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Abbreviations
ACK – ammonium chloride-potassium
ADP – adenosine diphosphate
AP – alkaline phosphatase
APC – antigen presenting cell
APC label – allophycocyanin
BCR – B cell receptor
BM – bone marrow
BSA – bovine serum albumin
CD – cluster of differentiation
ConA – concanavalin A
CR – complement receptor
cDC – conventional dendritic cell
DC – dendritic cell
DT – diphtheria toxin
DTR – diphtheria toxin receptor
EDTA – ethylenediaminetetraacetic acid
ELISA – enzyme-linked immunosorbent assay
FACS – fluorescence-activated cell sorting
FAP – facilitated antigen presentation
FcR – Fc receptor
FCS – foetal calf serum
FDC – follicular dendritic cell
FITC – fluorescein isothiocyanate
FO B – follicular B cell
GFP – green fluorescent protein
IC – immune complex
Ig – immunoglobulin
IL – interleukin
ITAM – immunoreceptor tyrosine-based activatory motif
ITIM – immunoreceptor tyrosine-based inhibitory motif
KLH – keyhole limpet haemocyanine
MACS – magnetic-activated cell sorting
MHC – major histocompatibility complex
MZ – marginal zone
NK – natural killer
ON – overnight
OVA – ovalbumin
PBS – phosphate buffered saline
PCR – polymerase chain reaction
PE – phycoerythrin
RT – room temperature
SI – stimulation index
TAE – Tris-acetate-EDTA
TCR – T cell receptor
TH – T helper
TNP – 2,4,6-trinitrophenol = picrylsulfonic acid/hydrate
Wt – wild-type
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Summary
T cell activation and antibody production can be enhanced or suppressed by antibodies in
complex with the antigen. This regulatory process is called antibody feedback regulation. The
majority of immunoglobulin (Ig) isotypes (IgM, IgG1, IgG2a, IgG2b, IgG3, IgE) can
modulate the immune responses in this fashion. Probably the most well-known example is the
ability of IgG to down-regulate the immune response against red blood cells. This feature is
used in medicine for example in Rhesus (Rh) prophylaxis, to prevent the activation of an Rh-

mothers from developing an immune response against an Rh+ foetus. IgE-mediated up-
regulation of immune responses is one of the most recently discovered feedback mechanisms.
IgE-antigen complexes activate T cells and antibody production by exploiting CD23+ B cells
as transport shuttles to move into the spleen follicles.

In this study, IgE-mediated enhancement of the T cell response was examined. The role of
dendritic cells (DCs) in this IgE pathway was evaluated by depleting DCs in vitro and in vivo.
An ex vivo T cell proliferation assay was optimized to analyze the activation of T cells after
stimulating them with antigen presenting cells (APCs) from IgE-antigen immunized mice. In
vitro depletion of DCs resulted in impaired T cell proliferation, suggesting the crucial part of
DCs in the regulatory mechanism. In addition, a T cell proliferation assay performed with
CD23-/- mice complemented the previously established importance of CD23 in IgE-antigen
enhanced proliferation of T cells. Furthermore, the results obtained from in vivo DC depletion
experiments supplemented our observations of DC importance in T cells activating IgE
pathway. In summary, DCs play a key role in IgE feedback regulation.
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1 Introduction
Antibody feedback regulation is the molecular process of enhancing or suppressing the
primary and secondary humoral responses. This is achieved when antigen specific antibodies
are delivered into the organism together with antigen as an immune complex (IC). This type
of regulation is highly effective and it can increase the production of antibodies by more than
1000 times or suppress it by more than 99 %. Whether the antibody response will be up-
regulated or down-regulated depends on the isotype of antibody and the solubility of antigen
(Heyman, 2000). For example, immunoglobulin G (IgG) can suppress the production of
antibodies against particulate antigens like erythrocytes. This feature of IgG is successfully
used in present day medicine to prevent the antibody response against the rhesus D (RhD)-
positive erythrocytes in RhD-negative women who carry RhD-positive foetuses (Bowman,
1988). In addition, positive feedback is seen in immunoglobulin classes like IgM (particulate
and large soluble antigens), IgG and IgE (soluble antigens) (Hjelm et al., 2006). The
mechanisms by which these antibodies exploit the regulation of the humoral response are not
fully elucidated. However, a number of mechanisms are mentioned below.

1.1 IgG-mediated feedback regulation
IgG antibodies can both positively and negatively regulate the antibody response. There are
three possible down-regulation mechanisms (Hjelm et al., 2006):

1. Masking of epitopes: IgG covers the particulate antigen and hides it from antigen specific
B cell recognition.

2. ICs of IgG and particulate antigen interact with Fc gamma receptors (FcγRs) on
phagocytic cells, which internalize ICs and remove them from the possible recognition
sites.

3. ICs of IgG and particulate antigen crosslink FcγRIIB and B cell receptor (BCR) on
antigen specific B cells. As a consequence, FcγRIIB being the only inhibitory FcγR, sends
the negative regulation signal to B cell and prevents its activation.

The most likely mechanism is epitope masking, which does not require involvement of FcγRs
because the suppression of antibody response in FcγR-/- mice does not change compared to
wild type mice (Karlsson et al., 1999; Karlsson et al., 2001). Moreover, it is known that
complement is not activated during the IgG-mediated suppression (Heyman et al., 1988b).

FcγRs are involved in the induction of IgG-mediated enhancement of antibody production
against soluble antigens like ovalbumin (OVA), bovine serum albumin (BSA) or keyhole
limpet haemocyanine (KLH). IgG1, IgG2a and IgG2b regulate the antibody response in this
way. They are recognized in complex with soluble antigen by FcγRs expressed on antigen
presenting cells (APCs), which process the antigen and present it in a form of peptides on
major histocompatibility complex (MHC) II to cluster of differentiation (CD) 4 positive T
cells. As a result, CD4+ T cells trigger the antigen specific B cells and antibody production
(Wernersson et al., 1999; Diaz de Stahl and Heyman, 2001).

Inhibitory FcγRIIB adds to the additional regulatory level of IgG-mediated enhancement. This
receptor has immunoreceptor tyrosine-based inhibition motifs (ITIMs), which negatively
regulate all the receptors signalling through immunoreceptor tyrosine-based activation motifs
(ITAMs), namely FcγRI, FcγRIII, FcγRIV, FcεRI and BCR (Daeron et al., 1995). However,
the studies of FcγRIIB-deficient mice revealed that the inhibitory effect of this receptor is not
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complete and the overall regulatory outcome depends on the FcγR expression levels on the
cell surface (Nimmerjahn and Ravetch, 2005).

Contrary to all other subtypes of IgG, IgG3 enhances the antibody response via the
complement system. It utilizes the classical pathway which is involved in antibody feedback
regulation. Furthermore, FcγR knock-out mice experiments excluded the necessity of FcγRs
for IgG3 up-regulation of antibody response (Diaz de Stahl et al., 2003).

1.2 IgM-mediated feedback regulation
IgM is another isotype of antibodies that can activate the complement system. Similarly to
IgG3, IgM also utilizes the complement classical pathway to increase the antibody response.
It is shown that in mice lacking complement component 3 (C3) or complement receptors 1
and 2 (CR1/CR2), the enhancement of the antibody response was impaired (Heyman et al.,
1988a; Applequist et al., 2000). Additionally, if the ability of IgM molecule to activate
complement is hindered, the antibody response is not enhanced (Heyman et al., 1988a; Youd
et al., 2002). Contrary to IgG3, IgM enhances the specific antibody production against
particulate (erythrocytes, Plasmodium sp.) or large soluble (KLH) antigens. Large antigens
are able to cause the IgM molecule conformational changes necessary to induce the
complement (Harte et al., 1983; Heyman et al., 1988a; Youd et al., 2002).

The exact role of complement in antibody feedback regulation is not entirely clear. However,
there are a number of possible effects.

· Complement components together with antigen specific antibody and antigen compose an
IC. This can crosslink the BCR and CR2/CD19 expressed on B cells and thus reduce the
B cell activation threshold and enhance the antibody production (Fearon, 1993).

· Concentration of the antigen can occur once the IC with complement components is
recognized by CR1/CR2 on follicular dendritic cells (FDCs). Then they can serve as B
cell affinity maturation stations (Youd et al., 2002).

· B cells can capture ICs via CR1/CR2 and then internalize them. Once the antigen is
processed, it can be presented to CD4+ T cells. However, scientific data has shown that
this only works in vitro, but not in vivo (Gustavsson et al., 1995; Boackle et al., 1998).

1.3 IgE-mediated feedback regulation

1.3.1 CD23
It was found that IgE also has the ability to regulate antibody production (Heyman et al.,
1993). The low affinity IgE receptor (FcεRII or CD23) was confirmed to be absolutely
necessary for this IgE function in vivo (Getahun et al., 2005).

