure 3. Class Switching to IgE Initiates

in GC

(A) Schematic representation (not in scale) of

the Ig heavy chain locus and the main 3 tran-

scripts, showing the localization of PCR

primers (arrowheads) used to amplify 3 sterile,

postswitched, and mature transcripts. Exons

and introns in C regions not depicted. Top

scheme: DNA configuration before switching;

bottom schemes: DNA configuration after

switching. The bracketed scheme on the left

represents an alternative result of sequential

switching (without g1 remnants) as well as

the result of direct m to 3 switching.

(B) Distribution of 3 sterile, switched, and

mature transcripts in GC (B220+PNA+IgG1+

and B220+PNA+IgG1�), non-GC (B220+PNA�),

and plasma cell (Syndecan-1+) fractions from

spleen of T/B monoclonal mice on day 12 of

immunization. NI, B220+: purified B220+ cells

from untreated T/B monoclonal mice. Ex-

pression was determined by quantitative

real-time PCR. Similar results were obtained

when GC and non-GC B cells were sorted

based on expression of Fas, B220, and

IgG1 (not shown).
Switched Cells Coexpressing IgG1 and IgE on the

Cell Surface Display a Plasma Cell Phenotype

Switching to IgE and IgG1 is regulated similarly by Th2 cy-

tokines and many costimulatory molecules. It has been

shown that class-switch recombination shows no allelic

exclusion (Rabbitts et al., 1980). Thus, in homozygous

VDJ heavy chain knockin mice, it may be possible to

detect IgG1 and IgE dual-expressing B cells. Such cells

were not found in heterozygous animals (Figures 4A and

4D, Figure S1). We sought to determine whether the

IgG1+IgE+ dual-expressing cells would have a GC pheno-

type, as do IgG1+ cells, or a plasma cell phenotype, as do

IgE+ cells.

Homozygous heavy chain knockin T/B monoclonal

mice were immunized with OVA-HA, and their LN cells

were analyzed by flow cytometry. We found IgG1+IgE+

dual-expressing cells in similar numbers as IgE+ single-

expressing cells (Figure 5A). FACS analysis of the expres-

sion of B220, Fas, and Syndecan-1 on gated dual-ex-

pressing and single-expressing cells showed clearly that

IgG1+IgE+ dual-expressing cells have a plasma cell phe-

notype, similar to single IgE+ cells but unlike single-

expressing IgG1+ cells (Figure 5A). We then sorted

IgG1+IgE+ dual-expressing cells and analyzed the expres-

sion of Pax5, Bcl6, AID, Blimp1, and Xbp1 by real-time

PCR. IgG1+IgE+ dual-expressing cells displayed charac-

teristics of plasma cells, very similar to IgE+ single-

expressing cells (Figure 5B). Analysis of mature IgG1

and IgE transcripts confirmed at the mRNA level the

dual-expression status of the IgG1+IgE+ sorted cells

(Figure 5B). These data show that the strong association

between class switching to IgE and plasma cell differenti-

ation cannot be overcome by expression of a functional

IgG1 molecule on IgE+ cells.
Im
IgE Antibodies Undergo Somatic Hypermutation

and Affinity Maturation

The lack of GC localization of IgE+ cells, together with their

low or absent Bcl6 and AID expression, raised the ques-

tion of whether IgE antibodies undergo somatic hypermu-

tation and affinity maturation. To study affinity maturation

of IgE+ cells, T/B monoclonal mice were repeatedly im-

munized with OVA coupled to a low-affinity variant of

HA, named PEP1. PEP1 carries Phe in place of Tyr105

(PEP1: YPYDVPDFASLRS), a replacement that greatly

reduces affinity for the knockin B cell receptor-encoded

antibody (Pinilla et al., 1993; Schulze-Gahmen et al.,

1993). At the concentrations used, monovalent biotiny-

lated PEP1 does not bind to naive HA-specific B cells,

whereas monovalent biotinylated HA binds virtually all B

cells in these mice. However, after secondary immuniza-

tion with OVA-PEP1, but not with OVA-HA, PEP1-binding

cells were detected in the spleen of immunized mice

(Figure S7). To identify the mutations that confer high-

affinity binding to PEP1, PEP1-binding memory B cells

(PEP1+B220+IgD�) were purified from immunized mice,

and the DNA sequences of VDJ IgG1 genes in the samples

was determined. High-affinity binding to PEP1 correlated

with a pattern of two amino acid replacements in the

CDR3 region: R97T and N100aS, with a third one, A101T,

appearing less frequently. These replacements were rare in

IgG1 sequences from PEP1�B220+IgD� cells (Figure S8).

