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Abstract

Secreted IgM (slgM) is a multifunctional evolutionary conserved antibody that is critical for the
maintenance of tissue homeostasis as well as the development of fully protective humoral
responses to pathogens. Constitutive secretion of self- and poly-reactive natural IgM, produced
mainly by B-1 cells, provides a circulating antibody that engages with autoantigens as well as
invading pathogens, removing apoptotic and other cell debris and initiating strong immune
responses. Pathogen-induced IgM production by B-1 and conventional B-2 cells strengthens this
early, passive layer of IgM-mediated immune defense and regulates subsequent IgG production.
The varied effects of secreted IgM on immune homeostasis and immune defense are facilitated
through its binding to numerous different cell types via different receptors. Recent studies
identified a novel function for pentameric IgM, namely as a transporter for the effector protein

” apoptosis-inhibitor of macrophages” (AIM/CD5L). This review aims to provide a summary of
the known functions and effects of sigM on immune homeostasis and immune defense, and its
interaction with its various receptors, and to highlight the many critical immune regulatory
functions of this ancient and fascinating immunoglobulin.
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Introduction:

The humoral immune system provides an intricate and complex response to protect the host
from infections and pathological alterations of cells and/or tissues. B cells, activated in
response to such alterations, begin to secrete immunoglobulins that can then bind to and
inactivate or eliminate the threat. The evolutionary highly conserved immunoglobulin
isotype M (IgM), forms the cell surface antigen receptor (BCR) of all developing B cells of
jawed vertebrates, is the first antibody to be generated in ontogeny, and the first to be
secreted during an immune response. Most secreted (s)IgM is generated as a pentameric Ig
molecule, displaying ten antigen-binding sites, which greatly enhances the avidity with
which it binds cognate antigen (Schroeder & Cavacini, 2010).

As recently shown, IgM is an asymmetric pentamer that also forms a pocket for an effector
protein, termed “apoptosis-inhibitor of macrophages” (AIM/CD5L), whose serum half-life is
greatly enhanced through binding to IgM (Hiramoto et al., 2018). In addition to IgM’s direct
effector functions and its AIM transport function, studies conducted for over 30 years have
shown direct immunoregulatory functions for sigM. Particularly intriguing are the immune-
enhancing effects of sigM for inducing maximal 1gG responses and the immune-protective
effects against the development of antibody-mediated autoimmune disease (N. Baumgarth et
al., 2000; Boes et al., 1998; Heyman, Pilstrom, & Shulman, 1988) (T. T. T. Nguyen, Graf,
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Randall, & Baumgarth, 2017). The mechanisms by which slgM regulates these processes
remain poorly understood, but recent studies have implicated the newly discovered FcuR in
facilitating direct interaction of sigM with cells of the immune system, specifically B and T
cells. Mice lacking the FcpR also show reduced 1gG responses following immunization and
infection and develop increased circulating autoantibody titers (S. C. Choi et al., 2013; T. T.
Nguyen et al., 2017; T. T. T. Nguyen et al., 2017). In this article, we review the initial
discovery of IgM, its structure and functions, and summarize the known interactions with
various IgM-binding receptors, focusing in particular on the FcuR. Although IgM was
identified >75 years ago, much remains to be learned about this evolutionarily highly
conserved immunoglobulin, and the receptors that support its effector and regulatory
functions.

The discovery of IgM:

The study of the humoral immune system was sparked In 1888 when the bacteriologist
George Nuttal demonstrated antibacterial properties in the serum of animals inoculated
previously with anthrax bacilli (Black, 1997; Crist & Tauber, 1997; Rowley & Wardlaw,
1958). In a landmark paper published in 1890, Emil von Behring with Shibasaburo Kitasato
reported that blood taken from rabbits vaccinated with tetanus bacteria and then injected into
mice, protected the mice against lethal doses of Clostridium tetani (Behring, 1890a). Shortly
thereafter, Von Behring published similar results using Corynebacterium diphtheria infection
of guinea pigs (Behring, 1890b; Hooper, 2015; Kantha, 1991). In 1894, Richard Pfeiffer
performed /n vitro experiments with Vibrio cholera showing that the plasma of previously
immunized guinea pigs could lyse the bacteria, terming this the “Pfeiffer’s phenomenon”
(Crist & Tauber, 1997), and thus providing a mechanism for the earlier discovered protective
capacity of serum. In 1930, Tiselius developed a technique, later adopted by Landsteiner, to
separate and visualize proteins by electrophoresis (Black, 1997). Using this technique,
Tiselius and Kabat In 1939 identified a major band of serum proteins (y-globulins), which
we now understand to contain most immunoglobulins (Black, 1997), (Hooper, 2015)
(Tiselius & Kabat, 1939).

The first inference of IgM was made in 1937 in horses immunized with pneumococcus
polysaccharide. The vaccine-induced anticarbohydrate antibodies were shown to be 3-4
times larger than y-globulins (Heidelberger & Pedersen, 1937). Immunoglobulin (M) (IgM)
was first characterized in 1944 via immunoelectrophoresis and ultracentrifugation by
Waldenstrom, Pederson, and Kunkel from patients with B cell lymphoma
(WALDENSTROM, 1944) (Wallenius, Trautman, Kunkel, & Franklin, 1957). In these
experiments, highly elevated concentrations of IgM were visualized. Originally named
macroglobulin, it was not until the 1960°s when the nomenclature for 1g-isotypes was
developed, that macroglobulin became the “M” in IgM (Black, 1997; Cohen, 1965; R
Ceppellini, 1964).

Expression of IgM:

All jawed vertebrates express IgM, including amphibians, reptiles, shark, fish, and mammals
(Wang, Coligan, & Morse, 2016) (Boyden, 1966), while jawless vertebrates, such as hagfish
and lamprey, lack IgM (Flajnik, 2002). IgM production can be detected very early, in
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humans as early as week 20 of gestation (Furth, 1965). The fact that both antigen-free and
germfree mice have serum IgM levels similar to that of SPF or conventional-housed mice
(300-800 pg/ml (Wang et al., 2016), suggested that foreign antigen exposure does not
control serum IgM concentrations (Ehrenstein & Notley, 2010), (Haury et al., 1997).
However, whether it may affect the specificity of the circulating IgM has not been analyzed.
The half-life of slgM is very short, with reports ranging from 8h — 2 days (Hughey, Brewer,
Colosia, Rosse, & Corley, 1998) in mice and 5-8 days in humans (Brekke & Sandlie, 2003).
In contrast, the half-life of IgG is closer to 3 weeks. Obvious sexual dimorphism exists in the
levels of circulating IgM, with female mice showing significantly higher serum IgM
concentrations than male mice. Recent studies have linked this difference to the regulation of
IgM-secreting cells by estrogen. With that, they also linked the presence of higher levels of
oligosaccharide-specific serum IgM to a selective survival advantage of females compared to
males following bacterial infection (Zeng et al., 2018).

