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Summary

Antigen-experienced IgM™* B cells with mutated V genes have emerged as important effectors of
both adaptive and innate-like immune responses. While their precise role in recall responses
appear to differ according to the nature of the immunogen or the infectious agent, they are able to
achieve rapid plasma cell differentiation, germinal center re-initiation, as well as IgM and 1gG
memory pool replenishment, which establishes them as multi-lineage precursors of the various
functional memory subsets. For innate-like responses, recent data have shown that activation by
gut commensals is able to generate, both in mice and humans, a systemic IgM™* population with
specificity against glycan epitopes, which displays broad cross-reactivity towards multiple micro-
organisms, and ensures a first line of defense against systemic infections.

Introduction

B cell immune memory is the capacity to respond more rapidly to a re-encounter of the
immunizing antigen with high affinity and exquisite specificity. Memory responses are
classically assigned to switched 1gG memory B cells whose unique cytoplasmic tail confers
them enhanced reactivity [1]. IgM memory B cells have been described almost 40 years ago,
but their precise functional role remains as today ill-defined. We will summarize in this
review recent data on the behavior of IgM memory B cells in infectious and non-infectious
settings, both in mice and humans, data that highlight their distinct functional features in
innate-like and adaptive responses.

IgM memory B cells in adaptive responses

Mouse IgM vs IgG memory subsets in recall response against model antigens

A controversy still exists concerning the specific fate of IgM and IgG memory subsets in
recall responses. Two studies initially proposed that IgM memory B cells are the privileged
effectors of germinal center (GC) recall responses (using sheep red blood cells (SRBC) and
phycoerythrin (PE) immunization, respectively), while IgG memory would be poised
towards plasma cell differentiation [2,3]. A latter study, however, based on NP-KLH
challenge with a TH1 polarizing adjuvant, favored a secondary GC reaction seeded by 1gG
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memory B cells [4]. An alternate proposition was made by M. Shlomchik and colleagues,
stating that the differentiation potential of memory subsets was in fact imparted by a
gradient of memory markers, comprised of CD73, CD80 and PD-L 2, with low-expressing
subsets (“double-negative” for CD80 and PD-L2) undergoing GC differentiation upon
transfer and challenge, while double- positive CD80/PD-L2 memory B cells would give rise
to plasma cells [5,6]. As IgM memory B cells were mainly negative for these markers in
their model (a transgenic NP-setting with transfer to a transgenic host), and 1gG1 were
mainly positive, this would seem a priori to go along the first proposition. However, these
different models may not be comparable, as most memory B cells that go through a germinal
center reaction (and are labelled through an AlD-fate mapping system) are CD73*CD80*
(ref. 2 and discussion below), suggesting that IgM memory B cells negative for these
markers are generated through a germinal center independent pathway, a pathway
documented notably in Bcl6-deficient animals [7,8]. The function of this subset that displays
an unmutated BCR is nevertheless still elusive, as its capacity to compete with affinity
matured memory B cells upon antigen challenge remains to be established. It should also be
noted that no clear equivalent of this germinal center-independent subset has been described
so far in humans.

The debate concerning the differentiation potential of memory B cell subsets may not
converge to a unique scheme in mouse model systems, as recall responses strongly depend
on the immunization conditions, like the delay between prime and boost (and the level of
circulating antibodies [3]), the nature of the antigen (and the persistence of germinal center
reactions), the site of immunization (and the lymphoid tissue studied, lymph node vs.
spleen), and finally, the type of adjuvant used (and the polarization of the response towards
distinct IgG isotypes exerting different inhibitory functions).

