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Abstract Specific IgM, administered together with the antigen it recognizes,
enhances primary antibody responses, formation of germinal centers, and priming for
secondary antibody responses. The response to all epitopes on the antigen to which
IgM binds is usually enhanced. IgM preferentially enhances responses to large
antigens such as erythrocytes, malaria parasites, and keyhole limpet hemocyanine. In
order for an effect to be seen, antigens must be administered in suboptimal concen-
trations and in close temporal relationship to the IgM. Enhancement is dependent on
the ability of IgM to activate complement, but the lytic pathway is not required.
Enhancement does not take place in mice lacking complement receptors 1 and 2
(CR1/2) suggesting that the role of IgM is to generate C3 split products, i.e., the
ligands for CR1/2. In mice, these receptors are expressed on follicular dendritic cells
(FDCs) and B cells. Optimal IgM-mediated enhancement requires that both cell types
express CR1/2, but intermediate enhancement is seen when only FDCs express the
receptors and low enhancement when only B cells express them. These observations
imply that IgM-mediated enhancement works through several, non-mutually exclu-
sive, pathways. Marginal zone B cells can transport IgM-antigen-complement
complexes, bound to CR1/2, from the marginal zone and deposit them onto FDCs. In
addition, co-crosslinking of the BCR and the CR2/CD19/CD81 co-receptor complex
may enhance signaling to specific B cells, a mechanism likely to be involved in
induction of early extrafollicular antibody responses.
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1 Introduction

When antibodies are passively administered together with their specific antigen,
they can dramatically change the antibody response towards the antigen. The
response can be completely suppressed or enhanced by several hundred-fold. This
phenomenon is called antibody-mediated feedback regulation. In experimental
situations, the regulating antibodies are usually given intravenously within a few
hours of the antigen, but feedback regulation also works in a more natural setting
with endogenously produced antibodies as regulators. In early studies, reviewed by
Uhr and Möller (1968), the source of the regulating antibodies was usually serum
from immunized animals, and therefore the effect of individual antibody classes
could not be determined. With the arrival of antibody separation techniques and the
hybridoma technology, the immunoregulatory effects of different antibody isotypes
has been extensively investigated [reviewed in (Heyman 2000; Hjelm et al. 2006;
Sörman et al. 2014)]. In studies of antibody-mediated feedback regulation, both
antibodies and antigen are administered in physiological salt solutions, i.e., without
adjuvants. Although there are exceptions, the regulatory effects are generally
antigen but not epitope-specific. This suggests that the response to the entire
antigen, captured by the antibody, is affected, regardless of to which epitope the
regulating antibody binds.
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1.1 IgG-Mediated Feedback Suppression

IgG, administered together with erythrocytes, can completely suppress the antibody
response. This is utilized in the clinic to prevent Rh-negative women carrying
Rh-positive fetuses from becoming immunized against fetal erythrocytes acquired
via transplacental hemorrhage. Maternal IgG crosses the placenta and can damage
the erythrocytes of the fetus or newborn. A small dose of preformed IgG anti-Rh,
given to the mother during pregnancy or immediately after delivery, prevents
hemolytic disease of the newborn (Clarke et al. 1963; Bowman 1988). The
mechanism behind IgG-mediated suppression is still not understood. One possi-
bility is that IgG masks the antigen and prevents naïve B cells from binding to it.
Another, not mutually exclusive, possibility is that erythrocytes covered with IgG
will be rapidly eliminated from the circulation and therefore be unable to stimulate
an immune response. Complement activation is not required for IgG-mediated
suppression (Heyman et al. 1988b; Bergström and Heyman 2015) and IgG sup-
presses equally well in the absence of all known Fc-receptors for IgG (Karlsson
et al. 1999, 2001; Bernardo et al. 2015; Bergström and Heyman 2015).

1.2 IgG-Mediated Feedback Enhancement

When IgG is administered with soluble protein antigens, it will enhance antibody
responses. In fact, the same monoclonal IgG anti-TNP which suppresses responses
to SRBC-TNP can enhance responses to KLH-TNP (Enriquez-Rincon and Klaus
1984; Wiersma et al. 1989), illustrating the important role of the type of antigen.
Enhancement by the murine subclasses IgG1, IgG2a, and IgG2b requires
Fc-receptors for IgG (Wernersson et al. 1999) whereas IgG3 largely operates via
complement (Diaz de Ståhl et al. 2003; Zhang et al. 2014). The most likely
mechanism for enhancement by the Fc-receptor-dependent subclasses is increased
uptake of IgG-antigen by dendritic cells, followed by increased T helper cell
induction (Getahun et al. 2004; de Jong et al. 2006; Hamano et al. 2000) whereas
IgG3 probably acts by increasing the delivery of antigen to B cell follicles and
FDCs (Zhang et al. 2014).

