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Ag administered i.v. to mice along with specific IgE or IgG2a induces higher Ab- and CD4� T cell responses than Ag administered
alone. The IgE effect is completely dependent on the low-affinity receptor for IgE, CD23, whereas the IgG2a effect depends on
activating Fc�Rs. In vitro studies suggest that IgE/Ag is presented more efficiently than Ag alone to CD4� T cells by CD23� B
cells and that IgG2a/Ag is presented by Fc�R� dendritic cells (DCs). In this study, we investigate in vivo the early events leading
to IgE- and IgG2a-mediated enhancement of immune responses. OVA administered i.v. in PBS in combination with specific IgE
binds circulating B cells after 5 min and is found in B cell follicles bound to follicular B cells (CD23high) after 30 min. This novel
B cell-dependent route of entry is specific for IgE because IgG2a-Ag complexes were trapped in the marginal zone. OVA-specific
CD4� T cells were found at the T-B border in the T cell zones 12 h after immunization both with IgE/OVA or IgG2a/OVA and
proliferated vigorously after 3 days. The findings suggest that IgE- and IgG2a-immune complexes are efficient stimulators of early
CD4� T cell responses and that Ag bound to IgE has a specific route for transportation into follicles. The Journal of Immunology,
2008, 180: 6604–6610.

A ntibodies feedback regulate the Ab response to the Ag with
which they form an immune complex (1). A well-known
example of this is the ability of IgG to completely suppress

the response to large particulate Ags like erythrocytes (2). The sup-
pressive capacity of IgG is used successfully in the clinic to prevent
rhesus D-negative women from becoming immunized against fetal
rhesus D-positive erythrocytes transferred via transplacental hemor-
rhage (3, 4). IgG Abs have dual roles in feedback regulation and can
also enhance Ab responses. An important factor in this decision ap-
pears to be whether the Ag is a large particle, which usually results in
suppression, or whether it is a soluble protein, in which case IgG
preferentially enhances the Ab responses (5). Enhancement by IgG3
is dependent on C (6) whereas IgG1-, IgG2a-, and IgG2b-mediated
enhancement relies on activating Fc�Rs expressed on a bone marrow-
derived cell (7, 8). The inhibitory receptor for IgG, Fc�RIIB, exerts a
negative influence on enhancement mediated by IgG1, IgG2a, or
IgG2b as demonstrated by the “superenhancement” caused by these
isotypes in mice lacking Fc�RIIB (7, 9). IgG enhances not only pri-
mary Ab responses, but also secondary Ab responses (10, 11), the
formation of germinal centers (GCs)3 (9, 12), somatic hypermutation
(13), and proliferation of specific CD4� T cells (9).

A more recently discovered feedback mechanism is the ability
of specific IgE to cause a several 100-fold up-regulation of the
response to soluble protein Ags administered in vivo to mice (14–
16). The enhanced Ab response takes place in the absence of ad-
juvants and is constrained to antigenic determinants within the
Ab-Ag complex (14, 15). IgE administered with Ag enhances the
production of specific primary IgG1, IgG2a, IgM, as well as IgE
(15, 17) and also induces a more efficient immunological memory
than Ag alone (15). The IgG response peaks as early as 6 days after
a primary immunization and remains high for several weeks (17).
IgE-mediated enhancement is abrogated in mice lacking the low-
affinity receptor for IgE (Fc�RII, CD23) or when CD23 is blocked
by CD23-specific mAbs (14–18), thus demonstrating the complete
dependence on CD23. Splenic OVA-specific T cells proliferate
vigorously in vivo after immunization with IgE anti-
2,4,6-trinitrophenyl (TNP)/OVA-TNP complexes and the T cell
proliferation is followed by increased production of OVA-specific
IgG (19). In mice, CD23 expression has been demonstrated on
mature B cells (20, 21), where it is lost after activation and switch-
ing (21), on follicular dendritic cells (FDCs) (22), and on entero-
cytes, where the recently described CD23b isoform mediates trans-
epithelial transport of Ag (23). In addition to playing a role in
IgE-mediated enhancement of T and B cell responses, CD23 me-
diates negative regulation of IgE and IgG1 responses against Ags
administered in alum (24). Interestingly, the latter effect seems to
operate independently of IgE and is clearly distinct from IgE-me-
diated enhancement of Ab responses (25).

