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Abstract

B-1 cells represent an innate-like early-developing B cell population, whose existence as an
independent lymphocyte subset has been questioned in the past. Recent molecular and lineage
tracing studies have not only confirmed their unique origins and differentiation paths, they have
also provided a rationale for their distinctive functionalities compared to conventional B cells. This
review summarizes our current understanding of B-1 cell development, and the activation events
that regulate B-1 cell responses to self and foreign antigens. We discuss the unresolved question to
what extent BCR engagement, i.e. antigen-specificity versus innate signaling contribute to B-1
cell’s participation in tissue homeostasis and immune defense as providers of “natural” and
antigen-induced antibody responses, and as cytokine-producing immune regulators.

Introduction

The discovery of CD5+ (or Ly-1+) B-1 cells in mice in the early 1980’s was followed by
scientific inquiry that initially focused on the B-1 cell’s developmental origins, their
phenotypic resemblance to human CLL, and remarkable ability to continuously generate
broadly self-reactive IgM antibodies in the steady-state, even in mice held under germfree
conditions. We now understand B-1 cells to be mainly of fetal origin, selected during
development for their ability to recognize self-antigens, and prevented from causing
autoimmune disease through the expression of CD5, identified as an inhibitory component
of the BCR complex. More recent studies have begun to reveal a protective and immune-
regulatory role for B-1 cells in immune defense against pathogens. Because understanding
the development of B-1 cells is critical for understanding the regulation of their functions,
this review will first provide a brief summary of B-1 cell development, and then describes
our current understanding of B-1 cell’s contributions to immunity against infectious agents.
As we discuss below, a challenge for the field remains gaining a more complete
understanding of the mechanisms by which these self-reactive B-1 cells are regulated to
contribute to immune host defense without causing autoimmune disease.
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B-1 cells development and maintenance

Adoptive cell transfer studies initially showed that B-1 cells develop early in ontogeny,
including prenatally from precursors residing in the embryonic splanchnopleura and in the
fetal liver, as well as shortly after birth in bone marrow and spleen (reviewed in [1]). A series
of recent studies have revealed the molecular basis for the ontogenically-restricted
development of B-1 cells. A first critical step was the identification of distinct B cell
precursors in fetal liver and bone marrow that developed into either only B-1 or B-2 cells
[2]. Then, comparing gene expression by these distinct precursors, Lin 28b was identified as
the master regulator of the genetic program that controls fetal but not adult hematopoiesis,
including the development of B-1 cells [3,4]. These studies are significant, as they identified
B-1 cells independent of any phenotypic markers as distinct, fetal-derived lymphocyte
populations that develop in multiple waves throughout early ontogeny [5]. Follow-up
studies, consistent with the earlier adoptive transfer studies, confirmed that de novo B-1 cell
development from the defined B-1 cell precursors cedes a few weeks after birth due to
precursor-intrinsic changes [6] that correlate with the loss of Lin 28b expression [3,4].
Studies with lethally-irradiated mice suggest that bone marrow B-1 precursors may be
reactivated to a limited extend during lymphopenia and/or severe stress [7,8].

For maturation into the peripheral B cell pools, B-1 cells require a positive selection step.
Thwarting one of the major dogmas of immunology, central tolerance induction, which
predicts the removal of all strongly self-reactive B cells, Hayakawa and colleagues
demonstrated the presence of the self-antigen Thy-1 to be required for the development
and/or expansion of Thy-1 specific B-1 cells [9]. The data not only explain the emergence of
a B cell population that is self-reactive, they also explain why numerous genetic
manipulations that alter the BCR-complex, or its downstream signaling cascade, usually also
affect B-1 cell development (reviewed in [10]).

