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ABSTRACT 

Antibodies, forming immune complexes with their specific antigen, can cause complete suppression or 
several 100-fold enhancement of the antibody response. Immune complexes containing IgG and IgM may 
activate complement and in such situations also complement components will be part of the immune 
complex. Here, we review experimental data on how antibodies via the complement system upregulate 
specific antibody responses. Current data suggest that murine IgGl, IgG2a, and IgG2b upregulate anti-
body responses primarily via Fc-receptors and not via complement. In contrast, IgM and IgG3 act via 
complement and require the presence of complement receptors 1 and 2 ( CR1/2) expressed on both B 
cells and follicular dendritic cells. Complement plays a crucial role for antibody responses not only to 
antigen complexed to antibodies, but also to antigen administered alone. Lack of Clq, but not of Fac-
tor B or MBL, severely impairs antibody responses suggesting involvement of the classical pathway. In 
spite of this, normal antibody responses are found in mice lacking several activators of the classical 
pathway (complement activating natural IgM, serum amyloid P component (SAP), specific intracellular 
adhesion molecule-grabbing non-integrin R1 (SIGN-R1) or C-reactive protein. Possible explanations to 
these observations will be discussed. 
0 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND 

license (http://creativecommons.org/licenses/by-nc-nd/3.0/). 

1. Introduction 

An important part of our immune system are the antibodies. 
These large protein molecules are essential in the defense against 

infectious agents such as bacteria and viruses, but can also be 
harmful. When reacting against self antigens, antibodies may cause 

autoimmune diseases and when reacting against non-infectious 

antigens, such as pollen, allergic disease can be induced. The conse-
quences of recognition of a target structure by an antibody depends 

on which effector functions the antibody can initiate, and this in 

turn depends on its isotype or subclass. An antibody's effector func-
tions are primarily mediated via binding to various Fc-receptors 

or by activation of the complement system. In addition to their 
role in attacking pathogens, antibodies can regulate the immune 

response against the antigen they bind to. This is evidenced by the 

observations that antigens administered to animals together with 

Abbreviations: BCR, B cell receptor; BSA, bovine serum albumin; CR1/2, com-

plement receptor 1 and 2 (CD35/CD21); CRP, C-reactive protein; FDCs, follicular 
dendritic cells; KLH, keyhole limpet hemocyanine; MBL, mannose binding lectin; 
MZ, marginal zone; OVA, ovalbumin; RhD, Rhesus D blood group; SAP, serum 

amyloid P component; SIGN-R1, specific intracellular adhesion molecule-grabbing 
non-integrin R1; SRBC, sheep red blood cells; TNP, trinitrophenyl. 

* Corresponding author. Tel.: +46 184714445. 

E-mail address: birgitta.heyman@imbim.uu.se (B. Heyman). 

specific antibodies can induce a dramatically different immune 

response than when the antigen is administered alone. The phe-

nomenon is known as antibody feedback regulation, and can result 
in complete suppression or several hundred-fold enhancement of 

the specific antibody responses (reviewed in Heyman, 2000, 2003, 
2013; Hjelm et at., 2006; Nimmerjahn and Ravetch, 2010). Not only 

passively transferred, but also endogenously produced antibodies 

affect immune responses. In the experimental situation, specific 
antibodies are administered in close temporal relationship to the 

antigen. This leads to enhanced or suppressed responses, usually to 

the entire antigen, independently of which epitopes the antibod-
ies bind to. Although antibody feedback regulation was discovered 

already in the end of the 19th century (von Behring and Wernicke, 
1892), the underlying mechanisms are incompletely understood. 

Instead of being presented with a "naked" antigen, the immune sys-
tem is presented with an immune complex consisting of antigen, 

antibody and often complement components. Since an immune 

complex can bind not only to BCRs but also to Fc- and comple-
ment receptors, it will have many possibilities to affect immune 

responses. 
Lack of certain factors of the complement system is known to 

cause severely impaired antibody responses both in animals and 

humans (Botto et al., 2009; Carroll and Isenman, 2012). Very little 
is known about how specific antibodies regulate human immune 

responses, but an interesting example is the so called Rhesus 

http://dx.doLorg/10.1016/j.molimm.2014.06.010 
0161-5890/C 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/). 
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prophylaxis. Pregnant women with the RhD negative blood group 

can become immunized against fetal RhD positive erythrocytes, 
acquired via transplacental hemorrhage. This can lead to produc-

tion of IgG anti-RhD in the mother and passage of these antibodies 
over the placenta may damage fetal erythrocytes. Administration 

of small doses of therapeutic IgG anti-RhD during pregnancy or 

immediately after delivery prevents maternal immunization and 
has brought the incidence of hemolytic disease of the newborn 

down dramatically ( Clarke et al., 1963; Urbaniak and Greiss, 2000). 
In contrast, administration of IgM anti-RhD led to an enhanced pro-

duction of anti-RhD antibodies (Clarke et al., 1963). These findings 

are paralleled by the ability of IgG to suppress and of IgM to enhance 
antibody responses to erythrocytes in experimental models, and 

suggest that the similarities between antibody feedback regulation 
in humans and animals are considerable. 

The focus of the present review will be on current understanding 

of antibody-mediated feedback regulation in experimental models 
where complement may be involved. Therefore, only regulation by 

IgM and IgG is discussed although also IgE has potent immunoreg-
ulatory effects (Getahun et al., 2005). 