CD23 is different from all the other FcRs as it belongs to C-type lectin superfamily. CD23 is
composed of Ca2+ dependent lectin (head) domains in the C-terminal part and α-helical
coiled-coil stalk, which anchors it to the membrane. A short intracellular N-terminal part
protrudes into the cytoplasm (Bettler et al., 1989). The receptor is found both in a trimeric
membrane bound form and as soluble trimers or monomers once proteolytic cleavage of the
stalk occurs. Trimeric membrane bound or soluble CD23 has higher affinity to IgE than
monomeric soluble CD23 (Kilmon et al., 2004). The binding site for IgE is located in the
head domains of CD23 (Vercelli et al., 1989). In addition, CD23 in humans contains C-
terminal tails with binding sites for CR2 (Aubry et al., 1992). Human CD23 is subdivided into
isoforms according to the number of amino acid residues in the N-terminal part of the
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molecule. CD23a (7 residues) is expressed constitutively on B cells and CD23b (6 residues) is
synthesized on a variety of cells (B and T cells, macrophages, monocytes, eosinophils,
epithelial cells) after receiving an IL-4 activation signal (Yokota et al., 1988). CD23a in mice
is expressed on B cells (Rao et al., 1987) and FDCs (Maeda et al., 1992) whereas CD23b is
found on enterocytes (Yu et al., 2003).

One of the main functions of CD23 is the regulation of IgE synthesis, although the actual
mechanism is not completely clear. In humans the concentration of soluble IgE (sIgE) plays
an important role. If the concentration of sIgE is low, endogenous proteases (e.g. ADAM10)
cleave membrane-bound CD23 (mCD23) and the soluble form of CD23 (sCD23) crosslinks
CR2 and membrane-bound IgE (mIgE or BCR) on committed B cells. Consequently, an
activation signal is sent through Igα-Igβ and CR2-CD19 complexes to start IgE synthesis. If
the concentration of sIgE is high, it ligates mCD23 and hides the cleavage sites for
endogenous proteases. As a result, a negative signal is formed to suppress IgE production
(Hibbert et al., 2005). As mice are lacking the CR2 binding site on the CD23 molecule
(Mossalayi et al., 1992), it is possible that only the negative IgE synthesis regulation
mechanism is used in mice.

1.3.2 CD23+ B cells as APCs
The enhancement of IgE synthesis during allergy involves FcεRI. IgE-antigen complexes are
recognized by this receptor on APCs and mast cells leading to the development of a TH2
response, increased IgE synthesis and all the symptoms of allergy (Gould and Sutton, 2008).
Moreover, CD23 can also be engaged in an antigen presentation process called facilitated
antigen presentation (FAP) (figure 1). It is suggested that CD23 expressed on B cells capture
IgE-antigen complexes and transports them to follicles in the spleen (Hjelm et al., 2008). The
ICs are internalized and processed and the peptides are loaded on MHC II to be presented to T
helper (TH) cells. TH cells in turn activate antigen specific B cells and antibody production is
increased (Getahun et al., 2005). The transport of IgE-antigen complexes on CD23 expressing
B cells is a newly described effector function of IgE (Hjelm et al., 2008).

However, there are a number of notable considerations:

· CD23+ B cells, which transport the IgE ICs, do not express any co-stimulation markers
(e.g. B7-1 and B7-2) and do not up-regulate MHC II expression (Heyman, unpublished
data);

· the antigenic peptides are not detected in MHC II molecules on CD23+ B cells (Heyman,
unpublished data);

· in general B cells are considered poor antigen presenters to the naive T cells.

1.3.3 CD11c+ DCs as APCs
DCs are the most efficient type of APCs and the only ones that can effectively prime naive T
cells (Miloud et al., 2010). Thus, taking all the points mentioned above into account, we
hypothesize that CD23+ follicular B cell (FO B) acts as an antigen transporter, only collecting
IgE-antigen complexes in the circulation and delivering them into follicles in the spleen. The
transfer of the IC from the B cell to the DC takes place afterwards. The complex is
internalized and the antigen is processed, loaded on a MHC II molecule and presented to TH
cells (figure 2). The absence of in vivo depleted CD11c+ DCs was already proved to be critical
in priming naive antigen specific CD4+ T cells (Fahlen-Yrlid et al., 2009).
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Figure 1. B cell as an APC in IgE-mediated enhancement of immune responses.
IgE-antigen complex is captured by CD23 receptor on FO B in circulation and (a) is transported into the
spleen, where FO B processes the antigen and presents the peptides on MHC II molecules to naive TH cells
(b). TH cells start to proliferate (c) and interact with antigen specific B cells (d). Activated antigen specific
B cells start antibody production (e). APC – antigen presenting cell; CD23 – cluster of differentiation 23;
FO B – follicular B cell; MHC II – major histocompatibility complex II; TH – T helper.

Figure 2. DC as an APC in IgE-mediated enhancement of immune responses.
IgE-antigen complex is captured by CD23 receptor on FO B in circulation and (a) is transported into the
spleen, where FO B transfers the antigen on DC (b). DC processes the antigen and presents the peptides on
MHC II molecules to naive TH cells (c). TH cells start to proliferate (d) and interact with antigen specific B
cells (e). Activated antigen specific B cells start antibody production (f). APC – antigen presenting cell;
CD23 – cluster of differentiation 23; DC – dendritic cell; FO B – follicular B cell; MHC II – major
histocompatibility complex II; TH – T helper.
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1.3.4 The diphtheria toxin system
Diphtheria toxin (DT) is produced by Corynebacterium diphtheriae. It belongs to the
heterodimeric AB toxin family composed of subunits A and B. Subunit B is needed to interact
with the DT receptor (DTR). Subunit A is the toxic part, inhibiting protein synthesis. Once
subunit B is recognised by the DTR, the DT is internalized and subunit A is released from the
endosome into the cytoplasm. The inactivation of elongation factor-2 is followed by
adenosine diphosphate (ADP) ribosylation. This results in impaired protein synthesis and
apoptosis (Holmes, 2000). Murine cells are naturally insensitive to DT due to three amino
acid changes in the DTR and subunit B cannot bind to it (Pappenheimer et al., 1982).

The expression of high-affinity human or simian DTR on mice DCs makes a good tool to
investigate the function of DCs in vivo. A CD11c-DTR mouse model was created by
expressing the human DTR fused to green fluorescent protein (GFP) under the cd11c/Itgax
promoter. CD11c is expressed by all conventional DCs (cDCs) (Jung et al., 2002), thus
intraperitoneal (i.p.) injection of DT depletes DCs in 24 h. The DC pool is replenished after
three days (six days were reported by Fahlen-Yrlid et al.). Thus, the inducible ablation of DCs
can be achieved with this mouse model. Moreover, the DT mode of action triggers apoptosis
and does not induce the inflammatory response (Bennett et al., 2005). Unfortunately, more
thorough research showed that other cells (e.g. alveolar macrophages, splenic marginal zone
macrophages, metallophilic macrophages, subset of activated T cells, NK cells and plasma B
cells) express CD11c and are affected by DT (Bar-On and Jung, 2010). Furthermore, CD11c-
DTR mice are sensitive to repeated toxin injections, because of expression of the DTR on
non-haematopoietic cells. The only solution for this problem is the generation of bone marrow
(BM) chimeras, where the CD11c-DTR cassette is expressed only in BM-derived cells. It is
also very important to remember that the efficiency of CD11c+ DC depletion is only 85 %-90
% (Bennett and Clausen, 2007).

1.3.5 Aim
The goal of this work was to examine the role of DCs in IgE-mediated enhancement of
immune responses. I focused on the effect of DCs on T cell proliferation in an ex vivo system,
which is an effective way of studying the activation of stimulated T cells. Firstly, the system
was optimised and thereafter the importance of DCs depleted either in vitro or in vivo was
investigated.

2 Materials and methods
2.1 Mice
BALB/c mice were acquired from Bommice. CD23-/- mice (Fujiwara et al., 1994) were
backcrossed to BALB/c for 10 generations (Getahun et al., 2005). Transgenic CD11c-DTR
mice on BALB/c background with high affinity human DTR under murine cDCs cd11c
promoter (Jung et al., 2002) were obtained from Jackson Laboratories. DO11.10 mice were
backcrossed on BALB/c background for more than 15 generations. These mice contain a
transgenic T cell receptor (TCR) with rearranged α and β chains to accommodate OVA323-339
peptide bound to MHC class II I-Ad molecule (Murphy et al., 1990). These mice were
obtained from Dr. L. Westerberg (Karolinska Institute, Stockholm, Sweden). All mice were
bred in animal facilities at the National Veterinary Institute (Uppsala, Sweden). Animals older
than six weeks were chosen for all experiments. Sex and age were matched in all
experimental groups. All experiments were approved by the local ethical committee.
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2.2 CD11c-DTR mice genotyping

2.2.1 DNA template preparation
One mm long piece of tail tip was transferred to 40 µl digestion buffer (10x Gitschier buffer
(0.67 M Tris-HCl pH 8.8, 0.166 M (NH4)2SO4, 65 mM MgCl2), 1 % β-mercaptoethanol, 0.5
% Triton X-100). Endogenous enzymes were inactivated at 95 °C for 5 min. Then 0.5 mg/ml
proteinase K (QIAGEN) was added and the digesting tissue was incubated at 55 °C for 1 h
with vortexing every 20 min. Proteinase K was heat-inactivated at 95 °C for 5 min. and
residual tissue and hairs were removed by spinning in Centrifuge 5415 R (Eppendorf) at
15700 x g for 2 min. The supernatant (DNA template preparation) was stored at -20 °C.