Having established which somatic mutations correlated

with the appearance of binding to PEP1, we analyzed the

accumulation of high-affinity amino acid replacements in

IgG1 and IgE antibody genes during repeated immuniza-

tion of T/B monoclonal mice with OVA-PEP1. Antibody

titers of both PEP1-specific IgG1 and IgE increased with

time, with the plateau in IgE titers lagging behind the
munity 26, 191–203, February 2007 ª2007 Elsevier Inc. 195
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Figure 4. IgE+ Cells Differentiate Swiftly into Plasma Cells

(A and B) FACS analysis of mLN cells from OVA-HA-immunized T/B monoclonal mice and Nippostrongylus brasiliensis-infected BALB/c mice. LN

cells were acid treated to remove cytophilic (extrinsic) antibodies and subsequently stained with antibodies to IgE, IgG1, B220, and either CD95

(Fas) or Syndecan-1.

(A) Dot plots show IgE and IgG1 expression in cells from a live lymphocyte (FSC X SSC) gate. Overlay histograms show expression of B220, Fas, and

Syndecan-1 in gated IgE+ (red) or IgG1+ (black) cells. Representative of 3 experiments with 3 mice per group.

(B) Dot plots on the left show Syndecan-1 and B220 staining of cells from a lymphocyte gate. Plots on the right show IgG1 and IgE cells among gated

Syndecan-1+ cells. Numbers in the quadrants show the percentage of cells.

(C) Real-time PCR analysis of mature IgE and IgG1 transcripts in IgE+ and IgG1+ sorted cells.
196 Immunity 26, 191–203, February 2007 ª2007 Elsevier Inc.
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Figure 5. B Lymphocytes Coexpressing

Surface IgG1 and IgE Molecules Display

a Plasma Cell Phenotype

T/B monoclonal mice carrying homozygous

copies of the knockin VDJ heavy and light im-

munoglobulin genes were immunized i.p. with

OVA-HA in alum.

(A) FACS analysis of LN cells 10 days after

immunization.

(B) IgG1+IgE+ double-expressing cells from

homozygous T/B monoclonal mice and IgE+

and IgG1+ single-expressing cells from hetero-

zygous mice were purified by flow cytometry

sorting 15 days after immunization. The ex-

pression of Pax5, Bcl6, AID, Blimp1, Xbp1,

IgG1, and IgE was determined by real-time

PCR. Note the logarithmic scale for the Ig

gene expression data. Representative of 2 in-

dependent experiments.
plateau of IgG1 titers (Figure 6A). IgG1 and IgE VDJ gene

sequences were analyzed 10 days after the second and

fourth immunization. IgG1 and IgE sequences in OVA-

PEP1-immunized mice showed increased frequency of

the amino acid replacement at positions R97, N100a,

and A101 that correlate with high-affinity binding to

PEP1 (Figure 6B). However, a frequency of high-affinity

mutations comparable to IgG1 was attained in IgE mole-

cules only after more rounds of immunization (Figure 6B).

In mice immunized with the high-affinity ligand OVA-HA,

we observed increased number of DNA mutations over

time (Figure 6C and Figure S9), but no positive selection

for particular amino acid mutations were identified, con-

sistent with published results on other high-affinity re-

sponses (Shih et al., 2002). In contrast to IgG1 and IgE,

IgG3 antibodies carried a very low number of mutations

under these experimental conditions (Figure 6C and

Figure S9). This is consistent with switching to IgG3 occur-

ring mostly before the onset of the GC reaction in the re-

sponse to OVA-HA (Figure S3). We conclude that, despite

the lack of GC localization of IgE+ cells, IgE antibodies

undergo SHM and affinity maturation.