1.3 IgE-Mediated Feedback Enhancement

IgE, administered with soluble protein antigens, will enhance antibody and T helper
cell responses (Getahun et al. 2005). This process requires the low affinity receptor
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for IgE, CD23, and the receptor must be expressed on B cells. The mechanism
appears to be that IgE-antigen is captured by recirculating CD23+ B cells which
rapidly transport the antigen to B cell follicles (Hjelm 2008). In the spleen, CD11c+

dendritic cells somehow acquire the antigen and present it to T cells which sub-
sequently help B cells to produce antibodies (Henningsson et al. 2011).

1.4 IgM-Mediated Feedback Enhancement

In 1968, Niels Jerne and Claudia Henry published a paper where they dissected the
opposing immunoregulatory effects of IgG and IgM on antibody responses to sheep
erythrocytes (SRBC) (Henry and Jerne 1968). SRBC-specific IgG (then denoted 7S
antigen receptors), SRBC-specific IgM (19S antigen receptors) or a mixture of the
two antibodies were administered intravenously to mice. Within one hour, the mice
received an intravenous dose of SRBC and a few days later the active IgM-response
was measured as hemolytic plaque-forming cells per spleen. With this assay, single
plasma cells secreting IgM anti-SRBC can be measured: one hemolytic plaque
represents one plasma cell (Jerne and Nordin 1963). Comparisons between groups
given SRBC alone and groups given IgM prior to SRBC showed that IgM enhanced
the response, provided suboptimal doses of antigen were used. In contrast, IgG
suppressed more than 99% of the response and, interestingly, a mixture of IgG and
IgM had an intermediate effect.

Thus, by separating antibodies into IgM and IgG instead of using whole serum,
Henry and Jerne found that different isotypes could have different regulatory effects
(Henry and Jerne 1968). Their paper was the start of modern studies of antibody
feedback regulation and was also the foundation for B.H.’s Ph.D. studies in Hans
Wigzell’s laboratory in Uppsala in the 1980s. At that time, Niels Jerne’s network
theory, based on the notion that antibodies and B cell receptors (BCRs) also con-
stitute antigens, was very much discussed (Jerne 1974). The epitopes of the
antigen-binding regions of a certain antibody or BCR is defined as its idiotype.
Since our antibody repertoire can recognize all antigens in the universe, an idiotype
will be recognized by so called anti-idiotypic antibodies. In the 1970s and 1980s
such idiotype/anti-idiotype interactions were thought to be of major importance in
regulation of the immune response, and we set out to investigate whether
IgM-mediated enhancement could be explained by network regulation. Whereas
another laboratory reported that an anti-SRBC response could be generated in mice
given IgM anti-SRBC without antigen (Forni et al. 1980), we failed to find evidence
of anti-idiotypic regulation by IgM (Heyman et al. 1982).

Today, the most favored explanation for how specific IgM can feedback-enhance
antibody responses is that IgM, binding to an antigen, rapidly activates complement
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thus forming an IgM-antigen-complement complex. This complex can bind to
complement receptors 1 and 2 (CR1/2) which are expressed on B cells and FDCs
and are known to play an important role in the generation of robust antibody
responses [reviewed in (Sörman et al. 2014)]. Binding of immune complexes to
these receptors can positively influence the antibody response in at least three
different ways, and the relative importance of these is currently not understood.
First, co-crosslinking of CR2 and BCR lowers the threshold for B cell activation
and an immune complex could serve as the crosslinker (Carter et al. 1988). Second,
marginal zone (MZ) B cells shuttle between the MZ and the B cell follicles
(Cinamon et al. 2008; Arnon et al. 2013) and because they express high levels of
CR1/2, they can transport complement-opsonized immune complexes into the
follicle (Youd et al. 2002; Ferguson et al. 2004; Cinamon et al. 2008). Third, the
deposition of immune complexes onto FDCs is most likely facilitated by their
expression of CR1/2.

Below we will review the experimental observations leading to the hypothesis
that antigen-specific IgM enhances antibody responses by activating complement
and forming IgM-antigen-complement complexes which bind to CR1/2.

2 Basic Parameters of IgM-Mediated Enhancement

2.1 Antigens

IgM has generally been reported to enhance responses to large antigens such as
erythrocytes (Henry and Jerne 1968; Dennert 1971; Wason 1973; Schrader 1973;
Heyman et al. 1982; Whited Collisson et al. 1983; Heyman et al. 1985), malaria
parasites (Harte et al. 1983), keyhole limpet hemocyanine (KLH) (Ding et al. 2013)
and haptens coupled to KLH (Enriquez-Rincon and Klaus 1984; Coulie and Van
Snick 1985; Youd et al. 2002) but occasionally IgM enhances responses to small
proteins such as ovalbumin (OVA) (Whited Collisson et al. 1983). Notably, also
human IgM enhances antibody responses as discovered during studies of Rhesus
prophylaxis. Here, IgG anti-Rh suppressed and IgM anti-Rh enhanced the
Rhesus-specific antibody responses (Clarke et al. 1963). IgM can only enhance
responses to suboptimal doses of antigen (Henry and Jerne 1968; Powell et al.
1982; Lehner et al. 1983).