2.2.2 Polymerase chain reaction (PCR)
PCR was used to genotype CD11c-DTR mice and to determine if they were transgenic for
DTR (table 1). The list of primers used for genotyping is provided in table 2.

Table 1. PCR profile

Component Volume (µl)

ddH2O 13.95

10x PCR buffer (Applied Biosystems) 2.5

25 mM MgCl2 (Applied Biosystems) 4

20 mM dNTP (Roche) 0.25

10 µM DTR1 (Sigma-Aldrich) 1

10 µM DTR2 (Sigma-Aldrich) 1

5U/µl AmpliTaq DNA polymerase (Applied Biosystems) 0.3

DNA template 2

Table 2. Primers

Primer 5’ → 3’ sequence

DTR1 GCCACCATGAAGCTGCTGCCG

DTR2 GGGTGGGGAATTAGTCATGCC

The following reaction conditions were used for DTR gene amplification: initial denaturation
at 94.0 °C for 4 min, 35 cycles of denaturation at 95.0 °C for 15 s, annealing at 63.1 °C for 1
min and extension at 72.0 °C for 15 s, final extension at 72 °C for 5 min.

2.2.3 Electrophoresis
The amplified PCR product was analysed on 1.5 % agarose (BDH Electran) gel in 1x Tris-
acetate-EDTA (TAE) buffer (0.04 M Tris-base, 0.02 M glacial acetic acid, 1 mM EDTA in
ddH2O). A PCR 1 Kb DNA Ladder (Gibco BRL) was used to determine the size of PCR
product.

2.3 Antigen
Picrylsulfonic acid (TNP) (Sigma-Aldrich) was coupled to OVA (Sigma-Aldrich) in 0.28 M
cacodylate buffer (44.83 g/l cacodylic acid sodium salt in ddH2O, pH 6.9) as previously
described (Good et al., 1980). The OVA-TNP complex was coupled at room temperature
(RT) for 90 min and the reaction was stopped by adding glycyl-glycine (Merck) to a final
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concentration of 10 mg/ml. The complex was dialyzed against PBS, filtered through 0.45 µm
filter and stored at 4 °C.

2.4 Antibodies

2.4.1 Monoclonal IgE
Monoclonal IgE-α-TNP antibodies were secreted by hybridoma IGELb4 cell line. The
supernatant with secreted IgE-α-TNP was filtered through 0.45 µm filter. NaN3 was added to
the supernatant to final concentration of 0.02 % to prevent bacterial growth and pH was
adjusted to 8.2. Affinity chromatography was used for IgE-α-TNP purification from the
collected supernatant. A sepharose column was conjugated with rat-α-mouse κ chain
antibodies (Ware et al., 1984). The column was equilibrated with 100 ml binding buffer (50
mM Tris-HCl, 0.15 M NaCl, 0.02 % NaN3, pH 8.6) per 10 ml sepharose. IGELb4 cell
supernatant was applied on the column and left to flow through the column overnight (ON).
The column was washed with 5 column volumes of binding buffer and eluted with elution
buffer (0.5 M glycine-HCl, 0.15 M NaCl, 0.02 % NaN3, pH 2.7) into fractions of 0.4 ml.
Elution buffer was neutralized with 1M Tris-HCl (pH 9.5) to 2 ml final volume. The
absorbance at 280 nm (A280) was measured in 4050 Ultrospec II UV/Vis Spectrophotometer
(LKB Biochrom) for each fraction and the fractions with absorbance higher than 0.05 were
pooled and concentrated using Amicon Ultra centrifugal filters (Millipore) according to
manufacturer’s recommendations. The concentrated IgE-α-TNP was dialyzed against
phosphate buffered saline (PBS; 0.14 M NaCl, 3 mM KCl, 8 mM Na2HPO4x2H2O, 1 mM
KH2PO4 in ddH2O, pH 7.4), sterile-filtered (0.22 µm filter) and stored at -20 °C. The
concentration of the antibody was calculated from A280, assuming that absorbance of 1.5 is
equal to 1 mg/ml antibody concentration.

2.4.2 Antibodies for fluorescence-activated cell sorting
The antibodies used for fluorescence-activated cell sorting (FACS) are listed in table 3.

Table 3. Antibodies for FACS staining

FACS Antibody Manufacturer Label Labelled
particle

Amount/samplea

(µg)

rat-α-mouse CD4 BD Pharmingen PE cell 0.2DO11.10 T cells

mouse-α-mouse KJ1-26 Caltag Laboratories FITC cell 0.1

rat-α-mouse CD45R/B220 BD Pharmingen PE cell 0.2B cells

rat-α-mouse CD19 BD Pharmingen FITC cell 0.5

rat-α-mouse CD4 BD Pharmingen PE CompBead 0.2

rat-α-mouse CD11b/Mac-1 Southern Biotech APC label CompBead 0.1

mouse-α-mouse I-Ad BD Pharmingen PE cell 0.2

hamster-α-mouse CD11c BD Pharmingen APC label cell 0.2

DCs

rat-α-mouse CD16/CD32 BD Pharmingen - cell 12.5
a staining was done in FACS buffer (100 µl final volume); PE – phycoerythrin, FITC – fluorescein isothiocyanate, APC
label – allophycocyanin.

2.5 Immunizations and diphtheria toxin treatment
All immunizations were administered intravenously (i.v.) into the mouse tail veins. In the
IgE-α-TNP and OVA-TNP testing experiment, each mouse was either immunized with 20 µg
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OVA-TNP alone or 50 µg IgE-α-TNP alone, or both antigen and antibody were injected
together in 200 µl PBS. Higher amounts of antigen (100 µg/mouse) and antibody (250
µg/mouse) were used for ex vivo T cell proliferation assays.

One hundred ng of DT in 200 µl PBS was injected 24 h before immunization i.p.

2.6 Bleeding and serum preparation
Approximately 200 µl blood per donor was collected from the tail and left to stand in RT for 2
h for a clot to form. The liquid part of the blood was transferred to a precipitation tube and
spun at 11200 x g for 5 min at 8 °C in a Centrifuge 5415 R (Eppendorf). The serum was
separated from the red blood cells and stored at -20 °C.

2.7 Single cell suspension of splenocytes
Cells were always handled on ice and all solutions were ice-cold. Centrifugation was done at
417 x g for 5 min at 8 °C in a Multifuge 3 SR swing-out rotor centrifuge (Hereus), unless
stated otherwise. Mice were killed by cervical dislocation and spleens were taken 1 h or 4 h
after the immunization in 5 ml PBS and homogenous spleen cell suspensions were made by
grinding the spleens through a nylon net in a Petri plate. The net was washed with 10 ml PBS
and the cell suspension was collected into the tube. The cells were spun and the supernatant
was discarded. Hypotonic lysis of red blood cells was performed with 3 ml of ammonium
chloride-potassium (ACK) buffer (0.15 M NH4Cl, 1 mM KHCO3, 1 mM EDTA in ddH2O, pH
7.2-7.4) and 3 ml of PBS were added after 4 min to stop the lysis. Cells were centrifuged and
re-suspended in 1 ml fDMEM (National Veterinary Institute, Sweden) (with 5 % heat
inactivated foetal calf serum (FCS), 1 % penicillin-streptomycin, 0.05 mM β-
mercaptoethanol, 2 mM L-glutamine). The amount of viable cells was determined in a Bürker
counting chamber using 0.4 % trypan blue dye (Sigma).

2.8 Fluorescence-activated cell sorting (FACS)
A single cell suspension of mice spleen cells was prepared as described above. Before the
counting step, the cells were taken up in 1 ml ice-cold FACS buffer (2 % heat inactivated FCS
in PBS). Two million cells were used for FACS staining. The cells were stained with
antibodies listed in table 3. In the DC FACS α-rat/hamster Ig, κ and negative CompBeads
(BD) were used to set the compensation of background fluorescence and rat-α-mouse
CD16/CD32 was used to block the unspecific binding of staining antibodies to Fc receptors.
Single-stained and unstained cell samples were prepared to compensate for the background
fluorescence for DO11.10 T cells and B cells FACS. The cells and/or CompBeads were
stained in FACS buffer: 100 µl final volume for 30 min at 4 °C in the dark on a shaker. After,
the cells and/or CompBeads were washed with 2 ml FACS buffer and centrifuged at 850 x g
for 5 min at 8 °C in a Multifuge 3 SR swing-out rotor centrifuge (Hereus). The washing step
was repeated twice. The cells were re-suspended in 300 µl (500 µl were used for CompBeads)
FACS buffer. The cells were counted in a FACScan flow cytometer (BD Biosciences) if
phycoerythrin (PE) and fluorescein isothiocyanate (FITC) labels were used or in a FACSort
flow cytometer (BD Biosciences) if allophycocyanin (APC label) conjugated antibodies were
used for staining. The data was analysed using FlowJo software (TreeStar Inc.).