Several observations suggest that CD23� B cells are the effector
cells in IgE-mediated enhancement of Ab and T cell responses in
vivo. Studies in chimeric mice showed that CD23 had to be ex-
pressed on bone marrow-derived cells (i.e., B cells), but not on
FDCs, in order for IgE to enhance Ab responses (18) and isolated
CD23� B cells, transferred to CD23�/� mice, rescued the ability
of IgE to enhance Ab and T cell responses in these animals (19).
It has been shown in vitro that CD23� human and murine B cells
can capture IgE/Ag via CD23, endocytose and present Ag to spe-
cific T cells (25–29), and one hypothesis is that this mechanism
explains IgE-mediated enhancement.
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An important question in the initiation of Ab responses is how
Ag gains access to the B cell follicles of secondary lymphoid or-
gans (reviewed in Ref. 30). Data suggest that neither soluble Ag
nor Ag in the form of immune complexes have free access to the
follicles (31, 32), and the exact mechanisms for transport of Ag to
follicles are unknown. In the lymph nodes, follicular (FO) B cells
may acquire Ag indirectly from DCs having bound Ag via
Fc�RIIB (33, 34) or via direct diffusion of soluble Ag from the
subcapsular sinus (35). Specific B cells, located in the follicle-
subcapsular sinus boundary of the lymph nodes, also seem to be
able to transport Ag into the follicle (36). In addition, macrophages
in the subcapsular sinus of lymph nodes can capture IgG-immune
complexes and deliver these to the follicle where B cells in a com-
plement-receptor 1/2 (CD35/CD21)-dependent manner transport
them to FDCs (37).

In the spleen, blood-borne Ag arrives in the marginal zone (MZ)
and can be transported into follicles by poorly defined myeloid Ag
transport cells (38–40) or, if complexed to IgM and C, by MZ B
cells (41–43). MZ B cells are only found in the spleen and in a
semiactivated state remain stationary in the MZ (44). Because they
do not recirculate, they will not encounter Ag until it is present in
the MZ. In contrast, mature B cells continuously recirculate from
the blood to secondary lymphoid organs and back again and have
access to follicles. Since these cells express high levels of CD23,
we hypothesized that they could bind IgE/Ag and, on their passage
through the white pulp of the spleen, deliver Ag into splenic fol-
licles. We followed localization of Ag as well as Ag-specific
CD4� T cells in the spleen during the first hours after immuniza-
tion with IgE/Ag and IgG2a/Ag as well as the ensuing proliferation
of specific T cells, development of GCs, and production of
specific Abs.

Materials and Methods
Mice

BALB/c mice were obtained from Bommice. CD23�/� mice (16) were
backcrossed to BALB/c for 10 generations (19). DO11.10 mice, carrying
rearranged transgenic TCR� and TCR� genes encoding a TCR specific for
OVA peptide 323–339 bound to I-Ad class II molecules (45), backcrossed
to BALB/c for �15 generations, were obtained from Dr. L. Westerberg
(Karolinska Institute, Stockholm, Sweden). Animals were bred and main-
tained in the animal facilities at the National Veterinary Institute (Uppsala,
Sweden) and were matched for age and sex within each experiment. All
experiments were approved by the local ethical committee.

Antigens

OVA and TNP (picrylsulfonic acid/hydrate) were obtained from Sigma-
Aldrich. TNP was conjugated to OVA and stored as previously described (19).
The number of TNP residues/OVA was determined (19) and a TNP:OVA ratio
of 1.1 and 2 was used. OVA-TNP was biotinylated using 1.6 mg of sulfos-
uccinimidyl-6-(biotinamido)hexanoate (Sulfo-NHS-LC-Biotin; Pierce) per 10
mg of OVA-TNP according to the manufacturer’s recommendations. The re-
action took place at room temperature for 30 min and free biotin was elimi-
nated by passage over a PD-10 column (GE Healthcare). Fractions containing
the highest biotin-OVA-TNP concentration (determined by absorbance at 280
nm) were sterile filtered and stored at 4°C until use.