2. Complement and antibody responses to uncomplexed 

antigens 

A role for complement in antibody responses was first recog-

nized when animals depleted of C3 by treatment with cobra venom 
factor showed a markedly impaired antibody response ( Pepys, 

1974). Now it is known that hereditary deficiencies or gene tar-

geting leading to lack of Cl qA and thereby the entire Cl q molecule 
(Cutler et al., 1998; Rutemark et al., 2011), C2 (Bitter-Suermann 

et al., 1981), C3 ( Fischer et al., 1996; OiNeil et al., 1988), C4 ( Fischer 
et al., 1996; Jackson et al., 1979; Ochs et al., 1983), or CR1/2 

(Ahearn et al., 1996; Carlsson et al., 2009; Croix et al., 1996; Fang 

et al., 1998; Molina et al., 1996; Rutemark et al., 2011, 2012; Thiel 
et al., 2012), lead to severely impaired antibody responses in many 

species, including humans (reviewed in ( Botto et al., 2009; Carroll, 
2004; Carroll and Isenman, 2012). Primary responses, memory 

responses, thymus dependent and thymus independent responses 

are affected. The influence of complement is more pronounced 
against suboptimal antigen doses, but also responses to antigens 

administered in adjuvants can be impaired. 

2.1. Primary importance of the classical pathway for antibody 
responses 

The complement cascade leading to cleavage of C3 can be acti-

vated via three pathways: the classical, lectin, and alternative 

pathways. Antibody responses in mice lacking Factor B of the alter-
native pathway (Matsumoto et al., 1997; Mehlhop and Diamond, 

2006) are normal. Mice lacking mannose-binding lectin ( MBL) 
of the lectin pathway have either normal, moderately higher or 

moderately lower antibody responses than wildtype mice ( Carter 

et al., 2007; Guttormsen et al., 2009; Lawrence et al., 2009; Ruseva 
et al., 2009). Noteworthy is that the defect occasionally seen in 

MBL-deficient animals is not nearly as severe as the defect in Cl q-
deficient mice (Cutler et al., 1998; Rutemark et al., 2011). Also 

ficolins can activate the lectin pathway. Mice deficient in ficolin 

A, ficolin B, both ficolin A and B, or MASP-2 (which completely lack 
lectin pathway activation but retain activation via the classical and 

alternative pathways) are more susceptible to Streptococcus pneu-
moniae infection than wildtype mice (Ali et al., 2012; Endo et al., 

2012). To our knowledge, no studies of antibody responses have 

been performed in these animals and therefore firm conclusions 
on whether the lectin pathway affects antibody responses cannot 

be drawn. However, the fact that antibody responses are severely 
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Fig. 1. Involvement of the complement system in antibody responses. Antibody 

responses in animals lacking the factors and receptors in red (bold) are severely 

impaired (C1 q, C4, C2, C3, CR1/2) whereas antibody responses in animals lacking 
factors in green (bold italics) are largely normal (complement-activating IgM, SIGN-

R1, SAP, CRP, MBL, CS, Factor B). Noteworthy is ( i) that disruption of the classical 

pathway alone leads to impaired antibody responses, although all pathways gen-

erate CR1/2 ligands and ( ii) that lack of Clq, but not of any of the tested classical 
pathway activators, leads to impaired antibody responses (adapted from Rutemark 

et al., 2011). 

impaired in Cl q-deficient mice, argues against a major role of either 

the lectin or the alternative pathway. An overview over the impor-
tance of complement factors for antibody responses can be found 

in Fig. 1. 

2.2. Linear relationship between Cl q, C2, C4, C3, and CR1/2 in 

antibody responses? 

The phenotype with regard to antibody responses is similar in 

animals lacking Cl q, C2, C4, C3, or CR1/2. Therefore, it is generally 
assumed that the complement system exerts its regulatory effects 

via CR1/2, and that the other factors are required merely to gener-
ate the C3 split products constituting the ligands for these receptors 

(iC3b, C3d(g), and C3b for CR1; iC3b and C3d(g) for CR2). Since 

all three pathways for complement activation are able to generate 
CR1/2 ligands, it is puzzling that only one is required for antibody 

responses. One possibility is that there is a quantitative difference in 
the ability of the activation pathways to cleave C3 and that only the 

classical pathway generates sufficient amounts of CR1 /2-ligands. 

Another possibility is that Clq plays two parallel roles which are 
both crucial for antibody responses, one complement-activating 

and one non-complement activating (Nayak et al., 2012). For the 
remainder of the discussion we will however assume that the roles 

of Cl q and CR1/2 in antibody responses are linked. 

2.3. CR1 versus CR2 in antibody responses 

Complement receptors 1 and 2 are primarily expressed on B cells 

and FDCs. In mice, both receptors are derived from one gene, Cr2, by 
alternative splicing ( Kurtz et al., 1990). Because of this, Cr2 knock-

out mice lack both receptors and most studies demonstrating the 

crucial role of CR1/2 on antibody responses have been performed in 
such animals. The initial observations that CR1/2 were involved in 

antibody responses were made with blocking monoclonal antibod-
ies ( Heyman et al., 1990; Thyphronitis et al., 1991). Treatment of 

mice with antibodies binding to both CR1 and CR2, but not to CR1 
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alone, led to severely impaired antibody responses upon immu-

nization (Heyman et al., 1990). Treatment of mice with a soluble 
CR2 molecule, competing with surface CR2 for ligand, also led to 

impaired antibody responses ( Hebei' et al., 1991). This suggested 

that CR2 played a more important role than CR1. Recently, mice 
selectively lacking CR1 have been generated by deleting the exons 

unique to CR1 from the Cr2 locus ( Donius et al., 2013). In such ani-
mals, the antibody responses to thymus dependent antigens were 

impaired, although not as dramatically as in CR1/2-deficient mice 

(Donius et al., 2013). In summary, it appears that both CR1 and CR2 
are involved in antibody responses. Their relative importance may 

depend on antigen type and dose as well as on administration route. 

2.4. How can primary antibody responses depend on the classical 

pathway alone when only low titers of specific antibodies are 
present to form immune complexes in naïve mice? 

Lack of Cl q leads to severely impaired primary responses ( Cutler 
et al., 1998; Rutemark et al., 2011). Since the major activators 

of the classical pathway are specific antibodies forming immune 
complexes with antigen, this raises the question of how such com-

plexes can be generated in naïve mice where presumably very low 

titers of specific antibodies are available. One possibility suggested 
to explain this enigma is that natural IgM, obviously present in 

naïve mice, binds to antigen with low affinity and activates comple-
ment, thereby forming the missing link explaining the requirement 

for classical complement activation in primary antibody responses 

(Ehrenstein et al., 1998). 