Self-reactive B cells must be regulated to avoid inappropriate activation. For B-1 cells this is
likely achieved through the expression of CD5, a surface-expressed molecule, found mostly
on T cells, that helped to first identify B-1 cells as distinct from conventional B cells [11].
CD5 is part of the antigen-receptor complex and acts as an inhibitor of both, TCR and BCR
signaling. The level of CD5 expression by T cells correlated with the strength of TCR-
signaling during positive selection of thymocytes [12]. On B cells, CD5 expression was
identified not only on B-1 cells but also on anergic conventional B cells [13]. Consistent
with a prominent inhibitory role for CD5 in BCR-stimulation, B-1 cells cannot proliferate in
response to anti-lgM stimulation, unless taken from CD5-deficient mice, or otherwise
lacking CD5 expression [14]. Thus, the induction of CD5 following positive selection of the
B-1 cells appears to ensure suppression of responsiveness to BCR-mediated signals, i.e.
responsiveness to self-antigens. Any regulation of CD5 surface expression therefore would
be expected to greatly affect B-1 cell responsiveness.

Once de novo development of B-1 cells cedes, B-1 cell pools are maintained predominantly
through self-renewal (reviewed in [15]), a process that is largely unexplored. Given the
dramatic and ongoing shifts in the BCR-repertoire of B-1 cells during the first 6 months of
life, even in germfree mice [16], it is likely that interaction of the BCR with self-antigen
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contribute to this process. This is supported by findings that B-1 cells specific for
phosphoatidylcholine (PtC), encoding specificity for dead and dying cells, strongly clonally
expand over the first 6 months of life [16,17]. Thus, although CD5+ B-1 cell appear
unresponsive to BCR-mediated stimulation, certain triggers must exist that can overcome
their response block.

Tissue distribution and natural antibody production by B-1 cells

In steady state the highest frequencies, albeit not absolute numbers, of B-1 cells are found in
the pleural and peritoneal cavities. Their presence at those sites is regulated by the local
production of CXCL13 by macrophages [18,19]. Other tissues, including secondary and
tertiary lymphoid tissue sites such as spleen, bone marrow, lymph node, pericardium, and
mucosal associated lymphoid tissue, contain B-1 cell frequencies that are mostly below 1%
[20-26].

In the body cavities, B-1 cells are identified easily as CD19", B220!°, CD11bPoS, CD23"€9,
CD43* and either CD5* or CD5!%/~ [27]. In response to insults, such as infections, body
cavity B-1 cells are rapidly activated to migrate to lymph tissues where they differentiate to
cytokine and antibody-secreting cells. Those cells rapidly lose CD11b expression [28],
making them difficult to differentiate from activated B-2 cells at those sites. Most natural
IgM production, however, occurs in bone marrow and spleen. These sites contain two types
of spontaneous IgM-secreting B-1 cells: cells of similar phenotype than found in the body
cavities, albeit lacking CD11b expression, and B-1-derived, Blimp-1+ CD138+ and mostly
CD5- plasma cells [29]. Natural IgM is produced at similar amounts in mice held under SPF
and germ- and antigen-free conditions [29,30], but is altered in mice with changes to BCR-
signaling and lack of Blimp-1 expression [29,31,32]. Whether the repertoire of natural IgM
antibodies is shaped by microbiota or other non-microbial antigens such as components of
food, however, has not been studied systematically. Natural serum IgM levels are higher in
female compared to male mice, and recent studies suggested estrogen underlying this
difference [33]. Thus, existing data indicate a role for self-antigen and sex-hormone-
mediated B-1 cell activation and differentiation in the regulation of protective IgM.