2.2 The IgM Molecule and Mode of Administration

Not only polyclonal, but also monoclonal IgM antibodies (Heyman et al. 1982;
Powell et al. 1982; Harte et al. 1983; Coulie and Van Snick 1985; Heyman et al.
1988a; Youd et al. 2002) can enhance antibody responses. This finding is difficult to
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reconcile with idiotypic network regulation because a monoclonal IgM antibody
cannot be expected to bind to more than a few BCRs and stimulation of only a few
B cells would go unnoticed. A wide range of IgM concentrations are able to
enhance (Dennert 1971; Heyman et al. 1982) but too high concentrations may lead
to suppression (Pearlman 1967; Möller and Wigzell 1965), probably owing to
epitope masking. IgM can have dual effects also in other situations. IgM is gen-
erally administered within 2 hours of the antigen but delaying IgM-administration
until 1–2 days after antigen may result in suppression instead of enhancement
(Wason 1973). Moreover, IgM that enhances in vivo can have a suppressive effect
in vitro (Schrader 1973) and to our knowledge there are no reports showing that
IgM-mediated enhancement works in vitro.

The structural requirements on the IgM molecule for ability to enhance has been
scarcely studied. As will be discussed in detail in Sect. 4.1, monoclonal as well as
polyclonal IgM with a point mutation in the constant part of the l heavy chain
leading to inability to bind C1q, is unable to feedback enhance antibody responses
(Heyman et al. 1988a; Ding et al. 2013). Likewise, monomeric IgM, which cannot
activate complement, is unable to enhance (Youd et al. 2002). Hexameric IgM is a
more efficient complement activator than pentameric IgM (Davis et al. 1988), but
feedback regulation by hexameric IgM has not been studied.

2.3 Primary Antibody Responses

The vast majority of studies demonstrating IgM-mediated enhancement have ana-
lyzed primary IgM responses (Henry and Jerne 1968; Dennert 1971; Wason 1973;
Schrader 1973; Heyman et al. 1982; Whited Collisson et al. 1983; Heyman and
Wigzell 1985) using Jerne’s direct hemolytic plaque-forming cell assay (Jerne and
Nordin 1963). However, IgM enhances also primary IgG responses measured either
as indirect plaque-forming cells or serum IgG (Heyman et al. 1982; Heyman and
Wigzell 1985; Applequist et al. 2000; Rutemark et al. 2012; Ding et al. 2013). All
IgG subclasses (Heyman et al. 1985) as well as IgE (Strannegård and Belin 1971)
can be enhanced, and the IgG levels remain high during several months (Heyman
and Wigzell 1985).

The magnitude of the responses to SRBC and KLH administered together with
specific IgM, is similar to that seen with a 10-fold higher dose of antigen alone
although the responses to the higher doses of antigen alone peak earlier (Henry and
Jerne 1968; Youd et al. 2002).

2.4 Priming for Memory Responses

Mice primed with IgM + antigen and boosted with antigen alone, have an enhanced
secondary response (Heyman and Wigzell 1985; Youd et al. 2002). This was most
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clearly demonstrated in adoptive transfer experiments where spleen cells from the
primed mice were transferred to naïve recipients which were “boosted” with antigen
(Heyman and Wigzell 1985). Boosting the same mice that had been primed,
sometimes concealed the enhanced memory owing to feedback suppression
mediated by the higher levels of endogenous IgG anti-SRBC induced in
IgM + SRBC-primed mice (Heyman and Wigzell 1985).

2.5 Avidity of the Enhanced Response

The avidity of the response after administration of IgM and antigen has been
reported to be either unchanged (Whited Collisson et al. 1984) or enhanced (Corley
et al. 2005). In an experimental system where primed mice were challenged with
IgM-immune complexes, it was suggested that feedback regulation by endogenous
IgM drove affinity maturation (Zhang et al. 2013). When the injected IgM, forming
the immune complexes, had a low affinity the endogenous affinity maturation could
proceed. When high affinity IgM was injected, the affinity maturation was impaired.
These observations are probably due to IgM antibodies masking the antigen that
had bound to FDCs.