IgG1+ Lymphocytes Can Generate IgE Antibodies

by Sequential Switching

Our results demonstrate that high-affinity IgE antibodies

are produced during a Th2-mediated response in vivo,

yet a GC phase for IgE+ cells could not be visualized.

Based on these results and on previous findings of IgG1
I

switch-region remnants on IgE+ cells, which demon-

strated sequential switching from m to g1 to 3 (Yoshida

et al., 1990), we hypothesized that IgE+ cells may not un-

dergo somatic hypermutation and affinity maturation, but

rather they could inherit mutated and selected VDJ genes

from precursor IgG1+ cells. Although molecular evidence

supporting the existence of sequential switching is abun-

dant, it is equally clear that sequential switching is not

obligatory for IgE responses (Jung et al., 1994). Further-

more, it was possible that the second step of sequential

switching (g1 to 3) occurred very soon after the first step

(m to g1) at a stage in which both g1 and 3 sterile transcripts

are abundant, without involving an IgG1+ cellular phase.

To test whether or not GC or memory IgG1+ cells could

give rise to IgE+ cells by sequential switching in vivo, we

sorted B220+Fas+IgG1+IgD� and B220+Fas+IgG1�IgD�

cells from mice immunized with OVA-PEP1. These cells

were then transferred together with naive OVA-specific

CD4+ T cells into TCRab-deficient mice, and the recipient

mice were immunized once with OVA-PEP1. Anti-PEP1

and anti-HA responses were monitored by ELISA in sera

from immunized recipient mice. A PEP1-specific IgE re-

sponse could be detected only in sera from mice that

received the IgG1+ population (Figure 7A). Similar results

were obtained with Rag1�/� recipient mice (Figure S10).

In the recipient mice, IgE molecules that, given the exper-

imental design, must be derived from the transferred

IgG1+ cells, carried the PEP1-binding T97-S100a-T101

mutations (Figure 7B), although at lower frequency than
(D) Dot plots of gated live lymphocytes from untreated T/B monoclonal and BALB/c mice.

(E) IgE+ cells express genes of the plasma cell stage. IgE+Fas+ cells, IgG1+Fas+ cells, and B220+Fas� cells were sorted from spleen and mesenteric

LN of T/B monoclonal mice 12 days after immunization with OVA-HA. Naive B220+ cells (NI B220+) were purified from spleen of untreated T/B mono-

clonal mice. Gene expression analysis by real-time PCR of Blimp 1, Xbp1, Pax5, Bcl6, AID, and CXCR5 is shown. Representative of four independent

experiments.
mmunity 26, 191–203, February 2007 ª2007 Elsevier Inc. 197
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Figure 6. Production of PEP1-Specific IgG1 and IgE Antibodies after Repeated Immunization with OVA-PEP1

(A) T/B monoclonal mice were repeatedly immunized with OVA-PEP1 in alum. Immunization days are indicated by vertical arrows. The serum amounts

of PEP1-specific IgG1 and IgE antibodies at the indicated time points were determined by ELISA. n = 5–6 mice per group.

(B) Selection of CDR3 mutations in IgG1 and IgE antibodies of PEP1-immunized mice. Total RNA was extracted from spleen cells of T/B monoclonal

mice 10 days after second or fourth immunization with OVA-PEP1 (middle two columns) or OVA-HA (two rightmost columns). IgG1 and IgE VDJ

sequences from cDNA were amplified, cloned, and sequenced. The numbers in the boxes represent the percentage of sequences coding for the

indicated amino acid residue. The top residue in each box (i.e., R97, N100a, A101) is always the germline residue (Kabat numbering).

(C) Analysis of nucleotide mutations in mice repeatedly immunized with OVA-PEP1 or OVA-HA. The figure shows the proportion of sequences of IgG1,

IgE, and IgG3 antibodies carrying the indicated numbers of nucleotide mutations per sequence (shown outside the pies). For each pie, the number of

sequences analyzed is written in the center. At least three mice per group and per time point were analyzed. The translated sequences were utilized for

the analysis of amino acid mutations shown in (B).
IgG1 molecules, consistent with the results described in

Figure 6B. We conclude that memory IgG1+ B cells are

able to generate a high-affinity IgE response.

