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Abstract

Mouse B-1 cells are major producers of steady-state natural antibodies but also rapid responders to
infections and inflammation. These discrete functions may be the outcomes of distinct
environmental or developmental triggers that drive B-1 cells toward IgM production or an effector
cell fate. Alternatively, distinct B-1 cell subsets may exist, which differ in their functional
plasticity. In this paper, we summarize existing data suggesting that B-1 cells form a
heterogeneous group of cells with distinct developmental requirements and non-overlapping
functions. Most spleen B-1 cells differ in development from that of bone marrow and peritoneal
cavity B-1 cells, in that they develop in the absence of natural IgM. Functional heterogeneity is
revealed by findings that B-1 cells in the bone marrow and spleen, but not the peritoneal cavity,
generate natural serum IgM, while the latter are rapid responders to inflammatory and infectious
insults, resulting in their relocation to secondary lymphoid tissues. A clearer understanding of the
developmental and functional differences within the B-1 cell pool may reveal how they might be
harnessed for prophylaxis or therapy.
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Introduction

Mouse B-1 cells are known as major producers of natural antibodies, that is, antibodies that
are generated in the absence of prior exposure to foreign antigens.l: 2 This includes exposure
to the normal microbiota, as spontaneous IgM production has been shown to be very similar
in gnotobiotic and conventionally reared mice.3 Natural antibodies provide immune
protection from pathogens,*-6 thus functioning as an evolutionarily conserved set of innate-
like pathogen-binding effector molecules. By virtue of their ability to bind self-antigens,
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such as apoptotic and dying cells, they also seem to contribute to tissue homeostasis.”: 8
Natural serum antibody titers are maintained throughout life and at tightly controlled levels.
Given the short half-life (0.5 days) of IgM,® a major natural antibody isotype, this suggests a
very strict regulation and maintenance of natural antibody-secreting B-1 cells over the life of
the animal.

Increasingly, however, B-1 cells are also identified as rapid responders to infections and
other insults. Earlier work demonstrated that injection of cytokines, lipopolysaccharide
(LPS), or bacteria into the peritoneal cavity causes rapid activation of B-1 cells, resulting in
their migration to the spleen and subsequent differentiation to IgM and cytokine-producing
cells.10-12 Other studies showed activation of B-1 cells following infection with
Streptococcus pneumonia, X3 Borrelia hermsii’* and Francisella tularensis® resulting in
increased frequencies of pathogen-specific IgM-secreting and/or memory B-1 cells. Our
studies on influenza virus infections demonstrated that B-1 cells rapidly accumulate in the
draining lymph nodes of the respiratory tract.1® But even though this rapid B-1 cell
mobilization and accumulation in secondary lymphoid tissues resulted in increased local
IgM production, the B-1 cell-derived virus-binding IgM levels in the serum remained
unchanged.16. 17

The distinct functions of B-1 cells—the provision of steady-state natural serum IgM levels
on the one hand, and the rapid local response to inflammatory stimuli on the other—suggests
either the existence of B-1 cell subsets differing in function and responsiveness to
environmental triggers or the presence of unique stimuli that drive a proportion of B-1 cells
toward natural IgM production. In addition, with regard to the B-1 responder cell
populations, the question arises as to what extent antigen recognition and B cell receptor
(BCR)-signaling contribute to their activation.

In this paper, we summarize recent findings demonstrating that B-1 cell populations in the
spleen and bone marrow are the major secretors of natural IgM and have developmental
requirements that are distinct from peritoneal cavity B-1 cells. In contrast, the well-studied
B-1 cells in the body cavities provide a population of rapid B-1a cell responders to influenza
infection that relocate to lymphoid tissues where they secrete IgM and might fulfill other
functions. Such influenza infection—induced B-1a cell activation appears to be antigen
independent but dependent on innate signals, which promote integrin-mediated sequestration
of B-1 cells into regional lymph nodes of the respiratory tract. Together with the findings of
other studies showing that chemokines and other innate factors are important in guiding the
tissue relocation of activated B-1 cells, the data demonstrate that environmental cues
strongly influence the B-1 cell response to pathogens.