2.9 Adoptive transfer
The single cell suspension of DO11.10 mice spleens was prepared as described above. The
cells were taken up in ice-cold PBS and were administered i.v. into the tail veins. The cells
from approximately 0.3 spleen/recipient in 200 µl PBS were used for the transfer.
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2.10 Enzyme-linked immunosorbent assay (ELISA)
An Immunolon 2 HB microplate (Dynex Technologies) was coated with OVA (50 µg/ml) in
100 µl PBS with 0.02 % NaN3 ON in a humid chamber at 4 °C for OVA-specific ELISA. The
plate was washed twice with PBS and blocked with dry milk (50 mg/ml; Semper AB) in 200
µl PBS with 0.02 % NaN3 ON in a humid chamber at 4 °C. The plate was then washed twice
in PBS and 50 µl of serial serum dilutions in PBS with 0.05 % Tween-20, 0.25 % dry milk,
0.02 % NaN3 was added to the plate. After the ON incubation in a humid chamber at 4 °C, the
plate was washed in PBS with 0.05 % Tween-20 three times. Sheep-α-mouse IgG conjugated
to alkaline phosphatase (AP; Jackson ImmunoResearch Laboratories) was diluted 1/1000 in
the same solution as serum. Fifty µl of the diluted secondary antibody was added to the plate,
which was incubated in a humid chamber at RT for 3 h. AP substrate (p-nitro-
phenylphosphate; Sigma-Aldrich) was dissolved in ELISA buffer (1 M diethenolamine, 0.5
mM MgCl2 x 6H2O in ddH2O, pH 9.8). After washing the plate three times in PBS with 0.05
% Tween-20 and additionally washing twice in PBS, 100 µl of AP substrate was added to the
plate and absorbance at 405 nm (A405) was measured in a VersaMax Tunable Microplate
Reader (Molecular Devices) after 15 min incubation at RT a polyclonal OVA-specific
standard serum with starting concentration of 3.2 µg/ml was used to quantify ELISA results.
Data analysis was done with SOFTmax software (Molecular Devices).

2.11 Magnetic-activated cell sorting (MACS)
T cells, B cells and DCs were separated from splenocytes using MACS for cell specific
surface markers: CD4 for TH cells, CD19 for B cells and CD11c for cDCs. Single cell
suspensions were prepared as described above except that before the cell counting step the
cells were re-suspended in 1 ml ice-cold degassed MACS buffer (5 g/l BSA, 2 mM EDTA in
PBS, pH 7.2). The cells were stained with CD4, CD19 or CD11c MicroBeads (Miltenyi
Biotec) according to the manufacturer’s recommendations. The stained cell suspension was
applied on MACS Column (Miltenyi Biotec): LS (CD4 MACS) or LD (CD19/CD11c MACS)
and placed in MiniMACS Separator (Miltenyi Biotec). MACS separation was done according
to the manufacturer’s recommendations: unlabelled cells (negative fraction) were collected as
pass-through cell suspension and labelled cells (positive fraction) were eluted from the
column taken out of the magnetic field.

2.12 Ex vivo T cell proliferation assay
MACS sorted CD19 negative (CD19-) fraction, CD11c negative (CD11c-) fraction and
unsorted splenocytes were used as APCs (6x105 cells/well). The positive fraction from CD4
MACS of OVA specific DO11.10 cells was used as responder cells (105 cells/well). The cells
were incubated at 37 °C 5 % CO2 in 96-well flat-bottom plate (Sarstedt) with 200 µl/well
final volume of fDMEM for 48 h. The cells were pulsed with 1µCi/well 3H-Thy (10 µl/well)
in PBS and incubated for 18-22 h. The harvesting of cells was done in a Harvester 96 Mach
III M (Tomtec) and β-radiation was counted with a Trilux 1450 Microbeta liquid scintillation
counter (Wallac).

2.13 Statistical analysis
Data obtained from the liquid scintillation counter was analysed using an unpaired two-tailed
Student’s t-test to check the statistically significant differences between the experimental
groups and controls. The difference between groups was considered statistically significant
when p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***) and insignificant once p > 0.05 (ns).
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3 Results
3.1 Genotyping of CD11c-DTR mice
PCR genotyping was performed to confirm that CD11c-DTR mice used for experiments had
DTR-GFP cassette in their genome. If a mouse contained the insert, the 625 bp DNA product
was amplified during PCR (figure 3).

Figure 3. Electrophoresis of CD11c-DTR mice PCR products.
The PCR products were loaded on a 1.5 % agarose gel. Lane 1 –
1 Kb DNA Ladder (Gibco BRL); lane 2 – positive control –
amplified DNA from the mouse of initial CD11c-DTR breeding
couple; lane 3 – positive sample; lane 4 – negative control –
amplified DNA of BALB/c mouse; lane 5 – ddH2O.

In total, 230 mice were genotyped and 44.8 % were transgenic and 55.2 % – non-transgenic.

3.2 IgE purification
IgE-α-TNP was purified from IGELb4 supernatant run through a rat-α-mouse κ coupled
sepharose column. The antibody was eluted (figure 4) and concentrated as described above.
Three batches of 800 ml IGELb4 supernatant were purified and were concentrated to 1.8 ml
of protein solution. The theoretical amount of pooled IgE was 26.7 mg, but the actual amount
obtained was 12.8 mg because too concentrated protein solution was sterile-filtered. Thus,
around half of the IgE was lost during the purification procedure.
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Figure 4. A typical elution profile of IgE from anti-κ-sepharose column.
IGELb4 hybridoma supernatant was passed through the column with rat-α-mouse κ connected to sepharose.
All elution fractions with A280 higher than 0.05 were pooled and concentrated. The relationship 1.5 A280 =
1 mg/ml of protein was used to calculate IgE concentration.

3.3 Coupling of OVA-TNP
OVA-TNP was used as the antigen in the T cell proliferation assays. TNP (hapten) was
conjugated to OVA (carrier) to form hapten-carrier complexes with different numbers of TNP
molecules per OVA molecule. In order to achieve this, the coupling reaction was stopped at 5
different time points (table 4).

Table 4. Conjugation of TNP to OVA

Stimulation indexb
OVA-TNP
prep

Coupling
time (min)

Coupling
ratioa

Concentration
(mg/ml) T cells B cells

1 30 0.7 5.75 1.3 86.0

2 45 1.1 5.84 1.5 2.3

3 60 1.3 6.22 3.0 1.0

4 90 1.9 5.61 3.0 2.0

5 120 2.3 5.64 2.4 7.0
a – shows the number of TNP molecules per OVA molecule; b – ratio of IgE-α-
TNP in complex with OVA-TNP stimulation versus OVA-TNP stimulation alone.

3.4 IgE-α-TNP and OVA-TNP functionality testing
The ability to activate T and B cells of all 5 OVA-TNP preparations alone or in a preformed
complex with IgE-α-TNP was tested. A single cell suspension of DO11.10 mice was prepared
and adoptively transferred to BALB/c mice. BALB/c mice were immunized with IgE-α-TNP
or OVA-TNP or OVA-TNP together with IgE-α-TNP one day later. Half of the mice per
group were killed by cervical dislocation and the spleens were harvested three days later to
check T cell response. It was done by running a DO11.10 FACS (data not shown). The
remaining mice were bled from the tail every seventh day post-immunization till day 28 and
the serum was tested for IgG antibody production using ELISA (data not shown).
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Very high B cell activation was achieved testing preparation 1 (table 4). However, the effect
of preparation 1 on T cells was the lowest compared to other 4 preparations. The highest T
cell stimulation was determined for preparations 3 and 4, but the B cell stimulation indexes
for these preparations were the lowest. As a consequence, preparation 4 was chosen for
subsequent ex vivo T cell proliferation experiments, because of the highest T cell stimulation
index and higher cpm values in the T cell proliferation assay (data not shown) compared to
preparation 3.

3.5 Optimization of ex vivo T cell proliferation assay
An ex vivo T cell proliferation assay was chosen because it is an effective in vitro system to
analyze the activation of stimulated T cells. In this assay, as in any in vitro assay, it is easier
to control the conditions and parameters compared to in vivo methods and the results obtained
can suggest how T cell proliferation is affected in an in vivo system. Nonetheless, in order to
get the reliable and accurate results, each assay should be initially optimized.

3.5.1 Irradiation of APCs
The irradiation of the cells causes the formation breaks in the cells DNA. As a result, the
replication process is interrupted and the cells cannot divide. To check how non-irradiated
APCs influence the results of the T cell proliferation assay, the BALB/c mice were
immunized with OVA-TNP or with OVA-TNP in complex with IgE-α-TNP or left
unimmunized. APCs were non-irradiated (figure 5 A) or irradiated with 10 Gy to stop their
division (figure 5 B). The overall proliferation of CD4+ cells was much higher in the plate
with non-irradiated APCs than with the irradiated ones. The 3-fold decrease in cpm values of
experimental groups was observed on the irradiated plate. Nevertheless, the tendencies and
stimulation indexes among OVA and IC groups in both plates remained similar. To conclude,
the actual proliferation of CD4+ cells can be seen only if APCs are irradiated. Hence,
irradiation of APCs was applied to all the following experiments.