Due to its large size, ~970 kDa, pentameric IgM does not easily extravasate into tissues
(Casali, 1998; Plomp, Bondt, de Haan, Rombouts, & Wuhrer, 2016)). Similar to dimeric
IgA, pentameric IgM can bind to the polymeric Ig receptor via its J (joining) chain, which
facilitates the transport of IgM across epithelial layers into the lumen of mucosal tissues (see
below; (Moh, Lin, Thaysen-Andersen, & Packer, 2016)). The lamina propria of the human
but not the mouse gastrointestinal tract contains significant frequencies of IgM plasma cells.
Secreted IgM, together with secretory IgA, seems to affect the gut microbial diversity by
binding to commensals and anchoring them in the mucus layer (Magri et al., 2017). Further
work is required to reveal the distinct functions of IgM and IgA binding to the microbiota
and to understand the apparent species-specific differences of these processes. IgA
deficiency in both humans and mice has surprisingly subtle effects on their health status,
given the large daily production of IgA and its presence on mucosal surfaces. The observed
compensatory increases of slgM in IgA-deficiency may explain, at least in part, these
findings (el, 2010).

A newly discovered structure for a very old molecule

IgM is structurally distinct from the other immunoglobulin subtypes. This is not only
because of its usually pentameric form (Schroeder & Cavacini, 2010),(Hiramoto et al., 2018)
but also because IgM lacks a flexible hinge region (Casali, 1998). Secreted and membrane
forms of IgM are generated by alternative splicing (Sitia et al., 1990), with membrane-bound
IgM expressing a hydrophobic transmembrane domain of ~25 amino acids at the hydroxy
terminus of the Ig-heavy chain and secreted IgM carrying a hydrophilic secretory tail at its
carboxy terminus. Cysteine residues at that tail prevent premature secretion and support the
assembly of the mature secreted form in the ER (Anelli & van Anken, 2013). In the absence
of the joining chain (J-chain), IgM usually aggregates into hexamers, which seems to bind
complement more efficiently (Petrusic et al., 2011), (Hughey et al., 1998). Increased
hexameric IgM in humans is present in disorders such as macroglobulinemia, while for
example, in Xenopus hexameric IgM is the predominant form of IgM (Parkhouse, Askonas,
& Dourmashkin, 1970). Very little information exists about the hexameric form and its
potential physiologic functions.
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Pentameric and monomeric IgM has been notoriously difficult to crystallize. The first
inference of the structure of IgM stems from negative stain electron microscopy
(Czajkowsky & Shao, 2009) (Hiramoto et al., 2018) (Feinstein & Munn, 1969). Without
antigen, IgM exhibited a planar, star-shaped complex. However, when bound to its cognate
antigen (flagella from Sal/monella sp.), a conformational change was visualized, with IgM
adopting a table-like conformation (Czajkowsky & Shao, 2009). More recently, through
cryo-atomic force microscopy, modeling of the antigen-free IgM pentamer was revised
showing that IgM adopts a non-planar, mushroom-shaped structure. Furthemore, the table-
like conformation following antigen-binding was shown to expose the C1q binding site on
the heavy chain constant region (Czajkowsky & Shao, 2009). Most recently, using single-
particle electron microscopy it was revealed that the IgM pentamer does not form a
symmetric pentameric star, as always assumed, but rather takes the form of an asymmetric
pentagon with one large gap at a 50° angle between two of the five IgM monomers
(Hiramoto et al., 2018). Surprisingly, this gap contained a serum protein, the “apoptosis
inhibitor expressed by macrophages” (AIM/CD5L). Thus, the data identified secreted IgM
not only as an effector protein but also as a transporter for another effector protein (Figure
1).

AIM/CD5L/SP-a is a member of the scavenger-receptor cysteine-like domain superfamily
and is produced by macrophages (T. Miyazaki, Yamazaki, Sugisawa, Gershwin, & Avrai,
2018). AIM is present in the serum, where its half-life is greatly enhanced by binding to IgM
(T. Miyazaki et al., 2018)((Arai et al., 2005; Koyama et al., 2018; Tissot et al., 2002). /n
vitro and in vivo studies with gene-targeted mice suggested that AIM is involved in the
regulation of apoptosis of developing CD4/CD8 double-positive thymocytes. However, its
high expression by tissue macrophages, including macrophages in the liver, peritoneal
cavity, and splenic red pulp, and its binding to low-density lipoproteins, among other
cholesterol-containing antigens, suggests that this molecule has additional functions that
require further study (Toru Miyazaki, Hirokami, Matsuhashi, Takatsuka, & Naito, 1999).
Specifically, it will be important to reexamine whether any of the many defects observed in
mice lacking slgM may be explained in fact by the lack of-or an altered availability of AIM.

Each human IgM heavy chain carries five N-linked glycosylation sites and an additional site
on the J-chain (Colucci et al., 2015) (Figure 1), accounting for 12—14% of its molecular
weight and making it the most heavily N-glycosylated antibody of humans (Arnold,
Wormald, Sim, Rudd, & Dwek, 2007). IgM’s function is significantly affected by
glycosylation. For example, sialylation was reported to support the internalization of IgM by
T cells, leading to inhibition of T cell responses, an effect diminished by the absence of
sialic acid (Colucci et al., 2015). Glycosylation of IgM at position 46 (N46) was shown to be
required for pre-BCR function (Ubelhart et al., 2010), and mutation of Asn-402 disables
complement protein C1-binding (Wright, Shulman, Isenman, & Painter, 1990). In contrast to
IgG, whose interactions with the various FcUR were shown to be critically affected by its
glycosylation (Arnold et al., 2007; Lloyd, Wang, Urban, Czajkowsky, & Pleass, 2017),
interaction of IgM with the hFCMR appears to be glycan independent (Lloyd et al., 2017).
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Natural IgM production: Two sites to a coin

Principally two types of secreted IgM have been distinguished in the literature based on their
cellular origins, regulation of their production, and overall function: natural IgM and
immune/induced IgM. Whereas the former is thought to be produced constitutively without
stimulation by a foreign antigen, induced IgM production is the direct outcome of a tissue
insult and/or infection. The two types of IgM have distinct modes of induction and distinct
repertoires, fulfilling a myriad of effector functions that we will outline below (Figure 2).