3. Natural IgM and enhancement of antibody responses 

Natural IgM is defined as IgM circulating prior to antigen chal-

lenge and is mainly produced by a subset of peritoneal B cells, the 

B-1 B-cells ( Baumgarth et al., 2005; Thurnheer et al., 2003). Immune 
IgM is mainly produced by conventional B-2 B cells, although both 

B-1 B cells and MZ B cells contribute to the production (Baumgarth 
et al., 2000; Carey et al., 2008; Choi and Baumgarth, 2008; Holodick 

et al., 2014; Kretschmer et al., 2003). Natural IgM can bind to a wide 

range of antigens with low affinity and plays an important role in 
early defense against bacteria, viruses, and parasites ( Ehrenstein 

and Notley, 2010; Gommerman et al., 2000; Ochsenbein et al., 
1999). Virus-like particles were unable to localize to B cell follicles 

in mice lacking Clq, C3, CR1/2, or secretory IgM and localization 

was restored by IgM from normal mouse serum ( Link et al., 2012). 
Natural IgM works together with Cl q to initiate innate control of 

S. pneumoniae infection (Brown et al., 2002), to neutralize virions 
Uayasekera et al., 2007) and to help in clearance of dying cells 

(Notley et al., 2011; Quartier et al., 2005), suggesting that the effec-

tor function of natural IgM in the defense against pathogens relies 
on complement activation. 

3.1. Is natural IgM the missing link explaining the role of the 
classical pathway in primary antibody responses? 

IgM present in naïve mice plays a role in antibody responses. 

Mice lacking secretory IgM have impaired antibody responses to 

hapten-conjugated KLH and to influenza virus ( Baumgarth et al., 
2000; Boes et al., 1998; Ehrenstein et al., 1998). The responses 

were restored by transfer of serum IgM from naïve mice prior to 
immunization, thus ascertaining that it was lack of IgM and not 

other effects on the immune system in these mice that caused the 

impaired antibody responses (Baumgarth et al., 2000; Ehrenstein 
et al., 1998). These results, together with the observations that 

immune IgM in complex with its antigen enhances antibody 
responses only if it can activate complement (Heyman et al., 1988a; 

Youd et al., 2002), formed the basis for the hypothesis that natural 

IgM was the missing link explaining the requirement for classical 

complement activation in primary antibody responses ( Ehrenstein 
et al., 1998). 

3.2. Cpt13 knock-in mice, which lack complement-activating IgM, 
have normal antibody responses 

To test whether natural IgM, in analogy with immune IgM, must 
activate complement in order to enhance antibody responses, a 

knock-in mouse strain ( Cµ13) was generated. A point mutation 
was inserted in the gene encoding the third constant domain of 

the IgM heavy chain, resulting in a serine to proline substitution 

in position 436 of the µ chain. The same substitution had previ-
ously been shown to result in production of IgM which was unable 

to bind Cl and to induce hemolysis (Shulman et al., 1987; Wright 
et al., 1988) as well as to enhance specific antibody responses 

(Heyman et al., 1988a). As expected, IgM produced by Cµ13 mice 

was also unable to activate complement (Rutemark et al., 2011) 
but bound as well as wildtype IgM to the FµR (Ding et al., 2013). 

Immunization of these mice with various doses of SRBC, KLH, or NP-
KLH, surprisingly revealed that their primary as well as secondary 

antibody responses were very similar to those in wildtype con-

trols ( Rutemark et al., 2011). In contrast, CR1/2- and Cl q-deficient 
mice had severely reduced responses (Rutemark et al., 2011). These 

observations suggested that natural IgM was not the classical path-
way activator explaining the role of Clq for primary antibody 

responses. Subsequently, mice lacking three other known classi-

cal pathway activators, SIGN-R1, CRP, or SAP were also shown to 
have normal antibody responses to SRBC (Rutemark et at., 2011). In 

conclusion, the involvement of natural IgM in antibody responses 
seems to be independent of its ability to activate complement. Pos-

sibly, natural IgM could act via the recently discovered EcµR, also 

shown to play a role in antibody responses ( Choi et al., 2013; Honjo 
et al., 2012; Ouchida et al., 2012). 

The observations that Cµ13 mice have normal antibody 
responses (Rutemark et al., 2011) leaves open the question of what 

does indeed activate the classical pathway, allowing its profound 

role in the generation of normal antibody responses. It cannot be 
excluded that a hitherto unknown classical pathway activator is 

involved. Another possibility is that two or more of the known 
classical pathway activators act redundantly and that single defi-

ciencies will not reveal an effect. Alternatively, the spontaneous 

low-level activation of Cl may suffice and no additional activation 
be required (Manderson et at., 2001). 

3.3. Summary 

Lack of Clq, C2, C4, C3, or CR1 /2 leads to severely impaired 
primary as well as secondary antibody responses to antigens 

administered alone. In spite of the crucial role of Clq, neither 

lack of complement-activating natural IgM, CRP, SIGN-R1, nor 
SAP, all of which are classical pathway activators, leads to the 

severely impaired antibody responses seen in Cl q-deficient mice. 
What activates Cl and generates Cl q in this situation is currently 

not understood. Through which mechanisms CR1/2, expressed 

on B cells and FDCs, may influence the antibody responses will 
be discussed in relation to enhancement of antibody responses 

by specific IgM ( Section 4.2). A possible scenario is depicted in 
Fig. 2A. 