2.6 Germinal Center Responses

Specific IgM administered together with KLH or SRBC, promotes the formation of
germinal centers (Ferguson et al. 2004; Ding et al. 2013). Since germinal centers are
crucial for development of memory B cells and longlived plasma cells and for
affinity maturation, these results agree well with the observations that these
parameters are all enhanced by IgM (Heyman and Wigzell 1985; Youd et al. 2002;
Ferguson et al. 2004; Corley et al. 2005).

2.7 Specificity of the Enhanced Antibody Response

IgM-mediated enhancement is antigen specific, but usually IgM specific for one
epitope will lead to enhancement also of responses to other epitopes present on the
same antigen particle (Henry and Jerne 1968; Heyman et al. 1982; Coulie and Van
Snick 1985; Wason 1973; Whited Collisson et al. 1983; Heyman et al. 1988a; Ding
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et al. 2013). For example, mice immunized with IgM anti-SRBC together with
SRBC conjugated to OVA (SRBC-OVA) will have an enhanced antibody response
both to SRBC and OVA (Ding et al. 2013). Similarly to the observations that
monoclonal IgM antibodies are efficient enhancers, non-epitope-specific enhance-
ment is hard to reconcile with network regulation and suggest involvement of
Fc-mediated functions.

2.8 T Cells and IgM-Mediated Enhancement

IgM cannot enhance responses to erythrocytes in mice lacking T cells and thus
cannot compensate for T cell help (Whited Collisson et al. 1983; Powell et al. 1982;
Lehner et al. 1983; Coutinho and Forni 1981). Very few studies have addressed the
question of whether IgM can enhance T cell responses in parallel with antibody
responses. In a report using malaria-specific monoclonal IgM, an enhanced
induction of T helper cells was seen (Harte et al. 1983). On the other hand, IgM had
no effect on proliferation of OVA-specific T cells in mice immunized with IgM
anti-SRBC + OVA-SRBC although the antibody response was efficiently enhanced
(Ding et al. 2013). To resolve this question, further experiments are required.

3 Complement in Antibody Responses to Uncomplexed
Antigen

A still quite unknown function of complement is to facilitate humoral immune
responses [reviewed in (Sörman et al. 2014; Carroll 2008)]. This was first
demonstrated by the poor antibody responses to SRBC in mice depleted of C3 by
treatment with cobra venom factor (Pepys 1974). Subsequently, it was shown that
animals and humans lacking C1, C2, C3, C4, or the complement receptors 1 and 2
(CR1/2 or CD35/CD21) have severely impaired antibody responses. The main
ligands for CR1/2 are split products of factor C3 of the complement cascade and the
phenotype of mice lacking C1, C3, or C4 closely resembles that of mice lacking
CR1/2. Therefore, it is generally assumed that the impaired antibody responses seen
in C1-, C3-, or C4-deficient animals are explained by their failure to generate
ligands for CR1/2. In other words, the effects of these complement factors on
antibody responses would all be mediated via CR1/2. In mice, these two receptors
are splice variants from the same gene, Cr2, and are expressed on B cells and FDCs.
Recent data suggest that FDCs primarily express CR1 while B cells primarily
express CR2 (Donius et al. 2013).
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4 Complement in Antibody Responses to IgM-Antigen
Complexes

4.1 Complement Activation by IgM

IgM is a very efficient activator of the classical pathway and one single IgM
molecule can induce lysis of an erythrocyte (Borsos and Rapp 1965). IgM in
solution does not bind C1 and it is thought that binding to a multivalent antigen is
required to induce the conformation changes that expose the C1 binding sites
(Feinstein and Munn 1969; Czajkowsky and Shao 2009).

Regarding antibody-mediated feedback regulation, it is particularly interesting
that lack of C1q is associated with severe defects in antibody production against
SRBC (Cutler et al. 1998; Rutemark et al. 2011). C1q is required for activation of
the classical, but not the alternative or lectin, pathways. In the late 1980s, Marc
Shulman generated a series of mutant monoclonal IgM antibodies, one of which
(Mutant13) had lost its ability to bind C1q and to initiate hemolysis owing to a point
mutation in the l heavy chain (Shulman et al. 1987). We were interested to find out
whether the ability of IgM to enhance antibody responses was related to its ability
to activate complement. Therefore, mice were immunized mice with TNP-specific
Mutant13 or wild-type IgM together with SRBC-TNP or with antigen alone. The
results showed that only wildtype IgM was able to enhance antibody responses
(Heyman et al. 1988a). Recently, these findings were confirmed using
non-complement activating polyclonal IgM obtained from Cl13 knock-in mice,
which have the same point mutation as Mutant13 (see below) (Ding et al. 2013)
(Fig. 1). The importance of complement for IgM-mediated enhancement is further
supported by the observations that IgM cannot enhance in C3-depleted mice