In mice, natural IgM production has been linked to a small subset of B cells, termed B-1
cells. These cells are of fetal/neonatal origin and are the initial source of IgM after birth.
Early adoptive transfer studies showed that much of the circulating IgM was produced by
these cells (Forster & Rajewsky, 1987) and subsequent studies using transfer of B-1 cells
into neonatal B cell-depleted mice showed that amount to be > 90% (Nicole Baumgarth,
Jager, Herman, Herzenberg, & Herzenberg, 2000; Lalor, Herzenberg, Adams, & Stall, 1989).
Others reported that marginal zone (MZ) B-cells also contribute to natural antibody
production in both humans and mice (Appelgren, Eriksson, Ernerudh, & Segelmark, 2018;
Ichikawa et al., 2015).

Serum concentrations of natural IgM are similar between mice held under standard housing
conditions, and those kept free of microbiota or even solid food antigens (Hooijkaas, Benner,
Pleasants, & Wostmann, 1984). The CD5+ B-1 cells in spleen and body cavities of germfree,
as well as SPF-housed, mice also showed very similar 1g-VH gene repertoires, supporting
the long-held concept of “natural” IgM production, i.e., production of IgM that is
independent of foreign antigen (Y. Yang et al., 2015). This was further supported by findings
that depletion or genetic ablation of T cells had little effect on serum IgM levels, while most
1gG subtypes were strongly reduced, suggesting that B-1 cells do not require T cell-
mediated activation in order to secrete IgM (Fehr et al., 1998; Kushnir et al., 2001).

Natural or “spontaneous” IgM production occurs mainly in the spleen and the bone marrow
(Y. S. Choi, Dieter, Rothaeusler, Luo, & Baumgarth, 2012; Haaijman, Slingerland-
Teunissen, Benner, & Van Oudenaren, 1979; Hooijkaas et al., 1984; Savage et al., 2017).
Two cell populations producing these antibodies have recently been identified: “classical”
non-terminally differentiated CD19+ Blimp-1"€9 CD43+ B-1 cells and B-1-derived CD19'
CD43+ Blimp-1PS plasma cells (Y. S. Choi et al., 2012; Reynolds, Kuraoka, & Kelsoe,
2015; Savage et al., 2017). Our studies showed that the Blimp-1"€9 IgM-secreting cells did
not upregulate Blimp-1 expression and continued to secrete IgM in the absence of Blimp-1
in conditional, B cell-specific Blimp-1 deficient mice (Savage et al., 2017). This is
significant, as it suggests that only some B-1 cells are activated to terminally differentiate to
plasma cells to secrete IgM. It raises the question of what are the stimuli inducing the
differentiation of B-1 cells forming B-1PC versus those inducing IgM secretion without
terminal differentiation. It may also indicate that the antigen-specificity of the IgM secreted
by those distinct activation events differ. There have been no reports of B-1 cells
participating in germinal center responses, thus it is unlikely that the plasma cells have
emerged from such response. Their recent extensive RNA sequencing experiments also
provided no evidence that B-1 cells undergo extensive somatic hypermutation, with
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significant components being germline encoded. Although an analysis of only IgM-secreting
B-1 cells was not conducted (Prohaska et al., 2018; Y. Yang et al., 2015)).

With regards to the specificity of IgM, current evidence suggests that the pool of natural
IgM-secreting B-1 cells is positively selected upon the recognition of self-antigens during
development (Hayakawa et al., 1999). This explains the highly skewed, self-reactive
repertoire of natural IgM and the fact that the antigen-specificity of B-1 cells is tightly
linked to their unique functions (Graf et al., 2019). Given the similarity in the B-1a cell
repertoire of gnotobiotic and conventional-housed mice, it then appears that self-antigen
recognition shapes the B-1 cell repertoire through activation and clonal expansion, which
explains the strong changes in VH-usage over the first few months of life (Prohaska et al.,
2018; Y. Yang et al., 2015). How B-1 cells can be selected and then differentially activated
by self-antigens to secrete self-reactive IgM, without this process resulting in autoimmune
disease development is a further important but unresolved question.

One possible explanation might be the unique structure and the size of natural IgM, which
ensures that IgM remains circulating in the blood without extravasation unless tissue
destruction or extensive inflammation leads to endothelial cell damage/leakage. In the
circulation, IgM has been associated with protection from systemic infections, i.e.,
bacteremia and viremia, such as after infection with Borrelia hermsii (Alugupalli et al.,
2004) enteropathogenic Escherichia coli (Zeng et al., 2018) or during more general sepsis
(Boes et al., 1998). It has also been shown to be protective in atherosclerosis, plaque
formation in the blood vessel wall, where natural IgM is believed to help remove modified
LDL and apoptotic and necrotic cell debris, thereby reducing triggers of inflammation
(Christoph J. Binder & Silverman, 2005; Kyaw, Tipping, Bobik, & Toh, 2012). A potential
clinical application for natural IgM was indicated by recent reports that enhancing the
number of IgM-secreting B-1 cells via treatment of mice with anti-TIM-1 attenuated
atherosclerosis development, providing a promising potential therapeutic approach that
requires exploration in humans (Hamid Hosseini et al., 2015; H. Hosseini et al., 2018). In
contrast, when IgM extravasates into tissues, such as during endothelial damage and leakage
created by a lack of blood perfusion and subsequent reperfusion of an organ, as occurs for
example following surgery, the presence of IgM in these tissues causes excessive activation
of complement and resultant tissue and organ damage (Zhang et al., 2004) (Zhang et al.,
2006).

