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IgG- and IgE-mediated antigen presentation on MHC class II
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Abstract

IgG- and IgE-antibodies have the ability to enhance the production of antibodies directed against the antigen they are specific for. It has been
suggested that the mechanism behind IgG- and IgE-mediated feedback enhancement is the ability of these isotypes to induce a more potent
antigen-specific T helper cell response, increasing the chances that antigen-specific B cells receive the T cell help they require to become
antibody-producing cells. With emphasis on the murine system, we will here focus on the ability of IgG and IgE to capture antigen and
facilitate presentation of antigenic peptides to T helper cells. Whether this mechanism underlies feedback enhancement of antibody responses
to these antigens will be discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. IgG-mediated antigen presentation

1.1. Fc receptors for IgG

Three Fc receptors (FcRs) for IgG have been described,
Fc�RI (CD64), Fc�RII (CD32) and Fc�RIII (CD16). Their
structure and functions have been reviewed elsewhere
[1–3]. Fc�RI and Fc�RIII (and the human Fc�RIIA which
will not be further discussed here) are activating receptors,
which upon crosslinking initiate effector functions, whereas
Fc�RIIB is an inhibitory receptor. Fc�RI is a high affinity
receptor, binding monomeric IgG2a as well as complexed
IgG, and is expressed on macrophages, monocytes, and
dendritic cells. Fc�RIII is a low affinity receptor, binding
only complexed IgG and is expressed on macrophages,
mast cells, dendritic cells, and NK cells. Fc�RI and Fc�RIII
are hetro-oligomeric receptors, in which the respective
ligand-binding�-chains are associated with the common
�-chain (FcR�). Fc�RIII is also associated with a�-chain.
FcR� is required for the receptor assembly and triggering
of various effector functions. It contains an immunorecep-
tor tyrosine-based activation motif (ITAM), which upon
receptor crosslinking, gets phosphorylated. Sequential acti-
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vation of src and syk family tyrosine kinases results in an
activating signaling cascade. Fc�RIIB is a low affinity IgG
receptor, composed of a single chain which exists in three
isoforms: Fc�RIIB1, Fc�RIIB1′ and Fc�RIIB2. Fc�RIIB
is widely expressed on hematopoietic cells, absent only on
erythrocytes, T cells, and NK cells. Fc�RIIB1 is preferen-
tially expressed on lymphoid cells, Fc�RIIB2 on myeliod
cells and Fc�RIIB1′ on both lineages. Fc�RIIB has an im-
munoreceptor tyrosine-based inhibitory motif (ITIM) in its
cytoplasmic tail. When, by co-crosslinking, the ITIM comes
in the vicinity of an ITAM-bearing receptor-complex, the
tyrosine in the ITIM will be phosphorylated, generating
an SH2 recognition domain that is the binding site for the
inhibitory signaling molecule SHIP, leading to downstream
events interfering with ITAM-signaling.

1.2. FcγRs and MHC class II presentation in vitro

Fc�RIIB2- and Fc�RIII-mediated antigen presentation
has been extensively studied in murine model systems us-
ing a Fc�R− B cell line (IIA1.6) transfected with different
Fc�R-constructs. Efficient internalization and antigen pre-
sentation by Fc�RIII was independent of the cytoplasmic
domain of the ligand-binding�-chain whereas the asso-
ciated FcR� chain was essential[4]. Fc�RIII was able to
present a broader spectrum of epitopes than Fc�RIIB2,
owing to different intracellular targeting mediated by the
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associated FcR� chain [5]. The ITAM region can be mu-
tated so that it upon crosslinking does not activate the
cell but still mediates receptor internalization[6]. Down-
stream activation of the protein tyrosine kinase syk was
important for the transport from endosomes to lyzosomes
[6]. Combined, these studies suggest that ITAM-mediated
cell activation is responsible for intracellular targeting and
presentation of certain epitopes, whereas it is not required
for FcR�-mediated internalization. Recent studies using
syk-deficient bone marrow (BM)-derived DCs, showed that,
in these cells, besides being required for efficient antigen
processing and presentation, syk was required for receptor
internalization[7].