Figure 5. Irradiation of APCs helps to distinguish the T cell proliferation.
BALB/c mice (n = 1) were immunized with 100 µg OVA-TNP (OVA) or 250 µg IgE-α-TNP and 100 µg OVA-
TNP (IC) or left unimmunized (Naive). After 1 h spleens were removed and single cell suspensions were
prepared. Splenocytes were left non-irradiated (A) or were irradiated with 10 Gy γ-radiation (B). Both the non-
irradiated and irradiated cells were used as APCs (600 000 cells/well) for a T cell proliferation assay. The
positive fraction from CD4 MACS of OVA specific naive DO11.10 cells (100 000 cells/well) was used as
responder cells. They were pulsed with 1 µCi 3H-thymidine/well after 48 h and were harvested after 72 h.
Replicates of five wells per group were evaluated. Thymidine incorporation is a measurement of T cell
proliferation. ConA was used as an unspecific naive T cells stimulator (1 µg/well). Background proliferation (≤
384 cpm) was subtracted from the cpm values. Statistical differences were determined with unpaired two-tailed
Student's t-test. *** – p < 0.001; si – stimulation index (IC/OVA).
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3.5.2 Kinetics of T cell response
ICs are captured in peripheral blood on CD23+ B cells and transferred into the spleen 30 min
after immunization (Hjelm et al., 2008). According to our hypothesis, the transfer of IC to
DCs occurs once CD23+ B cells arrive to spleen. To examine how time between
immunization and spleen harvesting influences the T cell response, a kinetic study was
performed. The BALB/c mice were immunized with OVA-TNP or OVA-TNP in complex
with IgE-α-TNP or left unimmunized. The spleens were harvested 1 h, 2 h, 4 h and 13 h after
immunization. The gradual increase in T cell proliferation from 1h to 4 h was observed in
experimental groups immunized with the IC (figure 6). The cpm values increased from 2172
cpm (1 h) to 3628 cpm (4 h). However, the T cell response dropped once the spleen was
harvested 13 h after immunization. On the contrary, no high fluctuations were observed in the
OVA groups. The values dropped slightly from 1 h to 4 h and this of course influenced the
stimulation indexes, but at 13 h cpm rose to the initial level of 1 h. As a result, spleen
harvesting 4 h post-immunization was used for all the further experiments.

Figure 6. Kinetics of the T cell proliferation.
BALB/c mice (n = 1) were immunized with 100 µg OVA-TNP (OVA) or 250 µg IgE-α-TNP and 100 µg OVA-
TNP (IC) or left unimmunized (Naive). After 1 h, 2 h, 4h and 13 h spleens were removed and single cell
suspensions were prepared. Splenocytes were irradiated with 10 Gy γ-radiation. The irradiated cells were used
as APCs (600 000 cells/well) for a T cell proliferation assay. The positive fraction from CD4 MACS of OVA
specific naive DO11.10 cells (100 000 cells/well) was used as responder cells. They were pulsed with 1 µCi 3H-
thymidine/well after 48 h and were harvested after 72 h. Replicates of five wells per group were evaluated.
Thymidine incorporation is a measurement of T cell proliferation. ConA was used as an unspecific naive T
cells stimulator (1 µg/well). Background proliferation was not subtracted to visualize the differences more
clearly. Statistical differences were determined with unpaired two-tailed Student's t-test. ns – not significant;
*** – p < 0.001; si – stimulation index (IC/OVA).

3.5.3 Assessment of MACS system
MACS system is an effective method for cell sorting in vitro. First, the cells are labelled with
magnetic beads. The beads are specific for a certain surface molecule expressed on the target
cells, which will be separated from the rest of the cell suspension. After magnetic labelling,
the cell suspension is run through the MACS column in a magnetic field. The target cells stay
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in the column and the rest of cells are collected as a negative fraction. The target cells are
eluted as a positive fraction once the column is removed from the magnetic field.

3.5.3.1 Evaluation of LS column

To evaluate MACS, the cell fractions after passage through the LS column were analyzed
with FACS. An LS column was chosen because it is developed for both positive selection and
depletion of cells. However, the cells can be depleted only if they highly express the surface
marker, which is magnetically labelled. DO11.10 splenocytes (for CD4 MACS) and BALB/c
splenocytes (for CD19 and CD11c MACS) were MACS separated to check how good LS
column for magnetic sorting was. MACS fractions (CD4+, CD19-, CD11c-) were chosen to
analyze, as they were used during subsequent ex vivo T cell proliferation experiments. The
purity of CD4+ cells was 90.9 % and 92.1 % of them were OVA specific (expressed KJ1-26 –
OVA specific TCR) (figure 7 A). However, the LS column was not efficient in depleting
CD19+ cells since 25.5 % of cells in the CD19- fraction expressed the surface marker (figure 7
B). On the contrary, the CD11c+ cells were depleted successfully, as only 0.02 % of CD11c+

cells were present after MACS (figure 7 C). In conclusion, the LS column is good for
enriching CD4+ and depleting CD11c+ cells, but is not suitable for CD19+ cell depletion.

3.5.3.2 Evaluation of LD column

As LS column was not suitable for the depletion of CD19+ cells, therefore an LD column was
checked. The LD column was mainly developed for cell depletion, even if the magnetically
labelled surface markers are expressed weakly. Spleens of BALB/c mice were harvested and
single cell suspensions were prepared. Two million splenocytes (pre-MACS) and cell
fractions after MACS (post-MACS) were obtained for FACS analysis. CD19- and CD11c-

MACS fractions were tested. The depletion of CD19+ cells was much higher compared to LS
column with only 0.36 % of CD19+ cells still present in the negative fraction (figure 8 A).
There was no difference in depletion of CD11c+ cells on LD column compared to LS column
(figure 7 C and figure 8 B). CD11c- fraction contained merely 0.03 % of CD11c+ cells. In
summary, the LD column can be successfully used to deplete CD19+ as well as CD11c+ cells.
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Figure 7. Assessment of LS column for MACS.
BALB/c (n = 1) and DO11.10 (n = 2) mice spleens were harvested and single cell suspensions were prepared.
The suspensions were applied on the LS column for MACS. FACS analysis was performed on 2x106 splenocytes
(pre-MACS) and cell fractions after MACS (post-MACS). The cells to be enriched or depleted are denoted with
red rectangles. Gated lymphocytes are shown in (A) and (B) and the gating of all viable cells was done in (C).
(A) Enrichment of CD4+ cells. The percentages in red rectangles represent CD4+ cell fraction out of
lymphocytes. (B) Depletion of CD19+ cells. The red arrow marks undepleted CD19+ cells after MACS. (C)
Depletion of CD11c+ cells.
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Figure 8. Assessment of LD column for MACS.
BALB/c (n = 1) mice spleens were harvested and single cell suspensions were prepared. The suspensions were
applied on the LD column for MACS. FACS analysis was performed on 2x106 splenocytes (pre-MACS) and cell
fractions after MACS (post-MACS). The cells indicated by red rectangles were being depleted. Gated
lymphocytes are shown in (A) and the gating of all viable cells was done in (B). (A) Depletion of CD19+ cells.
(B) Depletion of CD11c+ cells.

3.6 T cell proliferation is abrogated in the absence of in vitro depleted
CD11c+ cells

To examine the importance of CD11c+ cells in T cell proliferation, BALB/c mice were
immunized with OVA-TNP or OVA-TNP in complex with IgE-α-TNP or left unimmunized.
The splenocytes were left either unseparated or were separated on MACS LD column.
Unseparated (crude) or separated (CD19- and CD11c-) fractions were used for ex vivo antigen
presentation to OVA specific CD4+ cells. BALB/c splenocytes and CD19- cell suspension
activated T cells to the similar level with around 14- and 41-fold increase in cpm values in IC
immunized experimental groups compared to corresponding OVA groups (figure 9).
However, when CD11c+ cells were depleted with the MACS system, T cell proliferation in
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both OVA and IC groups were at the background levels. This strongly implies that DCs are
absolutely necessary to activate OVA specific CD4+ T cells in vitro.