4. Specific IgM and enhancement of antibody responses 

One of the cornerstones of the hypothesis that complement acti-

vation by natural IgM explains why Clq is of crucial importance 
for primary antibody response, was the earlier finding that spe-

cific IgM is able to enhance antibody responses in a complement 
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Fig. 2. Scenario for complement involvement in antibody responses to antigen 

alone, IgM-antigen complexes, or IgG3-antigen complexes. (A) Antigen alone. Cl 
is activated by an unknown factor, leading to complement deposition on the anti-

gen ( 1). The antigen-complement complex may then co-crosslink the BCR and the 

CR2/CD19/TAPA-1 coreceptor complex on B cells, lowering the threshold for B-cell 
activation (2'). Complexes can also be transported on MZ B cells into the follicle ( 2") 

and delivered to CR1/2" FDCs (3). To explain the observation that antibody responses 

are initiated also in the absence of CR1/2 on B cells ( Rutemark et al., 2012), it can be 

hypothesized that MZ B cells bind complexes via Fcp,Rs, that complexes are trans-
ported by other cell types, or that they are directly "fished" out from the marginal 

zone by FDC dendrites (2'"). (B) IgM-antigen complexes. IgM binds to the antigen 

and Clq is activated, leading to complement deposition ( IgM-IC) ( 1). IgM-IC may 
then co-crosslink the BCR and the CR2/CD19/TAPA-1 coreceptor complex on B cells, 

lowering the threshold for B-cell activation (2'). IgM-IC can also be transported on 

MZ B cells into the follicle (2") where they are delivered to CRI/2° FDCs (3). For 
responses to IgM-IC, CR1/2' B cells clearly play a role. However, low responses are 

seen even when B cells lack CR1/2 (Rutemark et al., 2012). Possibly MZ B cells bind 

IgM-IC via FcµRs, IgM-IC are transported by other cell types, or they are directly 

"fished" out from the marginal zone by FDC dendrites (2"). (C) IgG3-antigen com-
plexes. At least two IgG3 molecules bind the antigen and Clq is activated, leading 

to complement deposition ( IgG3-IC) ( 1). The IgG3-IC may then co-crosslink the BCR 

and the CR2/CD19/TAPA-1 coreceptor complex on B cells, lowering the threshold 
for B-cell activation (2'). Complexes can also be transported on CR1/2' MZ B cells 

into the follicle (2") and be delivered to CRI/2° FDCs (3). For responses to IgG3-IC, 

CR1/2" B cells clearly play a role. However, low responses are seen even though B 

cells lack CR1/2 (Zhang et al., 2014) and it cannot be excluded that IgG3-IC may also 
be transported into the follicle via FcµR" MZ B-cells or be directly "fished" out from 

the marginal zone by FDC dendrites (2"). 

dependent fashion. Already in the 1960s, it was discovered that IgM 

anti-SRBC, administered together with SRBC, enhanced the specific 
antibody response (Henry and Jerne, 1968). IgM upregulates pri-

mary IgM, IgG, and IgE responses as well as priming for memory 

responses (Heyman, 2000). In order to have this effect, IgM must 

be administered before or simultaneously with the antigen. 

4.1. Specific IgM must activate complement in order to enhance 
antibody responses 

IgM is an efficient activator of the classical pathway and sev-
eral observations demonstrate that this ability is required for its 

enhancing capacity. A monoclonal IgM anti-TNP antibody with the 
previously mentioned (Section 3.2) point mutation in the Cµ, heavy 

chain resulting in inability to activate complement, lost the enhanc-

ing effect of the wildtype IgM (Heyman et al., 1988a). Both SRBC-
and KLH-specific IgM, obtained from Cµ13 mice carrying the same 

mutation, were poor enhancers of antibody and germinal center 
responses while IgM from wildtype mice worked well ( Ding et al., 

2013). IgM from Cµ13 mice bound equally well to the FcµR as 

did wildtype IgM (Ding et al., 2013). This excludes that the loss of 
an enhancing effect was due to loss of binding to FcµR, a recep-

tor recently shown to play a role for antibody responses (Choi 
et al., 2013; Honjo et al., 2012; Ouchida et al., 2012). Another line 

of investigation demonstrated that monomers of IgM, which can-

not activate complement (Chen et al., 1997), lost the enhancing 
capacity of the corresponding pentameric IgM (Youd et al., 2002). 

The dependence on complement may explain why IgM can only 
enhance responses to particulate antigens, like erythrocytes (Clarke 

et al., 1963; Ding et al., 2013; Henry and Jerne, 1968; Heyman et al., 

1988a) or malaria parasites (Harte et al., 1983), or to KLH (Ding 
et al., 2013; Youd et al., 2002) which is a protein with a molecular 

weight of over 1000 kDa. Presumably, binding to an antigen larger 
than IgM itself is necessary to allow the conformation change which 

is required for Cl q binding (Czajkowsky and Shao, 2009). Further 

supporting a role for complement activation are studies in mice 
immunized with IgM anti-SRBC and SRBC, where a Clq-dependent 

deposition of C3 on SRBC in the blood could be detected as early 
as 10 s after immunization ( Fig. 3). IgM from Cµ13 mice failed to 

induce C3 deposition in a similar assay ( Ding et al., 2013). 

Suggestive of a role for complement are also observations that 
antibody responses to IgM-antigen complexes are impaired in C3-

depleted mice and in mice lacking CR1 /2 (Applequist et al., 2000; 
Heyman et al., 1988a; Rutemark et al., 2012). 

4.2. Mechanisms behind enhancement of antibody responses by 

specific IgM 

One of the most well known functions of complement is to 

lyse cells. However, it seems unlikely that this would explain IgM-
mediated enhancement of antibody responses since it works well 

in mice lacking C5 of the terminal pathway (Heyman et al., 1988a). 

Moreover, complement activation is required for IgM to enhance of 
responses to the proteins KLH and NP-KLH which cannot be lysed 

(Ding et al., 2013; Youd et al., 2002). 
Antibody responses to antigens administered alone is similar 

in animals lacking Clq, C2, C4, C3, or CR1/2. Likewise, antibody 

responses to antigens administered together with specific IgM 
are dependent on complement activation and are abrogated in 

C3-depleted and CR1 /2-deficient mice (Applequist et al., 2000; 
Heyman et al., 1988a; Rutemark et al., 2012). Therefore, it seems 

reasonable that the effects of specific IgM on antibody responses 

are also mediated via CR1/2, with IgM serving as an initiator of the 
classical pathway generating receptor ligands. 