Longevity of IgM vs. IgG memory

After immunization against PE, switched memory B cells, followed over 500 days, were
shown to decay with faster kinetics than PE-specific IgM memory B cells [3]. Using the
same immunization conditions, the group of M. Nussenzweig showed that both IgM and 1gG
memory B cells had the same survival capacity, as previously reported in an NP response
[9], but that the higher mutation load of switched memory B cells increased the proportion
of auto-reactive cells, which were progressively purged from the memory pool by post-
germinal center tolerance mechanisms [10]. A different proposition emerged from the group
of M. Jenkins, who linked the reduced longevity of anti-PE IgG™ B cells to the presence of
high avidity IgM precursors in the naive B cell pool, the shortcut in affinity maturation
induced by such a pre-adapted repertoire failing to generate a long-lived memory profile
[11]. In humans, while IgG memory B cells have been shown to survive for decades in
several infectious or vaccine conditions [12], no comparisons have been made with IgM
memory B cells, whose systematic analysis, as mentioned in the next chapter, has rarely
been performed.

IgM memory B cells: broad effectors of immune responses in infectious contexts

New insights concerning recall responses have emerged from mouse infectious models, in
which IgM memory B cells appear to play multiple roles. Mice injected with Plasmodium-
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infected RBCs generate Plasmodium-specific IgM* and switched memory B cells which
represent 20 and 30% respectively of the total specific B cell memory response, as well as a
major IgM!*WIgD* subset (50%), all subsets being detectable up to one year after infection
[13]. Both switched and IgM-only subsets were largely CD80*CD73* with mutated Ig
receptors, while the IgD* subset, unmutated and CD80"CD73", appears to represent a GC-
independent subset. Interestingly, this subset did not proliferate upon reinfection. While
memory and germinal center B cells engaged in the recall response were mainly isotype-
switched, the authors did not specifically studied to what extent early switching contributed
to this phenotype. Their focus was mainly on the description of an early plasma cell
response, which was dominated by differentiation of IgM-only memory B cells in spite of
being numerically lower initially, followed by 1gG plasma cells a few days later, such
plasma cells being generated from both switched memory B-cell differentiation and isotype
switching of activated IgM* B cells [13].

In the same Plasmodium chabaudi mouse model of infection, it was more recently shown
that a major part of memory B cells, both switched and IgM™*, expressed the FCRL5 marker
several months after infection. These cells were positive for CD80 and CD73, as well as
CD11b, CD11c and T-bet, although these markers were expressed at a much lower level than
at 4 weeks after infection, and responded vigorously upon reinfection by expanding the pool
of memory B cells and giving rise to ASC [14]. This observation clearly demonstrated that
the so-called atypical memory B cells markers (FCRL5,T-bet, CD11b*, CD11c*) observed
on CD21°CD27- memory B cells in many human chronic infections and autoimmune
diseases (HIV, HCV, Malaria, Lupus) [15], do not systematically prevent memory B cells
from being functional, and rather mark activated B cells.

The immune response against EArlichia muris, an obligate intra-cellular rickettsia infecting
macrophages and dendritic cells, generates a strong extra-follicular plasmablast neutralizing
IgM response, with a GC reaction that was delayed until 3 weeks post infection [16]. At
later time points, this infection generated essentially IgM memory B cells, with some
switched memory B cells in a 10:1 ratio. As described above for malaria infection, these
IgM memory B cells were T-bet*, CD73*, CD80*, as well as, for most of them, CD11c™,
CD11b* and PD-L2*. The properties of IgM memory B cells labelled by the inducible AID
fate mapping system in this infectious setting (AID-Cre-ERT2 crossed with a ROSA-loxP-
reporter line) were followed over successive transfer and challenges. This IgM memory pool
gave rise to all effector subsets after challenge, germinal center, memory B cells and plasma
cells, both IgM™ or switched. The newly reconstituted IgM memory pool conserved its broad
effector potential upon additional transfer, clearly demonstrated by shared clonal
relationships between donor and differentiated subsets, thus confirming its multi-lineage
differentiation capacity [17].