The two isoforms of Fc�RIIB, B1 and B2, are identi-
cal except for a 47 amino acid insertion in the cytoplas-
mic tail of Fc�RIIB1. This insertion prevents localization
in clathrin-coated pits and subsequent endocytosis via
Fc�RIIB1 [8,9]. Endocytosis of Fc�RIIB2 is mediated by
a di-leucine motif in the cytosolic domain of the recep-
tor [10]. Expressing the two isoforms in a Fc�R− B cell
line showed that only Fc�RIIB2 induced IgG-mediated
antigen presentation[11]. Fc�RIIB1 and Fc�RIIB1′ (B1′
behaves like B1) are the only Fc�Rs expressed on B
cells, and since Fc�RIIB1 was shown not to mediate en-
docytosis and antigen presentation, the only effect on
B-cell-mediated antigen presentation by Fc�Rs was thought
to be inhibitory. Indeed, B-cell receptor- (BCR) mediated
antigen presentation was inhibited upon co-crosslinking
with Fc�RIIB1 [12,13]. However, recent reports imply that
B cells may after all present IgG/antigen-complexes via
Fc�Rs. A B-cell line (A20.292) only expressing Fc�RIIB1
could efficiently induce IgG-mediated antigen presenta-
tion [14]. When using the cell line (IIA1.6) transfected
with Fc�RIIB1 or B2, originally used by Amigorena et
al. [11], both isoforms induced antigen presentation al-
though Fc�RIIB2 was more efficient[14]. The difference
between the two studies[11,14] was the use of different
antigens. Supporting the idea that the antigen determines
whether Fc�RIIB1 on B cells can induce presentation,
Antoniou and Watts showed that Fc�RIIB1 induced pre-
sentation of tetanus toxin complexed to IgG, but not of
the �-repressor complexed to IgG[15] used in the original
studies[11].

Although less extensively studied, available data suggest
that Fc�RI differs from Fc�RIIB and Fc�RIII in antigen
handling. Expressing human Fc�RI constructs in the Fc�R−
B cell line IIA1.6, revealed that receptor internalization is
independent of the FcR� chain[16]. Furthermore, cells ex-
pressing only the Fc�RI �-chain, or coexpressing a FcR�
chain with a mutated ITAM motif, were still able to present
IgG/antigen complexes on MHC class II. However, coex-
pression of wild-type FcR� chains with the�-chain, in-
creased the efficiency of antigen presentation[16]. Murine
macrophages, expressing the Fc�RI �-chain without FcR�,
could still endocytose but their ability to present antigen has
not been tested[17].

All three Fc�R subtypes mediate antigen presentation and
the relative contribution of each type is most likely depen-
dent on which IgG subclasses are incorporated in the im-
mune complexes (ICs) as well as on the overall size of the
complex. Bone marrow-derived macrophages present human
IgG (“monovalent ICs”) mainly via Fc�RI [17] while only
multivalent ICs were presented via Fc�RIII [4].

Human and murine Fc�R+ APCs present IgG-complexed
antigen at concentrations over a 100-fold lower than un-
complexed antigen. This has been demonstrated for murine
BM-DCs [18–20], macrophages[17,21], Langerhans cells
[22], and B cells[14,15] as well as for human peripheral
blood DCs[23,24], monocytes[24], macrophages[21,25],
and B cells[26]. As mentioned above, Fc�R-mediated anti-
gen presentation by B cells is still controversial.

Crosslinking of activating Fc�Rs by IgG/antigen com-
plexes induce DC maturation, turning DCs into better APCs
[7,18,19,27]. Both Fc�RI and Fc�RIII can induce DC mat-
uration[7]. Fc�RIIB negatively influences this IC-mediated
maturation[28], suggesting that the balance in expression
between activating and inhibitory Fc�Rs can influence the
ability of DCs to present IgG/antigen complexes.

1.3. IgG-mediated enhancement of antibody responses and
MHC class II presentation in vivo

Our interest in IgG-mediated antigen presentation
stems from our work on IgG-mediated feedback enhance-
ment of the antibody response (reviewed in[29,30]).
Antigen-specific IgG, administered together with a soluble
antigen, has the ability to enhance the antibody response
to this antigen. The ability of IgG3 to feedback-enhance
seems to be dependent on the complement system rather
than on Fc�Rs [31] and will not be discussed further. In
contrast, “classical” IgG1-, IgG2a-, and IgG2b-mediated
enhancement is dependent on the presence of activating
Fc�Rs, most likely Fc�RI, on bone marrow-derived cells
[32,33].

