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Abstract
Natural IgM antibodies are the constitutively secreted products of B1 cells (CD5+ in mice and
CD20+CD27+CD43+ CD70− in humans) that have important and diverse roles in health and
disease. Whereas the role of natural IgM as first line of defense for protection against invading
microbes has been extensively investigated, more recent reports have highlighted their potential
roles in the maintenance of tissue homeostasis via clearance of apoptotic and altered cells through
complement-dependent mechanisms, inhibition of inflammation, removal of misfolded proteins,
and regulation of pathogenic auto-reactive IgG antibodies and autoantibody-producing B cells.
These observations have provided the theoretical underpinnings for efforts that currently seek to
harness the untapped therapeutic potential of natural IgM either by boosting in vivo natural IgM
production or via therapeutic infusions of monoclonal and polyclonal IgM preparations.
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Cooperation between innate and adaptive immune compartments reinforces host protection
from invading pathogens while maintaining an immunologic tolerance towards self.
Immunoglobulins (Igs) or antibodies, the product of B cells, are one of the essential
components of the immune system and are divided into five isotypes namely IgG, IgM, IgA,
IgE and IgD. Well established as effector molecules of the adaptive compartment, Igs also
participate as links or organizing factors for certain functions of the innate immune system
by identifying and neutralizing the pathogens in part through the triggering of Fc receptors
and activation of the complement system (1, 2).

Properties of IgM
IgM isotype represents one of the major Ig classes in the body. IgM is also the earliest type
of membrane-associated Ig expressed during B-cell ontogeny, and as secreted antibodies
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during antigen-specific immune responses. While the molecular weight of a monomeric IgM
is 190 kDa, circulating IgM exists more frequently as a pentamer or sometimes even as a
hexamer, which can convey increased avidity for the binding of an antigen. Pentameric IgM
is generally associated with a J chain to form a macromolecule of about 970 kDa. In healthy
adults, circulating human polyclonal IgM is generally present at about 1–2 mg/ml of blood,
with a half-life of about five days. Although IgM are often potent activators of classical
pathway of complement, there are great variations in the properties of different IgMsecreting B-cell clones, even when they share the same fine binding specificity.
IgM is known to bind to two receptors: Fcα/µR and the polymeric Ig receptor (3, 4).
However, these receptors are not solely specific for IgM and can also recognize IgA. CD22,
an inhibitory co-receptor on B cells, can also act as receptor for the glycoconjugates on
soluble IgM through its sialoprotein-binding domain (5). In addition, TOSO, regulator of
Fas-induced apoptosis/FAIM3, apoptotic inhibitory molecule 3 was identified as high
affinity Fc receptor specific for IgM (6, 7).
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TOSO is a transmembrane protein of ~60 kD expressed predominantly by lymphocytes and
in contrast to its name it has no anti-apoptotic functions. However, the binding of IgM, in
particular multimeric form of IgM to TOSO would facilitate B and T cell cooperation,
complement activation and enhanced antibody–dependent cell-mediated cytotoxicity. TOSO
recognizes Fc portion of pentameric IgM with high affinity (~ 10 nM). Multimeric form of
IgM seems to be critical for this binding as higher concentrations (>100-fold) are required
for binding of IgM monomers to TOSO (6, 7). Furthermore, TOSO may play a role in
immune surveillance through internalization of IgM-bound immune complexes that
contribute to B cell activation. As leukemic B cells generally express high levels of TOSO,
this receptor represents an attractive therapeutic target for the delivery of IgM-conjugated
drugs into these cancer cells (8).

Natural IgM
In health, the circulating IgM that arise without known immune exposure or vaccination, are
referred to as ‘natural’, while ‘immune’ IgM are generated in response to defined antigenic
stimuli. In the mouse, natural IgM (nIgM) are often without N-region additions and are
germline-encoded or with minimal somatic hypermutations, although less is known about
the human counterparts. nIgM can display polyreactivity, while some IgM clones have
highly refined antigen-binding specificities. A major set of nIgM has been reported to
recognize self-antigens (9).
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B1 cells
The B-lineage compartment includes at least three distinct mature B cell subsets: B-1 that
constitutively produce nIg which is most often IgM, but can be IgG and IgA isotypes;
marginal zone B cells that are responsible for responses to encapsulated organisms and their
non-protein antigens; and B-2 cells (also termed follicular B cells) that are recruited into Tcell dependent germinal centers upon protein antigen exposure (10, 11). In mice, B-1 cells
that express CD5 have long been considered as the major source of nIgM (12, 13). While
identification of their human cellular counterpart has been controversial, in part because
CD5 can be an activation marker on human B cells, a recent report identified
CD20+CD27+CD43+ memory B cells as the human B-1 cell equivalent. These cells are
distinct from CD20+CD27+CD43− activated memory B and CD20+CD27−CD43− naïve B
cells, as B-1 cells do not display the activation markers, CD69 and CD70 (14). B1 cells are
also characterized by their ability to efficiently present antigens and can provide potent
signaling to T cells in the absence of specific antigenic stimulus (14–16). Compared to B-2
cells that are susceptible to BCR-mediated negative selection due to activation-induced
J Immunol. Author manuscript; available in PMC 2013 February 1.

Kaveri et al.

Page 3

NIH-PA Author Manuscript

apoptotic death, B-1 cells are resistant to strong BCR-mediated signalling (14, 17). B-1 cells
also have a special ability for self-renewal, and there is also constant addition to the
peripheral B-1 repertoire from newly generated cells from the bone marrow that ensures the
continuous production of nIgM throughout life (18–21).
The functional contributions of B-1 cells are intertwined in the tight regulation of their
trafficking between different lymphoid compartments. B-1 cells migrate from the bone
marrow and into the peritoneal cavity as they follow gradients of CXCL13, and CXCL13deficient mice have reduced levels of peritoneal B-1 cells (22, 23). Stimulation with certain
cytokines, or by infectious agent-derived ligands that bear the pathogen-associated
molecular patterns (PAMPs), recognized by innate immune receptors, such as TLRs, can
activate peritoneal B1 cells. This process can also induce expression of the chemokine
receptor, CCR7 that can mediate their relocalization to other lymphoid organs and
differentiation into Ig-producing cells. However, the homing of B1 cells into the peritoneal
cavity is not an absolute requirement for mounting T-independent antibody responses as
most of the production of IgM by murine B-1 cells occurs in the spleen (24).