It was proposed that, despite the pentameric structure of the IgM antibody which increases
its avidity, the lower affinity of IgM memory B cells could in fact afford a wider cross-
specific protection in front of mutating pathogens. A striking example was reported showing
that, when rapamycin was administrated during vaccination, it conferred cross-strain
protection against lethal infection with influenza virus subtypes [18]. The proposition of the
authors was that rapamycin, by inactivating the mTOR kinase and therefore reducing class
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switch recombination (CSR) and germinal centers (GC) expansion, favored the emergence
of IgM antibodies (Ab) with lower affinity, which targeted more conserved elements of the
HA stem and thus were more cross-reactive. Along the same line, it was shown that, in mice
immunized with the Dengue virus envelope protein and boosted with variant protein
subtypes, IgM memory B cells with fewer mutations were specifically recruited in germinal
centers, giving rise to a cross-reactive antibody response in serum [19].

A high-throughput antibody screen in healthy donors was developed to study the humoral
response to BK polyomaviruses (BKV), viruses that establish a dormant infection with
almost 100% prevalence in humans. This study, the first of its kind that mined both the IgM
and 1gG memory repertoires, identified memory B cells expressing broadly cross-reactive
and neutralizing antibodies for BK virus subtypes and related JC polyomaviruses [20].
Strikingly, the repertoires of IgM and 1gG memory B cells were largely distinct, and, more
surprisingly, the anti-viral specificity of IgM memory B cells was isotype-dependent, as
binding was frequently lost by swapping mu and gamma heavy chain constant regions in a
monomeric Ig. This study thus revealed an intrinsic function of the IgM memory subset,
distinct from its switching potential.

Tissue-resident IgM memory B cells harbor a distinct antigen recognition profile

Local and systemic memory B cell responses against respiratory syncytial virus were studied
in 2.5 to 4 years old children previously exposed to the virus [21]. There was no correlation
between the frequency of virus-specific memory B cells in paired blood and adenoid tissues
from the donor studied. Adenoid-specific antibodies showed higher binding affinities and
neutralization capacities compared to those isolated from peripheral blood, and 1/4 of these
high-affinity antibodies originated from an unswitched memory B cell population, harboring
highly mutated Vy genes but lacking CD27. A fraction of them expressed the
CD45RB™MeM55 marker, which marks memory B cells and a marginal zone precursor subset
[22,23]. Whether this specific phenotype is linked with the young age of the donors, or is the
hallmark of such tissue-resident population remains to be established. This study anyway
underlined the potency of tissue-resident memory B cells and the possible negative impact of
adenoidectomy on anti-viral defense.

The overall picture emerging from IgM memory responses is complex, describing multiple
functional facets of this subset: an early plasma cell differentiation potential in recall
responses during which the pentameric secreted antibodies might be specially effective; a
"stem-like" capacity to self-renew and generate all downstream effectors; a lower
hypermutation load, often correlated with lower affinity and broader reactivity, endowing
them with a specific capacity to cope with variant forms of pathogens, including through
further maturation in germinal centers.

IgM memory B cells in mucosal and innate-like responses

Recent studies have described the existence of innate-like IgM memory B cells, which are
generated in the mouse in the absence of deliberate immunization, or which, in humans, are
linked to mucosal activation (figure 1).
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A spontaneous IgM memory subset in the mouse