4.2.1. Both B cells and FDCs must express CR1/2 for optimal 

responses to IgM-antigen 

In order to understand the mechanism behind IgM-mediated 
enhancement of antibody responses, it is of interest to find out on 

which cell type CR1/2 must be expressed to allow IgM to enhance 
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Fig. 3. C3 split products are deposited on IgM-SRBC complexes in vivo ten seconds after immunization. Wildtype and Cl qA-I- mice were immunized intravenously with 
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antibody responses. One way to differentiate between the involve-

ment of CR1/2-expressing FDCs and B cells is to study responses 
in bone marrow chimeric mice. FDCs are radioresistant stromal 

cells developing from vascular mural cells ( Krautler et al., 2012) 

whereas B cells are derived from radiosensitive hematopoietic 
stem cells. Wildtype or CR1/2-deficient mice can be irradiated and 

reconstituted with bone marrow from either strain. In this way, 
chimeras where both cell types, neither cell type, only B cells, or 

only FDCs express CR1/2 can be obtained. After immunization of 

such chimeras with IgM and SRBC, no response was seen in the 
total absence of CR1/2 whereas an optimal response required pres-

ence of CR1/2 on both B cells and FDCs (Rutemark et al., 2012). In 
mice where only FDCs expressed CR1/2, a lower response was seen 

and when only B cells expressed the receptors an even lower, but 

still significant response, was detected (Rutemark et al., 2012). 
Studies in chimeric mice which instead of being immunized 

with IgM-antigen were immunized with antigen alone, have given 
discrepant results. Some report that CR1/2 on FDCs play a pre-

dominant role for antibody responses (Brockman et al., 2006; Fang 

et al., 1998; Mattsson et al., 2011; Rutemark et al., 2012) and others 
that CR1/2 on B cells are more important (Ahearn et al., 1996; Croix 

et al., 1996). Mice selectively lacking CR1 have impaired antibody 
responses, albeit not as low as mice lacking both CR1 and CR2, thus 

implying that both receptors are important (Donius et al., 2013). 

Several mechanisms explaining the crucial role of CR1 /2 in anti-
body responses have been discussed. CR1/2 FDCs may serve to 

focus complement-coated antigen in the germinal centers. CR1/2' 
B cells may have at least three different functions: transport of anti-

gen into follicles, lowering of the threshold for B cell activation, or 

endocytosis and presentation of antigen to T helper cells. 

4.2.2. The role of FDCs 
FDCs play an important role in retaining complement-coated 

antigens and have been shown to present antigen on their den-
drites several months after immunization (Aguzzi et al., 2014; 

Mandel et al., 1981). An explanation to this amazing capacity was 

suggested by data showing that complement-coated antigen is 
recycled in FDCs and while it is present within the cell is located 

to a non-degradative compartment (Heesters et al., 2013). Antigen 
administered together with specific IgM localizes to FDCs ( Ferguson 

et al., 2004; Link et al., 2012; Youd et al., 2002) and localization was 

decreased in the absence of CR1/2, C3, or Clq ( Link et al., 2012). 
Few investigators have followed the antibody response in paral-

lel to antigen localization on FDCs. However, the findings above 
together with the observation that CR1 /2 on FDCs are required for 

optimal antibody responses to IgM-antigen complexes (Rutemark 

et al., 2012), strongly suggest that capture of antigen by FDCs is an 

important mechanism in IgM-mediated enhancement of antibody 
responses. 

4.2.3. The role of MZ B cells 
MZ B cells continuously shuttle between the marginal zone and 

the B cell follicle (Arnon et al., 2013; Cinamon et al., 2008). The 

exchange rate is surprisingly high with approximately 20% of the 
cells moving between the two compartments every hour (Arnon 

et al., 2013). Treatment of mice with an antagonist to the sph-
ingosine 1-phosphate receptors S1P1 and S1P3 (FTY720) results 

in displacement of MZ B cells from the marginal zone. In such 

animals, the thymus independent antigen TNP-Ficoll cannot be 
delivered to FDCs (Cinamon et al., 2008). Studies of how IgM affects 

this transport showed that pentameric, but not monomeric, spe-
cific IgM induced localization of antigen onto FDCs (Youd et al., 

2002). In mice lacking C3 and CR1/2, the IgM-antigen complexes 

were trapped in the marginal zone and did not move further on to 
FDCs (Ferguson et al., 2004; Youd et al., 2002). Moreover, FDCs in 

mice with reduced numbers of MZ B cells trap IgM-antigen less 
efficiently whereas FDCs in mice with reduced numbers of fol-

licular B cells trap IgM-antigen normally (Ferguson et al., 2004). 

Whether MZ B cells, in addition to facilitating localization of anti-
gen to FDCs also affect the ability of IgM-antigen to induce antibody 

responses, has not been directly studied. However, a role for MZ B 
cells is compatible with data showing that CR1/2-expressing B cells 

are required for optimal antibody responses against IgM-antigen 

(Rutemark et al., 2012). 

4.2.4. The role offacilitated B cell signalling after co-crosslinking 

of CR2/CD19/TAPA-1 and BCR 
In vitro, co-crosslinking of BCR and CR2/CD19/TAPA-1 lowers 

the threshold for B cell activation (Carter et al., 1988). Whether 
this pathway plays a role also in vivo is difficult to assess since the 

mere demonstration that CR1/2' B cells are required can also be 

explained by MZ B cell-mediated antigen transport into follicles. In 
bone marrow chimeras immunized with either IgM-SRBC or SRBC 

alone, a weak antibody response was seen in mice where only B 
cells expressed CR1/2 (Rutemark et al., 2012). This indicates that 

extrafollicular antibody production by CR1/2± B cells, in the absence 

of CR1/2' FDCs, benefits from the facilitated signalling resulting 
from co-crosslinking of BCR and CR2/CD19/TAPA-1. In a study of 

mixed allotype chimeric mice, B cells from wildtype ( Ig allotype b) 
and CR1 /2-deficient ( Ig allotype a) mice produced equal amounts 

of antibodies (Rutemark et al., 2012). This suggests that when FDCs 
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Table 1 

Antibody feedback regulation by specific IgM and IgG. 