Natural IgM in immune equilibrium
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nIgM can play diverse roles in health and disease. Whereas extensive studies have
documented the contribution of nIgM as a first line of defense from infection, more recent
reports have highlighted their potential roles in the maintenance of immune homeostasis, the
prevention from over-exuberant inflammatory responses and the developement of
autoimmune disease. Taken together, these observations have provided the theoretical
underpinnings to justify efforts to exploit the untapped therapeutic potential of IgM.
Natural IgM mediate protection against infection
The first indication of the crucial role of nIgs in controlling infections came from the
evidence that primary Ig deficient patients display high susceptibility for recurrent infections
from bacteria, virus, fungi and parasites. Indeed, reconstitution of immunodeficient animals
with nIgM may itself restore the capacity of these animals to control certain infections. This
may be explained by virtue of the ability of polyclonal nIgM to directly recognize a wide
range of PAMPs that leads to inhibition of the growth of microbial pathogens through their
direct neutralization or by activation of the classical complement pathway and amplification
of humoral immune responses, leading to the enhanced phagocytosis of these opsonized
pathogens (25–31) (Figure 1).
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Indeed, the roles of nIgM in preventing infections likely extend beyond simple
neutralization and opsonization. Immediately after the entry of pathogens into the host,
interactions with nIgM also sets the stage for the shaping of the subsequent immune
response. nIgM promote the recognition of pathogens by professional antigen-presenting
cells, such as dendritic cells (DCs), and may guide the ensuing functional polarization of Tcell responses, as well the isotype class-switch recombination of the induced B-cell response
and the induction long-term immune memory (32, 33). For example, following vaccination
with Leishmania protein, nIgM can promote IL-4 secretion by CD11b+CD11clo phagocytes
(29, 34). These results indicate that formation of complexes of antigenic ligands with nIgM
could be one of the mechanisms responsible for the enhanced humoral immune responses
induced by alum adjuvant-containing vaccines (29, 34).
Natural IgM in immune tolerance and tissue homeostasis
nIgM may have first arisen to reinforce fundamental mechanisms for maintaining
homeostasis. Apoptosis is an obligatory outcome of development, proliferation and cell
differentiation that continues throughout life. Every day, >1011 cells in our body die by
J Immunol. Author manuscript; available in PMC 2013 February 1.
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apoptosis and therefore apoptotic cell (AC) clearance is essential for tissue homeostasis. The
innate immune system recognizes ACs, when they become spontaneously decorated with
soluble innate immune molecules, such as complement C1Q and mannose binding lectin
(MBL) that can recognize ligands specifically expressed on the AC membranes (ACMs). In
fact, this specialized process of phagocytic clearance of ACs, termed efferocytosis, is one of
the most fundamental functions of the innate immune system. In health, ACs do not pose an
immediate threat to the host as there are redundant means to ensure rapid and efficient cell
corpse clearance by macrophages and DCs. To rationalize how defects in efferocytosis may
be linked to autoimmune pathogenesis, Walport and colleagues developed the “waste
disposal” hypothesis (35). If efficiency of AC clearance is limited, there can be progression
to secondary necrosis and the ensuing release of nuclear antigens such as high-mobility
group box 1 protein, heat shock proteins and other components of dying cells (DAMPs,
danger-associated molecular patterns), which are believed to activate pattern-recognition
receptors of innate immune cells that include TLR, leading to inflammatory responses.
Necrotic cells can also release autoantigens that can select pathogenic B- and T-cell clones,
which together can lead to the development of autoimmune disease in predisposed
individuals.
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Naïve humans and mice have substantial levels of nIgM that recognize ACMs, while even
higher levels can be induced by intravenous infusions of large numbers of ACs (36). The
IgM-dependent deposition of C1Q of the classical complement pathway has a major role in
determining the efficiency the clearance of ACs by macrophages (37). Furthermore, (38).
Experimental models have shown that suppression of inflammatory arthritis mediated by
ACs may require nIgM that can directly inhibit macrophage and DC activation and may also
promote IL-10-secreting B and T cells (45, (39).
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Despite the complexity of molecules displayed on ACs, studies in healthy mice have shown
that humoral immune responses to AC infusions are dominated by antibodies to the
oxidation-associated phosphorylcholine (PC) and malondialdehyde (MDA) neodeterminants
on ACMs (36). In explanation, PC is a phospholipid head group that is an immunodominant
epitope on microbial pathogens, such as Streptococcus pneumoniae, but the PC head group
is also a component of neutral phospholipids (e.g. phosphatidyl choline, PtC) in the outer
leaflet of cell membranes. In healthy cells, PC is sequestered and not available for immune
recognition. Yet, during apoptotic death, the PC head group becomes exposed due to
oxidative damage to the polyunsaturated fatty acid side chains of phospholipids, to generate
reactive aldehydes such as 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine
(reviewed in (40)). Thereby, damaged cells are flagged via antibody recognition of PC neoepitopes. A second major set of anti-ACM IgM recognizes MDA, which is an important
degradation product of unsaturated lipids reacting with reactive oxidation species (41). nIgM
recognition of ACs via the oxidation-associated phospholipid determinants, PC and MDA,
enables the discrimination of ACs from healthy cells (36, 38, 42–47) (Figure 1).
PC and MDA are also dominant phospholipid-related epitopes on oxidatively modified (but
not native) low-density lipoproteins (OxLDL) in atherosclerosis. The development of
atherosclerosis is also associated with B-cell activation, particularly manifested by enhanced
production of natural anti-OxLDL IgM and IgG autoantibodies (42). Levels of circulating
anti-OxLDL IgM antibodies have been linked with reduced vascular risk in humans (48).
Yet anti-OxLDL IgG antibodies show variable association with vascular risk (49). In fact, in
earlier studies it was shown that bacterial vaccine that induced high levels of IgM anti-PC
antibodies arrested the progression of atherosclerosis in atherosclerosis-prone mice with
cholesterol levels greater than 1000 mg/dL (43). However, the underlying mechanisms were
undefined as infusions of such antibodies did not affect the in vivo clearance of OxLDL
(50).
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It was nonetheless postulated that the balance of inflammation and accumulation of ACs in
atherosclerosis is a direct reflection of the potential influences of specific types of
atherosclerosis-associated autoantibodies. In an earlier report, it was shown that anti-PC IgM
antibodies blocked phagocytic clearance of ACs (44). However, as described below,
subsequent studies showed that this T15 clonotypic PC-specific IgM enhances AC clearance
in vivo and in vitro, in a complement-dependent fashion (36, 38) that may suggest that there
was an insufficient level of early complement factors, such as C1q and MBL, in the assays
described in this earlier in vitro report (44).
Recent studies in murine models demonstrated that anti-ACM IgM directed against PC and
MDA can have two major regulatory functions: i) enhance clearance of ACs by phagocytes,
(as termed efferocytosis) (36, 38) and ii) direct suppression of pro-inflammatory responses
induced by agonists for TLR3, TLR4, TLR7 and TLR9, and likely many other innate
pathways (38). However, it is not clear whether these two immunomodulatory functions are
mediated through the same signaling pathway, as inhibition of AC phagocytosis does not
necessarily inhibit the anti-inflammatory influences of AC interactions with DCs (51).
Investigations of the inhibitory properties of the prototypic anti-PC IgM, T15, which also
recognizes ACs, did not decrease TLR transcript expression or induce TGF-β or IL-10 in
DCs (38).
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In well-characterized inducible murine models of inflammatory autoimmune diseases,
collagen-induced arthritis and autoantibody-mediated arthritis, anti-ACM nIgM infusions
(i.e., T15 IgM), but not isotype control or saline, protected from inflammatory arthritis (38).
Also, recent observations in patients with the autoimmune disease, systemic lupus
erythematosus, highlight the association of nIgM levels in protection against autoimmunity
(52–54). For example, decreased levels of anti-PC IgM antibodies are characteristic features
of active lupus compared to disease in remission (52, 53). These studies suggest that some
nIgM may serve as regulators of the innate immune system to help maintain homeostasis
and in certain cases suppress the development of inflammatory and autoimmune diseases.
Another important role of nIgM in tissue homeostasis implicates clearance of altered or
malignant cells via complement-dependent cell lysis and induction of apoptosis (55, 56).
Many tumor-related epitopes are carbohydrate in nature and by themselves are poorly
immunogenic, thereby rendering the formulation of effective active immunization approach
a daunting task. Owing to their capacity in some cases to recognize the repetitive motifs of
some carbohydrate antigens and with an increased avidity due to their polymeric structure,
nIgM may provide an ‘endogenous’ therapeutic tool for enhancing certain types of immune
responses (57, 58).
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Deficiency in serum IgM may predispose to the development of IgG autoantibodies
suggesting that nIgM contribute to the suppression of disease-associated IgG autoantibody
production (59) (Figure 1). It has also been argued that the protective effect of IgM may at
times involve anti-idiotypic (i.e., targeting of the antigen receptors of some clonally related
lymphocytes) down-regulation of some autoimmune responses, or result from the induction
by some IgM anti-idiotypic antibodies of apoptotic death of pathogenic B-cell clones or the
selection of other protective B-cell subsets (60–62). The maintenance of tissue homeostasis
by nIgM may also involve the enhanced clearance of misfolded proteins, which could have
clinical implications for conditions like Alzheimer’s disease in which pathogenesis results
from the deposition of misfolded proteins such as β-amyloid plaques in the brain. Relevant
to this hypothesis, IgM antibodies have been shown to recognize and hydrolyze β-amyloid
proteins (63).
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In recent reports, several strategies have been described for boosting of nIgM levels.
Following splenectomy or thermal injury, patients often develop a selective loss of
circulating IgM and display an associated heightened susceptibility to certain types of
infections. While in health, nIgM is constitutively produced, there is extensive evidence that
levels can be enhanced by a number of interventions. Experimental models suggest that
exogenous administration of IL-18 can restore nIgM production and also strengthen the host
defenses to infection (64, 65) (Figure 2). Additional strategies to induce nIgM include: (i)
parenteral administration of CpG, an unmethylated, oligodeoxynucleotide PAMP that
activates B cells via TLR9; (ii) use of mimetic peptides derived from random in-silico
screening of peptides that mimic poorly immunogenic non-protein antigens; (iii)
immunization with PC-containing antigens that are also a dominant type of phospholipidrelated neodeterminant on ACMs and on OxLDL; (iv) pneumococcal vaccination that
exploits the molecular mimicry among the PC moieties of microbial cell-wall
polysaccharide, unfractionated OxLDL and ACs; and (v) injection of internal-image bearing
anti-idiotypic antibodies (43, 66–70). Indeed, idiotypic vaccination strategies that boost IgM
and IgG levels against NeuGcGM3 ganglioside antigens have also shown promising results
in early clinical trials (71, 72).
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Harnessing therapeutic potential of natural IgM
Use of IgM-enriched therapeutic preparations
As normal human plasma contains a substantial amount of nIgM, it may be practical and
economically viable to harness therapeutic potential of these IgM through the generation of
therapeutic preparations in a manner analogous to intravenous IgG (IVIg) that is now
extensively used for the treatment of a wide range of pathological conditions (73, 74)
(Figure 2). Indeed, an IgM-enriched Ig preparation, Pentaglobin®, contains 12% IgM and
this has been successfully used for treating infections associated with sepsis in patients, as
well as transplant rejection, and for certain inflammatory conditions in experimental models
(75–78). Such preparations may also provide benefits to combat infections that arise in
patients with autoimmune disease (79). This preparation likely benefits from enrichment for
a common type of VH4-34-encoded nIgM antibody that has specific high binding capacity
for microbial lipopolysaccharide (80), a factor implicated in infection-induced
cardiovascular collapse.
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Similarly, a pilot preparation of pooled polyreactive normal IgM that contains more than
90% IgM (IVIgM), was generated from plasma of more than 2,500 healthy donors. Such
IVIgM also contains anti-idiotypic antibodies that recognize disease-associated IgGautoantibodies from patients with a diverse range of autoimmune diseases and this IVIgM
can inhibit in vitro the activities of these IgG-autoantibodies (81). Furthermore, the in vivo
therapeutic efficacy of IVIgM was confirmed in complement-dependent inflammatory
conditions and in experimental models of uveitis, myasthenia gravis and multiple sclerosis
(77, 81–84). While exploring the mechanisms for such protection, it was found that IVIgM
can induce the apoptosis of mononuclear cells, suppress the functions of T cells and also
prevent the activation of the complement cascade under inflammatory conditions (77, 85,
86).
Use of monoclonal IgM antibodies
Promising results obtained with polyclonal nIgM prompted the identification and use of
monoclonal nIgM antibodies in experimental autoimmune diseases in mice (Figure 2). Two
such monoclonal antibodies (either derived from serum or generated by recombinant
approach) IgM22 and IgM46 have provided protection against Theiler's murine
J Immunol. Author manuscript; available in PMC 2013 February 1.
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encephalomyelitis virus-induced chronic progressive demyelinating disease and lysolecithininduced demyelination in mice by promoting remyelination (83, 84, 87, 88) and are potential
candidates for therapeutic trials.