Antibodies

Monoclonal IgE anti-TNP (IGELb4) (46) and IgG2a anti-TNP (C4007B4,
7B4) (11) were purified and stored as previously described (9, 19). For flow
cytometry and immunostainings, the following mAbs from BD Pharmin-
gen were used: PE-labeled anti-CD4 (GK1.5), PE- or FITC-labeled anti-
CD23 (B3B4), FITC- or PE-labeled anti-CD45R/B220 (RA3-6B2), FITC-
labeled anti-CD19 (1D3), allophycocyanin- or R-PE-labeled streptavidin,
and PE-labeled anti-CD21 (7G6). The DO11.10-transgenic TCR was de-
tected with a FITC- or biotin-labeled KJ1-26 mAb (Caltag Laboratories)
specific for this particular TCR heterodimer.

Immunizations

Mice were immunized in the tail veins with 20 �g of OVA-TNP in 0.1 ml
of PBS alone or 1 h after immunization with 50 �g of IgE anti-TNP or

FIGURE 1. IgE/Ag is found on B cells in peripheral blood early after
immunization. BALB/c mice were immunized with 50 �g of IgE anti-TNP
and 150 �g of biotinylated OVA-TNP or with biotinylated OVA-TNP alone.
The percentage of cells staining positive for Ag among B220� B cells in
peripheral blood 5 min after immunization (A and B) was determined in flow
cytometry. A representative of two experiments is shown.

FIGURE 2. IgE/Ag is found primarily on FO B cells in the spleen.
BALB/c mice were immunized with 50 �g of IgE anti-TNP or IgG2a
anti-TNP and 150 �g of biotinylated OVA-TNP or with biotinylated OVA-
TNP alone. Thirty minutes after immunization, half of each spleen was
prepared for confocal microcopy (A–F; D–F shows the same images as
A–C, but with the blue color subtracted; OVA-TNP is stained red and
B220� B cells blue). The other half of the spleens was used to determine
the percentage of Ag� cells within the MZ B and FO B cell populations,
gated as indicated in G–I and as described in Materials and Methods. Ag�

cells were defined as cells staining positive for streptavidin (red in G–I)
which binds to the OVA-TNP-biotin used as Ag in the immunization. Data
from G to I are summarized in J. Representative of four experiments (with
a total of seven mice per immunization).
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IgG2a anti-TNP i.v. in 0.1 ml of PBS. For localization of Ag and Ag� cells,
150 �g of biotinylated OVA-TNP in 0.1 ml of PBS was used.

Flow cytometry

Spleen cell suspensions were prepared and RBC were depleted by hypo-
tonic lysis in 5 ml of ACK lysing buffer (0.15 M NH4Cl (Merck), 1.0 mM
KHCO3 (Sigma-Aldrich), and 0.1 mM Na2EDTA (Sigma); pH 7.3) for 2
min at room temperature. Cells were washed once in PBS, resuspended in
5 ml of PBS, and counted in a Bürker chamber (Marienfeld). Fluorescence
staining was performed at 4°C in 100 �l of PBS containing 2–4 � 106 cells
incubated with predetermined optimal amounts of labeled Ab. After 30
min, the cells were washed twice in PBS containing 1% BSA (Sigma-
Aldrich) and 0.1% NaN3 (Sigma-Aldrich). When biotinylated Ag or Abs
were used, the procedure was repeated with fluorescently labeled
streptavidin. One hundred fifty thousand events, acquired by gating on
all cells with the forward and side scatter properties of lymphocytes,
were collected on a FACSort or FACSCalibur flow cytometer from BD
Biosciences. Data were analyzed using CellQuest version 3.3 software
(BD Biosciences). FO B cells were defined as CD23highCD21low and
MZ B cells as CD23lowCD21high (47, 48).

Adoptive transfers

DO11.10 spleen cell suspensions were depleted of RBC by hypotonic lysis
(see above) and suspensions containing 3–8 � 106 OVA-specific
CD4�KJ1-26� cells, determined by flow cytometry, were transferred i.v.
to unirradiated recipients in 0.1 ml of PBS. In some experiments specified
in the figures, CD4� cells from DO11.10 spleens were enriched by labeling
with anti-CD4-conjugated magnetic beads (MACS anti-mouse CD4; Milte-
nyi Biotec). Labeled cells were collected using LS columns (Miltenyi Bio-
tec) according to the manufacturer’s instructions. Isolated cells were �97%

CD4� and were transferred to recipients in 0.1 ml of PBS i.v. All mice
were immunized the day after cell transfers.