The presence of B-1 cell-derived, constitutively-produced, self-reactive natural IgM serves
as an important “first line of defense”, providing immune protection against a wide variety
of pathogens, and reducing the risk of sepsis (Table 1 [33-38]). Knockout mice lacking the
ability to secrete IgM (slgM—-/- mice) showed increased mortality following cecal ligation
and puncture induced peritonitis [39], intranasal infection with influenza virus [35] and
infection with the fungal pathogen Cryptococcus neoformans [40]. Conversely,
reconstitution of mice deficient in CD5+ B-1 cells or sigM production by B-1 cells were
rescued from Sa/monella LPS-induced endotoxemia and influenza infection via passive
transfer of serum IgM from non-immune mice [41,42]. Thus, while B-1 cells are selected for
the binding to self-antigens, the antibodies produced by these cells appear to broadly bind to
many pathogens. This suggests that natural IgM, similar to TLR and other innate receptors,
binds conserved structures (reviewed in [43]). The mechanisms of immune protection from
natural IgM seem to be linked, at least in part, to their exquisite ability to activate the
classical complement cascade. This was highlighted recently in two studies, one involving
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the role of IgM in protection from enteropathogenic E. coli [33], the other demonstrating a
role for complement-mediated lysis in inhibiting tumor-growth [44].

B-1 cells also provide class-switched antibodies, specifically IgA and 1gG3 [25,29]. Unlike
production of natural IgM, however, mucosal IgA production by B-1 cells is dependent on
host microbiota, to which these antibodies can bind [33,45]. Thus, in the strictest sense these
antibodies are not “natural” antibodies, as they rely on foreign antigen for their production.
Yet, what they have in common with natural IgM is their critical role in maintaining
homeostasis between the host and its environment. For example, IgA acts primarily on
mucosal surfaces to provide steady-state immune control of microbiota while avoiding tissue
damage, as it cannot bind to and activate complement. Natural antibodies also seem to shape
the development of a functional immune system in offspring following their passive transfer
from the mother [33,45]. The mechanisms regulating the production of class-switched B-1
cell-derived antibodies, generally found to be induced independent of T cells, remain to be
identified. However, recent studies suggest that they require TLR-mediated signals [45],
raising questions about the relationship between B-1 cell activation and the antigen-
specificity of their responses.

B-1 cell responses to infections

In addition to the provision of steady-state levels natural IgM, B-1 cells also actively
respond with induced IgM production to infections to a variety of pathogens, including
bacteria, viruses, fungi, and parasites (Table 1). For example, introduction of intestinal
bacteria, or LPS, into the peritoneal cavity resulted in MyD88-dependent changes in surface
expression of integrins, including CD9, and the subsequent migration of B-1 cells from the
body cavity and their accumulation in omentum, mesenteric lymphoid tissues and spleen
[46]. Nematode infection of the pleural cavity resulted in the accumulation of B-1 cells in
local mediastinal fat-associated lymphoid tissues [26], and following influenza infection,
pleural cavity B-1 cells accumulated in the draining mediastinal lymph nodes [28].

The mechanisms controlling B-1 cell activation during infections are incompletely resolved.
Existing data suggest that distinct innate signals control a stepwise B-1 cell activation
process: i) egress from body cavities, ii) accumulation in lymphoid tissue and iii)
differentiation to antibody secreting cells (Figure 1). Egress may be regulated via
chemokine/chemokine receptor expression, as LPS injection-induced egress of B-1 cells
from the peritoneal cavity correlated with an up-regulation of CXCR4 and increased
responsiveness of B-1 cells to CXCL12 [47]. Accumulation of CD5+ B-1 cells in the
draining lymph nodes after influenza infection was shown to be facilitated by, and depend
on, the Type I IFN-induced conformational changes of CD11b on B-1 cells to a high-affinity
state [28]. Yet, the observed enhanced migration of CD5+ B-1 cells from the pleural cavity
following influenza infection was independent of either Type | IFN or CD11b [28].

Once B-1 cells accumulate in regional lymph tissues, B-1 cell differentiation may be
regulated at least in part by cytokine production. Recently this was shown for nematode
infection, were the differentiation to IgM-producing cells depended on the local production
of IL-5 [26], consistent with other studies [48,49]. Identifying the critical innate regulators

Curr Opin Immunol. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith and Baumgarth

Page 5

of B-1 cell activation during infection is of importance, as it could help with their
recruitment to vaccine responses.