Figure 9. In vitro depletion of CD11c+ cells abolishes the T cell response.
BALB/c (n = 1) and CD23-/- (n = 1) mice were immunized with 100 µg OVA-TNP (OVA) or 250 µg IgE-α-
TNP and 100 µg OVA-TNP (IC) or left unimmunized (Naive). After 4 h spleens were removed and single cell
suspensions were prepared. Splenocytes were either left unseparated (crude) or were separated on MACS LD
column (CD19- and CD11c-) and were irradiated with 10 Gy γ-radiation. The irradiated cells were used as
APCs (600 000 cells/well) for a T cell proliferation assay. The positive fraction from CD4 MACS of OVA
specific naive DO11.10 cells (100 000 cells/well) was used as responder cells. They were pulsed with 1 µCi
3H-thymidine/well after 48 h and were harvested after 72 h. Replicates of five wells per group were evaluated.
Thymidine incorporation is a measurement of T cell proliferation. ConA was used as an unspecific naive T
cells stimulator (1 µg/well). Background proliferation (≤ 102 cpm) was subtracted from the cpm values.
Statistical differences were determined with unpaired two-tailed Student's t-test. ns – not significant; *** – p <
0.001; si – stimulation index (IC/OVA).

It was shown previously that CD23 is necessary for T cell activation in vivo (Getahun et al.,
2005). To demonstrate the importance of CD23 in IgE-mediated T cell activation ex vivo,
CD23-/- mice were immunized the same way as BALB/c mice (see above) and their
splenocytes (crude) were used as APCs in T cell activation assay. CD23- APCs failed to
activate T cells. No statistically significant difference was seen between OVA and IC groups
in CD23-/- mice (figure 9). Thus, CD23 is essential for IgE-mediated T cell proliferation ex
vivo as well as in vivo.

3.7 T cell proliferation is diminished in the absence of in vivo depleted
CD11c+ cells

To strengthen the hypothesis that DCs are the key component in IgE-mediated enhancement
of immune responses, DCs were depleted in vivo and the effect of their absence on T cell
proliferation ex vivo was evaluated. Transgenic littermates of CD11c-DTR mice were treated
with DT to abate DCs or left untreated. Twenty four hours later the mice were immunized
with OVA-TNP or OVA-TNP in complex with IgE-α-TNP or left unimmunized (Naive). A
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statistically significant difference was observed in DT untreated OVA and IC groups (figure
10 A). A 3-fold increase of cpm values was detected. Once the mice were treated with the
toxin, DCs were destroyed and T cell proliferation dropped. Although the difference between
OVA and IC groups in DT treated mice was still statistically significant, the p value was
marginal, thus it is possible that if the experiment was repeated one more time, the
statistically significant difference might have been lost. This can be seen in our pilot study
before the optimization of T cell proliferation assay (figure 10 B). Moreover, OVA and IC
groups untreated with DT in the pilot study had a higher statistically significant difference
compared with the corresponding groups in the experiment with the optimized conditions.
Unexpectedly, OVA immunized groups in the optimized experiment activated CD4+ cells
higher in comparison to unimmunized mice. To sum up, the absence of in vivo depleted DCs
also supplement in vitro results suggesting that DCs are important in the chain of events
during IgE-mediated enhancement of T cell response.

Figure 10. In vivo depletion of CD11c+ cells reduces the T cell response.
Transgenic CD11c-DTR mice (TG) (n = 1) were treated with DT (100 ng) or left untreated. Twenty four hours
later they were immunized with 100 µg OVA-TNP (OVA) or 250 µg IgE-α-TNP and 100 µg OVA-TNP (IC) or
left unimmunized (Naive). After 4 h (A) or 1 h (B) spleens were removed and single cell suspensions were
prepared. Splenocytes (600 000 cells/well) were irradiated with 10 Gy γ-radiation (A) or unirradiated (B) and
were used as APCs for a T cell proliferation assay. The positive fraction from CD4 MACS of OVA specific
naive DO11.10 cells (100 000 cells/well) was used as responder cells. They were pulsed with 1 µCi 3H-
thymidine/well after 48 h and were harvested after 72 h. Thymidine incorporation is a measurement of T cell
proliferation. ConA was used as an unspecific naive T cells stimulator (1 µg/well). Background proliferation (≤
173 cpm in (A) and ≤ 5398 cpm in (B)) was subtracted from the cpm values. (A) Optimized T cell proliferation
assay. (B) Unoptimized T cell proliferation assay. Statistical differences were determined with unpaired two-
tailed Student's t-test. ns – not significant; * – p < 0.05; ** – p < 0.01; si – stimulation index (IC/OVA).

4 Discussion
The main focus of this study was to demonstrate the importance of DCs as the essential link
in IgE-mediated enhancement of immune responses concentrating on CD4+ T cells. Ex vivo T
cell proliferation assay was chosen as a main tool to achieve these goals. Much focus was put
in to optimizing this evaluation tool. Irradiation of APCs and kinetics of T cell responses were
tested and the most favourable conditions were adopted. In addition, the efficiency of
enrichment and depletion columns was assessed.
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The improved T cell proliferation assay was used for the assessment of the CD4+ T cell
response in the absence of in vitro and in vivo depleted DCs. The results obtained support the
proposed mechanism for IgE-mediated enhancement (figure 2). According to that mechanism
CD23+ FO B acts as a transporter cell carrying IgE-antigen complex bound to CD23 receptor
from the circulation into the spleen (Hjelm et al., 2008). The ability to transport antigens in a
similar fashion was demonstrated previously with marginal zone B cells (MZ Bs), which can
bind IgM-Ag complex and complement components on CR1/2 and transport them into the
follicles in the spleen (Ferguson et al., 2004; Cinamon et al., 2008).

Once CD23+ B cell delivers the complex into the spleen, the antigen is transferred to DCs
through a still undetermined mechanism. It was shown previously that the acceptor receptor
cannot be FcεRI (Wernersson et al., 1999), which is expressed on DCs (Maurer et al., 1996).
However, it cannot be excluded that a cell-to-cell contact required interaction called
trogocytosis could be employed by CD23+ B cells in transferring IgE-antigen complex to
DCs. It has been described before that B cells can transport membrane patches by
trogocytosis to DCs (Harshyne et al., 2001). Moreover, as it was shown that CD23+ B cells
can endocytose IgE-antigen complex via CD23 (Yokota et al., 1992), there is a possibility
that transfer of the surface proteins occurs through secretion of exosomes. B cells have been
shown to secrete exosomes with MHC II molecules into the medium (Raposo et al., 1996).
Furthermore, it was demonstrated that MHC II and CD23 are endocytosed together and that
allergenic peptides are loaded on MHC II (Karagiannis et al., 2001). Hence, possibly after the
exchange of antigen between CD23 and MHC II inside B cell, the processed antigen could be
secreted inside the vesicle as an exosome, which would be taken up by DC.

Once the IgE-antigen complex or processed antigen is acquired by DCs, it is internalised,
processed inside the cell and loaded on MHC II molecule or transferred on the surface already
with pre-loaded MHC II acquired from the B cell. Subsequently, it is presented to naive CD4+

T cells, which are activated and start proliferating and providing help to antigen specific B
cells to up-regulate antibody production.

The mechanism described is supported by results of in vivo T cell proliferation experiments
with in vivo DC depletion (Henningson, unpublished data) and ex vivo T cell proliferation
with in vitro depleted DCs from this study. Moreover, the results from ex vivo T cell
proliferation experiments with in vivo depleted DCs also supplement our hypothesis. Thus,
DCs are important in activating T cells.

Another way to highlight the crucial role of DCs in IgE-mediated enhancement of immune
responses is studying the antibody production. It was shown that the synthesis of antigen
specific antibodies is activated in BALB/c mice, which were adoptively transferred with OVA
specific T cells and immunized with OVA-TNP in complex with IgE-α-TNP (Getahun et al.,
2005). The up-regulation of IgG1, IgG2a, IgM and IgE antibodies was seen (Gustavsson et
al., 1994). Unfortunately, CD11c-DTR mice have a limitation that they die after repeated DT
injections because of sensitivity of non-haematopoietic cells to DT treatment. Moreover, the
depletion of DCs after first injection of toxin lasts only three (Bennett and Clausen, 2007) to
six (Fahlen-Yrlid et al., 2009) days. Thus, this short time is insufficient for the development
of an antibody response, which usually takes up to two weeks in our experimental systems.
On the other hand, it is not exactly known how long the DCs have to be present in order to
trigger antibody production.
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The generation of BM chimeras could provide a way to overcome this problem. If CD11c-
DTR→Wt BM chimera is created, only haematopoietic cells expressing CD11c-DTR are
sensitive to DT and previously affected non-haematopoietic cells stay of Wt genotype
allowing multiple DT treatment to be applied. However, even BM chimera cannot bypass the
expression of CD11c-DTR cassette in the plasma B cells (Hebel et al., 2006), which means
that repeated DT injections after immunization would destroy plasma cells and no antibody
response would be developed in the period of two weeks. Nonetheless, the dependence of IgA
and IgG responses on DCs were studied using DTR-DT system (Fahlen-Yrlid et al., 2009). In
this particular study the serum for IgG measurements was collected 10 and 12 days post-
immunization, without any DT treatment after immunization. Thus, the plasma cells were not
depleted and the reoccurring DCs did not replenish the normal antigen presentation. Thus,
antibody response should be studied in our systems in the future as well.

In addition to antibody responses, reconstitution experiments could be performed. DC
deficient mice (CD11c-DTR after DT treatment) could be reconstituted with in vitro derived
DCs, which according to the hypothesis would restore the ability of T cell activation and
antibody production.