ELISA

Mice were bled from the tail vein and sera were tested in ELISA for
OVA-specific IgG as described previously (19).

Immunohistochemical staining for GCs

Spleens were flash frozen in OCT embedding medium (Miles) and 7-�m
sections were cut using a cryostat, air dried, and fixed onto Super Frost plus
glass slides (Mentzel-Gläser) in ice-cold 50% acetone for 30 s and then
100% acetone for 5 min. Sections were rehydrated and washed in an excess
of PBS for 15 min, blocked with 0.1% BSA in PBS for 20 min, incubated
at room temperature for 1 h with 1 �g/ml biotinylated peanut agglutinin
(PNA; Sigma-Aldrich) and then washed in PBS for 10 min. PNA was
detected with preformed avidin-biotin-coupled HRP (Vector Elite ABC;
Vector Laboratories) and a diaminobenzidine substrate kit (Vector Labo-
ratories). The reaction was followed in a microscope until desired staining
was obtained. Slides were washed and counterstained with methyl green
(Vector Laboratories) for 2 min at 65°C in ethanol (Kemetyl) followed by
xylene (Pierce and Nordic Biolabs) and mounted in Pertex mounting me-
dium (Cell HistoLab Products).

Immunofluorescence staining for confocal microscopy

Spleens were frozen as described above. Eight-micrometer-thick sections
were air dried onto Super Frost plus glass slides for 1 h and then frozen at
�70°C. The slides were fixed with 50% acetone for 30 s and then 100%
acetone for 5 min. Sections were rehydrated for 15 min in PBS and blocked
with 5% horse sera (SVA) in PBS for 15 min at room temperature. Ex-
cessive blocking solution was poured off. B cells were detected using 100

FIGURE 3. Ag-specific CD4� T
cells localize to the edge of the T cell
zone 12 h after immunization with
IgE/Ag and IgG2a/Ag. BALB/c mice
were adoptively transferred with 8 �
106 CD4�KJ1-26� cells from DO11.10
mice. Twenty-four hours later, two
mice per group were immunized with
50 �g of IgE anti-TNP and 20 �g of
OVA-TNP, 50 �g of IgG2a anti-TNP
and 20 �g of OVA-TNP, or OVA-
TNP alone. The spleens were frozen,
sectioned, and stained for B220� cells
(blue) and KJ1-26� T cells (red) (A–
I). A representative of nine (IgE) or
two (IgG2a) experiments are shown.
The number of KJ1-26� T cells in
close contact with B cells (J) were
counted and divided with the total
number of KJ1-26� T cells (K). WT,
Wild type.
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�l of FITC-labeled B220 (2 �g/ml) and DO11.10 CD4� cells with 100 �l
biotinylated KJ1-26 mAb (0.4 �g/ml). Slides were washed twice in PBS
for 5 min. One hundred microliters of allophycocyanin-labeled streptavidin
(1.7 �g/ml) was added and slides were washed twice and mounted in
Fluoromount G (Southern Biotechnology Associates).

Statistical analysis

Statistical differences between the control and the experimental groups
were determined by Student’s t test. The results were: NS, p � 0.05; �, p �
0.05; ��, p � 0.01; or ���, p � 0.001.

Results
IgE-Ag complexes are bound to circulating B cells after 5 min
and are found on FO B cells in the splenic B cell follicles after
30 min

To determine whether IgE promotes binding of Ag to B cells in
vivo, mice were immunized with biotinylated OVA-TNP alone or
along with IgE anti-TNP. In the latter mice, �80% of the B220�

cells in peripheral blood stained positive for Ag after 5 min (Fig.
1, A and B). To visualize the splenic localization of Ag, mice were
immunized with biotinylated Ag alone, IgE/Ag, or IgG2a/Ag. Im-
mune complexes containing IgG2a were included for comparison
because IgG2a enhances T cell proliferation and Ab production in
a similar manner as does IgE, but uses activating Fc�Rs instead of
CD23 (9, 11). In IgE/Ag-immunized mice, essentially all Ag lo-
calized to the primary follicles within 30 min (Fig. 2, B and E).
After 60 min, the amount of Ag in the follicles was maximal and
after 4 h most of it had disappeared (data not shown). In mice
given Ag alone or IgG2a-Ag complexes, the Ag remained outside
the primary follicles at all times tested (30 min to 4 h; Fig. 2, A, C,
D, and F, and data not shown). Analysis of single-cell suspensions,
obtained from the other halves of these spleens 30 min after im-
munization, showed that IgE drastically increased the amount of
Ag bound to FO B cells, whereas Ag administered alone or with
IgG2a primarily bound to MZ B cells (Fig. 2, G–J). In summary,