Cµ13 knock-in mouse strain Mutant13 B cell hybridoma

Fig. 1 Mutant IgM from B cell hybridomas and from a knock-in mouse strain. The monoclonal
IgM anti-TNP, produced by the B cell hybridoma Mutant13, has a serine - > proline mutation in
position 436 of the IgM heavy chain leading to inability to bind C1q and to induce hemolysis
(Shulman et al. 1987). The Cl13 knock-in mouse strain has the same mutation in its genome and
all IgM antibodies produced by these mice are unable to bind C1q and to activate the classical
pathway (Rutemark et al. 2011)
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(Heyman et al. 1988a) and that monomeric IgM, which cannot activate comple-
ment, lost its enhancing capacity (Youd et al. 2002). The involvement of com-
plement raises the question whether IgM-mediated lysis of erythrocytes may render
them more immunogenic and that this is the mechanism behind the enhancing
effect. Two experimental findings argue against this idea. First, response to the
protein KLH, which cannot be lysed, is enhanced by IgM (Ding et al. 2013; Youd
et al. 2002; Ferguson et al. 2004). Second, IgM enhances responses to SRBC in
AKR mice which lack C5 and thereby the lytic pathway (Heyman et al. 1988a).

The complement dependence probably explains why enhancement is generally
limited to large antigens such as erythrocytes, malaria parasites, and KLH which are
large enough to allow IgM to bind with all five arms and assume the conformation
change required for C1 binding (Feinstein and Munn 1969; Czajkowsky and Shao
2009).

4.2 Complement Receptors 1 and 2, CR1/2, in Antibody
Responses to IgM-Antigen Complexes

The complement dependence of IgM-mediated enhancement led us to investigate
whether CR1/2 were involved in this feedback circle. At that time, there were no
CR1/2 knockout mice (Cr2−/−) available, but Taroh Kinoshita had developed a
monoclonal antibody, 7G6, which efficiently blocked the ligand-binding sites of
both CR1 and CR2 (Kinoshita et al. 1988). Initially, we pretreated mice with 7G6
and then immunized them with IgM anti-SRBC + SRBC + horse erythrocytes
(HRBC), or with SRBC + HRBC alone. HRBC was intended as a specificity
control, establishing that IgM enhanced only the SRBC response. To our surprise,
all mice treated with 7G6 had extremely low antibody responses both to SRBC and
HRBC. The conclusion was that CR1/2 were required for all types of antibody
responses, and not only for those enhanced by IgM, and led to the first publication
of the dramatic role of CR1/2 for antibody responses in vivo (Heyman et al. 1990).
Subsequently, other laboratories generated Cr2−/− mice and confirmed the impor-
tance of CR1/2 in antibody responses (Molina et al. 1996; Ahearn et al. 1996).
Using such mice, we were able to show that IgM could not enhance in the absence
of CR1/2 (Applequist et al. 2000; Rutemark et al. 2012) whereas IgE- and
IgG2a-mediated enhancement, used as positive controls, remained intact
(Applequist et al. 2000). Interestingly, enhancement by murine IgG3 is also
dependent on CR1/2 (Diaz de Ståhl et al. 2003; Zhang et al. 2014).

As mentioned above, CR1/2 are expressed on B cells and FDCs in mice. Studies
in bone marrow chimeras between CR1/2 knockout and wild-type mice showed that
optimal IgM-mediated enhancement required that both B cells and FDCs expressed
CR1/2 (Rutemark et al. 2012). However, less pronounced enhancement was also
seen when only FDCs or only B cells expressed the receptors (Rutemark et al.
2012) (Fig. 2).
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4.3 Cl13 Knock-in Mice with a Point Mutation in the IgM
Heavy Chain Abolishing C1q-Binding

The observation that lack of C1q of the classical pathway leads to impaired primary
antibody responses seems paradoxical for two reasons: (i) also alternative and lectin
pathway activation would generate the C3 fragments which are the ligands for
CR1/2, and (ii) the classical pathway is activated by antibodies binding to their
antigens and, in naïve mice, very little specific antibodies would be present at the
time of immunization. In 1998, it was found that mice lacking secretory IgM had
impaired antibody responses and that the responses could be restored by transfer of
non-immune IgM from normal mouse serum (Ehrenstein et al. 1998). This led to a
possible explanation to the paradox described above, suggesting that natural IgM,
present in naïve mice, would bind antigen with low affinity, activate complement
and facilitate an early primary response in the same way as specific IgM does
during feedback-enhancement. Once specific IgM is produced, classical
IgM-mediated enhancement would ensue thus further potentiating the response.