Ex vivo T cell proliferation results from CD23-/- mice were consistent with previously
published findings (Getahun et al., 2005), emphasizing the absolute need of CD23 receptor
for IgE-mediated T cell activation. These results are in favour for the putative mechanism
described above, where CD23 is suggested to have the role in IgE-antigen complex transport.

The biological role of IgE-mediated enhancement of immune responses is not yet elucidated.

· This mechanism might affect allergic people, as people suffering from allergies contain
much higher serum IgE levels than healthy ones. Consequently, there would be enough of
IgE to form complexes with allergen and induce the T cell proliferation and up-regulate
allergen specific antibody responses. Thus, the allergic reaction would be stimulated.

· Furthermore, it is known that some viruses, especially the ones infecting respiratory tract,
increase the IgE production, which can be specific not only to viral antigens but also to
environmental antigens of similar structure. As a result the infected person becomes more
prone to develop allergies (Suzuki et al., 1998). In such case, due to IgE-mediated
enhancement of immune responses, the development of allergy would be highly promoted
in virus infected people.

· Moreover, some parasitic infections cause the triggering of TH2 response and enhanced
IgE production against parasitic antigens (Ponte et al., 2007). In this case IgE could help
clearing the infection by up-regulating T cell and antibody responses.

Some of C-type lectin family receptors were described as pattern recognition receptors
expressed on APCs (McGreal et al., 2005). As CD23 belongs to C-type lectin family, it might
have still undiscovered patterns of pathogens that could be bound by CD23 directly and
transported to the spleen, processed and transferred to DCs for activation of immune
responses against them.



23

5 Acknowledgments
First of all I would like to express my gratitude to my supervisor professor Birgitta Heyman
for this chance to get to know immunology in such a short period of time and to do my degree
project in her group.

I am so grateful to my co-supervisor assistant professor Frida Henningson-Johnson, who
helped me in gathering my ‘hands on experience’ in the lab and in deepening my theoretical
knowledge. Thank you for your patience, when I was asking all those details, sometimes the
same ones for more than once. It is good to know, that there are no ‘stupid’ questions!

I want to thank all other colleagues and co-workers: Jenny Hallgren-Martinsson for having
suggestions how to make good even better, Kjell-Olov Grönvik for hilarious jokes during lab
meetings, Anna Rudolfsdotter Bergman for all the translating Swedish words, medicine
related discussions and constant updates on breeding of German pointers, Christian
Rutermark for being my bugging office neighbour, Joakim Dahlin and always cheerful
Chinese girls Zhoujie Ding and Yue Cui – good luck in your future PhD projects!

Huge thanks goes to my friends, who were there for me, when things were not going the way
I wanted. Anja, Mike, Alex, Marlen thanks for all the lunch breaks and work related and
unrelated discussions. Любов, Jenna, Kristina, Maike, Claire thanks for encouraging more
positive view towards everything. Игорь, Петър, Юрий thanks for cheering me up when the
day looked gloomy!

O didžiausias ačiū mamai, tėčiui ir Domui už patarimus, palaikymą, išklausymą ir supratimą!



24

6 References
1. Applequist SE, Dahlstrom J, Jiang N, Molina H and Heyman B. 2000. Antibody

production in mice deficient for complement receptors 1 and 2 can be induced by IgG/Ag
and IgE/Ag, but not IgM/Ag complexes. J Immunol 165: 2398-403.

2. Aubry JP, Pochon S, Graber P, Jansen KU and Bonnefoy JY. 1992. CD21 is a ligand for
CD23 and regulates IgE production. Nature 358: 505-7.

3. Bar-On L and Jung S. 2010. Defining in vivo dendritic cell functions using CD11c-DTR
transgenic mice. Methods Mol Biol 595: 429-42.

4. Bennett CL and Clausen BE. 2007. DC ablation in mice: promises, pitfalls, and
challenges. Trends Immunol 28: 525-31.

5. Bennett CL, van Rijn E, Jung S, Inaba K, Steinman RM, Kapsenberg ML and Clausen
BE. 2005. Inducible ablation of mouse Langerhans cells diminishes but fails to abrogate
contact hypersensitivity. J Cell Biol 169: 569-76.

6. Bettler B, Hofstetter H, Rao M, Yokoyama WM, Kilchherr F and Conrad DH. 1989.
Molecular structure and expression of the murine lymphocyte low-affinity receptor for
IgE (Fc epsilon RII). Proc Natl Acad Sci U S A 86: 7566-70.

7. Boackle SA, Morris MA, Holers VM and Karp DR. 1998. Complement opsonization is
required for presentation of immune complexes by resting peripheral blood B cells. J
Immunol 161: 6537-43.

8. Bowman JM. 1988. The prevention of Rh immunization. Transfus Med Rev 2: 129-50.
9. Cinamon G, Zachariah MA, Lam OM, Foss FW, Jr. and Cyster JG. 2008. Follicular

shuttling of marginal zone B cells facilitates antigen transport. Nat Immunol 9: 54-62.
10. Daeron M, Latour S, Malbec O, Espinosa E, Pina P, Pasmans S and Fridman WH. 1995.

The same tyrosine-based inhibition motif, in the intracytoplasmic domain of Fc gamma
RIIB, regulates negatively BCR-, TCR-, and FcR-dependent cell activation. Immunity 3:
635-46.

11. Diaz de Stahl T, Dahlstrom J, Carroll MC and Heyman B. 2003. A role for complement in
feedback enhancement of antibody responses by IgG3. J Exp Med 197: 1183-90.

12. Diaz de Stahl T and Heyman B. 2001. IgG2a-mediated enhancement of antibody
responses is dependent on FcRgamma+ bone marrow-derived cells. Scand J Immunol 54:
495-500.

13. Fahlen-Yrlid L, Gustafsson T, Westlund J, Holmberg A, Strombeck A, Blomquist M,
MacPherson GG, Holmgren J and Yrlid U. 2009. CD11c(high)dendritic cells are essential
for activation of CD4+ T cells and generation of specific antibodies following mucosal
immunization. J Immunol 183: 5032-41.

14. Fearon DT. 1993. The CD19-CR2-TAPA-1 complex, CD45 and signaling by the antigen
receptor of B lymphocytes. Curr Opin Immunol 5: 341-8.

15. Ferguson AR, Youd ME and Corley RB. 2004. Marginal zone B cells transport and
deposit IgM-containing immune complexes onto follicular dendritic cells. Int Immunol
16: 1411-22.

16. Fujiwara H, Kikutani H, Suematsu S, Naka T, Yoshida K, Yoshida K, Tanaka T, Suemura
M, Matsumoto N, Kojima S and et al. 1994. The absence of IgE antibody-mediated
augmentation of immune responses in CD23-deficient mice. Proc Natl Acad Sci U S A
91: 6835-9.

17. Getahun A, Hjelm F and Heyman B. 2005. IgE enhances antibody and T cell responses in
vivo via CD23+ B cells. J Immunol 175: 1473-82.

18. Good AHL, Wofsy C, Henry C and Kimura J. 1980. Preparation of hapten-modified
protein antigens. In: Mishell BB and Shiigi SM (Eds.). Selected methods in cellular
immunology, 343-350. W. H. Freeman, San Francisco.



25

19. Gould HJ and Sutton BJ. 2008. IgE in allergy and asthma today. Nat Rev Immunol 8:
205-17.

20. Gustavsson S, Hjulstrom S, Liu T and Heyman B. 1994. CD23/IgE-mediated regulation of
the specific antibody response in vivo. J Immunol 152: 4793-800.

21. Gustavsson S, Kinoshita T and Heyman B. 1995. Antibodies to murine complement
receptor 1 and 2 can inhibit the antibody response in vivo without inhibiting T helper cell
induction. J Immunol 154: 6524-8.

22. Harshyne LA, Watkins SC, Gambotto A and Barratt-Boyes SM. 2001. Dendritic cells
acquire antigens from live cells for cross-presentation to CTL. J Immunol 166: 3717-23.

23. Harte PG, Cooke A and Playfair JH. 1983. Specific monoclonal IgM is a potent adjuvant
in murine malaria vaccination. Nature 302: 256-8.

24. Hebel K, Griewank K, Inamine A, Chang HD, Muller-Hilke B, Fillatreau S, Manz RA,
Radbruch A and Jung S. 2006. Plasma cell differentiation in T-independent type 2
immune responses is independent of CD11c(high) dendritic cells. Eur J Immunol 36:
2912-9.

25. Heyman B. 2000. Regulation of antibody responses via antibodies, complement, and Fc
receptors. Annu Rev Immunol 18: 709-37.

26. Heyman B, Pilstrom L and Shulman MJ. 1988a. Complement activation is required for
IgM-mediated enhancement of the antibody response. J Exp Med 167: 1999-2004.

27. Heyman B, Tianmin L and Gustavsson S. 1993. In vivo enhancement of the specific
antibody response via the low-affinity receptor for IgE. Eur J Immunol 23: 1739-42.