Interleukin-21 Inhibits the Sequential Switching

of IgG1+ Cells to IgE

The results shown thus far support a GC origin of mutated

IgE antibodies, likely from IgG1+ cells that underwent

somatic hypermutation and affinity maturation. However,

IgE+ cells themselves were not found in the GC environ-

ment. Some of the factors that can negatively regulate
198 Immunity 26, 191–203, February 2007 ª2007 Elsevier Inc.
class switching to IgE in the GC are cytokines. Although

IL-4 promotes switching to IgE, IL-21, a cytokine pro-

duced by follicular T helper cells, inhibits it (Ozaki et al.,

2002; Suto et al., 2002; Vinuesa et al., 2005). To assess

the effect of IL-21 on sequential switching of IgG1+ cells

to IgE, we used an in vitro system. IgG1+ cells and IgD+

cells were purified from T/B monoclonal mice 10 days

after immunization with OVA-HA. Most IgG1+ at day 10

are GL7+Fas+B220+ GC cells. The cells were stimulated

in vitro with CD40 antibodies, IL-4, and IL-21. The IL-4

concentration used (100 U/ml) is suboptimal to induce
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Figure 7. Purified IgG1+ Cells Can Generate High-Affinity IgE Antibodies upon Adoptive Transfer

(A) B220+ IgD� IgG1+ Fas+ and B220+ IgD� IgG1� Fas+ cells were isolated from spleen and lymph nodes of T/B monoclonal mice 20 days after im-

munization with OVA-PEP1. The purified cells were transferred to TCRab-deficient mice together with naive OVA-specific T cells (IgG1+ cells, 8 3 105

cells/mouse; IgG1� cells, 6 3 105 cells/mouse; OVA-specific T cells, 5 3 105 cells/mouse). The recipient mice, as well as a control groups receiving

only T cells or no cells, were immunized with OVA-PEP1 1 day after the transfer. Serum amounts of PEP1-specific, HA-specific, and total IgE were

performed on day 13 after immunization. Individual mice were assayed for total IgE (shown average ± SD). HA and PEP1-specific IgE were assayed

in IgG-depleted pooled samples. Representative of 3 experiments with n = 3 mice/group.

(B) IgE antibodies derived from sequential switching show hypermutation and selection. B220+IgG1+ cells isolated from mice immunized twice with

OVA-PEP1 were transferred together with naive OVA-specific T cells into TCRab-deficient recipients. The recipient mice were immunized twice with

OVA-PEP1, and the sequences of IgG1 and IgE derived from the transferred B cells were analyzed. VDJ genes derived from donor cells were identified

by the knockin VDJ junctional sequence and JH3 usage. The numbers indicate the percentage of IgG1 or IgE sequences that carry the corresponding

mutations.

(C) IL-21 inhibits sequential switching to IgE. IgG1+ cells and IgD+ cells were purified from spleen and LN of T/B monoclonal mice 10 days after

i.p. immunization with OVA-HA. Cells were stimulated in vitro with CD40 antibodies (aCD40), IL-4, and IL-21. The figure shows IgE and IgG1 antibody

amounts in culture supernatants (day 5). Purified IgD+ cells from nonimmunized mice responded similarly to IgD+ cells from immunized mice.

Proliferation was similar in IgD+ and IgG1+ cultures (data not shown). The data shown are representative of three experiments.

(D) A model of the differentiation of IgE+ cells. B lymphocytes in the GC upregulate Bcl6, switch to IgG1, and undergo SHM and affinity maturation.

Follicular helper T cells (Tfh) provide an IL-21-rich environment in the GC. Bcl6 expression and signalling through the IL-21R inhibit class switching to

IgE in most GC cells. Class switching to IgE can occur in GC cells that downregulate Bcl6 function and interact with Th cells in a high IL-4 and low IL-21

microenvironment. Switching to IgE is linked to a pathway of exit from the GC and differentiation to plasma cell. CSR, class switch recombination;

SHM, somatic hypermutation; AM, affinity maturation; PB, plasmablast; PC, plasma cell; MC, memory cell.
Immunity 26, 191–203, February 2007 ª2007 Elsevier Inc. 199
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CSR to IgE by naive cells but was effective on IgG1+ cells

(see below).