The ability of IgM to contribute to immune homeostasis by binding to and helping to remove
a large number of “altered” self-antigens, coupled with the ability to also bind to shared
molecules on pathogens is a hallmark of natural IgM. The classic example is the
simultaneous recognition of both Streptococcus pneumoniae and oxidized LDLs by a
particular IgM natural antibody (C. J. Binder et al., 2003). These unique polyreactive
properties of IgM may provide a powerful evolutionary advantage, explaining why IgM, but
not other immunoglobulins are shared among all jawed vertebrates (N. Baumgarth, Tung, &
Herzenberg, 2005; Lobo, 2016; Zhou, Tzioufas, & Notkins, 2007). The polyreactive nature
of natural IgM has long been recognized {reviewed in (Gunti & Notkins, 2015). A possible
mechanistic explanation for its polyreactivity is that natural IgM is encoded by V regions
containing higher frequencies of tyrosine and serine residues, which contain hydroxylated
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side chains that enable IgM greater binding flexibility ((reviewed in (Wang et al., 2016)).
With regards to the specificity of IgM, in addition to the antigens mentioned above, natural
IgM also binds to various epitopes on phosphorylcholine and other phospholipids,
carbohydrates such as phosphatidylcholine, ssDNA and dsDNA, oxidized LDL, and certain
PAMPS (Shaw et al., 2000),(Gronwall & Silverman, 2014),(N. Baumgarth, 2011),
(Gronwall, Vas, & Silverman, 2012). Although their polyreactivity is overall characterized
by low-affinity antigen interactions, the ten binding sites of IgM still enable overall higher
avidity binding (D. D. Jones, Delulio, & Winslow, 2012).

Taken together, natural IgM is a self-reactive, serum protein with unique structural
characteristics that enable its effectiveness in binding to self-antigens and thereby
contributing to immune homeostasis by reducing the threat of inflammation and tissue
damage (Figure 2). In situations of chronic or extreme inflammation, however, this
otherwise highly protective immune effector molecule can gain access to tissues otherwise
inaccessible, where it can promote inflammation and therefore often also tissue damage and
disease.

Immune/Induced IgM:

Remarkably little attention has been paid to the initial and transient induction of IgM
secretion, which is one of the first contributions of the adaptive immune system to immune
defense. Induced IgM is generated by either the activation of B-1 cells and/or by activation
of conventional B (B-2) cells. It is generally assumed that early IgM production occurs
because all B cells first express IgM and that the generation of other Ig-isotypes requires
time for class-switch recombination to occur, while IgM secretion occurs rapidly through
alternative RNA splicing, excluding the membrane-domain usually tethering the IgM (B cell
receptor) onto the surface of developing B cells. However, we now understand that a sizable
population of memory B cells remains non-class switched, while having undergone
activation events that drove them towards memory development, even hyper-affinity
maturation in germinal centers (Pape et al., 2018; Pape, Taylor, Maul, Gearhart, & Jenkins,
2011), suggesting that the production of IgM is about more than simply “being there early”.
Effector functions of IgM, such as effective activation of complement might be critical for
early immune defense (Jayasekera, Moseman, & Carroll, 2007), or the ability to bind to
various IgM-binding receptors (see below). The presence of early IgM was also shown to be
important for maximal 1gG response induction (Table 1). Finally, the lack of easy diffusion
may ensure that locally-produced IgM remains mainly at the site of production, i.e., the
secondary lymphoid tissues, where it could support the filter function of lymph nodes. In
support, we showed previously that B-1 cell-derived IgM production in the respiratory tract
regional lymph nodes following influenza infection, measured by ELISPOT, was not
reflected in the serum, where B-1 derived IgM titers were unchanged, while conventional B
cell-derived serum IgM did increase transiently in response to the infection. The tissue
location of the IgM-secreting conventional B cells giving rise to this systemically-produced
IgM was more difficult to discern, however, as conventional, but not B-1 cell-derived
increased IgM production also occurs in the spleen after influenza infection and is not
restricted to the draining lymph nodes of infected mice (Nicole Baumgarth et al., 2000; J. G.
Choi et al., 2008) (P. D. Jones & Ada, 1986). Splenic IgM-producing cells have been found
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mainly in the marginal zone and the red pulp, both areas with immediate access to the
circulating blood.

Both, B-1 and conventional B-2 cells generate secreted IgM in the draining lymph nodes
early after influenza infection, and both contributed to immune defense (J. G. Choi et al.,
2008) (Waffarn et al., 2015). Whether B-1 cells are activated via antigen-specific or innate
signals remains an open question. They are exquisitely responsive to TLR-mediated
stimulation but unable to respond to BCR-mediated signaling with clonal expansion. Yet,
observations of antigen-specific B-1 cells responses have been made in response to
numerous pathogens, including B. hermsii, Francisella tularensis, Salmonella typhimurium
and S. pneumoniae, (Alugupalli et al., 2004; Gil-Cruz et al., 2009; Haas, Poe, Steeber, &
Tedder, 2005; D. D. Jones et al., 2012; Yang Yang et al., 2012), suggesting that B-1 cells in
vivo can respond to BCR-mediated signals and thus act as part of the adaptive rather than the
innate response. We refer to our recent in-depth discussion on this topic elsewhere (N.
Baumgarth, 2016).

The antigen-specific, T-dependent and T-independent activation of conventional B cells
results in a transient induction of sigM that lasts for 1-2 weeks after the insult. This
temporary induction, measurable also in the blood, has been exploited clinically for
distinguishing early from longer-term infections by determining the ratio of antigen-specific
IgM and IgG levels in repeated blood draws. The transient production of IgM coupled with
its very short half-life explains its only brief presence in most acute infections. Given the
early effectiveness of IgM in suppressing infections (N. Baumgarth et al., 2000; Boes et al.,
1998; Ochsenbein et al., 1999), it is unclear what benefit the rapid curtailment of IgM
production may have; an intriguing yet unexplored question. However, some chronic
infections do induce continued IgM production, for example following infection with
Ehrlichia muris, where a protective, T-independent and BAFF-dependent IgM response was
shown to be induced long-term by plasmablasts in spleen and bone marrow (D. D. Jones et
al., 2013; Racine, Chatterjee, & Winslow, 2008; Racine et al., 2011). We have made similar
observations during chronic infection of mice with Borrelia burgdorferi (Hastey CJ, Elsner,
RA, Olsen, K., and Baumgarth, N. /in preparation). Interestingly, in humans infected with
Borrelia burgdorferi, patients may remain seropositive for IgM or 1gG for up to 20 years
(Halperin, Baker, & Wormser, 2013; Hammers-Berggren, Hansen, Lebech, & Karlsson,
1993; Kalish et al., 2001). In addition, humans infected with West Nile virus have shown
persistent IgM levels from one up to 8 years post-infection (Murray, Garcia, Yan, &
Gorchakov, 2013). Continued and in fact enhanced IgM production was also reported after
recovery from Plasmodium vivax infection. However, the time point of analysis was only 30
days after completion of treatment (Patgaonkar et al., 2018).