Conclusions: Taking natural IgM to clinic
Although the therapeutic opportunities of nIgM appear vast, so far the promise of clinical
utility has been evaluated in only a small range of diseases. Several different approaches to
nIgM-based therapy are being considered for suitability for clinical trials. A natural human
monoclonal antibody, IgM22 that binds to oligodendrocytes and promotes their
remyelination will soon complete primate toxicology testing prior to submission for the
FDA approval (Moses Rodriguez, personal communication). Interestingly, anti-idiotypebased approaches that boost IgM antibody directed against NeuGcGM3 ganglioside in vivo
have also recently reached phase III clinical trials for the treatment of metastatic breast
cancer (71).
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One of the main reasons for the slow progress in translating the basic research findings on
nIgM to clinical application is the issue inherent to the nature of the molecules themselves.
The existence of IgM in either monomeric or pentameric forms presents a dilemma
regarding the identification of the form of the therapeutic molecule that will achieve the
most attractive profiles for efficacy, tolerability and safety. The pentameric form poses
further potential challenges regarding the stability of such manufactured ‘IgM-based
therapeutics’. Similar to IgG, the glycosylation pattern of IgM can also play a critical role in
its effector functions, and µ constant region-associated high mannose glycoconjugates can
mediate the recruitment of MBL, which can enhance the clearance of ACs (36), while in
other settings this may instead trigger downstream complement activation and associated
undesirable complications. Hence, the specialized effector functions of IgM can provide
clinical opportunities but also pose challenges for the purification of well-characterized
homogeneous preparations that are required for therapeutic applications.
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As for monoclonal IgM, identification of the most relevant and specific molecular targets,
and then optimizing production at an industrial scale are all likely to be technically
challenging and time-consuming. Further, depending on the molecular targets, each
particular monoclonal IgM may have a limited range of clinical indications. For these
reasons, pooled polyspecific IgM may present clear advantages, as the plasma fractionation
industry is well suited for these manufacturing challenges. In fact, an Ig preparation
containing 12% pooled IgM is currently used for the treatment of patients with sepsis (75,
76). Early results from pilot IVIgM preparations containing about 90% IgM have also
shown immunomodulatory potential in experimental models of autoimmune and
inflammatory diseases (77, 81–84). In the future, data from planned investigations should
provide insights into the ideal concentration of IgM in the Ig preparations that strikes the
optimal balance between therapeutic efficacy and minimal adverse reactions. IgMcontaining Ig preparations may also be used as supplemental therapy for patients who are
treated with agents that induce B-cell and Ig-depletion or other immunosuppressive
regimens that can be associated with increased susceptibility to infection.
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Abbreviations used in this paper
nIgM