B-1 cell distribution and phenotype

An often-stated misconception is that B-1 cells are present mostly in the body cavities of
mice and are absent from lymphoid tissues, other than the spleen. Flow cytometric analysis
of various mouse tissues shows the presence of B-1 cells in small frequencies in nearly all
tissues studied, including resting lymph nodes and bone marrow (Fig. 1). We calculated the
total number of bone marrow B-1 cells as roughly 1.6 x 108 per mouse and spleen B-1 cells
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as 1.8 x 106, which together account for about the same number of B-1 cells as found in the
peritoneal cavity: 3.7 x 108 cells per 8- to 12-week-old female BALB/c or C57BL/6
mouse.18 In addition, B-1 cells are also found in blood (roughly 0.5% of B cells), adding
significant numbers of B-1 cells to their total amounts per mouse. The contributions of B-1
cells to the pool of IgA-producing plasma cells in the lamina propria of the intestinal tract,
which are dependent on the presence of microbiota, may add another large number of cells
to the overall B-1 cell pool.19 20 Rosado et a/20 recently suggested that these 1gA-producing
B-1 cells were derived from B-1-restricted precursors found in the fetal liver and then in the
spleen of mice early after birth. Thus, B-1 cells contribute significantly to the B cell pool of
lymphoid and non-lymphoid tissues.

A notable distinction between B-1 cells in the body cavity and B-1 cells in other tissues is
the expression of CD11b (MAC-1/complement receptor (CR) 3)). CD11b is expressed on
most B-1 cells in the body cavities?! but is not expressed on B-1 cells in spleen or other
lymphoid tissues in steady state. Although, some researchers used expression of CD11b to
identify the presence of CD5"CD11b* B-1 cells in various tissues after infection or
inflammatory insult,13: 22 activated peritoneal cavity B-1 cells rapidly lose CD11b
expression after migration to the spleen.11: 23 Also, studies in C3-deficient mice suggested
that complement levels regulate surface CD11b expression.24 Thus, CD11b expression is
dynamically controlled by environmental clues.

Like other integrins, CD11b is expressed on the cell surface in a non-active conformation. It
requires activation-induced change to an active conformation in order to mediate leukocyte
adhesion, which is induced by inflammatory stimuli.2® This might explain why CD11b
gene—targeted mice showed no defect in B-1 cell numbers in the body cavities in steady
state?4 and indicates that CD11b might be important during the mobilization of body cavity
B-1 cells. Indeed, our recent data suggest a crucial role for CD11b in the accumulation of
B-1 cells from the body cavities to the regional lymph nodes after influenza infection
(discussed further below). Chemokine signaling has been shown to coordinate the steady-
state migration of B-1 cells to and from the body cavities, as Cxc/137~ mice fail to
accumulate B-1 cells in their body cavities.26: 27

In addition to the phenotypic differences between spleen and body cavity B-1 cells, these
cells also express distinct repertoires (i.e., specificities?8) (Fig. 2E/F), and global gene array
analysis revealed additional substantial differences in gene expression when comparing these
cell populations.2? Using adoptive transfer experiments of peritoneal cavity B-1 cells into
wild-type mice, similar to those outlined above, Weiss and colleagues concluded that at least
some of these gene expression differences must be the result of tissue-induced changes, as
peritoneal cavity—origin B-1 cells that reconstituted the splenic environment showed a gene
expression profile similar to that of spleen B-1 cells in wild-type mice.3? However, since
these studies have not been done with a transfer of single cells, it remains possible that the
reconstitution of each tissue compartment is facilitated by the preferential expansion of
certain B-1 cell subsets. Alternatively, differences in gene expression might be the outcome
of a combination of distinct developmental origins and tissue-specific signals. Importantly,
the large differences in gene expression between body cavity and spleen B-1 cells further
support the observed functional differences of these B-1 cell populations (Fig. 1).
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The apparent heterogeneity between B-1 cell populations of secondary lymphoid tissues and
the body cavity is in contrast to findings from our and others' studies, outlined above, which
showed that the transfer of peritoneal cavity B-1 cells into newborn or lethally irradiated
mice can reconstitute all B-1 cell compartments, including those of the spleen, bone marrow,
lymph nodes, blood, and body cavities. The transfer also fully reconstitutes natural serum
IgM levels. Thus, non-lIgM-secreting body cavity B-1 cells seem to have the functional
plasticity to differentiate to natural IgM—producing cells, not only in response to an insult,
but also in response to unknown homeostatic signals. In addition, B-1 cells seem to
continuously recirculate from the body cavities to the blood, 26 suggesting that they
contribute to the pool of B-1 cells present in the spleen, even under steady-state conditions.
Further work is required to fully understand the likely multifaceted origins, roles, and
functions of B-1 cells in different tissues.

Bone marrow and spleen, but not peritoneal cavity, B-1 cells are major

sources of protective natural IgM

Following the identification of B-1a cells first in the spleen3! and then in the peritoneal
cavity of laboratory mice, various investigators performed adoptive-transfer experiments that
exploited the availability of Ig-allotypic markers, and congenic but allotype-disparate strains
of mice (such as BALB/c and C.B-17 mice expressing Igh-a and Igh-b, respectively), to
distinguish B-1 and B-2 cells and their secreted products.32-34 These studies demonstrated
that, after their adoptive transfer into neonatal or lethally-irradiated adult mice, peritoneal
cavity—derived B-1a cells become the major producers of natural IgM in serum,17: 35
intestinal fluids,19 and the respiratory tract.16 Indeed, as analyzed by flow cytometry, B-1
cell populations in all tissues seem to be fully reconstituted in frequency and phenotype by
adult peritoneal cavity B cell transfer'6: 32-34 (and Baumgarth, unpublished data).