Effects of IgM-deficiency:

Mice that lack secreted but not membrane-bound IgM developed antibody-mediated
autoimmune disease, suggesting that sigM plays a regulatory role in the development of
self- and foreign-antigen induced humoral immunity (Table 1). Similar findings have been
made in humans with a primary IgM-deficiency (Gupta & Gupta, 2017). At least three
distinct, non-mutually exclusive mechanisms for autoimmune antibody-development have
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been suggested: First, natural IgM usually rapidly removes self-antigens, such as cellular
debris, from the body (Ogden, Kowalewski, Peng, Montenegro, & Elkon, 2005). In IgM-
deficiency such cellular content could act as damage-associated molecular patterns
(DAMPS) and stimulate inflammatory responses, enhancing the risk of autoimmune-disease
development (Kawano & Nagata, 2018; Lleo, Selmi, Invernizzi, Podda, & Gershwin, 2008).
Furthermore, natural IgM recognition of such antigens also appeared to drive IL-10
production by B and T cells, further reducing the risk of inflammation-induced tissue
damage (Notley, Brown, Wright, & Ehrenstein, 2011) (Boes et al. 1998; Ehrenstein 2000).
Second, Tsiantoulas et al. reported that sigM—-/- mice showed increased BCR-signaling, a
process that was reversed with treatment with a Btk-inhibitor at low doses. The authors
suggested that slgM may act as a “decoy receptor” competing for binding between slgM and
membrane-IgM, reducing the likelihood by which B cells respond to self-antigens
(Tsiantoulas et al., 2017). Third, we observed that bone marrow B cell development and
peripheral B cell repertoires were significantly altered in sigM—-/- mice, concomitant with
the appearance of anergic CD5+ B cells in the periphery. The data suggested that the lack of
central tolerance induction during B cell development in the absence of sigM may explain
the increased production of autoreactive 1gG (Nguyen et al. 2015).

Deletion of slgM also significantly reduced immune protection against numerous infectious
agents, as outlined above. This strong effect of sigM on protection might be due, at least in
part, to the enhancing effects of sigM in the development of maximal 1gG responses (Table
1). Although the phenomenon of IgM-enhanced 1gG production has been reported for many
years and appears to be strongest during immune induction to limiting amounts of antigen
and following infections (N. Baumgarth et al., 2000; Boes et al., 1998; Henry & Jerne, 1968;
Heyman et al., 1988), we still do not fully understand the mechanism underlying these
effects. We will return to this topic below in the context of sigM interaction with its
receptors.

In summary, slgM has many functions both in maintaining homeostasis and system health,
as well as in the immediate protection from infectious and other noxious insults. Its
production is tightly controlled in time, and its functions are closely associated with its
unique structure. The apparent immune regulatory functions of sigM require further
investigation, to obtain a better molecular understanding of how slgM might be exploited
therapeutically for enhancing immunity and reducing metabolic and autoimmune diseases.

Receptors that bind IgM:

Multiple receptors expressed by a variety of cell types can bind IgM. These include the
complement receptors (CR1/CR2), Fca/uR, polymeric Ig receptor, and the FcuR (Figure 3).
The latter is the only bona fide Fc-receptor for IgM and the most recently identified receptor
(Kubagawa et al., 2009). Below is a brief review of these receptors and how they may
support the various functions of sigM.

Complement Receptors Complement receptors 1 and 2 (CD35/CD21) are primarily
expressed on B cells and on follicular dendritic cells (FDCs) (C. Rutemark et al., 2012) (T.
T. Nguyen & Baumgarth, 2016). Complement receptor engagement has been shown to be
critically involved in the induction of maximal antibody responses following immunization
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(reviewed in (Sorman, Zhang, Ding, & Heyman, 2014)). Secreted IgM is an effective
activator of complement, and complement itself was shown to support maximal IgG
response induction. However, a mouse in which the complement binding site on the CH3
domain of the IgM heavy chain was inactivated, showed no effect on 1gG responses during
primary or secondary responses following immunization with sheep red blood cells, KLH,
and NP-KLH (Christian Rutemark et al., 2011). The conclusion that IgM-mediated
enhancement of 1gG responses can occur without complement activation is supported by
studies on influenza-infection in mice, where removal of complement via injection of cobra
venom factor did not significantly affect the overall 1gG response, while the lack of sigM
and the lack of FcpuR expression on B cells showed significant and continuing 1gG
reductions (T. T. T. Nguyen et al., 2017). In apparent contrast to those studies, when antigen-
specific IgM was co-administered with antigen, the ensuing 1gG response was greatly
enhanced, while the same experiment conducted with sigM unable to bind C1q did not
provide such enhancement. The complement-binding dependent IgM-enhancing effects on
1gG responses required the presence of CR1/2 on both B cells and FDC (Donius, Handy,
Weis, & Weis, 2013; Kranich & Krautler, 2016).

The data suggest a fundamental difference in the kinetics and functions of IgM and
complement under those two very distinct situations. In one case, slgM was co-administered
and thus already bound to antigen, thus forming a large antigen-antibody complex, while in
the other case, slgM must have first been produced and then engage with antigen. It has been
concluded from those data that pre-existing natural IgM may not act via complement-
mediated immune response enhancement, or that natural sigM may not have been present at
the site of antigen-deposition, as immediate 1gG enhancement was not seen when antigen
was injected without first being mixed with sigM (Sorman et al., 2014). This hypothesis
appears less likely to us, however, as at least during an infection both, pre-existing natural
and antigen-induced 1gM, were shown to be necessary for maximal IgG responses (N.
Baumgarth et al., 2000) and both types of IgM were present in the regional lymph nodes of
influenza-infected mice, the main tissue source of anti-influenza IgG (J. G. Choi et al., 2008;
Waffarn et al., 2015). An intriguing alternative possibility is that the observed differences in
the effects of sigM on the 1gG response, and the role of the complement receptors, are due to
the distinct pathways soluble and sigM-complexed antigen would take traveling to and
through the secondary lymphoid tissues, due to their large differences in size.

At the molecular level, IgM-CR1/2 interactions may enhance 1gG responses via enhanced
BCR-signaling through co-ligation of antigen with CR1/2 and the BCR. It has also been
shown that slgM-CR1/2-mediated binding to splenic marginal zone (MZ) B cells supported
the shuffling of antigen from the splenic marginal zone to the follicle via migration of the
MZ B cells in and out of the follicle (Cinamon, Zachariah, Lam, Foss, & Cyster, 2008).
IgM-complement receptor-mediated enhanced presentation of antigen to B cells can also
occur via tethering of sigM-antigen complexes onto the FDC in germinal centers. Indeed,
expression of CR1/2 is particularly high on those cells. A recent review article by Heyman
and colleagues provides a more in-depth discussion on that topic (Sorman et al., 2014).