IgG1+ cell cultures spontaneously secreted IgG1 anti-

bodies but not IgE antibodies (Figure 7C). Production of

IgE in cultures of IgG1+ cells was dependent upon stimu-

lation with CD40 antibodies and IL-4, as indicated by the

fact that little or no IgE was produced in nonstimulated

cultures or cultures stimulated with CD40 antibodies and

no cytokines. IgG1+ cells stimulated with CD40 antibodies

plus IL-4 were able to produce much more IgE in these

short-term cultures than purified IgD+ cells from naive

(not shown) or immunized mice. Switching of IgG1+ cells

to IgE was profoundly suppressed by IL-21, whereas

IgG1 production was not affected (Figure 7C). These re-

sults are consistent with the ‘‘de novo’’ production of IgE

by sequential switching of IgG1+ GC cells to IgE in the in

vitro cultures. These results are the first demonstration

that IL-21 can inhibit the sequential switching of IgG1+ B

lymphocytes to IgE.

DISCUSSION

We showed here that IgE+ cells are generated through

a unique differentiation pathway of B lymphocytes that dif-

fers from the extrafollicular and the follicular GC pathways.

Class switching to IgE occurs during the GC phase of a

T cell-dependent response, but IgE+ cells are not found

in GC and do not express genes typical of the GC stage.

Rather, most IgE+ cells express, from early on, a plasma

cell program. In spite of their exclusion from GC, IgE+ cells

show signs of hypermutation and affinity maturation. We

propose a model whereby the high-affinity IgE response

is generated by sequential switching of IgG1+ cells, after

the latter cells have undergone hypermutation and selec-

tion in GC. We provide support for this model by demon-

strating that purified IgG1+ cells give rise to IgE antibodies

in vivo and in vitro, in a process that is dependent on IL-4

and inhibited by IL-21.

Our data also support the notion that sequential switch-

ing from m to g1 and from g1 to 3 in vivo does not have to

be a temporally continuous event; instead, the two individ-

ual recombination steps can be separated by a cellular

IgG1+ stage in which cell division, hypermutation, and se-

lection take place in the GC.

It has been demonstrated that in the MRL/lpr back-

ground (but not normal background), self-reactive B cells

(but not non-self-reactive B cells) undergo somatic hyper-

mutation outside GC (William et al., 2002). It has been also

shown that a population of IgM+ human memory B cells

carrying mutated receptors can be found in CD40L-defi-

cient patients, who do not harbor normal GC (Weller et al.,

2001). Studies in very young children have led to the

proposal that receptor diversification in these cells pre-

cedes encounter with antigen (Weller et al., 2004). Thus,

in these IgM+ B cells, somatic hypermutation appears to

occur outside GC and is independent of CD40-CD40L

interactions. In contrast, in the case of IgE+ antibodies,

all the data shown in this manuscript indicate that the

process of somatic hypermutation and affinity maturation
200 Immunity 26, 191–203, February 2007 ª2007 Elsevier Inc.
takes place in GC, although it appears to occur mostly

at the IgG1+ stage. Furthermore, it is known that IgE

responses are completely dependent on CD40-CD40L

interactions.

CD40-CD40L signaling and the transcription factor Bcl6

are essential for the development of GC, SHM, affinity

maturation, and B cell memory (Dent et al., 1997; Foy

et al., 1994; Ye et al., 1997). Bcl6 expression has been

shown to inhibit transcription through the I3 promoter

(Harris et al., 1999). Bcl6 also represses the transcription

of Blimp1, a gene whose expression is crucial for plasma

cell differentiation (reviewed by Shapiro-Shelef and Cal-

ame, 2005). Thus, Bcl6 activity would need to be downre-

gulated in GC cells before the cells could switch to IgE.