natural IgM

AC

apoptotic cell

ACM

apoptotic cell membrane

OxLDL

oxidized low-density lipoproteins

PC

phosphorylcholine

MDA

malondialdehyde

IVIgM

intravenous immunoglobulin M

REFERENCES

NIH-PA Author Manuscript
NIH-PA Author Manuscript

1. Walport MJ. Complement. First of two parts. N. Engl. J. Med. 2001; 344:1058–1066. [PubMed:
11287977]
2. Dunkelberger JR, Song WC. Complement and its role in innate and adaptive immune responses.
Cell Res. 2010; 20:34–50. [PubMed: 20010915]
3. Shibuya A, Sakamoto N, Shimizu Y, Shibuya K, Osawa M, Hiroyama T, Eyre HJ, Sutherland GR,
Endo Y, Fujita T, Miyabayashi T, Sakano S, Tsuji T, Nakayama E, Phillips JH, Lanier LL,
Nakauchi H. Fc alpha/mu receptor mediates endocytosis of IgM-coated microbes. Nat. Immunol.
2000; 1:441–446. [PubMed: 11062505]
4. Kaetzel CS. The polymeric immunoglobulin receptor: bridging innate and adaptive immune
responses at mucosal surfaces. Immunol. Rev. 2005; 206:83–99. [PubMed: 16048543]
5. Adachi T, Harumiya S, Takematsu H, Kozutsumi Y, Wabl M, Fujimoto M, Tedder TF. CD22 serves
as a receptor for soluble IgM. Eur. J. Immunol. 2011
6. Kubagawa H, Oka S, Kubagawa Y, Torii I, Takayama E, Kang DW, Gartland GL, Bertoli LF, Mori
H, Takatsu H, Kitamura T, Ohno H, Wang JY. Identity of the elusive IgM Fc receptor (FcµR) in
humans. J. Exp. Med. 2009; 206:2779–2793. [PubMed: 19858324]
7. Shima H, Takatsu H, Fukuda S, Ohmae M, Hase K, Kubagawa H, Wang JY, Ohno H. Identification
of TOSO/FAIM3 as an Fc receptor for IgM. Int. Immunol. 2010; 22:149–156. [PubMed: 20042454]
8. Vire B, David A, Wiestner A. TOSO, the Fcmicro receptor, is highly expressed on chronic
lymphocytic leukemia B cells, internalizes upon IgM binding, shuttles to the lysosome, and is
downregulated in response to TLR activation. J. Immunol. 2011; 187:4040–4050. [PubMed:
21908732]
9. Elkon K, Casali P. Nature and functions of autoantibodies. Nat. Clin. Pract. Rheumatol. 2008;
4:491–498. [PubMed: 18756274]
10. Hardy RR, Hayakawa K. B cell development pathways. Annu. Rev. Immunol. 2001; 19:595–621.
[PubMed: 11244048]
11. LeBien TW, Tedder TF. B lymphocytes: how they develop and function. Blood. 2008; 112:1570–
1580. [PubMed: 18725575]
12. Sidman CL, Shultz LD, Hardy RR, Hayakawa K, Herzenberg LA. Production of immunoglobulin
isotypes by Ly-1+ B cells in viable motheaten and normal mice. Science. 1986; 232:1423–1425.
[PubMed: 3487115]
13. Baumgarth N. The double life of a B-1 cell: self-reactivity selects for protective effector functions.
Nat. Rev. Immunol. 2011; 11:34–46. [PubMed: 21151033]
14. Griffin DO, Holodick NE, Rothstein TL. Human B1 cells in umbilical cord and adult peripheral
blood express the novel phenotype CD20+ CD27+ CD43+ CD70. J. Exp. Med. 2011; 208:67–80.
[PubMed: 21220451]