Independent studies by Benner and colleagues who were studying natural IgM production in
wild-type mice around the same time, but did not analyze the body cavities of mice,
demonstrated that spleen and bone marrow are the tissue locations with the highest numbers
of spontaneously IgM-secreting cells and that these frequencies were unaffected by
establishment of the microbiota, as similar frequencies of IgM-secreting cells were found in
mice held under germ-free conditions.3: 36

Since the spleen, but not the bone marrow, had been shown to contain B-1 cells, the question
arose as to whether bone marrow IgM-secreting cells were B-1 cells. Using multicolor flow
cytometry on bone marrow from wild-type mice, we indeed were able to demonstrate the
presence of a small frequency (0.7% of CD19* cells) of both CD5* and CD5~ B-1 cells,
which resembled B-1 cells in the spleen with respect to phenotype (CD19hi IgM* IgDlo/~
CD23~ CD43* CD138") (Fig. 1). Generation of neonatal allotype chimeras confirmed that
IgM production in the bone marrow (and the spleen) was derived from peritoneal cavity
donor cells,18 and more recent studies showed that FACS-purified B-1 cells indeed secrete
IgMm.2

aSee Savage and Baumgarth in Ann. N. Y. Acad. Sci. XXXX: XX=XX (2015).
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In contrast, the body cavitiy B-1 cells are not a major source of serum IgM10:37.38 (Fig. 3).
The process of isolating B-1 cells, however, either by flow cytometry or MACS does appear
to stimulate B-1 cells for increased IgM production. It is also possible that it is not the actual
stresses applied to the cells by their isolation, but that the isolation from other cells or factors
in the body cavities causes de-repression of IgM secretion. Consistent with this, early studies
identified prostaglandin E2 released from LPS-activated macrophages as an inhibitor of IgM
secretion by peritoneal cavity B-1 cells.3% This might explain why some investigators
concluded that B-1 cells in body cavities are the source of natural IgM secretion.2: 40-42
However, studies by other laboratories are consistent with our findings that peritoneal cavity
B-1 cells do not spontaneously produce natural IgM, either jn vivo or ex vivo.11. 27, 38,43, 44
Together, the data indicate that, similar to conventional B cells, B-1 cells require spleen and
bone marrow tissue niches for antibody production. Furthermore, they suggest that body
cavity B-1 cells are uniquely regulated by their tissue environment and serve a distinct
function from that of their spleen and bone marrow counterparts.

Natural IgM is required for normal B-1 and B-2 cell development

Recent studies with mice that lack secreted IgM (slgM) but have membrane-bound IgM and
can undergo isotype switching identified a previously unappreciated role for sigM in the
development of B-1 and B-2 cells.*> The initial description of these mice suggested that
overall B cell development is only modesty affected by the absence of slgM, with some
increases in marginal zone B cells and peritoneal cavity B-1a cells.*647 The mice were also
reported to have increased serum autoantibody levels,*8 a finding that we confirmed.4® It
was suggested that this demonstrates a crucial role for natural sigM in the maintenance of
tissue homeostasis, as the removal of dead and dying cells by IgM might increase the risk of
inadvertent autoreactive B cell activation in the absence of slgM.*8

However, our analysis of peripheral B cell subsets and bone marrow B cell development
showed a much more profound effect of sigM on B cell development and selection. Secreted
IgM-deficient (/ghm'=; hereafter, sigM~~) mice had significant reductions in bone marrow
B cell output at both the pre- and immature B cell stages.*® This resulted in reduced overall
B cell numbers in the periphery and strong changes in the repertoire of the B-2 cell pool.
Follicular B cells showed a strong reduction in their ability to respond to BCR cross linking.
While we confirmed the relative increase of the marginal zone B cell compartment in the
spleen of sigM~'~ mice, an analysis of B-1 cells in the body cavities showed that the cavities
almost completely lacked B-1 cells*® (Fig. 2A—C). Instead, as previously interpreted as an
increase in B-1a cells, the mice harbored a population of CD5* CD19!"t CD23~ B220N IgD*
IgM™* anergic conventional B cells both in the body cavities and the spleen.#® In addition to
their phenotypic similarities to anergic B cells, they lacked classical markers of B-1 cells,
such as low expression of CD45R (B220) and expression of CD43 (Fig. 2D). These cells
showed a rapid cell turnover and were unable to proliferate in response to BCR-stimulation
in vitro. Furthermore, sigM ™~ mice almost completely lacked VH11-expressing B cells in
the body cavities, resulting in a lack of phophatidylcholine liposome-binding cells (Fig. 2E),
a specificity strongly associated with CD5* B-1 cells. Polyclonal serum IgM, but not
monoclonal IgM, was able to rescue or at least ameliorate these developmental defects.*>
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Together, our data showed that the lack of natural IgM causes severe changes in B cell
selection. Given the strong increases in autoantibody production and the presence of large
numbers of anergic B cells in sigM~~ mice, we conclude that natural IgM is required for the
development of both B-1 and B-2 cells, revealing a new function for this enigmatic
immunoglobulin.