Our finding that IgE+ cells do not express Bcl6 but express

Blimp1 supports the contention that switching to IgE is

linked the downregulation of Bcl6, upregulation of Blimp1,

and differentiation to plasma cells.

Class switching to IgE depends on IL-4 and is inhibited

by IL-21. In GC, IL-21 is produced by follicular Th cells

(Tfh). Although the relationship between Th2 cells and Tfh

cells is not yet completely understood, it has been reported

that, in contrast to Th2 cells, Tfh cells produce little IL-4

(Vinuesa et al., 2005). Our data predicts that CSR to IgE

occurs in a GC microenvironment with high IL-4 and low

IL-21, perhaps in IgG1+ cells that are exiting GC. The

model in Figure 7D summarizes our current view on the

generation of high-affinity IgE antibodies through sequen-

tial switching of GC IgG1+ cells. Although we found that

the majority of IgE+ cells have a PC phenotype, there is a

low proportion of IgE+ cells that are B220+ and Syndecan�.

IgE+B220+Syn� cells are observed in both experimental

systems that we studied, Nippostrongylus-infected mice

(15.6% ± 5.0% of IgE+ cells) and OVA-immunized T/B

monoclonal mice (8.7% ± 3.3%). Gene-expression studies

on the IgE+B220+Syn� cells showed a GC pattern in both

systems. We thus believe that these IgE+B220+Syn� cells

are recently switched cells along the pathway described

in this manuscript, although we cannot exclude that they

are representative of the conventional GC pathway.

Sequential switching from m to g1 to 3 in the mouse was

discovered when g1 remnants were found in m-3 switch re-

gions (Yoshida et al., 1990), a report that has since been

confirmed by numerous studies in both human and mouse

IgE+ cells. By using a mouse strain unable to produce IgG1

antibodies because of a deletion in the Sg1 region, Jung

et al. showed that sequential switching was not essential

for the production of IgE antibodies (Jung et al., 1994).

However, the affinity maturation of the IgE reponse in

these mice, which cannot generate IgE antibodies through

sequential switching, was not determined. Our experi-

ments shed new light on to the process of sequential

switching and its biological importance. First, we showed

that sequential switching entails two recombination pro-

cesses that can be separated in time, having an interme-

diate IgG1+ cellular phase. Second, we showed that se-

quential switching to IgE in vivo is linked to plasma cell

differentiation. Third, we showed that sequential switching

of GC and memory IgG1+ cells allowed the production of
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high-affinity IgE antibodies without the need for an ex-

tended IgE+ GC phase.

We showed that IgG1+IgE+ dual-expressing cells have

a plasma cell phenotype, despite their coexpression of

IgG1. This result excludes the possibility that the paucity

of IgE+ cells in GC is the result of unfavorable competition

with IgG1+ cells. It has been shown that the unique cyto-

plasmic domains of the different immunoglobulins are crit-

ical for signaling (Achatz et al., 1997; Kaisho et al., 1997;

Manser, 2002; Martin and Goodnow, 2002). It was thus

possible that cells switching to IgE within GC would not

be able to compete with IgG1+ cells because of a less

effective signaling or interiorization capacity of IgE cyto-

plasmic domains. In contrast, the results with the dual-ex-

pressing cells further strengthen the programmatic link

between switching to IgE and plasma cell differentiation.

During primary T cell-dependent responses, two main

phases of B cell activation have been described (Ma-

cLennan et al., 1997). Early activation and CSR occur often

in extrafollicular foci, producing short-lived plasma cells

that secrete low-affinity antibodies and generate no mem-

ory. A second phase occurs in GCs, where CSR, SHM, and

affinity maturation take place. GC reactions generate long-

lived plasma cells and memory B cells with high-affinity

mutated BCR. Memory B cells differentiate into plasma

cells upon new antigenic encounter, producing high-affin-

ity antibodies. IgE+ cells do not conform to either the pre-

GC (primary foci) or the GC maturation pattern. IgE class

switching coincides temporarily with GC and appears to

take place in the GC, but IgE+ cells are found outside

GC. The short or inexistent IgE+ GC phase, together with

lack of expression of GC genes such as AID by IgE+ cells,

appear incompatible with SHM and selection. However,

high-affinity IgE antibodies are produced, and here we pro-

vide evidence that they can be derived from sequential

switching of high-affinity IgG1+ cells. This model thus pre-

dicts that high-affinity IgE antibodies are generated mainly

through sequential switching whereas direct switching

from IgM to IgE generates low-affinity IgE. The importance

of the sequential switching pathway in the generation of

the high-affinity IgE response is strengthened by the pau-

city of cells with a bona fide memory phenotype among

IgE+ cells.