It is possible that the mechanism behind IgG-mediated
feedback enhancement of antibody responses is increased
presentation of IgG/antigen complexes to T cells. A few
studies provide experimental support for this. Mice trans-
genic for human (h)Fc�RI, had an enhanced antibody re-
sponse when immunized with hFc�RI-specific mAbs, an
antigen directly targeted to Fc�RI. In vitro, macrophages
from these mice efficiently internalized anti-hFc�RI mAb
[34]. Delayed-type hypersensitivity (DTH) reactions, medi-
ated by CD4+ Th1 cells, were decreased in FcR�−/− mice
[35]. There were no defects in the function of APCs nor
T cells per se, and antibody-deficient mice also had re-
duced DTH reactions, implying that IgG/antigen complexes
prime T cells in an Fc�R-dependent manner. Two groups
have independently studied the effect on the humoral re-
sponse by “immunizing” mice with BM-DC pulsed in vitro
with IgG/antigen complexes or antigen alone. Production of
OVA-specific IgG[18,19] as well as the size of germinal
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centers[18] and ex vivo T cell proliferation were enhanced
by IgG. All these effects were dependent on the presence of
Fc�Rs on the BM-DCs.

Whether IgG/antigen complexes induce a Th1- or
Th2-polarized response is not clear. Ex vivo studies sug-
gested that IC-loaded BM-DCs induce a Th1 polarized
response, measured as augmented IFN� production [18].
This was strengthened by the in vivo observations that
IC-pulsed BM-DCs induced a DTH response[19]. On the
other hand, no enhanced DTH was observed in mice immu-
nized i.v. with IgG/antigen complexes[36]. Furthermore,
IgG enhanced the production of both Th1- (IgG2a) and
Th2- (IgG1) associated IgG isotypes[18,19,36]and antigen
targeted to Fc�Rs on macrophages induced a Th2-polarized
T cell response[37].

Jenkin and coworkers have established an adoptive trans-
fer system where expansion of antigen-specific CD4+ T cells
can be studied. T cells from mice transgenic for a T-cell
receptor (TCR) recognizing an OVA-peptide in the context
of Ad [38] are transferred into syngeneic wild-type BALB/c
recipients and the expansion of the OVA-specific T cells is
followed using a monoclonal antibody-specific for the trans-
genic TCR. When such mice were passively immunized
with IgG anti-OVA prior to a challenge with OVA in in-
complete Freund’s adjuvant, the expansion of OVA-specific
T cells occurred more rapidly[39]. We have used the same
adoptive transfer system and immunized mice with IgG
anti-TNP/OVA-TNP complexes intravenously without ad-
juvants. A rapid expansion of OVA-specific T cells, peak-
ing at day 3, preceded the enhanced OVA-specific antibody
response and was dependent on the presence of activating
Fc�Rs [39b].

1.4. The biological role for IgG-mediated antigen
presentation

These studies indicate that IgG in complex with specific
antigen enhance antigen presentation on MHC class II, lead-
ing to T cell activation in vivo, and link this to IgG-mediated
feedback enhancement of the antibody response. The iden-
tity of the responsible APC has not been unequivocally es-
tablished although the DC is a likely candidate. In order for
Fc�Rs to play a role in antigen presentation, IgG must be
present to capture the antigen. This requirement is fulfilled
during a primary immune response against antigens that per-
sist until an IgG response has been initiated and also during a
secondary immune response when preformed IgG is present
and binds to the antigen. Apart from enhancing the uptake
and processing of antigen, IgG may also indirectly enhance
presentation by inducing maturation of APCs[7,18,19,27].

There is a correlation between the increasing affinity
of IgG during an immune response and the efficiency of
antibody-mediated antigen presentation[40]. By testing
different ratios between polyclonal antibodies and antigen,
Manca et al.[21] found that macrophage-mediated antigen
presentation was absent in extreme antibody excess, prob-

ably owing to protection of the antigen from degradation.
This suggests a feedback mechanism, where excess poly-
clonal IgG, a result of a successful response, eventually
would inhibit IgG-mediated presentation.

A qualitative effect of IgG on antigen presentation is
demonstrated by studies revealing that presentation of in-
dividual epitopes can either be enhanced or suppressed
[41,42]. This implies that IgG, present during an ongoing
immune response, will change the repertoire of activated
antigen-specific T cells.

Not only the ability to help B cells, but also other CD4+
T cell effector functions such as DTH could be positively
influenced by IgG[19,35]. A role for IgG-mediated antigen
presentation in a mouse model for multiple sclerosis was
suggested by the observation that FcR�−/− mice did not
show myelin destruction (a process involving myelin reac-
tive T cells), despite the initiation of a peripheral autoim-
mune response[43].