Regulating Effect on Ab/CD4+ T cell Effective against 
isotype responses 

Complement 
dependent 

Fc-receptor Suggested mechanism(s) 
dependent 

IgM Enhancement/none 

IgG3 

IgGl, IgG2a, 

IgG2b 

IgGl, IgG2a, 

IgG2b, IgG3 

Enhancement/none 

Enhancement/enhancement 

Suppression/none 

Particulate Ags ( erythrocytes, 

malaria parasites) large 

proteins (KLH) 

Yes No FDC capture; MZB transport; B 

cell signalling (?) 

Proteins (OVA, BSA) Yes No FDC capture; MZ B cell 

transport; B cell signalling (?) 

Small and large proteins (OVA, No (?) Yes Increased Ag presentation to 

BSA, KLH) CD4+ T cells by dendritic cells 

No No Epitope masking and/or 

increased Ag clearance 

Particulate Ags ( erythrocytes, 

malaria parasites) 

express CR1/2, co-crosslinking of BCR and the CR2-receptor com-
plex is not further amplifying the antibody response. 

4.2.5. The role of antigen presentation to CD4+ T cells 

Several laboratories have shown that B cells can endocytose 
complement-containing immune complexes via CR1/2 and present 

the antigen to T cells in vitro (Boackle et al., 1997; Carlsson et al., 
2009; Cherukuri et al., 2001; Hess et al., 2000; Prechl et al., 2002; 

Thornton et al., 1994, 1996; Villiers et al., 1996). Early in vivo 
studies showed that blocking of CR1/2 with anti-CR1 /2 antibodies 

prior to immunization abrogated the antibody response to anti-

gen administered alone whereas priming of T helper cells was 
normal (Gustaysson et al., 1995). Subsequent studies in CR1/2-

deficient mice have confirmed these findings ( Carlsson et al., 2009; 
Da Costa et al., 1999). These studies were all performed after immu-

nization with antigen alone. To investigate whether specific IgM, 

administered together with antigen, affected T cell responses, the 
D011.10 system was used. Transgenic CD4+ T cells, specific for an 

OVA-peptide presented in MHC-II I-Ad, were transferred to naïve 

recipients which were subsequently immunized with IgM anti-
SRBC and SRBC-OVA. These animals had a higher antibody response 

to both SRBC and OVA than mice given SRBC-OVA alone (Ding et al., 
2013). In spite of this, IgM did not increase the proliferation or acti-

vation of OVA-specific T cells over the level seen in controls ( Ding 
et al., 2013). 

4.3. Summary 

Antigen-specific IgM which cannot activate complement, either 

because of a point mutation or because of its monomeric form, does 

not enhance antibody responses (Ding et al., 2013; Heyman et al., 
1988a; Youd et al., 2002) and wildtype IgM does not enhance in 

mice lacking C3 or CR1/2 (Applequist et al., 2000; Heyman et al., 
1988a; Rutemark et al., 2012). Thus, the ability of specific IgM to 

upregulate antibody responses depends on its ability to activate 
complement. In order to generate an optimal response to IgM-

antigen, CR1/2 must be expressed both on FDCs and B cells. This 

suggests that retention of antigen on FDCs together with trans-
port of antigen from the marginal zone to the follicle by MZ B 

cells, and possibly increased B cell signalling via co-crosslinking 
of BCR and CR2/CD19/TAPA-1, explains how IgM upregulates anti-

body responses (Fig. 2B). There is no evidence for a role of enhanced 

presentation of IgM-antigen-complement complexes to T cells by 
CR1/2 + B cells in vivo. 

5. Specific IgG and regulation of antibody responses 

The regulatory effects of IgG antibodies are complex for sev-

eral reasons. Most IgG subclasses can both activate complement 
and bind Fc-receptors. There is also evidence that these two 

systems directly interact ( Schmidt and Gessner, 2005), a recent 

example being that IgG immune complexes and FcyRIIB suppress 
C5a receptor functions ( Karsten et al., 2012). Fc-receptors can be 

either activating or inhibitory, are co-expressed on many of the cells 
in the immune system and a given Fc-receptor usually binds more 

than one IgG subclass (Nimmerjahn and Ravetch, 2006). Moreover, 

IgG can act both to suppress and to enhance antibody responses. 
The immunoregulatory effects of the IgG subclasses will be dis-

cussed below and are summarized in Table 1. 

5.1. Specific 1gG3 and enhancement of antibody responses 

Mice have four IgG subclasses, IgGl, IgG2a, IgG2b ( in some 
strains IgG2c), and IgG3. Murine IgG3 constitutes a small fraction 

of the total IgG response to T cell-dependent antigens but is the 
predominant IgG subclass in responses against T cell-independent 

type 2 antigens ( Perlmutter et al., 1978; Rubinstein and Stein, 1988) 

and plays an important role in defenses against pneumococcal sep-
sis ( McLay et al., 2002). IgG3 was initially thought to activate only 

the alternative pathway, but is now known to activate also the clas-
sical pathway (da Silveira et al., 2002). IgG3 binds to FcyRI, but not 

to any of the other Fc-yRs (Barnes et al., 2002; Gavin et al., 1998). 

Relatively little is known about the immunoregulatory func-
tions of IgG3, as compared to the other murine IgG subclasses. 