J Immunol. Author manuscript; available in PMC 2013 February 1.

Kaveri et al.

Page 9

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

15. Morris DL, Rothstein TL. Abnormal transcription factor induction through the surface
immunoglobulin M receptor of B-1 lymphocytes. J. Exp. Med. 1993; 177:857–861. [PubMed:
8436914]
16. Holodick NE, Tumang JR, Rothstein TL. Continual signaling is responsible for constitutive ERK
phosphorylation in B-1a cells. Mol. Immunol. 2009; 46:3029–3036. [PubMed: 19592097]
17. Wong SC, Chew WK, Tan JE, Melendez AJ, Francis F, Lam KP. Peritoneal CD5+ B-1 cells have
signaling properties similar to tolerant B cells. J. Biol. Chem. 2002; 277:30707–30715. [PubMed:
12070149]
18. Hayakawa K, Hardy RR, Stall AM, Herzenberg LA. Immunoglobulin-bearing B cells reconstitute
and maintain the murine Ly-1 B cell lineage. Eur. J. Immunol. 1986; 16:1313–1316. [PubMed:
3095127]
19. Kantor AB, Stall AM, Adams S, Watanabe K, Herzenberg LA. De novo development and selfreplenishment of B cells. Int. Immunol. 1995; 7:55–68. [PubMed: 7536467]
20. Duber S, Hafner M, Krey M, Lienenklaus S, Roy B, Hobeika E, Reth M, Buch T, Waisman A,
Kretschmer K, Weiss S. Induction of B-cell development in adult mice reveals the ability of bone
marrow to produce B-1a cells. Blood. 2009; 114:4960–4967. [PubMed: 19812384]
21. Holodick NE, Repetny K, Zhong X, Rothstein TL. Adult BM generates CD5+ B1 cells containing
abundant N-region additions. Eur. J. Immunol. 2009; 39:2383–2394. [PubMed: 19714574]
22. Ansel KM, Harris RB, Cyster JG. CXCL13 is required for B1 cell homing, natural antibody
production, and body cavity immunity. Immunity. 2002; 16:67–76. [PubMed: 11825566]
23. Fagarasan S, Watanabe N, Honjo T. Generation, expansion, migration and activation of mouse B1
cells. Immunol. Rev. 2000; 176:205–215. [PubMed: 11043779]
24. Colombo MJ, Sun G, Alugupalli KR. T-cell-independent immune responses do not require CXC
ligand 13-mediated B1 cell migration. Infect. Immun. 2010; 78:3950–3956. [PubMed: 20584971]
25. Heyman B. Regulation of antibody responses via antibodies, complement, and Fc receptors. Annu.
Rev. Immunol. 2000; 18:709–737. [PubMed: 10837073]
26. Heyman B, Pilstrom L, Shulman MJ. Complement activation is required for IgM-mediated
enhancement of the antibody response. J. Exp. Med. 1988; 167:1999–2004. [PubMed: 3385360]
27. Ochsenbein AF, Fehr T, Lutz C, Suter M, Brombacher F, Hengartner H, Zinkernagel RM. Control
of early viral and bacterial distribution and disease by natural antibodies. Science. 1999;
286:2156–2159. [PubMed: 10591647]
28. Zhou ZH, Zhang Y, Hu YF, Wahl LM, Cisar JO, Notkins AL. The broad antibacterial activity of
the natural antibody repertoire is due to polyreactive antibodies. Cell Host Microbe. 2007; 1:51–
61. [PubMed: 18005681]
29. Stager S, Alexander J, Kirby AC, Botto M, Rooijen NV, Smith DF, Brombacher F, Kaye PM.
Natural antibodies and complement are endogenous adjuvants for vaccine-induced CD8+ T-cell
responses. Nat. Med. 2003; 9:1287–1292. [PubMed: 14502281]
30. Kohler H, Bayry J, Nicoletti A, Kaveri SV. Natural autoantibodies as tools to predict the outcome
of immune response? Scand. J. Immunol. 2003; 58:285–289. [PubMed: 12950673]
31. Jayasekera JP, Moseman EA, Carroll MC. Natural antibody and complement mediate
neutralization of influenza virus in the absence of prior immunity. J. Virol. 2007; 81:3487–3494.
[PubMed: 17202212]
32. Rapaka RR, Ricks DM, Alcorn JF, Chen K, Khader SA, Zheng M, Plevy S, Bengten E, Kolls JK.
Conserved natural IgM antibodies mediate innate and adaptive immunity against the opportunistic
fungus Pneumocystis murina. J. Exp. Med. 2010; 207:2907–2919. [PubMed: 21149550]
33. Fernandez Gonzalez S, Jayasekera JP, Carroll MC. Complement and natural antibody are required
in the long-term memory response to influenza virus. Vaccine. 2008; 26 Suppl 8:I86–I93.
[PubMed: 19388171]
34. Aimanianda V, Haensler J, Lacroix-Desmazes S, Kaveri SV, Bayry J. Novel cellular and molecular
mechanisms of induction of immune responses by aluminum adjuvants. Trends Pharmacol. Sci.
2009; 30:287–295. [PubMed: 19439372]
35. Manderson AP, Botto M, Walport MJ. The role of complement in the development of systemic
lupus erythematosus. Annu. Rev. Immunol. 2004; 22:431–456. [PubMed: 15032584]

J Immunol. Author manuscript; available in PMC 2013 February 1.