Antigen-specific B-1 cell responses to infections

While chemokines and other innate signals are clearly critical for the regulation of B-1 cell
responses, the question arises whether B-1 cells, most expressing CD5, can respond also in a
BCR-mediated, antigen-specific manner. Emerging /n vivo data provide some evidence of
antigen-induced proliferation and possibly clonal expansion in response to encounter with
foreign antigens. For example, using labeled antigen and identifying Francisella tularensis
LPS-specific B-1 cells by their ability to bind such antigen, it was shown that administration
of the non-mitogenic LPS resulted in increased frequencies of LPS-binding B-1 cells in
spleen and peritoneal cavity [50]. Neonatal, but not adult, intranasal exposure to cockroach
allergens induced the local production of anti-alpha 1,3 glucan IgA antibodies that protected
from induction of allergic reactions following challenge [51]. That latter study is significant,
as it provides support for the concept that the neonatal B-1 cell repertoire is not fixed, but is
modulated significantly by subsequent microbial stimulation. It is currently unresolved,
however, why the window for changing allergy resistance appears so short (reportedly to be
about 9 days in the neonates used), while sequencing approaches suggested repertoire
shaping of CD5+ B-1 cells to occur for at least 6 months after birth [16,17,51]. Further
support for antigen-specific responses by B-1 cells comes from reports of antigen-specific
memory B-1 cell induction to various pathogens [52,53]. These memory B-1 cells were
identified in the body cavities some time following antigen exposure by their enhanced
ability to provide recall responses (Figure 1) [52,54].

The occurrence of antigen-specific B-1 cell responses is puzzling, given the /n vitro data that
have shown a clear inability of CD5+ B-1 cells to respond to BCR-mediated stimulation.
One potential explanation, suggested a number of years ago, is that only B-1 cells that lack
expression of the inhibitor CD5 (so-called B-1b), can respond to antigenic stimulation
[53,55]. However, only 25 — 30 % of body cavity B-1 cells express low/no CD5.
Furthermore, studies with F. tularensis LPS identified CD5+ B-1 cells as responders [54], as
did studies on influenza [24]. Interestingly, it was shown that the activation of £ tfularensis
specific memory B-1 cells into IgM-secreting cells required both antigen and TLR-mediated
stimulation [54], consistent with studies on anti-microbial B-1 cell responses, which were
shown also to require TLR signaling [45]. Thus, innate signaling may act as co-stimulator to
enhance or enables antigen-specific B-1 cell responses. Our ongoing work supports such
conclusions. We recently showed that stimulation with TLR-agonists, but not with anti-IgM,
led to the loss of CD5 and the reorganization of the BCR-complex on CD5+ B-1 cells, thus
potentially “licensing” B-1 cells for responses to antigen (Savage H.P et al, submitted).
Furthermore, using proximal ligation assays we found that BCR-complex organization
before and after stimulation differed significantly from that of B-2 cells. This is consistent
with previous reports on differences between BCR stimulation by B-1 and B-2, most
recently a study that analyzed the distinct roles of the Src-family kinase regulator CD148 in
antigen-specific BCR signaling [56] (Figure 2).
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B-1 cells are important for effective innate and adaptive responses to
pathogens

Given the role of B-1 cell-derived natural IgM and IgA as first lines of defense, it seems
surprising that following their activation body cavity B-1 cells migrate to lymphoid tissues,
rather than to mucosal surfaces, where they could strengthen the immune barrier. The data
suggest that B-1 cells may have additional regulatory functions that go beyond simply
providing pathogen-reactive antibodies.