Fca/uR (CD351): The Fca/uR is a transmembrane protein that binds both IgA and IgM.
Interestingly, binding of sigM to the Fca/uR was greatly reduced when pentameric sigM
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was complexed with AIM (Arai et al., 2013). The Fca/uR appears to be expressed
predominantly on antigen-presenting cells, including macrophages, and to be particularly
abundant on FDC, while it is not expressed on granulocytes, T cells or NK cells (Honda et
al., 2009) (Sakamoto et al., 2001; Shibuya et al., 2000) (Kubagawa, Oka, et al., 2014).

The presence of the Fca/uR appeared to be largely dispensable for mediating the immune
protective role of sigM following B. hermsiiinfection, and therefore opsonization of antigen
for macrophage uptake (Colombo, Abraham, Shibuya, & Alugupalli, 2011). Instead, the
receptor has been shown to mediate the endocytosis of IgM-coated bacteria by B cells
(Shibuya et al., 2000) (Sakamoto et al., 2001) and the binding and internalization of sIgM-
antigen complexes by FDC. Thus, the receptor can promote antigen processing and
presentation to CD4 helper T cells via binding to slgM and IgA-antigen complexes (Shibuya
et al., 2000), while reducing the availability of antigen-tethering on the surface of FDC, and
thus antigen-presentation to B cells (Arai et al., 2013). The data suggest that sigM binds to
at least two distinct types of receptors on the FDC: the complement receptors and the Fca/
UR. Given that AIM complexing affected binding of slgM to the Fca/uR but not to
complement receptors, the antigen-presenting function of FDC is greatly affected by the
nature of the sigM-antigen complexes. Secreted IgM-antigen complexes containing AIM
mainly were tethered onto the FDC surface via binding to the complement receptors, while
those lacking AIM bound to the Fca/uR and were internalized for processing and
presentation on MHCII.

Despite these notable effects of the Fca/uR, concentrations of virus-specific serum 1gG in
Fcamr-/-mice infected with influenza virus were similar to those of wild type mice,
indicating that regulation B cell responses by sigM were independent of the Fca/pR (T. T. T.
Nguyen et al., 2017). This finding was supported by studies in AIM—/— mice that showed no
difference in germinal center formation following immunization. Instead, studies in these
mice suggested that by removing natural IgM-autoantigen complexes, the Fca/uR facilitates
the previously-observed slgM-mediated suppressive effects on 1gG autoantibody generation
and autoimmune disease, a process that is enhanced in the absence of AIM (Arai et al.,
2013). Taken together, current evidence suggests an important role for sigM-Fca/puR
interaction in the regulation of immune homeostasis by the FDC.

Polymeric immunoglobulin receptor (plgR): The plgR is a highly conserved
glycosylated receptor of about 81 kDa that is expressed principally by mucosal epithelial
cells. The receptor binds both, dimeric IgA as well as pentameric slgM via recognition of
the J-chain (Asano & Komiyama, 2011) (Klimovich, 2011; T. T. Nguyen & Baumgarth,
2016; Shimada et al., 1999; Turula & Wobus, 2018). The main function of the plgR appears
to be linked to the transepithelial transport of dimeric IgA, generated by plasma cells in the
mucosal lamina propria, across the epithelial cell layer. This is followed by exocytosis into
the lumen of mucosal tissues following cleavage of the plgR, causing the retention of a
small piece of the pIgR as “secretory component” on the sIgA. Although slgM can bind to
and be transported by the plgR, mucosal tissues of mice usually contain much higher
frequencies of IgA- compared to IgM-secreting plasma cells and thus effects of pIgR
deficiencies measured in mice are mostly on homeostasis of IgA rather than slgM (Shimada
et al., 1999) (Tjarnlund et al., 2006). However, as outlined above, slgM-secreting plasma
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cells appear to be more numerous in humans compared to mice and thus it is possible that
the pIgR plays a larger role in the transport of sigM onto the mucosal surfaces than indicated
by studies on mice.

FcuR (FAIM3/TOSO): The FcuR, a 60 kDa transmembrane protein, was originally
identified as “Fas apoptosis inhibitory molecule 3” (FAIM3 or TOSO), as its expression in
Jurkat T cells prevented Fas (CD95)-mediated apoptosis induced by an anti-Fas antibody
(Hitoshi et al., 1998; Song & Jacob, 2005). Later studies identified the same surface protein
as a slgM-binding receptor on the surface of human and mouse B cells. While the receptor’s
ability to bind slgM has been repeatedly demonstrated, the originally reported anti-apoptotic
function of this molecule appeared to have been due to the use of an anti-Fas antibody of the
IgM isotype, as the anti-apoptotic activity was not seen with an 1gG anti-Fas antibody
(Honjo et al. 2012; Kubagawa 2009). Although further studies are required to resolve some
of the apparent discordant data, these findings have since led to the proposal to rename this
gene “FCMR” (Kubagawa et al., 2015; Kubagawa et al., 2009).

In humans, the FCMR is located on chromosome 1932.2, adjacent to the P/GR and the
FCAMR (Kubagawa et al., 2009; Kubagawa, OKa, et al., 2014). The FCMR shares sequence
homology with those receptors, further supporting its function as an Ig-binding protein,
although it is more distantly related than the PIGR and FCAMR are related to each other
(Kubagawa et al., 2009). A splice variant of the FcuR lacking the transmembrane exon
seems to encode a soluble form of the receptor. It has been proposed that the soluble
receptor serves as a “decoy” for sigM-interaction with cell (Kubagawa, Kubagawa, et al.,
2014; Kubagawa et al., 2009), however, more follow-up studies are required to confirm these
findings and their biological significance.

The FcuR is a high-affinity sigM receptor, binding to IgM mainly via the Cu4 domain and
independent of the J-chain. This explains why the FcpyR can bind both, monomeric IgM and
pentameric slgM, although binding to pentameric IgM occurs with higher affinity (Lloyd et
al., 2017) (Kubagawa et al., 2009) (Honda et al., 2009; Kubagawa et al., 2017; Shima et al.,
2010). In both, humans and mice, expression of the FcuR is strongest on B cells, where it
can be readily visualized by flow cytometry. In addition, low expression has also been
observed on granulocytes, macrophages, and dendritic cells in mice. In humans, the receptor
was shown to be expressed on T and NK cells, but not on myeloid cells (Shima et al., 2010)
(S. C. Choi et al., 2013; Honjo et al., 2012; Kubagawa, Oka, et al., 2014; Kubagawa et al.,
2017; Murakami et al., 2012; T. T. Nguyen et al., 2017; Ouchida et al., 2012; Vire, David, &
Wiestner, 2011; Wang et al., 2016). Expression on human T cells was higher on a/B T cells
than -y/6 T cells, and higher on CD4+ than on CD8+ T cells (Kubagawa, Oka, et al., 2014).
It will be important to understand the functional significance of these expression differences
between mice and humans.