During B.H.’s sabbatical with Michael Carroll, starting in 2001, we decided to
test this hypothesis and generated knock-in mice (Cl13), carrying the same point
mutation in the l heavy chain as the Mutant13 IgM, known to be unable to activate
complement and to enhance antibody responses (Shulman et al. 1987; Heyman
et al. 1988a). As a consequence of the mutation, all IgM antibodies produced by
these mice, regardless of specificity, are unable to bind C1q. A.S. (neé Bergman)
and Christian Rutemark, both junior Ph.D. students in B.H.’s lab at the time,

Fig. 2 CR1/2 on B cells and FDCs are required for optimal antibody responses to IgM-SRBC
complexes. BALB/c and Cr2−/− mice were irradiated and reconstituted with either BALB/c or
Cr2−/− bone marrow. Six weeks later they were immunized as indicated and screened for IgG
anti-SRBC in serum. Two statistical comparisons were made, both using Student’s t-test. First,
comparisons between the responses in mice immunized with SRBC alone versus IgM + SRBC (to
determine whether IgM enhanced antibody responses significantly); * = p < 0.05; ** = p < 0.01;
*** = p < 0.001. Second, comparisons between the responses between various chimeras
immunized with IgM + SRBC (to determine whether CR1/2+ B cells contributed significantly to
the antibody response to IgM + SRBC in mice with CR1/2+ FDCs (E vs. F) and CR1/2− FDCs (G
vs. H); ° = p < 0.05; °° = p < 0.01; °°° = p < 0.001. Non-significant differences are not indicated.
Adapted from (Rutemark et al. 2012)
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immunized Cl13 and wild-type animals with KLH or SRBC and compared their
antibody responses. In the majority of the experiments, no significant differences
between responses in wild-type and Cl13 mice were seen (Rutemark et al. 2011).
Occasionally, the antibody responses in Cl13 mice were slightly reduced but not
nearly to levels as low as those seen in CR1/2 knockout mice (Rutemark et al.
2011). Thus, it appeared that the ability of natural IgM to activate complement did
not explain the requirement for classical pathway activation in primary antibody
responses. Possibly, the antigen doses that were tested were too high or other
C1q-activating substances may play a role. Nevertheless, this was an unexpected
result which prompted further investigations described below Sects. (4.4 and 4.6).

4.4 FclR (Toso/Faim3) and IgM-Mediated Enhancement

In 2012, two research groups published that mice lacking the Fc-receptor for IgM,
FclR (Toso/Faim3), had impaired antibody responses to suboptimal doses of
antigen (Ouchida et al. 2012; Honjo et al. 2012). This opened the possibility that
FclR could be involved in IgM-mediated feedback enhancement. The conclusion
that IgM-mediated enhancement depends on the ability of IgM to activate com-
plement was based on the loss of enhancing capacity by monoclonal or polyclonal
IgM with the same point mutation in the l heavy chain (Heyman et al. 1988a; Ding
et al. 2013) and on the loss of enhancing capacity by monomeric IgM (Youd et al.
2002). Hypothetically, the IgM mutation could also have affected FclR binding and
monomeric IgM may not bind to FclR. In collaboration with Ji-Yang Wang’s
laboratory, we addressed this question and found that IgM from Cl13 knock-in and
wildtype mice bound equally well to cells expressing FclR (Ding et al. 2013).
Thus, since IgM from Cl13 mice was unable to enhance antibody responses and to
activate complement but bound well to FclR (Ding et al. 2013), the results strongly
suggest that complement activation, but not FclR binding, is required for induction
of enhancement.

4.5 Other IgM-Binding Receptors and IgM-Mediated
Enhancement

Not only FclR (Toso/Faim3), but also poly-IgR (pIgR) (Johansen et al. 2000),
Fca-/lR (Ohno et al. 1990; Shibuya et al. 2000), and CD22 (Adachi et al. 2012) are
known to bind IgM. However, their involvement in IgM-mediated enhancement has
not been studied.
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4.6 Specific IgM from Wildtype but not Cl13 Mice, Causes
Rapid Deposition of C3 on SRBC in Vivo

Possible caveats when testing the complement activation by Mutant13 and IgM
from Cl13 mice are that tests are performed in vitro and that guinea pig comple-
ment, instead of mouse complement, is used. To compare physiological comple-
ment activation by wild-type and Cl13 IgM in vivo, SRBC-specific IgM of either
type was administered intravenously to mice which 30 min later were given SRBC.
In blood obtained as early as one minute after the last injection, large amounts of C3
fragments were deposited on SRBC in mice given wild-type but not Cl13 IgM
(Ding et al. 2013). Thus, IgM binds to intravenously administered antigens and
activates the classical pathway within seconds, leading to heavy deposition of C3
fragments on the antigen. It is easy to envisage that the complement-opsonized
SRBC seen in mice given IgM and SRBC (Ding et al. 2013; Sörman et al. 2014)
will bind to CR1/2.