A recent development in IgG-mediated antigen presen-
tation is the discovery that IgG/antigen complexes, besides
inducing MHC class II presentation, also induce antigen
presentation on MHC class I, so called cross-presentation
[18,19,27,28,44]. The ability of IgG to activate both CD4+
and CD8+ T cells could play a role in anti-viral and
anti-tumor responses, as both cell types are of importance.
Indeed, tumor rejection studies showed that the ability of
IgG/antigen-loaded BM-DC to provide tumor immunity
required both functional MHC class I and II presentation
[19]. Work by Villinger et al. [45] suggests a role for
virus-specific antibodies in the cytotoxic T lymphocyte
(CTL) response to Simian immunodeficiency virus (SIV)
in rhesus macaques. Restimulation of peripheral blood
mononuclear cells isolated from SIV-infected monkeys with
SIV Gag antigen complexed with antigen-specific IgG (iso-
lated from infected monkeys) induced higher frequencies
of antigen-specific precursor CTLs. The ability to enhance
was dependent on the availability of Fc�Rs and on the pres-
ence of CD4+ T cells. These findings suggest that IgG acts
not only by inducing ADCC or neutralizing virus, but that
tumor- or virus-specific antibodies could directly influence
the anti-tumor or anti-viral T-cell responses.

2. IgE-mediated antigen presentation

2.1. Fc receptors for IgE

There are two FcRs for IgE, the high affinity FcεRI and
the low affinity FcεRII (CD23) (reviewed in[46,47]). In ad-
dition, murine Fc�RII and Fc�RIII have been reported to
bind IgE[48] although the biological significance of this is
unknown. In mice, only one isoform of FcεRI has been de-
scribed. This is a tetramer consisting of one�-chain, one
�-chain and two disulfide-linked FcR� chains. In humans,
an additional isoform consisting of one�-chain and two
FcR� chains has been found. Mice express FcεRI in non-B
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non-T cells including mast cells and basophils. Human mast
cells, basophils, eosinophils, and platelets express FcεRI as
an ���2 tetramer, whereas human monocytes, Langerhans
cells and DCs express the��2 trimer [46]. Unlike other Fc
receptors, CD23 does not belong to the immunoglobulin su-
perfamily, but is instead a C-type lectin[49]. The receptor
is present on the cell surface both as monomers and trimers,
the latter having a higher affinity for IgE[50]. In humans,
CD23 is expressed in two isoforms, CD23a and CD23b
[51]. CD23a is constitutively expressed on B cells; CD23b
is expressed on some T cells, monocytes, eosinophils, and
platelets. Upon IL-4-stimulation, CD23b is upregulated on B
cells and Langerhans cells ([51,52] and references therein).
Mice constitutively express a homologue of CD23a on B
cells [53] and follicular dendritic cells (FDCs)[54]. Upon
stimulation with IL-4 and lipopolysaccharide, mRNA for the
CD23b isoform can be detected in murine B cells and other
haematopoietic cells[55] and under certain culture condi-
tions, murine Langerhans cells express CD23[56].

2.2. FcεRs and MHC class II presentation in vitro

A series of in vitro studies revealed that APCs express-
ing FcεRI can take up and process IgE/antigen complexes
and present antigenic peptides on MHC class II molecules.
Isolated human monocytes[57] and peripheral blood DCs
[58] presented antigen on MHC class II over a 100-fold
more effectively when antigen was targeted to FcεRI via
antigen-specific IgE. Further studies on BM-DCs revealed
that FcεRI efficiently channels antigen into MHC class
II compartment-like organelles[59]. As only professional
APCs express the��2-isoform of FcεRI, it has been sug-
gested that this isoform facilitates antigen presentation
whereas the���2 isoform facilitates hypersensitivity reac-
tions [46,58]. The expression of FcεRI is more restricted
in the mouse and in this species only bone marrow-derived
mast cells have been shown to present antigen taken up via
this receptor[60].

CD23 is involved in antigen presentation both in hu-
man and murine systems. In vitro experiments with hu-
man EBV-transformed B cells[61–63], a murine B-cell hy-
bridoma[64], and murine spleen cells[65] all demonstrate
that B cells present IgE-complexed antigen at concentrations
100- to 1000-fold lower than they present uncomplexed anti-
gen. Blocking experiments with anti-CD23 mAbs revealed
that the enhanced antigen presentation was dependent on
CD23. Functional studies using the human CD23 isoforms
showed that only CD23a facilitates IgE-mediated endocyto-
sis [66], implying an important role for B cells.

2.3. IgE-mediated enhancement of antibody responses and
MHC class II presentation in vivo

Antigen-specific IgE has the ability to feedback enhance
antibody responses to soluble protein antigens (reviewed in
[29,67]). IgE administered together with its specific anti-

gen upregulates the primary IgM-, IgG-, and IgE-responses
against this antigen, often by several 100-fold[68–71]. The
number of specific IgG-producing B cells peaks 6 days af-
ter primary immunization and the titers of specific IgG and
IgE remain high for weeks[71]. Priming with IgE immune
complexes induces a more efficient immunological memory
[70].