IgE increased binding of Ag to circulating B cells in peripheral
blood within minutes. IgE also caused massive entry of Ag into the
splenic B cell follicles, clearly detectable after 30 min. This way of
entry to the follicle was specific for IgE, since IgG2a immune
complexes instead got trapped in the MZ of the spleen.

Specific T cells localize to the periphery of the T cell zone 12 h
after immunization with IgE/Ag or IgG2a/Ag and proliferate
vigorously after 72 h

To study the subsequent effects of immune complexes on immune
responses, BALB/c mice were adoptively transferred with CD4� T
cells from DO11.10 mice and immunized with IgE/Ag, IgG2a/Ag,
or Ag alone. Twelve hours after immunization with IgE/Ag or
IgG2a/Ag, the OVA-specific T cells were found around the border
to the primary follicle and few T cells remained in the center of the
T cell zone (Fig. 3, E and H). This pattern was highly reproducible,
observed in nine of nine experiments with IgE and in two of two
with IgG2a. The number of OVA-specific T cells in close contact
with B cells, analyzed from Fig. 3, A, B, D, E, G, and H, was
increased in spleens where IgE or IgG2a was present (Fig. 3K).
The inset (Fig. 3J) shows a typical example of T-B cell interac-
tions. In agreement with previous data (9, 19), OVA-specific T
cells proliferated vigorously 72 h after immunization with IgE/Ag
(Fig. 3F) or IgG2a/Ag (Fig. 3I). No T cell proliferation was seen
in CD23�/� recipients immunized with IgE/Ag (data not shown).
These observations suggest that both IgE-Ag and IgG2a-Ag com-
plexes have similar effects on the early stages of specific T cell
activation, although achieving this via different mechanisms.

IgE/Ag induces a significant increase in GC formation and Ab
production

Immunization with thymus-dependent Ags in adjuvant results in
formation of GCs, known to be involved in affinity maturation and
generation of memory B cells (49). Whether administration of

FIGURE 4. IgE enhances GC for-
mation and Ab production. BALB/c
mice were immunized with 50 �g of
IgE anti-TNP and 20 �g of OVA-
TNP or with 20 �g of OVA-TNP
alone (n � 2). The mice were bled
and sacrificed 7, 10, and 14 days later.
Four nonconsecutive sections of each
spleen were stained for GCs with
PNA (brown). The average number of
GCs per spleen (A) and spleen sec-
tions containing a typical number of
GCs (C–E) are shown with arrows in-
dicating GCs. Mice immunized with
IgE anti-TNP alone or left unimmu-
nized had similar numbers of GCs as
mice immunized with OVA-TNP
alone (data not shown), indicating that
one to 2 GCs per spleen section rep-
resents background levels. IgG anti-
OVA levels in serum were assayed in
ELISA (B). A representative of two
experiments is shown.
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IgE-Ag complexes in physiological solutions without adjuvant
also enhances the formation of GCs has not been studied previ-
ously. In spleens from the immunized mice, we found that IgE/Ag
induced a 6-, 13-, and 13-fold increase in the numbers of GCs as
compared with Ag alone 7, 10, and 14 days after immunization
(Fig. 4, A and C–E). As expected, there was a concomitant increase
in the OVA-specific IgG response (Fig. 4B). Thus, IgE enhanced
the GC formation and promoted Ab production.