Kaveri et al.

Page 10

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

36. Chen Y, Park YB, Patel E, Silverman GJ. IgM antibodies to apoptosis-associated determinants
recruit C1q and enhance dendritic cell phagocytosis of apoptotic cells. J. Immunol. 2009;
182:6031–6043. [PubMed: 19414754]
37. Quartier P, Potter PK, Ehrenstein MR, Walport MJ, Botto M. Predominant role of IgM-dependent
activation of the classical pathway in the clearance of dying cells by murine bone marrow-derived
macrophages in vitro. Eur. J. Immunol. 2005; 35:252–260. [PubMed: 15597324]
38. Chen Y, Khanna S, Goodyear CS, Park YB, Raz E, Thiel S, Gronwall C, Vas J, Boyle DL, Corr M,
Kono DH, Silverman GJ. Regulation of dendritic cells and macrophages by an anti-apoptotic cell
natural antibody that suppresses TLR responses and inhibits inflammatory arthritis. J. Immunol.
2009; 183:1346–1359. [PubMed: 19564341]
39. Notley CA, Brown MA, Wright GP, Ehrenstein MR. Natural IgM Is Required for Suppression of
Inflammatory Arthritis by Apoptotic Cells. J. Immunol. 2011; 186:4967–4972. [PubMed:
21383247]
40. Binder CJ, Silverman GJ. Natural antibodies and the autoimmunity of atherosclerosis. Springer
Semin. Immunopathol. 2005; 26:385–404. [PubMed: 15609021]
41. Pryor WA, Stanley JP. Letter: A suggested mechanism for the production of malonaldehyde during
the autoxidation of polyunsaturated fatty acids. Nonenzymatic production of prostaglandin
endoperoxides during autoxidation. J. Org. Chem. 1975; 40:3615–3617. [PubMed: 1185332]
42. Shaw PX, Horkko S, Chang MK, Curtiss LK, Palinski W, Silverman GJ, Witztum JL. Natural
antibodies with the T15 idiotype may act in atherosclerosis, apoptotic clearance, and protective
immunity. J. Clin. Invest. 2000; 105:1731–1740. [PubMed: 10862788]
43. Binder CJ, Horkko S, Dewan A, Chang MK, Kieu EP, Goodyear CS, Shaw PX, Palinski W,
Witztum JL, Silverman GJ. Pneumococcal vaccination decreases atherosclerotic lesion formation:
molecular mimicry between Streptococcus pneumoniae and oxidized LDL. Nat. Med. 2003;
9:736–743. [PubMed: 12740573]
44. Chang MK, Bergmark C, Laurila A, Horkko S, Han KH, Friedman P, Dennis EA, Witztum JL.
Monoclonal antibodies against oxidized low-density lipoprotein bind to apoptotic cells and inhibit
their phagocytosis by elicited macrophages: evidence that oxidation-specific epitopes mediate
macrophage recognition. Proc. Natl. Acad. Sci. U S A. 1999; 96:6353–6358. [PubMed: 10339591]
45. Shaw PX, Goodyear CS, Chang MK, Witztum JL, Silverman GJ. The autoreactivity of antiphosphorylcholine antibodies for atherosclerosis-associated neo-antigens and apoptotic cells. J.
Immunol. 2003; 170:6151–6157. [PubMed: 12794145]
46. Ehrenstein MR, Notley CA. The importance of natural IgM: scavenger, protector and regulator.
Nat. Rev. Immunol. 2010; 10:778–786. [PubMed: 20948548]
47. Kyaw T, Tay C, Krishnamurthi S, Kanellakis P, Agrotis A, Tipping P, Bobik A, Toh BH. B1a B
Lymphocytes Are Atheroprotective by Secreting Natural IgM That Increases IgM Deposits and
Reduces Necrotic Cores in Atherosclerotic Lesions. Circ. Res. 2011; 109:830–840. [PubMed:
21868694]
48. Karvonen J, Paivansalo M, Kesaniemi YA, Horkko S. Immunoglobulin M type of autoantibodies
to oxidized low-density lipoprotein has an inverse relation to carotid artery atherosclerosis.
Circulation. 2003; 108:2107–2112. [PubMed: 14530200]
49. Tsimikas S, Brilakis ES, Lennon RJ, Miller ER, Witztum JL, McConnell JP, Kornman KS, Berger
PB. Relationship of IgG and IgM autoantibodies to oxidized low density lipoprotein with coronary
artery disease and cardiovascular events. J. Lipid Res. 2007; 48:425–433. [PubMed: 17093289]
50. Reardon CA, Miller ER, Blachowicz L, Lukens J, Binder CJ, Witztum JL, Getz GS.
Autoantibodies to OxLDL fail to alter the clearance of injected OxLDL in apolipoprotein Edeficient mice. J. Lipid Res. 2004; 45:1347–1354. [PubMed: 15102879]
51. Kim S, Elkon KB, Ma X. Transcriptional suppression of interleukin-12 gene expression following
phagocytosis of apoptotic cells. Immunity. 2004; 21:643–653. [PubMed: 15539151]
52. Su J, Hua X, Concha H, Svenungsson E, Cederholm A, Frostegard J. Natural antibodies against
phosphorylcholine as potential protective factors in SLE. Rheumatology (Oxford). 2008; 47:1144–
1150. [PubMed: 18522961]
53. Anania C, Gustafsson T, Hua X, Su J, Vikstrom M, de Faire U, Heimburger M, Jogestrand T,
Frostegard J. Increased prevalence of vulnerable atherosclerotic plaques and low levels of natural

J Immunol. Author manuscript; available in PMC 2013 February 1.

Kaveri et al.