Indeed, activated B-1 cells have been shown recently to secrete not only protective natural
IgM during sepsis that can help the early control of bacterial dissemination, but also
cytokines such as IL-3 and GM-CSF, which seem to play opposing roles in the control of
inflammatory responses [39,41,57,58] and 1L-10, which can control the extent of
inflammation [59,60]. Little information exists about the interactions of B-1 cells with other
cell types and the regulatory circuits that induce cytokine production by B-1 cells. However,
for IL-10 production by B-1 cells, both in vitro and during sepsis in vivo, the induction of
IL-10 required direct TLR4-mediated signaling [59], while in a Staphylococcus aureus
peritonitis model, B-1 cell-derived protective IL-10 was dependent on TLR-2 [60]. Thus,
B-1 cells represent one of a growing number of innate-like lymphocytes that respond to and
in turn control the inflammatory process by generating cytokines.

B-1 cells do however, also generate increased amounts of IgM in secondary lymphoid
tissues. This locally- secreted IgM was shown not to alter natural IgM titers in the serum
following influenza infection [61], indicating that IgM acts locally in the lymph nodes. IgM
could act in multiple distinct ways. Due to its large size, the secreted IgM may be prevented
from leaving the lymph tissue environment, thereby strengthening the barrier by containing
pathogens in the draining lymph nodes, inhibiting their disseminiation. Furthermore, earlier
studies with mice lacking the ability to secrete IgM due to deletion of the g splice region
[35,62-64] showed that memory B cell as well as antigen-specific 1gG responses required
IgM secretion for their optimal induction. A recent study expanded these findings by
demonstrating that the lack of the IgM Fc-receptor (FcuR) on B cells resulted in similar
reductions in 1gG responses, and reduced numbers of antigen-specific B cells in the draining
lymph nodes, as seen also in mice lacking secreted IgM. Thus, existing data suggest that B-1
cells migration to local lymph tissue can support maximal conventional B cell responses by
secreting IgM [31]. While the mechanism by which IgM-FcuR interactions enhance IgG
responses remains to be identified, the data raise the interesting possibility that natural and
polyreactive IgM facilitates the rapid uptake of antigen to B cells for antigen-processing and
presentation, or may bring antigens in close contact with the BCR on the surface of the cell.

Conclusions

Recent studies have clarified the distinct molecular mechanism regulating the development
of B-1 cells, supporting early conclusion about the distinct fetal/neonatal origin of B-1 cells
that are selected to express a largely self-reactive BCR repertoire and then silenced to this

antigen via expression of CD5. In-depths sequencing approaches, however, have revealed a
much stronger shaping of the B-1 cell repertoire independent of microbial interactions over
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the first few months of life than previously anticipated. Thus, suggesting that B-1 cells
remain responsive to BCR-stimulation /n7 vivo, despite their inability to respond with
proliferation to BCR-mediated stimulation /in vitro. In addition, increasingly B-1 cells are
shown to engage in antigen-driven responses to infections, but the mechanisms of their
activation remain obscure. Existing data point to the stepwise activation of body cavity B-1
cells via various innate signals that result in their migration from the cavities to lymph
tissues, where they can differentiate into antibody and cytokine-producing cells. To what
extent and how BCR-mediated antigen-specific responses regulate these cells remain a
future target of investigation.
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Highlights
. Unique developmental paths generate self-reactive B-1 constraint in BCR
responses
. Extensive repertoire shaping of B-1 cells for months after birth
. Accumulating evidence for antigen-specific activation of B-1 cells after
infection
. Innate signals may alter antigen-responsiveness of B-1 cells
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Figure 1. Outcomes of B-1 cell activation
Pleural cavity B-1 cells respond to microbial insults by migration to regional lymphoid