EXPERIMENTAL PROCEDURES

Mice, Immunization, and Infection

T/B monoclonal mice were obtained by crossing the 17/9 immuno-

globulin knockin mice with DO11.10 TCR transgenic mice and with

RAG1�/�mice (Curotto de Lafaille et al., 2001) and were backcrossed

to the BALB/c genetic background. Heterozygous heavy and light

chain knockin mice were used in all experiments, except in the exper-

iments described in Figure 4, in which homozygous knockin mice were

used. T/B monoclonal mice were immunized by intraperitoneal injec-

tion of 100 mg of OVA-HA (chicken ovalbumin crosslinked to the HA

peptide YPYDVPDYASLRS) or with 100 mg OVA-PEP1 (chicken oval-

bumin crosslinked to the PEP1 peptide YPYDVPDFASLRS) in alum.

BALB/c mice were infected with 200 L3 larvae of Nippostrongylus

brasiliensis via subcutaneous route (Katona et al., 1988).

All procedures involving mice were approved by New York Univer-

sity’s Institutional and Animal Care Use Committee (IACUC).
Immunohistology

Spleen and LN were frozen in Oct compound (Tissue-Tek) and sec-

tioned with a MICROM Vacutom (8–10 mm sections). The sections

were treated for 1 min with acid buffer (0.085 M NaCl, 0.005 M KCl,

0.01 M EDTA, and 0.05 M NaAcetate [pH 4]) to remove cytophilic (ex-

trinsic, CD23-bound) antibodies (Katona et al., 1983, 1985), then neu-

tralized with PBS, fixed in acetone, and incubated 1 hr in blocking

buffer (PBS with 2% BSA and 20 mg/ml of CD16/32 antibodies). The

sections were incubated overnight at 4�C for primary staining and 1

hr at 4�C for secondary staining. Images were acquired with an Axio-

plan 2 fluorescent Microscope (Zeiss). Reagents: biotin- and FITC-

IgE (R35-72), biotin-anti-IgG1 (A85-1), FITC-anti-IgD (11-26c 2a),

APC-anti-TCRb (H57-597), and FITC-GL7 were purchased from BD

Pharmingen. APC-anti-B220 (RA3-6B2), PE-KJ1-26, Cy3-Streptavi-

din, and Cy-5-Streptavidin were purchased from Caltag.

Flow Cytometry

Before staining for FACS analysis, single-cell suspensions from spleen

and mesenteric LN were treated for 1 min with ice-cold acid buffer

(paragraph above) to remove extrinsic IgE antibodies noncovalently

bound to CD23. The samples were then neutralized with a large

volume of cell-culture medium and washed twice before staining.

The following reagents were used: FITC-anti-IgG1 (A85-1), biotin-

anti-IgE (R35-72), PerCP-anti-B220 (RA3-6B2), PE-anti Fas (jo2), PE-

anti-Syndecan-1 (281-2), and APC-Streptavidin (BD Pharmingen).

Real-Time PCR

For cytometer sorting (MoFlo, Cytomation, CO) of GC and non-GC

populations (Figure 3), spleen cells were stained with APC-anti-B220

(Caltag), FITC-PNA (Vector), biotin-anti-IgG1, PE-anti-Syndecan-1,

and PE-Cy7-Streptavidin (BD Pharmingen). Total RNA extraction and

cDNA synthesis was performed by standard procedures. Real-time

PCR on cDNA samples was performed with the following primers: 3

sterile transcript: CACAGGGGGCAGAAGATG and AGGGGTAGAG

CTGAGGGTTC; 3 switched transcript: CTCTGGCCCTGCTTATTGTTG

(Muramatsu et al., 2000) and AGTTCACAGTGCTCATGTTCAG (IgE2); 3

mature transcript: TACGACGAGAACGGGTTTGCTTAC and IgE2.

b-actin amplification was used for normalization in all real-time PCR

analysis (Curotto de Lafaille et al., 2004).