On murine B cells, Femrexpression is induced first after the pre-B cell stage in the bone
marrow (S. C. Choi et al., 2013; Honjo et al., 2012; T. T. Nguyen et al., 2017; Ouchida et al.,
2012). The FcuR is rapidly upregulated in immature B cells, thus at the time the fully
rearranged IgM is first being generated and cells are undergoing negative selection. Here the
receptor is found at high levels co-localized with IgM in the Golgi transport network and to
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a lesser extent on the cell surface (S. C. Choi et al., 2013; T. T. Nguyen et al., 2017). The
FcuR was shown to inhibit the transport and expression of the IgM-BCR onto the cell
surface, such that B cells lacking the FcuR express about 30% higher levels of surface IgM-
BCR, while 1gD-BCR levels were unchanged (T. T. Nguyen et al., 2017). This explains why
in Chronic Lymphocytic Leukemia (CLL), where the FcuR is highly expressed, surface
expression of IgM-BCR is low (Frenzel et al., 2010; Kubagawa, Oka, et al., 2014; Vire et al.,
2011). While the process that inhibits BCR-IgM-transport to the cell surface remains to be
fully revealed, the outcome of this enhanced IgM-BCR expression was linked to changes in
B cell selection (T. T. Nguyen et al., 2017). The data provide a potential mechanistic
explanation for the increases in autoantibody production seen by multiple investigators in
FcuR knock out mice (S. C. Choi et al., 2013; Ouchida et al., 2012) (Honjo et al., 2014).
Furthermore, they explain the increased activation and terminal differentiation of B-1 cells,
resulting in significantly increased frequencies of B-1 derived IgM-plasma cells in spleen
and bone marrow with concomitant increases in serum slgM levels in these mice (T. T.
Nguyen et al., 2017).

On resting peripheral B cells, the FcpuR is expressed mainly on the cell surface, at least some
co-localized with IgM-BCR (Honjo et al., 2012; T. T. Nguyen et al., 2017; Ouchida et al.,
2012). Some modest gene expression differences were observed between B-1, MZ B and
Follicular B cells (T. T. Nguyen et al., 2017) (S. C. Choi et al., 2013), but the functional
significance of these differences is unclear. As stated above, in CLL the FcpR is strongly
expressed, possibly linked to the chronic activation of these cells through BCR-mediated
signaling, which was shown to increase FCuR expression (Frenzel et al., 2010). Stimulation
through TLR, CD40L and IL-4 strongly inhibited FcuR expression in normal human B cells,
as well as in CLL (Frenzel et al., 2010; Kubagawa et al., 2009; Pallasch et al., 2008; Vire et
al., 2011), consistent with the loss of FcuR expression among germinal center B cells (S. C.
Choi et al., 2013). The FcuR appears to be re-expressed on more differentiated cells,
however, as it was found on IgG* and IgA* memory B cells and CD138* plasma cells in
spleen and lymph nodes, as well as on a subset of CD138+ bone marrow plasma cells
(Honjo et al., 2012; Kubagawa, Oka, et al., 2014).

This dynamic up and down-regulation of FCUR surface expression suggests differentiation-
stage specific functional consequences following FcuR engagement. Using Ig-allotype-
disparate B cells, we were able to differentiate sigM-binding from IgM-BCR surface
expression and showed constitutive binding of sigM onto the cell surface of B cells /n vivo,
which was reduced in the absence of the FcuR (T. T. Nguyen et al., 2017). Studies in
transfected HelL a cells, as well as primary mouse B cells, showed that sigM-binding to
surface-expressed FcUR caused the rapid internalization and degradation of the complex
through the endocytic pathway (Murakami et al., 2012; T. T. Nguyen & Baumgarth, 2016;
Vire et al., 2011), a process that in CCL was shown to depend on the state of FcuR
glycosylation (Vire et al., 2011). Interestingly, some slgM uptake was shown to occur also in
the absence of the FcuR, suggesting that not all sigM internalization is mediated by the
FcuR (Murakami et al., 2012; T. T. Nguyen & Baumgarth, 2016). Recent studies showed
rapid FcuR-mediated slgM internalization by human CD4 T cells (Meryk et al., 2019). The
internalization triggered a positive feed-forward mechanism resulting in increased FcuR
expression as well as upregulation of the TCR and co-stimulatory molecules. This, in turn,

J Leukoc Biol. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blandino and Baumgarth Page 15

triggered increased T cell responses after low-, but not high-dose stimulation (Meryk et al.,
2019). The data provide an intriguing mechanisms by which early production of antigen-
specific sigM in secondary lymphoid tissues could facilitate uptake by T cells, enhancing
their responses. Presumably, such enhancement could not replace T cell priming, but rather
enhance already primed and activated T cells, independent of their specificity. It is unclear
how the uptake of IgM and/or antigen may affect T cell responses, other than through
signaling through the FcuR. In the steady-state, however, most if not all sigM is natural, self-
reactive. Its continued uptake presumably contributes to immune quiescence and
enforcement of T cell tolerance rather than immune activation. Studies showing that the lack
of the FcuR causes increased auto-antibody formation over time, similar to the changes seen
in mice lacking slgM (Boes et al., 1998; Ehrenstein, Cook, & Neuberger, 2000; T. T.
Nguyen, Elsner, & Baumgarth, 2015) may suggest additional mechanisms by which FcuR /
slgM interactions contribute to immune homeostasis.