Spontaneous germinal centers are observed in spleen and Peyer's patches from non-
immunized mice [24]. The output of these responses was identified by the inducible AID
fate mapping mouse line, allowing the long-term follow-up of cells labelled by AID in the
absence of exogenous activation. This analysis identified a persistent subset, composed
mainly of IgM memory B cells in the spleen (together with IgA* B cells), as well as plasma
cells which, in bone marrow, are mainly IgA-secreting cells, present several months after
their initial labeling [25]. Multiple approaches performed to determine their persistence and
renewal, led us to conclude that maintenance of peripheral EYFP* B cells and plasma cells
was due to a continuous replenishment from ongoing immune responses taking place at
mucosal sites. Splenic IgM memory B cells were CD73* and CD80* and accumulated with
time, reaching 4-6% of splenic B cells at 5-8 months of age. One should stress that
accumulation of the CD73*CD80*IgM™* subset in the spleen has nevertheless two different
origins: one from chronic activation in Peyer's patches, where activated B cells persist for
extended periods of time and continuously seed the periphery, accounting for most of the
EYFP* pool analyzed several months after their initial AID-dependent labeling; a second
one from spontaneous germinal centers in the spleen, where B cells initially labelled more
rarely persist, and thus feed continuously the splenic IgM "memory" pool from constantly
renewed germinal center reactions. The antibodies produced by the IgM splenic memory B
cells displayed extensive cross-reactivity against multiple bacterial species, including those
that animals did not encountered in the animal facility [25]. This suggested that conserved
glycans could be privileged antigens recognized by this innate-like IgM population activated
in mucosal tissues, endowing them with broad cross-reactivity towards bacteria, of either
commensal or infectious origin [26].

Recently, an exhaustive repertoire analysis of B1 cells described a major shift in the B1
repertoire in old animals, harboring N additions and somatic mutations, together with
dominant clones retaining the original B1 profile [27]. These data somewhat contradicted the
widely held notion of B1 cells originating from a fetal lineage and persisting throughout life
by self-replenishment. One should mention however that the innate-like IgM memory B
cells we observed, and which accumulate with time, harbor activation markers like CD43
which are used to identify splenic B-1 cells, and may therefore account for the late
emergence of a repertoire with mutations and N-additions.

Does contribution of such glycan-specific IgM memory B cells of mucosal origin to the
systemic B cell pool also takes place in humans? Klebsiella pneumoniae colonizes mucosal
surfaces of healthy people, but can generate severe infections in immune-compromised
patients. Wardemann and colleagues reported the presence of Klebsiella LPS-O3 antigen
specific memory B cells in the blood of healthy individuals, which display clonal
relationship with intestinal plasmablasts [28]. These circulating memory B cells were mainly
IgM, but also IgA and IgG, while they were essentially IgA in the lamina propria. They
harbored on average 10 mutations on their Vi gene for IgM and up to 20-25 mutations for
IgA and IgG. These antibodies were glycan-specific as they did not show any polyreactivity
against £. coli LPS, dsDNA and insulin, and reversion to their germline counterpart
abolished their binding to the O3 antigen. Some of them showed exclusive specificity
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against a single O-mannose structure while others could recognize variant O antigens. Some
of these antibodies were able to bind mannose residues present at the surface of other
microorganisms, such as Saccharomyces cerevisiae, HIV, as well as several mouse and
human commensal Gram* and Gram™ bacteria, and to provide protection against variant K.
pneumoniae serotypes in a mouse model of septicemia. Whether such cells also reside at
systemic lymphoid locations, notably in the human spleen, remains however to be
established.

Both mouse and human studies thus report the presence in the periphery of a diversified IgM
population educated in gut-associated lymphoid tissues (GALT), displaying cross-reactivity
against multiple microbial epitopes and being able to act as a first line of defense against
systemic infections.

A large IgM* plasma cell compartment in the human gut, generated from IgM memory
precursors

IgM plasma cells were recently shown to account for 10 to 20 % of plasma cells (PC) in the
human gut, in contrast to the mouse lamina propria where they are negligible [29]. These PC
are clonally related to a large IgM memory B cell population present in the intestine. Like
IgA PC and IgA memory B cells, IgM PC recirculate, along with a subset of IgM-only
memory B cells expressing gut homing receptors, suggesting that they migrate back to these
sites through the general circulation. Gut IgM memory B cells were essentially found in the
ileum where they expressed a tissue specific signature differing from their splenic
counterpart, as well as from marginal zone B cells, with a trend toward B cell activation and
PC differentiation. Clonal relationships were observed between gut IgM memory B cells and
IgM PC but also between IgM memory B cells and IgA memory B cells and PC, suggesting
an ongoing differentiation and diversification process. Secreted IgMs co-target with IgAs a
rich and complex microbiota, and show reactivity against a broad array of epitopes including
capsular polysaccharides, while IgA-only-coated bacteria appear less diverse [29].