IgG3 administered together with proteins such as BSA or OVA 
enhances the antibody responses to these antigens, often several 

100-fold ( Diaz de Stahl et al., 2003; Hjelm et al., 2005). In anal-

ogy with IgM (Ding et al., 2013), IgG3 does not enhance CD4+ T 
cell responses (Hjelm et al., 2005). IgG3-mediated enhancement of 

antibody responses is impaired in mice lacking CR1/2 and in mice 
depleted of C3 ( Diaz de Stahl et al., 2003) but is unperturbed in mice 

lacking Fc-yRI (Diaz de Stahl et al., 2003; Hjelm et al., 2005). These 

observations strongly suggest that IgG3, again in analogy with IgM, 
uses the complement system for its immunoregulatory effects. 

All IgG subclasses can enhance antibody responses against BSA 
and OVA and bind to FcyRs. With the exception of IgGl, all sub-

classes can also activate complement. In spite of these similarities, 

IgG3 enhances antibody responses via complement (Diaz de Stahl 
et al., 2003; Hjelm et al., 2005) whereas IgGl, IgG2a, and IgG2b 

use FcyRs ( see Section 5.2). How can this be explained? Unlike 
the other subclasses, IgG3 acts as a cryoglobulin, precipitating in 

the cold (Abdelmoula et al., 1989). This is probably explained by 

the intermolecular cooperativity between the Fc regions of IgG3 
molecules, where binding of one molecule to, e.g. bacterial surfaces 

facilitates binding of other IgG3 molecules via Fc—Fc interactions 
(Cooper et al., 1991; Greenspan and Cooper, 1992). The current 

understanding is that two or more IgG molecules must bind to 

neighboring epitopes on the same antigen in order to bind Clq, and 
the intermolecular cooperativity between IgG3 molecules probably 

increases the chances for this to happen. The probability that IgG2a 
and IgG2b, which are not reported to exhibit intermolecular coop-

erativity, bind to the same antigen close enough to bind Cl q appears 
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smaller and may explain why they preferentially use Fc-receptors 

(Getahun et al., 2004; Wernersson et al., 1999). Interestingly, all 
human IgG subclasses form hexamers at cell surfaces ( Diebolder 

et at., 2014), and should this turn out to be true also for murine IgG, 
the explanation above is less likely. 

5.1.1. Mechanisms of IgG3-mediated enhancement of antibody 
responses 

Studies in bone marrow chimeras have shown that both B cells 
and FDCs need to express CR1 /2 for an optimal response to IgG3-

antigen (Zhang et at., 2014). IgG3-antigen binds to MZ B cells and 

can be found in follicles two hours after immunization (Zhang 
et al., 2014). These observations, as well as the dependence of 

complement and the failure to induce T helper cell responses, 
resembles the observations in IgM-mediated enhancement of anti-

body responses. Therefore, it is likely that the same mechanisms 

to upregulate antibody responses are used by IgG3 and IgM, i.e. 
antigen focusing on FDCs, antigen transport by MZ B cells and pos-

sibly enhanced B cell signalling owing to co-crosslinking of BCR and 
CR2/CD19/TAPA-1 (see Section 4.2) ( Fig. 2C). 

A noteworthy difference between the ability of IgM and IgG3 to 

enhance antibody responses is that IgM can only work with large 
antigens like erythrocytes, malaria parasites, and KLH whereas IgG3 

enhances responses against OVA and BSA (KLH has not been stud-
ied). A likely explanation is their different modes of complement 

activation. IgM depends on a large antigen to assume the confor-

mation change necessary for Clq binding (Czajkowsky and Shao, 
2009). IgG3 on the other hand, depends on intermolecular coop-

erativity, where probably binding of one IgG3 molecule to a small 
antigen suffices to attract other IgG3 molecules. The biological sig-

nificance of this may be that these isotypes complement each other 

in amplifying antibody responses, IgM taking care of large and IgG3 
of small antigens. 

5.1.2. Summary 

IgG3 enhances antibody, but not T helper cell responses to pro-
teins such as OVA and BSA. An optimal effect requires expression 

of CR1 /2 on both B cells and FDCs. The mechanism is most likely a 

combination of efficient transport of complement-coated antigen 
from the marginal zone to the follicles by MZ B cells followed by 

increased retention of these immune complexes by FDCs. 

5.2. Specific IgG1, IgG2a, and IgG2b and enhancement of 

antibody responses 

Regulation of antibody responses by IgGl, IgG2a, and IgG2b has 
been studied in much more detail than regulation by IgG3. These 

isotypes, administered together with proteins such as OVA, BSA, or 

KLH, enhance primary antibody responses and induction of mem-
ory ( Heyman, 2000). IgG2a administered with OVA also enhances 

the proliferation of specific CD4+ T cells in vivo (de Jong et al., 2006; 

Getahun et at., 2004; Hamano et al., 2000). 
Monoclonal antibodies made it possible to study the effect of 

individual IgG subclasses in detail. Experiments with a panel of 
TNP-specific IgGl, IgG2a, and IgG2b monoclonals administered 

together with TNP-KLH, demonstrated that IgG2a and IgG2b were 

able to enhance the carrier-specific response whereas IgG1 was a 
poor enhancer (Coulie and Van Snick, 1985; Wiersma et al., 1989). 

Since the IgG1 subclass is also a poor complement activator, these 
results provided indirect evidence that IgG-mediated enhance-

ment of antibody responses depended on complement. This idea 

was challenged by observations that wildtype and mutant (non-
complement activating) IgG2a antibodies were equally efficient 

enhancers of antibody responses in vivo (Nose and Leanderson, 
1989; Wiersma et al., 1990), that IgG2a and IgG2b enhance in C3-

depleted mice (Wiersma et al., 1990) and in mice lacking CR1/2 

(Applequist et al., 2000). In contrast, enhancement was abro-

gated in mice deficient in the common Fc-receptor -y chain ( FcR-y), 
which leads to lack of expression of activating Fc-receptors ( FcyRI, 

Fc-yRIII, and FcyRIV) (Getahun et al., 2004; Wernersson et at., 1999). 
These observations demonstrate that FcyRs are required for the 

ability of IgGl, IgG2a, and IgG2b to enhance antibody responses 

and that complement and complement receptors, present in the 
Fc-yR-deficient mice, were not sufficient to allow enhancement. A 

possible explanation to the findings that monoclonal IgG1 anti-
bodies were generally poor suppressors, may be that IgG1 binds 

better to inhibitory FuyRs than does IgG2a and IgG2b (Nimmerjahn 

and Ravetch, 2005). Since inhibitory FcyRs negatively regulate acti-
vating FcyRs, this, rather than poor complement activation, may 

explain the observed lack of enhancement by IgG1 ( Coulie and Van 
Snick, 1985; Wiersma et al., 1989). 