Enhancement is completely dependent on CD23, as IgE
cannot upregulate antibody responses in mice treated with
anti-CD23 mAbs[68,70] or lacking CD23, owing to gene
targeting[69,72]. In support of an exclusive role for CD23,
FcR�-deficient mice (lacking FcεRI) responded normally to
immunization with IgE/antigen[32]. CD23 is constitutively
expressed in the mouse only on B cells and FDCs, and
FDCs play a role in the trapping and retaining of IgE ICs
[54]. Antigen captured by FDCs is presented to B cells in
the form of iccosomes[73], but since FDCs cannot endo-
cytose antigen they cannot present peptides on MHC class
II to T cells. Using an adoptive transfer system, we have
demonstrated that the ability of IgE to enhance antibody
responses is dependent on the presence of CD23 on bone
marrow-derived cells (presumably B cells), whereas FDCs
played a marginal role[72]. This finding, together with the in
vitro studies mentioned above, suggest that the mechanism
behind IgE-mediated enhancement of antibody responses is
increased presentation of antigen to T cells via CD23+ B
cells. The fact that IgE requires the presence of T cells in
order to enhance antibody responses supports this idea[70].
The first in vivo data linking CD23-mediated antigen pre-
sentation to enhancement of antibody responses came from
Daniel Conrad’s laboratory[74]. Antigen covalently cou-
pled to an anti-CD23 mAb was presented by B cells in vitro
at concentrations over a 1000-fold lower than unconjugated
antigen. Mice immunized with these anti-CD23/antigen con-
jugates produced higher levels of specific IgG and IgE than
mice immunized with unconjugated antigen.

We have investigated the effects of immunization with
IgE/antigen complexes on specific T cell proliferation in
vivo. By using the adoptive transfer system mentioned
above, where transgenic OVA-specific T cells are transferred
into syngeneic recipients, we found that immunization with
IgE anti-TNP/OVA-TNP complexes induced a rapid expan-
sion of OVA-specific CD4+ cells, peaking day 3[74b]. The
number of specific T cells was 5–10-fold higher than in mice
immunized with antigen alone. The T cell expansion was
followed by an enhanced antibody response in the groups
given IgE/antigen. In analogy with IgE-mediated enhance-
ment of antibody responses, IgE-mediated T-cell activation
was absent when CD23 was blocked with mAbs or in mice
lacking CD23 but normal in FcεRI-deficient FcR�−/− mice.

2.4. The biological role for IgE-mediated antigen
presentation

A number of in vivo and in vitro observations thus point to
a role for CD23+ B cells in presentation of IgE-complexed
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antigen and imply that this is the mechanism behind the
dramatic ability of IgE to upregulate antibody responses. The
majority of mature B cells express CD23 and, regardless of
specificity, bind IgE/antigen complexes ex vivo[75]. This is
presumably also the case in vivo and therefore, all CD23+
B cells can be assumed to present IgE/antigen to specific
T cells even if they do not recognize the antigen with their
BCR. Since IgE enhances antibody responses only to the
antigen with which it forms a complex[68,70,72], these
unspecific CD23+ B cells would not be activated to produce
antibodies.

If this scenario is correct, CD23+ B cells, capturing
IgE/antigen complexes, act as non-specific APCs and acti-
vate T cells in a similar manner as macrophages and DCs,
increasing the number of specific T cells and the probability
that such cells find specific B cells which they can provide
with cognate T cell help. Given the debate of whether or
not B cells can activate naive T cells in vivo, this is an
interesting possibility[76–79]. The biological significance
of such a pathway for antigen presentation is unknown.
Obviously it would enable rapid expansion of T cells when
specific IgE is present, i.e. in situations when a pathogen
or an allergen has already elicited an IgE-response. This
would result in a positive feedback loop, strengthening the
specific T- and B-cell responses for good or for bad. In
vitro studies suggest that B cell-mediated T-cell activation
favors the induction of Th2 cells[80,81], thought to be
important in the development of allergic disease. The impli-
cations of IgE-mediated antigen presentation in the human
immune system are hard to predict as mice and humans
differ in the expression of FcεRs on APCs. However, using
an autologous system where B and T cells were derived
from the same atopic dermatitis patient, van der Heijden
et al. showed that patient serum containing IgE anti-Der p
II (major house dust mite) facilitated EBV-B cell-mediated
antigen presentation to T helper cells in vitro[63].
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