A gut/splenic marginal zone axis inferred from high dimensional analysis in humans

While the previous study was mainly focused on IgM-only memory B cells, a high
dimensional analysis of spleen and gut B cell subsets confirmed the specific differentiation
pathway of marginal zone (MZ) B cells (IgM*1gD*CD27*) from a CD45RB™®™* precursor
[30]. In GALT tissues, they moreover appear spatially segregated from switched B cells.
Among gut B cell subsets, IgM-only CD27* B cells harbor clonal relationships with either
IgA* or MZ populations, while MZ B cells are not related to IgA™ B cells, highlighting the
heterogeneity of the IgM-only compartment. IgD thus appears as a partial, but imperfect
discriminant of marginal zone vs. IgM memory subsets, with overlap patterns depending
possibly upon the tissue of origin, or the isolation procedure [30,31]. Interestingly, MZ B
cells were also related to gut GC B cells, suggesting that mucosal sites could be the place
where MZ B cells diversify. This study reinforce the notion of the independent lineage
formation of MZ B cells, and the analogy with species that generate their pre-immune
repertoire by diversification in gut-associated lymphoid tissues [22,32].
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Altogether, these different studies highlight the formation, in both mice and humans, of IgM
B cell subsets that are pre-diversified against gut commensals and ensure protective
functions either at the gut barrier site, or at the systemic level, notably through their
participation in immune responses against pathogens harboring cross-reactive, conserved
glycan epitopes (figure 1).

Conclusions

Antigen-experienced IgM™* B cells harboring mutated Ig genes appear to be generated along
multiple activation pathways, and to display a wide array of effector functions. No clear
marker has emerged so far to delineate functional subsets, and activation markers often
differ between mice and humans. Repertoire analysis, single-cell gene profiling, and more
thorough analysis of tissue-specific responses in humans may help to decipher the
complexity of the unswitched B cell population and its contribution to immune defenses.
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Highlights

- IgM memory B cells can achieve multiple fates upon recall adaptive
responses, constituting multipotent progenitors of various memory effector
cells.

- Innate-like IgM cells educated in gut-associated lymphoid tissues can provide
broad systemic protection against cross-reactive glycan epitopes, in both
mice and humans.
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Figure 1. IgM memory B cellsin mucosal and innate-like responses: recent advances.
This figure describes recent data that demonstrated linkage of systemic or circulating IgM*

B cells harboring mutated receptors with B cells diversifying in germinal centers from gut-
associated lymphoid tissues. In the mouse (lower part), a splenic IgM memory population is
shown to accumulate with time, generated by the constant output of chronic GC responses in
Peyer's patches as well as from spontaneous splenic GC, triggered by antigens of
endogenous or commensal origin (24,25). These splenic IgM memory B cells show cross-
reactivity against glycan antigens of both commensal and infectious bacterial species. Such
broad cross-reactivity is also observed in humans for clonally related anti-Klebsiella gut IgA
plasmablasts and circulating IgM™* B cells with mutated Ig receptors (26). Also in humans
(upper part), an IgM plasma cell subset, together with IgA, is generated from gut memory
responses, while only 1gA plasma cells are detected in the mouse gut (29). CD27* IgA, IgM-
only and MZ (IgM*1gD*) showed clonal relationships in blood, while, clonal relationships
among gut memory B cells were restricted to the IgM-only/MZ and IgM-only/IgA subsets,
as IgA and MZ B cells seem to lack such common clonal origin. All gut subsets showed
some clonal relatedness with germinal center B cells (30). Whether MZ B cells in the spleen
show similar relatedness with B cell populations diversifying against gut antigens remains to
be determined.
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