5 Transport of IgM-Antigen Complexes to Splenic B Cell
Follicles

Early studies reported a correlation between the degree of IgM-mediated
enhancement of the antibody response to SRBC and how much 51Cr-labeled
SRBC was trapped in the spleen (Dennert et al. 1971; Dennert 1971). More
recently, Richard Corley’s laboratory, using monoclonal IgM anti-NP, found that
pentameric, but not monomeric IgM in complex with NP-BSA caused localization
of antigen on FDCs in splenic B cell follicles (Youd et al. 2002). In mice lacking
CR1/2 or C3, the IgM-antigen complexes were trapped in the MZ and did not move
further into follicles. The same pentameric, but not monomeric
(non-complement-activating) IgM, enhanced antibody responses to NP-KLH.
Enhancement against NP-BSA was not investigated, or at least not reported. The
same laboratory later reported that the cells responsible for transport of
IgM-NP-BSA complexes from the MZ into the follicle were MZ B cells (Ferguson
et al. 2004). Subsequently, Cinamon et al. showed that MZ B cells shuttle between
the MZ and the follicle and deliver TNP-Ficoll to FDCs (Cinamon et al. 2008).
Intravital imaging of MZ B cells demonstrated that as much as 20% of the cells
exchanged compartment every hour (Arnon et al. 2013). Another study where
virus-like particles (VLP) were used as antigens, showed that VLP-dimers required
specific IgM for transport into follicles, whereas larger VLPs only required natural
IgM (Link et al. 2012). In analogy to the studies above, follicular localization
generally required CR1/2, C3, and C1q (Link et al. 2012). Thus, although only one
study directly correlated IgM-mediated enhancement of antibody responses to
antigen localization to the spleen (Dennert 1971), the other studies described above
are highly compatible with such a scenario.
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6 Summary and Concluding Discussion

The molecular mechanisms behind the onset of an antibody response are compli-
cated and not yet fully understood. A current model, based on recent reviews
(Victora et al. 2010; Vinuesa et al. 2010; Chan and Brink 2012; Heesters et al.
2014), is presented in Fig. 3. The question of major interest for the present dis-
cussion is how specific IgM can interfere with these processes and cause the
enhancement of primary IgM and IgG responses, germinal center formation and
induction of memory responses described above.

A central finding is that IgM must be able to activate complement in order for
enhancement to be initiated (Heyman et al. 1988a; Youd et al. 2002; Ding et al.
2013). Studies in mice immunized with IgM anti-SRBC + SRBC show that the
SRBC in circulating blood are covered by C3 fragments already 10 s after
immunization (Sörman et al. 2014). The role of complement in IgM-mediated
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enhancement seems to be to opsonize antigen for binding to CR1/2 rather than to
increase the immunogenicity of the antigen through hemolysis: IgM enhances in
mice lacking C5, a factor required for the lytic pathway (Heyman et al. 1988b) but
not in mice lacking CR1/2 (Applequist et al. 2000; Rutemark et al. 2012).

CR1/2 are expressed on B cells and FDCs in mice. The only study which to our
knowledge has addressed the question of which of these cells must express CR1/2
in order for IgM to be able to enhance antibody responses, was done in bone
marrow chimeras with SRBC as the antigen and measured IgG responses
(Rutemark et al. 2012). Expression of CR1/2 on both FDCs and B cells were
required for optimal enhancement by IgM. However, expression on FDCs alone
resulted in an intermediate enhancement and expression on B cells alone resulted in
a weak enhancement (Rutemark et al. 2012) (Fig. 2).

Starting with B cells, at least three mechanisms have been described through
which they, via CR1/2, could hypothetically increase antibody responses. In vitro,
they can take up and present complement-opsonized antigens to T cells (Thornton
et al. 1996; Boackle et al. 1997) and they can co-crosslink the CR2/CD19/CD81
complex and the BCR, lowering the threshold for B cell signaling (Carter et al.
1988; Matsumoto et al. 1993; Dempsey et al. 1996). In vivo, MZ B cells can
transport complement-opsonized antigens into the B cell follicles (Youd et al. 2002;
Ferguson et al. 2004; Cinamon et al. 2008; Link et al. 2012; Arnon et al. 2013). To