Page 11

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

IgM antibodies against phosphorylcholine in patients with systemic lupus erythematosus. Arthritis
Res. Ther. 2010; 12:R214. [PubMed: 21092251]
54. Mehrani T, Petri M. IgM Anti-β2 Glycoprotein I Is Protective Against Lupus Nephritis and Renal
Damage in Systemic Lupus Erythematosus. J. Rheumatol. 2011; 38:450–453. [PubMed:
21123325]
55. David K, Ollert MW, Vollmert C, Heiligtag S, Eickhoff B, Erttmann R, Bredehorst R, Vogel CW.
Human natural immunoglobulin M antibodies induce apoptosis of human neuroblastoma cells by
binding to a Mr 260,000 antigen. Cancer Res. 1999; 59:3768–3775. [PubMed: 10446994]
56. Schwartz-Albiez R, Laban S, Eichmuller S, Kirschfink M. Cytotoxic natural antibodies against
human tumours: an option for anti-cancer immunotherapy? Autoimmun. Rev. 2008; 7:491–495.
[PubMed: 18558368]
57. Rauschert N, Brandlein S, Holzinger E, Hensel F, Muller-Hermelink HK, Vollmers HP. A new
tumor-specific variant of GRP78 as target for antibody-based therapy. Lab. Invest. 2008; 88:375–
386. [PubMed: 18268478]
58. Brandlein S, Rauschert N, Rasche L, Dreykluft A, Hensel F, Conzelmann E, Muller-Hermelink
HK, Vollmers HP. The human IgM antibody SAM-6 induces tumor-specific apoptosis with
oxidized low-density lipoprotein. Mol. Cancer Ther. 2007; 6:326–333. [PubMed: 17237291]
59. Ehrenstein MR, Cook HT, Neuberger MS. Deficiency in serum immunoglobulin (Ig)M predisposes
to development of IgG autoantibodies. J. Exp. Med. 2000; 191:1253–1258. [PubMed: 10748243]
60. Hurez V, Kaveri SV, Kazatchkine MD. Expression and control of the natural autoreactive IgG
repertoire in normal human serum. Eur. J. Immunol. 1993; 23:783–789. [PubMed: 8458369]
61. Boes M, Schmidt T, Linkemann K, Beaudette BC, Marshak-Rothstein A, Chen J. Accelerated
development of IgG autoantibodies and autoimmune disease in the absence of secreted IgM. Proc.
Natl. Acad. Sci. U S A. 2000; 97:1184–1189. [PubMed: 10655505]
62. Baker N, Ehrenstein MR. Cutting edge: selection of B lymphocyte subsets is regulated by natural
IgM. J. Immunol. 2002; 169:6686–6690. [PubMed: 12471099]
63. Taguchi H, Planque S, Nishiyama Y, Symersky J, Boivin S, Szabo P, Friedland RP, Ramsland PA,
Edmundson AB, Weksler ME, Paul S. Autoantibody-catalyzed hydrolysis of amyloid beta peptide.
J. Biol. Chem. 2008; 283:4714–4722. [PubMed: 18086674]
64. Kinoshita M, Shinomiya N, Ono S, Tsujimoto H, Kawabata T, Matsumoto A, Hiraide H, Seki S.
Restoration of natural IgM production from liver B cells by exogenous IL-18 improves the
survival of burn-injured mice infected with Pseudomonas aeruginosa. J. Immunol. 2006;
177:4627–4635. [PubMed: 16982901]
65. Kuranaga N, Kinoshita M, Kawabata T, Habu Y, Shinomiya N, Seki S. Interleukin-18 protects
splenectomized mice from lethal Streptococcus pneumoniae sepsis independent of interferongamma by inducing IgM production. J. Infect. Dis. 2006; 194:993–1002. [PubMed: 16960788]
66. Capolunghi F, Cascioli S, Giorda E, Rosado MM, Plebani A, Auriti C, Seganti G, Zuntini R,
Ferrari S, Cagliuso M, Quinti I, Carsetti R. CpG drives human transitional B cells to terminal
differentiation and production of natural antibodies. J. Immunol. 2008; 180:800–808. [PubMed:
18178818]
67. Wool GD, Cabana VG, Lukens J, Shaw PX, Binder CJ, Witztum JL, Reardon CA, Getz GS. 4F
Peptide reduces nascent atherosclerosis and induces natural antibody production in apolipoprotein
E-null mice. FASEB J. 2011; 25:290–300. [PubMed: 20876212]
68. Pashov A, Canziani G, Monzavi-Karbassi B, Kaveri SV, Macleod S, Saha R, Perry M, Vancott
TC, Kieber-Emmons T. Antigenic properties of peptide mimotopes of HIV-1-associated
carbohydrate antigens. J. Biol. Chem. 2005; 280:28959–28965. [PubMed: 15955803]
69. Caligiuri G, Khallou-Laschet J, Vandaele M, Gaston AT, Delignat S, Mandet C, Kohler HV,
Kaveri SV, Nicoletti A. Phosphorylcholine-targeting immunization reduces atherosclerosis. J. Am.
Coll. Cardiol. 2007; 50:540–546. [PubMed: 17678738]
70. Hernandez AM, Toledo D, Martinez D, Grinan T, Brito V, Macias A, Alfonso S, Rondon T,
Suarez E, Vazquez AM, Perez R. Characterization of the antibody response against NeuGcGM3
ganglioside elicited in non-small cell lung cancer patients immunized with an anti-idiotype
antibody. J. Immunol. 2008; 181:6625–6634. [PubMed: 18941253]

J Immunol. Author manuscript; available in PMC 2013 February 1.

Kaveri et al.