5.2.1. Summary 
Most experimental evidence point towards a role for FcyRs 

rather than complement in IgG1-, IgG2a- and IgG2b-mediated 
enhancement of antibody responses. The likely mechanism is that 

IgG-antigen is endocytosed by FcyR-expressing dendritic cells and 

subsequently presented to CD4+ T helper cells ( de Jong et al., 2006; 
Getahun et al., 2004; Haman° et al., 2000). 

5.3. Specific 1gG1, IgG2a, IgG2b, and IgG3 and suppression of 

antibody responses 

Although all IgG subclasses are able to enhance responses 

to proteins, they suppress antibody responses to erythrocytes 
(reviewed in ( Heyman, 2000, 2003). The same individual hapten-

specific monoclonal IgG antibody can enhance responses against 

haptenated proteins and suppress responses against haptenated 
erythrocytes, demonstrating that suppressive and enhancing prop-

erties of IgG co-exist in the same molecule (Enriquez-Rincon and 
Klaus, 1984; Wiersma et al., 1989). The dual effect of IgG may 

seem paradoxical, but considering the enormous size difference 

between e. g. OVA and SRBC, it is less surprising. The "length" of 
an IgG antibody is approximately 10 nm and the diameter of an 

erythrocyte 7 pm (7000 nm), which means that roughly 700 IgG 
molecules in a row are required to span the diameter of an eryth-

rocyte. In contrast, IgG is three times heavier than OVA ( 150 kDa 

for IgG versus 45 kDa for OVA). In spite of the successful applica-
tion of IgG-mediated suppression in clinical Rhesus prophylaxis 

(Urbaniak and Greiss, 2000), it is not clear how IgG mediates its 
suppressive effects. Both complement- and Fc-receptor-mediated 

mechanisms have been considered, but available data argue against 

involvement of either of the two. The background to this conclusion 
will be briefly described below. 

Fc-receptor binding as well as complement activation requires 
an intact Fc-portion of IgG. However, trying to determine whether 

F(ab')2 fragments of IgG can induce suppression have resulted 

in conflicting results, some reporting that the Fc-portion indeed 
is required and others that it is dispensable (for references, see 

Heyman, 2003). Using SRBC as model antigen, it has been shown 
that IgG suppresses well in mice lacking all known Fc-receptors for 

IgG ( Karlsson et al., 2001, 1999). 

All murine IgG subclasses are able to suppress antibody 
responses provided they have sufficient affinity for the antigen 

(Briiggemann and Rajewsky, 1982). Although most monoclonal 
IgG1 antibodies are unable to activate complement, exceptions 

have been described. When the suppressive ability of one IgG1 

antibody which could, and one which could not, activate comple-
ment was compared, both were equally efficient (Wiersma et al., 

1990). No studies using point mutated IgG antibodies have been 
performed in vivo. In vitro, an IgG2a anti-TNP antibody with a point 

mutation abrogating its ability to activate the classical pathway, 
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suppressed equally well as the wildtype (Heyman et al., 1988b). 

These two monoclonals were both unable to suppress in vivo, 
probably owing to poor affinity. Thus, direct comparison of sup-

pression by mutant and wildtype IgG antibodies in vivo is awaiting 
a suitable monoclonal IgG antibody. 

A different approach to elucidate the role of IgG-mediated com-

plement activation is to test suppression by wildtype IgG in mice 
lacking various complement components. An inherent problem 

with such studies is that the complement defect per se results 
in very low antibody responses also to SRBC administered alone. 

Nevertheless, we have found that IgG suppresses the already low 

antibody responses to SRBC in Cr2-/-, C3-/-, and ClqA-/- mice 
(unpublished data). 

5.3.1. Summary 
In conclusion, available experimental data suggest that neither 

complement activation nor Fc-receptor binding is required for the 

suppressive capacity of IgG antibodies. So far, no mouse strain 
has been identified in which IgG-mediated suppression is abro-

gated and the underlying mechanism awaits an explanation. Two 
not mutually exclusive possibilities are epitope masking and rapid 

(non-Fc-receptor-, non-complement-dependent) clearance of anti-
gen (Na et al., 2006). 

6. Concluding remarks 

Although all murine antibody isotypes are able to feedback 

enhance antibody responses, only specific IgM and IgG3 preferen-
tially utilize the complement system. Presence of CR1/2 is required, 

and these receptors must be expressed both on FDCs and B cells 

for optimal responses. Probably, transport of antigen by MZ B cells 
and subsequent retention of antigen on FDCs are the mechanisms 

behind IgM- and IgG3-mediated enhancement of the antibody 
response. The explanation for how complement regulates antibody 

responses to antigen administered alone, i. e. without specific anti-

bodies, is likely to be the same. Whether co-crosslinking of BCR 
and CR2/CD19/TAPA-1 plays a significant role in vivo is not clear. 

We do not yet understand why only the classical pathway, i.e. 
Clq, is required, since ligands for CR1 /2 can be generated also via 

the lectin and alternative pathways. One possibility is that a non-
complement activating function of Cl q is required in addition to 

its complement activating function (Nayak et al., 2012). Finally, we 

do not understand what activates the classical pathway, generat-
ing the Cl q obviously required for normal antibody responses: IgM, 

SIGN-R1, SAP, and SAP all seem dispensable. 
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