Discussion
Specific IgE, administered in small amounts along with soluble
protein Ags, have dramatic consequences for the B and T cell
responses to this Ag. We have here studied the early stages in the
chain of events previously shown to result in a peak in the T cell
proliferation on day 3 and enhanced primary and secondary Ab
responses during many weeks following immunization (see Table
I for summary). The most striking finding is the rapid appearance
of Ag on FO B cells in splenic follicles where IgE/Ag was found
30 min after immunization while Ag administered alone or with
IgG2a remained in the MZ (Fig. 2). The majority of peripheral B
cells carried IgE/Ag on their surface 5 min after immunization
(Fig. 1), and the most likely route of entry of IgE/Ag into follicles
is as passengers on recirculating CD23� B cells which enter the
white pulp via the MZ and then migrate to the B cell follicles. To
our knowledge, there are no other reports of such a rapid transport
of Ag into the B cell follicle as demonstrated here with IgE/Ag.
When localization of IgG-Ag complexes in lymph nodes was stud-
ied, most of the Ag remained in the subcapsular sinus 2 h after
immunization (37), and hen egg lysozyme (HEL) administered i. v.
remained in the MZ of the spleen after 30 min (50). Ag complexed
with IgM and C given i. v. was initially found on the surface of MZ
B cells, bound to the C receptor CD21. After 1 h, still only small
amounts of Ag were found in the B cell follicle and not until after
4 h had the MZ B cells deposited a significant amount of their Ag
load onto FDCs (43). Because MZ B cells express high levels of
CD21 and low levels of CD23, whereas the reverse is true for FO
B cells (44), it seems logical that IgE-Ag and IgM-C-Ag com-
plexes bind to different B cells. An intact C system is vital for a
normal Ab response (51) and one of the explanations is increased
deposition of Ag on FDCs in B cell follicles, both in spleen (43,
52, 53) and lymph nodes (37). Our observations indicate that there
exists an additional route for transport of Ag into splenic B cell
follicles using IgE and CD23� B cells. This may explain why mice
lacking CD21, generally exhibiting poor Ab responses, respond
perfectly well to IgE-Ag complexes (54). In this situation, C-de-
pendent transport of Ag to follicles would not be a limiting factor
because this role is taken over by IgE/CD23.

The next step in the chain of events leading to an immune re-
sponse to IgE/Ag and IgG2a/Ag studied here is the early migration
of specific CD4� T cells in the spleen. Others have shown that
transgenic HEL-specific B cells adoptively transferred to wild-type

mice moved to the splenic T-B boundary to interact with cognate
T cells 6–8 h after immunization with HEL (50, 55). We found
that the OVA-specific T cells in mice immunized with IgE/Ag or
IgG2a/Ag, but not with Ag alone, had moved to the periphery of
the T cell zone, close to the T-B boundary, 12 h after immunization
(Fig. 3, E and H). This agrees well with the idea that these T cells
have interacted with APCs in the T cell zone and received activa-
tion signals causing them to move toward the B cell zone to help
Ag-specific B cells. After 72 h, the T cell zones in IgE/Ag- and
IgG2a/Ag-immunized mice were filled with OVA-specific T cells
(Fig. 3, F and I), previously shown to express activation markers
and to have divided several times (19).

These findings show that both IgE-Ag and IgG2a-Ag complexes
induce much more efficient proliferation of specific T cells than Ag
alone. Although the T cell migration patterns (Fig. 3, E and H), the
magnitude and kinetics of T cell proliferation (Fig. 3, F and I, and
Refs. 9 and 19) as well as the ability to enhance Ab responses (9,
19) are similar after immunization with IgE- and IgG2a-com-
plexed Ag; the two Ab classes clearly use different mechanisms to
achieve these effects. As described previously, IgE is dependent on
CD23 expressed on B cells (18, 19) and IgG2a requires activating
Fc�Rs expressed on a bone marrow-derived cell other than the B
cell (which lacks activating Fc�Rs) (7–9). Another difference, first
described herein, is that IgG2a-Ag complexes are not transported
as rapidly into the follicles as IgE-Ag complexes (Fig. 2, B, C, E,
and F). A possible explanation for how they, despite this, can
“catch up” with the IgE-Ag complexes in stimulating T cells is that
DCs, which are the most likely effector cells involved in presen-
tation of IgG2a/Ag, handle Ag more efficiently than B cells, which
are the likely APCs in IgE-mediated enhancement.