Page 12

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

71. Mulens V, de la Torre A, Marinello P, Rodriguez R, Cardoso J, Diaz R, O'Farrill M, Macias A,
Viada C, Saurez G, Carr A, Crombet T, Mazorra Z, Perez R, Fernandez LE. Immunogenicity and
safety of a NeuGcGM3 based cancer vaccine: Results from a controlled study in metastatic breast
cancer patients. Hum. Vaccin. 2010; 6:736–744.
72. Hernandez AM, Rodriguez N, Gonzalez JE, Reyes E, Rondon T, Grinan T, Macias A, Alfonso S,
Vazquez AM, Perez R. Anti-NeuGcGM3 Antibodies, Actively Elicited by Idiotypic Vaccination
in Nonsmall Cell Lung Cancer Patients, Induce Tumor Cell Death by an Oncosis-Like
Mechanism. J. Immunol. 2011; 186:3735–3744. [PubMed: 21300821]
73. Bayry J, Negi VS, Kaveri SV. Intravenous immunoglobulin therapy in rheumatic diseases. Nat.
Rev. Rheumatol. 2011; 7:349–359. [PubMed: 21556030]
74. Bayry J, Lacroix-Desmazes S, Kazatchkine MD, Kaveri SV. Intravenous immunoglobulin for
infectious diseases: back to the pre-antibiotic and passive prophylaxis era? Trends Pharmacol. Sci.
2004; 25:306–310. [PubMed: 15165745]
75. Stehr SN, Knels L, Weissflog C, Schober J, Haufe D, Lupp A, Koch T, Heller AR. Effects of IGMenriched solution on polymorphonuclear neutrophil function, bacterial clearance, and lung
histology in endotoxemia. Shock. 2008; 29:167–172. [PubMed: 17666945]
76. Norrby-Teglund A, Haque KN, Hammarstrom L. Intravenous polyclonal IgM-enriched
immunoglobulin therapy in sepsis: a review of clinical efficacy in relation to microbiological
aetiology and severity of sepsis. J. Intern. Med. 2006; 260:509–516. [PubMed: 17116001]
77. Rieben R, Roos A, Muizert Y, Tinguely C, Gerritsen AF, Daha MR. Immunoglobulin M-enriched
human intravenous immunoglobulin prevents complement activation in vitro and in vivo in a rat
model of acute inflammation. Blood. 1999; 93:942–951. [PubMed: 9920844]
78. Walpen AJ, Laumonier T, Aebi C, Mohacsi PJ, Rieben R. Immunoglobulin M-enriched
intravenous immunoglobulin inhibits classical pathway complement activation, but not
bactericidal activity of human serum. Xenotransplantation. 2004; 11:141–148. [PubMed:
14962276]
79. Maddur MS, Vani J, Lacroix-Desmazes S, Kaveri S, Bayry J. Autoimmunity as a predisposition
for infectious diseases. PLoS Pathog. 2010; 6:e1001077. [PubMed: 21079687]
80. Bieber MM, Bhat NM, Teng NN. Anti-endotoxin human monoclonal antibody A6H4C5 (HA-1A)
utilizes the VH4.21 gene. Clin. Infect. Dis. 1995; 21 Suppl 2:S186–S189. [PubMed: 8845451]
81. Hurez V, Kazatchkine MD, Vassilev T, Ramanathan S, Pashov A, Basuyaux B, de Kozak Y,
Bellon B, Kaveri SV. Pooled normal human polyspecific IgM contains neutralizing anti-idiotypes
to IgG autoantibodies of autoimmune patients and protects from experimental autoimmune
disease. Blood. 1997; 90:4004–4013. [PubMed: 9354669]
82. Vassilev T, Yamamoto M, Aissaoui A, Bonnin E, Berrih-Aknin S, Kazatchkine MD, Kaveri SV.
Normal human immunoglobulin suppresses experimental myasthenia gravis in SCID mice. Eur. J.
Immunol. 1999; 29:2436–2442. [PubMed: 10458757]
83. Warrington AE, Asakura K, Bieber AJ, Ciric B, Van Keulen V, Kaveri SV, Kyle RA, Pease LR,
Rodriguez M. Human monoclonal antibodies reactive to oligodendrocytes promote remyelination
in a model of multiple sclerosis. Proc. Natl. Acad. Sci. U S A. 2000; 97:6820–6825. [PubMed:
10841576]
84. Bieber AJ, Warrington A, Asakura K, Ciric B, Kaveri SV, Pease LR, Rodriguez M. Human
antibodies accelerate the rate of remyelination following lysolecithin-induced demyelination in
mice. Glia. 2002; 37:241–249. [PubMed: 11857682]
85. Varambally S, Bar-Dayan Y, Bayry J, Lacroix-Desmazes S, Horn M, Sorel M, Ruberti G,
Kazatchkine MD, Kaveri SV. Natural human polyreactive IgM induce apoptosis of lymphoid cell
lines and human peripheral blood mononuclear cells. Int. Immunol. 2004; 16:517–524. [PubMed:
14978025]
86. Vassilev T, Mihaylova N, Voynova E, Nikolova M, Kazatchkine M, Kaveri S. IgM-enriched
human intravenous immunoglobulin suppresses T lymphocyte functions in vitro and delays the
activation of T lymphocytes in hu-SCID mice. Clin. Exp. Immunol. 2006; 145:108–115. [PubMed:
16792680]
87. Warrington AE, Rodriguez M. Method of identifying natural antibodies for remyelination. J. Clin.
Immunol. 2010; 30 Suppl 1:S50–S55. [PubMed: 20387101]

J Immunol. Author manuscript; available in PMC 2013 February 1.

Kaveri et al.

Page 13

NIH-PA Author Manuscript

88. Watzlawik J, Holicky E, Edberg DD, Marks DL, Warrington AE, Wright BR, Pagano RE,
Rodriguez M. Human remyelination promoting antibody inhibits apoptotic signaling and
differentiation through Lyn kinase in primary rat oligodendrocytes. Glia. 2010; 58:1782–1793.
[PubMed: 20645409]

NIH-PA Author Manuscript
NIH-PA Author Manuscript
J Immunol. Author manuscript; available in PMC 2013 February 1.

Kaveri et al.

Page 14

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 1. Natural IgM in immune equilibrium

nIgM can maintain immune equilibrium through regulating the tissue homeostasis and by
acting as a first line of defense against invading microbes and shaping the subsequent
immune response. The role of nIgM in tissue homeostasis implicates activation of
compliment pathways and helps to prevent inflammation, autoimmunity and malignancy.
These functions include recognition of apoptotic cell membranes and promoting the
clearance of apoptotic cells by phagocytic cells such as DC and MΘ, clearance of altered or
malignant cells or misfolded proteins, and regulation of the disease-associated IgG and B
cell clones. Further, nIgM can confer protection against invading pathogens through direct
neutralization of pathogens, activation of classical complement pathways, opsonization of
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pathogens and phagocytosis by DC and MΘ, and transportation of antigens to lymphoid
organs for initiating the immune responses by innate immune cells. In addition, nIgM can
also regulate the immune response to pathogens by influencing the T cell polarization and B
cell class-switch.
DC, dendritic cell; MΘ, macrophage; C1Q, complement C1Q (classical complement
pathway); MBL, mannose binding lectin (lectin complement pathway); B, B cell; T, T cell.
Further, recent reports have also highlighted the potential roles of nIgM in tissue
homeostasis via multiple ways such as
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Figure 2. Means to harness therapeutic potential of natural IgM
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