28. Heyman B, Wiersma E and Nose M. 1988b. Complement activation is not required for
IgG-mediated suppression of the antibody response. Eur J Immunol 18: 1739-43.

29. Hibbert RG, Teriete P, Grundy GJ, Beavil RL, Reljic R, Holers VM, Hannan JP, Sutton
BJ, Gould HJ and McDonnell JM. 2005. The structure of human CD23 and its interactions
with IgE and CD21. J Exp Med 202: 751-60.

30. Hjelm F, Carlsson F, Getahun A and Heyman B. 2006. Antibody-mediated regulation of
the immune response. Scand J Immunol 64: 177-84.

31. Hjelm F, Karlsson MC and Heyman B. 2008. A novel B cell-mediated transport of IgE-
immune complexes to the follicle of the spleen. J Immunol 180: 6604-10.

32. Holmes RK. 2000. Biology and molecular epidemiology of diphtheria toxin and the tox
gene. J Infect Dis 181 Suppl 1: S156-67.

33. Jung S, Unutmaz D, Wong P, Sano G, De los Santos K, Sparwasser T, Wu S, Vuthoori S,
Ko K, Zavala F, Pamer EG, Littman DR and Lang RA. 2002. In vivo depletion of
CD11c(+) dendritic cells abrogates priming of CD8(+) T cells by exogenous cell-
associated antigens. Immunity 17: 211-20.

34. Karagiannis SN, Warrack JK, Jennings KH, Murdock PR, Christie G, Moulder K, Sutton
BJ and Gould HJ. 2001. Endocytosis and recycling of the complex between CD23 and
HLA-DR in human B cells. Immunology 103: 319-31.

35. Karlsson MC, Getahun A and Heyman B. 2001. FcgammaRIIB in IgG-mediated
suppression of antibody responses: different impact in vivo and in vitro. J Immunol 167:
5558-64.

36. Karlsson MC, Wernersson S, Diaz de Stahl T, Gustavsson S and Heyman B. 1999.
Efficient IgG-mediated suppression of primary antibody responses in Fcgamma receptor-
deficient mice. Proc Natl Acad Sci U S A 96: 2244-9.

37. Kilmon MA, Shelburne AE, Chan-Li Y, Holmes KL and Conrad DH. 2004. CD23 trimers
are preassociated on the cell surface even in the absence of its ligand, IgE. J Immunol 172:
1065-73.



26

38. Maeda K, Burton GF, Padgett DA, Conrad DH, Huff TF, Masuda A, Szakal AK and Tew
JG. 1992. Murine follicular dendritic cells and low affinity Fc receptors for IgE (Fc
epsilon RII). J Immunol 148: 2340-7.

39. Maurer D, Fiebiger S, Ebner C, Reininger B, Fischer GF, Wichlas S, Jouvin MH, Schmitt-
Egenolf M, Kraft D, Kinet JP and Stingl G. 1996. Peripheral blood dendritic cells express
Fc epsilon RI as a complex composed of Fc epsilon RI alpha- and Fc epsilon RI gamma-
chains and can use this receptor for IgE-mediated allergen presentation. J Immunol 157:
607-16.

40. McGreal EP, Miller JL and Gordon S. 2005. Ligand recognition by antigen-presenting
cell C-type lectin receptors. Curr Opin Immunol 17: 18-24.

41. Miloud T, Hammerling GJ and Garbi N. 2010. Review of murine dendritic cells: types,
location, and development. Methods Mol Biol 595: 21-42.

42. Mossalayi MD, Arock M, Delespesse G, Hofstetter H, Bettler B, Dalloul AH, Kilchherr E,
Quaaz F, Debre P and Sarfati M. 1992. Cytokine effects of CD23 are mediated by an
epitope distinct from the IgE binding site. Embo J 11: 4323-8.

43. Murphy KM, Heimberger AB and Loh DY. 1990. Induction by antigen of intrathymic
apoptosis of CD4+CD8+TCRlo thymocytes in vivo. Science 250: 1720-3.

44. Nimmerjahn F and Ravetch JV. 2005. Divergent immunoglobulin g subclass activity
through selective Fc receptor binding. Science 310: 1510-2.

45. Pappenheimer AM, Jr., Harper AA, Moynihan M and Brockes JP. 1982. Diphtheria toxin
and related proteins: effect of route of injection on toxicity and the determination of
cytotoxicity for various cultured cells. J Infect Dis 145: 94-102.

46. Ponte EV, Rizzo JA and Cruz AA. 2007. Interrelationship among asthma, atopy, and
helminth infections. J Bras Pneumol 33: 335-42.

47. Rao M, Lee WT and Conrad DH. 1987. Characterization of a monoclonal antibody
directed against the murine B lymphocyte receptor for IgE. J Immunol 138: 1845-51.

48. Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding CV, Melief CJ and
Geuze HJ. 1996. B lymphocytes secrete antigen-presenting vesicles. J Exp Med 183:
1161-72.

49. Suzuki S, Suzuki Y, Yamamoto N, Matsumoto Y, Shirai A and Okubo T. 1998. Influenza
A virus infection increases IgE production and airway responsiveness in aerosolized
antigen-exposed mice. J Allergy Clin Immunol 102: 732-40.

50. Ware CF, Reade JL and Der LC. 1984. A rat anti-mouse kappa chain specific monoclonal
antibody, 187.1.10: purification, immunochemical properties and its utility as a general
second-antibody reagent. J Immunol Methods 74: 93-104.

51. Vercelli D, Helm B, Marsh P, Padlan E, Geha RS and Gould H. 1989. The B-cell binding
site on human immunoglobulin E. Nature 338: 649-51.

52. Wernersson S, Karlsson MC, Dahlstrom J, Mattsson R, Verbeek JS and Heyman B. 1999.
IgG-mediated enhancement of antibody responses is low in Fc receptor gamma chain-
deficient mice and increased in Fc gamma RII-deficient mice. J Immunol 163: 618-22.

53. Yokota A, Kikutani H, Tanaka T, Sato R, Barsumian EL, Suemura M and Kishimoto T.
1988. Two species of human Fc epsilon receptor II (Fc epsilon RII/CD23): tissue-specific
and IL-4-specific regulation of gene expression. Cell 55: 611-8.

54. Yokota A, Yukawa K, Yamamoto A, Sugiyama K, Suemura M, Tashiro Y, Kishimoto T
and Kikutani H. 1992. Two forms of the low-affinity Fc receptor for IgE differentially
mediate endocytosis and phagocytosis: identification of the critical cytoplasmic domains.
Proc Natl Acad Sci U S A 89: 5030-4.

55. Youd ME, Ferguson AR and Corley RB. 2002. Synergistic roles of IgM and complement
in antigen trapping and follicular localization. Eur J Immunol 32: 2328-37.



27

56. Yu LC, Montagnac G, Yang PC, Conrad DH, Benmerah A and Perdue MH. 2003.
Intestinal epithelial CD23 mediates enhanced antigen transport in allergy: evidence for
novel splice forms. Am J Physiol Gastrointest Liver Physiol 285: G223-34.


	1 Introduction
	1.1 IgG-mediated feedback regulation
	1.2 IgM-mediated feedback regulation
	1.3 IgE-mediated feedback regulation
	1.3.1 CD23
	1.3.2 CD23+ B cells as APCs
	1.3.3 CD11c+ DCs as APCs
	1.3.4 The diphtheria toxin system
	1.3.5 Aim


	2 Materials and methods
	2.1 Mice
	2.2 CD11c-DTR mice genotyping
	2.2.1 DNA template preparation
	2.2.2 Polymerase chain reaction (PCR)
	2.2.3 Electrophoresis

	2.3 Antigen
	2.4 Antibodies
	2.4.1 Monoclonal IgE
	2.4.2 Antibodies for fluorescence-activated cell sorting

	2.5 Immunizations and diphtheria toxin treatment
	2.6 Bleeding and serum preparation
	2.7 Single cell suspension of splenocytes
	2.8 Fluorescence-activated cell sorting (FACS)
	2.9 Adoptive transfer
	2.10 Enzyme-linked immunosorbent assay (ELISA)
	2.11 Magnetic-activated cell sorting (MACS)
	2.12 Ex vivo T cell proliferation assay
	2.13 Statistical analysis

	3 Results
	3.1 Genotyping of CD11c-DTR mice
	3.2 IgE purification
	3.3 Coupling of OVA-TNP
	3.4 IgE-α-TNP and OVA-TNP functionality testing
	3.5 Optimization of ex vivo T cell proliferation assay
	3.5.1 Irradiation of APCs
	3.5.2 Kinetics of T cell response
	3.5.3 Assessment of MACS system
	3.5.3.1 Evaluation of LS column
	3.5.3.2 Evaluation of LD column


	3.6 T cell proliferation is abrogated in the absence of in vitro depleted CD11c+ cells
	3.7 T cell proliferation is diminished in the absence of in vivo depleted CD11c+ cells

	4 Discussion
	5 Acknowledgments
	6 References