tissue such as mediastinal lymph nodes and mediastinal fat-associated lymphocyte tissue,
whereas peritoneal cavity B-1 cells will migrate to spleen, gut-associated lymphoid tissue
and/or omentum. Although B-1 cells circulate continuously in and out of the body cavities,
their migration seems enhanced after an insult (left panel). Following arrival in the lymphoid
tissues B-1 cells were shown to differentiate into IgM-secreting cells. B-1 cells in the
cavities may also spontaneously secrete cytokines, specifically IL-10, or GM-CSF and IL-3
following their arrival in lypmphoid tissues (middle panel). Weeks to months after foreign
antigen exposure a higher frequency of antigen-binding B-1 cells accumulate in body
cavities, which are otherwise phenotypically indistinguishable from other B-1 cells.
Following adoptive transfer of body cavity cells, these cell populations have been shown to
provide increased immune protection, i.e. a memory function. It is unresolved whether
antigen-stimulated B-1 cells have an enhanced ability to differentiate to antibody-secreting
cells, or whether their higher frequencies alone can provide enhanced protection during
challenge (right panel).
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Figure 2. BCR complex reorganization following B-1 cell stimulation
B-1 cells express surface IgM- but little to no IgD-BCR. In the steady state their IgM-BCR

closely associates with CD19 and with CD5. This complex is unable to signal via lga/p
following BCR-antigen stimulatik, however, B-1 cells vigoriously signal strongly following
stimulation via TLR (left). Activation of B-1 cells via TLR alters their BCR complex,
resulting in loss of CD5-mediated inhibition and BCR-downstream signaling (right). IgM-
BCR complex reorganization may explain antigen-specific responses by self-reactive B-1

cells.
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Table 1:

B-1 cells and B-1 cell derived antibodies protect from a variety of pathogens

Page 15

Pathogen B-1 Cell Response References
Bacteria
Sepsis Natural IgM protects against endotoxemia. CD5+ B-1 derived IL-10 decreases [39,41,57-59,65]
mortality and multi-organ dysfunction. B-1 cell-derived GM-CSF and IL-3
regulate immunity to bacterial sepsis.
Borrelia hermsii CD5- B-1 cells develop long lasting memory and produce Borrelia-binding [36,52,66,67]
IgM.
Enteropathogenic E. coli (EPEC) | Natural IgM protects from EPEC infection via complement-mediated lysis of [33]
bacteria. Enhanced levels in females over males explains their increased
resistance
Fransicella tularensis F. tularensis LPS specific CD5+ B-1 cell populations expand and develop [50,54,68]
memory following exposure.
Listeria monocytogenes Natural IgM protects against bacterial systemic dissemination. [34,69]
Mycobacterium spp. CD5+ B-1 cells differentiation into CD138+ antibody secreting cells in [69]
response to mycobacterium lipids /n vitro.
Salmonella spp. Natural IgM is protective. CD5- B-1 cells develop memory and secrete [37,70]
increased amounts antigen-specific protective antibodies following challenge.
Staphylococcus aureus IL-10 production by CD5+ B-1 cells protects against bacterial dissemination. [60]

Streptococcus pneumoniae

CD5+ B-1 cells produce natural antibodies to S. prneumoniae. CD5- B-1 cells
produce antigen-specific antibodies and develop protective memory following
vaccination with S. pneumoniae antigen.

[38,53,71-73]

Fungi
Cryptococcus neoformans Natural IgM protects against death and dissemination to pulmonary infection. [40]
Altenaria alternate Accumulation of B-1 cells in fat associated lymphoid clusters in the [26]
mediastinum and increase local production of IgM
Viruses
Influenza Virus Natural IgM neutralizes virus early after infection. CD5+ B-1 cells migrate to [24,28,35,61,64,74,75]
MedLN and increase local production of polyreactive and influenza-binding
IgM.
Lymphocytic Choriomengitis Natural IgM can bind to LCMV [34]
Virus (LCMV)
Vesicular Stomatitis Virus (VSV) | Natural IgM neutralizes multiple strains of VSV. Natural IgM improves survival [34]
and prevents systemic dissemination.
Parasites
Litomosoides sigmodontis Accumulation in fat-associated lymphoid tissue; increased production of IgM [26]
Lefshmania spp I1L-10 production by splenic B-1 cells impairs macrophage responses to visceral [76,77]

leishmaniasis. B-1 cells reduce parasite burden in subcutaneous infection.
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