What is then the explanation for the ability of IgE to, via CD23�

B cells, induce potent Ab and T cell responses? The only murine
hematopoietic cells expressing CD23 are B cells and FDCs (20–
22). Since CD23 expression on B cells, but not on FDCs, is re-
quired for IgE-mediated enhancement (18, 19), a mechanism in-
volving transfer of IgE/Ag from FO B cells to FDCs, as shown to
take place with IgM- and IgG-immune complexes (37, 43), seems
unlikely. The increased concentration of Ag in the follicles may in
itself suffice to induce the enhanced immune responses observed.
Close collaboration between B cells and DCs during the early
phases of immune responses has been demonstrated in other sys-
tems (56) and DCs perhaps pick up Ag from FO B cells for sub-
sequent presentation to T cells. The high concentration of Ag in the
B cell follicles will also lead to increased chances for cognate B
cells to encounter Ag and present it to T cells. In line with in vitro
findings, it can also be hypothesized that the CD23� FO B cells,
in addition to capturing and concentrating IgE/Ag in the follicles,
internalize and present Ag to CD4� T cells. Human EBV-trans-
formed B cells and murine splenic B cells, cultured with specific
IgE, Ag, and specific T cells, induce enhanced T cell proliferation
as compared with cells cultured with Ag alone (25–29). This

Table I. Consecutive events during IgE-mediated enhancement of immune responses

Time after First
Immunization with IgE/Ag Effect on the Immune Response Fig./Ref.

5 min Ag found on peripheral B cells Fig. 1B
30 min Ag in splenic B cell follicles on FO B cells Fig. 2
6–12 h Ag-specific CD4� T cells localize close to the T-B border in spleen Fig. 3, D and E
3 days Massive proliferation of Ag-specific CD4� T cells in the T cell zone Fig. 3F/Ref. 19
7–14 days Increase in size and number of GCs Fig. 4, A and C
7–123 days Enhanced first Ab response Fig. 4B/Refs. 14–19 and 54)
138 days Enhanced recall response 14 days after boost with Ag alone Ref. 15
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mechanism is CD23 dependent. Especially when using EBV-trans-
formed B cell lines, which should be free of contaminating cell
types, contribution of DCs to the T cell stimulation/Ag presenta-
tion is excluded (26–28). This, taken along with the fact that hu-
man B cells have been shown to internalize IgE/Ag via CD23 (57,
58), strongly suggest that CD23� B cells can indeed present
IgE-Ag complexes to specific T cells in vitro. Whether this also
takes place in vivo is more difficult to ascertain. The findings
herein and in a previous report (19) are compatible with, but do not
prove, this hypothesis. Apart from the in vitro parallel, an indica-
tion that Ag presentation explains IgE-mediated enhancement is
that we detect an increased number of T-B cell interactions in the
T cell zones of mice given IgE/Ag (Fig. 3, G and H). There is
accumulating evidence from many laboratories that specific B cells
play an important role in presenting Ag and activating CD4� T
cells in vivo (50, 59–63). Notably, also unspecific B cells present
Ag in vivo when the Ag, for example, is coupled to CpG (64) or
targeted to CD19 on the B cell (65). Should the mechanism behind
IgE-mediated enhancement of immune responses be enhanced Ag
presentation to specific T cells by B cells, two interesting conclu-
sions can be drawn. First, not only MZ B cells (50), but also FO
B cells, are able to present Ag. Second, although the majority of
the Ag-presenting B cells would be unspecific (because they cap-
ture Ag via CD23 and not via the B cell receptor), the ensuing
enhanced Ab response is strictly Ag specific (14, 15), demonstrat-
ing that cognate interactions between CD4� T cells and B cells are
required also in this situation.

The biological role of IgE-mediated enhancement of immune
responses is enigmatic. Only extremely low concentrations of IgE
are found in the serum of healthy individuals and these levels may
not suffice to form the critical amount of immune complexes. It has
however been hypothesized that this pathway plays a role in per-
petuating allergies, when serum concentrations of allergen-specific
IgE are high (66), and there is accumulating experimental evidence
that the IgE/CD23-mediated allergen presentation indeed plays a
role in atopic disease. Sera from allergic patients were shown to
contain sufficient amounts of allergen-specific IgE to induce pre-
sentation of the allergen by CD23� EBV-transformed B cells in
vitro (27, 67) and IgE/CD23-mediated allergen presentation is de-
creased in patients undergoing successful specific immunotherapy
or anti-IgE treatment (67). Perhaps not only allergens, but also
certain pathogens, induce high levels of specific IgE, which may
then aid in the induction of an efficient protective immune
response.
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