For the real-time PCR analysis shown in Figures 4 and 5, acid-

treated spleen and LN cells were stained with APC-anti-B220, biotin-

anti-IgG1, PE-anti-Fas, FITC-anti-IgE, and PE-Cy7-Streptavidin and

sorted in a MoFlo cytometer. Naive B220+ cells were isolated from

untreated T/B monoclonal mice by magnetic sorting with Miltenyi

reagents. The following primers were used for real-time PCR on

cDNA samples: Pax5, AACCCATCAAGCCAGAACAG and GGCCTCC

AGCCAGTGAAG; Bcl6, CTTCCGCTACAAGGGCAAC and TCGAGTG

TGGGTCTTCAGG; AID, GACGGCATGAGACCTACCTC and GTGGCA

GCCAGACTTGTTG; Blimp1, TGGTATTGTCGGGACTTTGC and TGG

GGACACTCTTTGGGTAG; Xbp1, GGAGTGGAGTAAGGCTGGTG and

ATGTTCTGGGGAGGTGACAA; CXCR5, ATGCTACTTCCCTCACCACC

and TCCTCCCAAGGAAAACAGAA.

VDJ Sequence Analysis

Total RNA extraction and cDNA synthesis were performed by standard

procedures. PCR reactions were performed with ExTaq Polymerase

(TaKaRa) and the primer 50UTR (CAGTCAGCACTGAACACGGACC)

in combination with primers specific for IgE (GCCTTTACAGGGCTTT

AAG), IgG1 (GGATCCAGAGTTCCAGGTCACT), or IgG3 (CATAGTTC

CATTTTACAGTTACC) constant regions. The PCR products were

cloned (TA cloning kit; Invitrogen) and sequenced.

ELISA

Total and antigen-specific IgE and IgG1 antibodies were quantified by

ELISA as described (Curotto de Lafaille et al., 2001). To measure anti-

gen-specific IgE, pooled serum samples from each group were first

depleted of IgG antibodies by incubation with GammaBind Plus

Sepharose (Amersham Biosciences).
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Adoptive Transfer of IgG1+ Cells

B220+IgD�IgG1+Fas+ and B220+IgD�IgG1�Fas+ cells were purified by

cytometer sorting (MoFlo) from pooled spleen and mesenteric lymph

nodes of T/B monoclonal mice immunized with OVA-PEP1. The puri-

fied cells were transferred to TCRab�/� mice together with naive

OVA-specific T cells, or to DO11.10 TCR transgenic RAG1�/� mice.

The recipient mice, as well as control mice, were immunized with

100 mg OVA-PEP1 in alum 1 day after the transfer. IgE and IgG1 anti-

body levels in serum were determined by ELISA. Sequence analysis

of IgG1 and IgE antibodies was performed as described above.

Sequential Switching In Vitro

B220+IgG1+ cells and B220+IgD+ cells were purified by flow cytometry

sorting (MoFlo) from spleen and LN of OVA-HA-immunized T/B mono-

clonal mice. Cells were stimulated in vitro with CD40 antibodies (3 mg/

ml; clone HM40-3, BD Pharmingen), IL-4 (100 U/ml; BD Pharmingen),

and IL-21 (30 ng/ml; R&D). The IL-4 concentration was purposely used

at suboptimal level for IgE production by naive cells. In our hands, op-

timal stimulation for IgE production requires 500 U/ml of IL-4. 48 hr

and 5 days after B cell stimulation, the supernatants were collected

and IgE and IgG1 antibody levels were determined by ELISA. High

IgE production was detected at 48 hr only in cultures of IgG1+ cells

stimulated with CD40 antibodies and IL-4.

Supplemental Data

Ten Supplemental Figures can be found with this article online at http://

www.immunity.com/cgi/content/full/26/2/191/DC1/.
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