Thus, the FcuR seems to serve multiple functions in the steady-state: maintaining
appropriate IgM-BCR-expression levels in development, preventing the overshooting
activation of self-reactive B cells, specifically B-1, and preventing the development of
autoimmune antibody-mediated diseases. Following foreign antigen exposure, depending on
the antigen-dose, the FcuR may modify the strength of the B cell response directly by
binding to B cells and, at least in humans, also indirectly by enhancing T cell responses. The
fact that both, enhancing and suppressive effects of FCUR expression have been reported on
the humoral response to T-independent and T-dependent antigens (S. C. Choi et al., 2013;
Honda et al., 2009; T. T. T. Nguyen et al., 2017; Ouchida et al., 2012), suggests the potential
of additional mechanisms of regulation that are antigen-type, dose, and cell subset specific.
The dysregulation of surface IgM-BCR expression in FCUR —/— mice remains to be fully
considered for its potential effects, however, as it may contribute to the observed effects on
immune response development in the absence of the FcuR.

Concluding Remarks:

The identification of the FcUR as a bona fide receptor for sigM and the identification of
slgM as a transport molecule for AIM has increased our ability to further resolve the
complex functions of slgM, a structurally and functionally unique, yet highly evolutionary
conserved immunoglobulin that support immune homeostasis and immune defense. The
functions of slgM are intimately linked to the functions of natural IgM-secreting B-1 cells
and perhaps distinguishable from the early burst of sigM produced in response to an insult
or infection by B-1 and B-2 cells. Further clarity may come from beginning to distinguish
the source of the slgM as much as the cell types with which the molecule interacts in a given
situation. The limited tissue-penetrability of sigM and its ability to act as a trojan horse
carrying and increasing the half-life and thus availability of an effector protein in the blood
offer some potential exciting future therapeutic intervention strategies.
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Figure 1: A new structurefor sigM.
(A) Schematic of an IgM monomer possessing two immunoglobulin heavy and light chains

each. The Fab region (fragment antibody binding) encodes the antigen binding sites, and the
Fc region (fragment constant) regulates its function. The heavy chain contains five
glycosylation sites, while there are no glycosylation sites encoded on the light chains. (B)
Secreted 1gM was thought to form a symmetric pentamer in which five monomers are joined
together by a J chain and disulfide bonds. (C) New data now show that pentameric IgM is
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asymmetrical with a 50-degree groove that allows for one AIM (apoptosis inhibitor of
macrophage/CD5L) molecules to bind, stabilizing their serum half-life.
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Figure 2: Functions of secreted IgM.
(1A). Marginal zone splenic B cells capture sigM-antigen/complement C3 complexes and

(B) migrates into the B cell follicle where it transfers the complexes onto CR1/2 expressed
by follicular dendritic cells (FDCs), where (C) the FDC presents antigen to germinal cell B
cells in support of T-dependent antibody production. (2) sigM strongly supports 1gG
response development by additional but poorly understood processes. (3) Antigen
opsonization by slgM via complement C1g-mediated uptake by macrophages. This process
can also be mediated by mannose-binding lectin (not shown). (4) Pathogen neutralization to
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blocking pathogen entry or inducing pathogen aggregations. Natural IgM is polyreactive and
recognizes conserved antigens, such as phosphorylcholine (PC) present in the cell walls of
Streptococcus pneumoniae as well as on dead or dying mammalian host cells. (5) sigM can
recruit complement components to initiate the classical pathway of complement activation,
eventually leading to the formation of the Membrane Attack Complex (MAC) that can result
in lysis of the pathogen. (6) Although the mechanisms are incompletely resolved, sigM
prevents autoimmune antibody formation through multiple mechanisms, including effecting
central tolerance induction in the bone marrow and through the removal of DAMPS, such as
dead and dying cell debris. (7) The absence of sigM causes changes in V-gene usage
encoding increased self-reactivity.
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V'""‘f‘- ’ Polymeric Ig Receptor

U

Figure 3: Receptorsthat bind slgM.
The polymeric Ig receptor can bind pentameric IgM as well as dimeric IgA via binding to

the J-chain, resulting in transcytosis through epithelial cells located on mucosal surfaces and
luminal excretion. Fca/uR: This receptor is expressed predominantly by macrophages and
follicular dendritic cells, where it binds to IgA and IgM with moderate and high affinity,
respectively, to mediate endocytosis of IgA/IgM-antigen complexes. Complement
Receptors: Complement receptor 1 is the C3b/C4b receptor is expressed on a variety of
immune cells, including B cells and follicular dendritic cells (FDC), where it anchors slgM-
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antigen-C3 complexes onto FDCs. Complement receptor 2 binds to iC3b (inactive derivative
of C3b), C3dg and/or C3b. This receptor is expressed on B cells as well as FDCs. FcuR: The
FcuR is highly expressed on B cells and binds slgM selectively, which is rapidly
internalized. The functional consequences of FcuR/sIgM interaction remain to be fully
resolved.
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Table 1:

Effects of IgM-deficiency on humoral immunity in mice

Page 30

Biological Effect of IgM deficiency Reference
Process
B cell subset Increased numbers CD5+ B-1 cells in PerC and spleen Boes et al. 1998

development

Increased numbers CD5+ CD21'° CD23~ CD43- anergic B cells in PerC and
spleen with enhanced turnover

Nguyen et al. 2015

Reduced pre-B cell development and bone marrow B cell output

Nguyen et al. 2015

Abnormal spleen development with increased marginal zone B cells
Increased BCR signaling

Boes et al. 1998
Nguyen et al. 2015

Tsiantoulas D. et al. 2017

BCR-repertoire

Altered Vy usage in peripheral B cells

Nguyen et al. 2015

Increased auto-antibody production: anti-dsDNA; anti-histone; ANA.

Boes et al. 2000;
Ehrenstein et al. 2000
Nguyen et al. 2015

Enhanced development of glomerulonephritis and other signs of antibody-
mediated autoimmune disease

Boes et al. 2000
Ehrenstein et al. 2000

T-independent

No effect on total 1gG, but enhanced 1gG2a and reduced IgG2b responses to

Boes et al. 1998

humoral NP-Ficoll (1, 10 and 100 pg) immunization. Ehrenstein et al. 2000
immunity Enhanced 1gG 1, 2a, 2b and 3 responses to NP-Ficoll (5ug) to all IgG

subclasses
T-dependent Reduced IgG responses to low (1pg) but not higher (10 and 100 pg) NP-KLH Boes et al. 1998
humoral immunization. Ehrenstein et al. 2000
immunity Reduced 1gG1 primary and secondary responses to NP-KLH (50pg). Delayed

responses to NP-CG and phOx-CG immunization. Reduced affinity maturation.
Normal secondary responses

Reduced 1gG1 and 1gG2a responses to influenza infection
Reduced IgG2a and 1gG2b responses to influenza infection

Baumgarth et al. 2000; Nguyen et al.

2017
Kopf M et al. 2002
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