JFig. 3 Schematic overview over generation of antibody responses in the spleen. (1a, b) Antigen
enters the splenic B cell follicles. Small antigens can enter via conduits (Nolte et al. 2003) whereas
larger antigens, e.g. KLH, bind to MZ B cells via complement receptors (Ferguson et al. 2004) (1a,
b). These cells shuttle between the MZ and the follicle and deposit antigen on FDCs (Cinamon
et al. 2008) (1a). (2a) In the follicle, antigen is recognized by naïve follicular B cells which migrate
towards the T cell zone after antigen encounter. (2b) T cells are simultaneously activated by
antigen-presenting cells displaying peptides on their MHC-II. (3) A subgroup of the activated T
cells upregulate CXCR5 and down-regulate CCR7, causing them to migrate towards the T-B-cell
border where they meet and activate specific B cells. (4) Some of the activated B cells differentiate
into short-lived extrafollicular plasma cells, mainly producing IgM (MacLennan et al. 2003). The
majority of the activated B cells proliferate and form the dark zone of the germinal center. (5) In
the dark zone, B cells undergo somatic hypermutation and then migrate to the light zone. (6) Some
of the activated T cells are further triggered by the B cells to upregulate CXCR5 and differentiate
into TFH cells and move towards the light zone. (7) Here, B cells meet FDCs that display intact
antigens on their dendrites (Heesters et al. 2013). (8) High affinity B cells capture the antigen,
process and display it on MHC-II to a limiting number of TFH cells, which provide the B cells with
survival signals ensuring that B cells with the highest affinity survive (Schwickert et al. 2011;
Shulman et al. 2013; Gitlin et al. 2014). The high affinity B cells subsequently undergo
class-switch recombination. (9) Some B cells differentiate into memory B cells or high affinity
longlived plasma cells which exit the follicles. Others return to the dark zone for another round of
hypermutation. As detailed in the text, experimental observations suggest that specific IgM,
through its ability to deposit C3 fragments onto the antigens, can interfere in the generation of
antibody responses at several levels: (1a, b) Transport of IgM-antigen-complement complexes by
CR1/2+ MZ B cells into the follicle. (2a) Co-crosslinking of BCR and CR2/CD19/CD81 by
IgM-antigen-complement complexes leading to facilitated B cell signaling and/or increased B cell
activation simply owing to increased levels of antigen. (7) capture of antigen on FDCs for
presentation to B cells during the affinity maturation process
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date, there is no evidence that antigen presentation to CD4 T cells via increased
uptake of IgM-immune complexes by B cells via CR1/2 plays a significant role
in vivo but it is noteworthy that the influence of IgM on activation of the T
follicular helper cell subset has not been selectively investigated. However, IgM
does not enhance activation and proliferation of adoptively transferred transgenic
antigen-specific CD4 T cells although the antibody responses were enhanced in the
same animal (Ding et al. 2013). Similarly, studies of the role of CR1/2 for in vivo T
cell responses to uncomplexed antigen did not reveal a role for these receptors
(Gustavsson et al. 1995; Da Costa et al. 1999; Carlsson et al. 2009). Moreover,
mice lacking CR1/2, or mice where the receptors were blocked, have poor antibody
responses to T cell independent antigens (Thyphronitis et al. 1991; Wiersma et al.
1991; Carlsson et al. 2009). Since such antigens do not need to be processed and
presented to T cells in order to induce antibody responses, the observations are hard
to reconcile with an in vivo role for CR1/2 in antigen presentation to T cells. This
reasoning leaves antigen transport by MZ B cells and facilitated B cell signaling as
two non-mutually exclusive mechanisms through which B cells can be involved in
IgM-mediated enhancement. The increased availability of antigen as a result of
MZ B cell-mediated transport of IgM-complement-opsonized antigens into the
follicle could lead to increased deposition of antigen on FDCs (Fig. 31a, 7). It could
also lead to increased activation of specific follicular B cells in general and/or to
increased B cell signaling caused by complement-opsonized antigens
co-crosslinking the BCR and the CR2/CD19/CD81 co-receptor complex
(Fig. 31b, 2a). The relative importance of B cell-mediated antigen transport versus
B cell signaling is presently unknown. However, since the early IgM responses
induced by specific IgM probably represent an extrafollicular response, neither
transport of antigen into follicles nor binding to FDCs would be required.
Therefore, it seems likely that in this situation co-crosslinking of BCR and
CR2/CD19/CD81 plays a significant role.

Not only B cells but also CR1/2+ FDCs are important for optimal IgM-mediated
enhancement, and judging from the only direct experiment testing their relative
roles, FDCs are the most important cells (Rutemark et al. 2012) (Fig. 2).
Complement-opsonized antigen, transported into follicles either via MZ B cells or
via other pathways, is likely to be captured by FDCs and presented to B cells
competing for antigen after their hypermutation processes (Fig. 31a, 7).

In conclusion, specific IgM must be able to activate complement in order to
enhance antibody responses and ligation of CR1/2 on both B cells and FDCs are
involved. The ability of specific IgM to enhance antibody responses is likely to play
a physiological role in optimizing antibody responses. Since also natural IgM and
FclR influence antibody responses, the relative roles of these components and
those of specific IgM and complement is an interesting subject for future research.
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