Differential requirement of lymph tissue and body cavity B-1 cell

development for the presence of natural sigM

Surprisingly, however, while B-1a cell populations in the body cavity and bone marrow were
severely reduced in sigM~"~ mice, B-1 cell frequencies in the spleen were unaffected*® (Fig.
3A-C). This indicates that peritoneal cavity and bone marrow B-1 cells develop by
mechanisms other than B-1 cells in spleen or that the lack of sigM leads to compensatory
increases in spleen but not in the body cavity or bone marrow. Whatever the reason, the data
demonstrate profound differences between peritoneal cavity and splenic B-1 cell populations
and their dependence on natural IgM for their development/maintenance.

The data also raise the question of what population of B cells is responsible for secretion of
the initial IgM during ontogeny, as B cell development is so importantly affected by its
absence. Given that B-1 cells are known to develop early in ontogeny, it is tempting to
speculate that a first wave of B-1 cell development populates spleen compartments and leads
to the cell-autonomous development of natural IgM-secreting cells. In subsequent waves,
additional B-1 cells and eventually B- 2 cells develop, which are reliant on the presence of
natural IgM for normal selection/expansion. Studies by Carsetti and colleagues
demonstrated that the removal of the spleen leads to a loss of peritoneal cavity B-1a cells,
further suggesting a dependence on the spleen or spleen-derived cells, antibodies, or other
factors, on the maintenance of the B-1a cell pool in the body cavities.*® Since B-1 cells
appear to continuously circulate through the body (see discussion below), the splenic
environment might provide non-redundant signals, which could promote the maintenance of
the self-renewing B-1 cell pool. Alternatively, natural IgM production by splenic B-1 cells
might be required for the development and/or selection of B-1a cells even after birth.

A staggered development of B-1 cell populations would be consistent with the delayed
appearance of peritoneal cavity compared to splenic B-1 cells in ontogeny®C. It is also
consistent with a working model articulated most recently by Montecino-Rodriguez and
Dorshkind, who suggested that B-1 cells indeed develop in waves during ontogeny, with the
earliest precursors possibly arising from the yolk sac.?® Interestingly, work by Flajnik and
colleagues recently demonstrated that sharks have at least two distinct populations of IgM-
secreting cells.52 Heterogeneity among spontaneous IgM-secreting cells, staggered
development of B-1 cells, and our finding of the differential dependence on natural IgM for
development, further indicate profound differences between body cavity and lymph tissue
B-1 cells. The existing literature provides no clear resolution on the question of whether the
functional differences of B-1 cells are due mainly or in part to distinct environmental cues
that drive B-1 cells into one or the other niche, or to the existence of distinct B-1 cell
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subsets. Resolving this question would greatly enhance our understanding and eventual
exploitation of B-1 cells with their multifaceted functions.

B-1 cells in the body cavity are responder B-1 cells

Our early studies indicated that the generation of polyreactive natural IgM by B-1 cells
contributes to immune protection from influenza virus infection, lowering lung viral loads
and mortality rates after infection.®> Others found similar protective effects of natural IgM
after infection with vesicular stomatitis virus (VSV), lymphocytic choriomeningitis virus
(LCMV), and Listeria monocytogenes.S Importantly, germ-free mice harbor similar levels of
natural 1gM as do conventionally reared or SPF mice,53 clearly demonstrating a non-
redundant function of antigen-independent natural IgM, which seems to provide an innate-
like first line of immune protection.54 55

Our more recent studies showed that B-1 cells are also activated by infection. They
contribute strongly to the production of IgM locally in the respiratory tract;16 B-1 cell-
derived IgM levels in bronchoalveolar lavage fluid as well as local B-1 cell production of
IgM in the draining MedLN were strongly and rapidly enhanced by the infection, while
serum IgM levels remained unchanged,16:17 which correlated with increases in B-1 cell
frequencies and absolute numbers in the MedLN. These lymph nodes are barely visible prior
to infection and increase rapidly to a cellularity of about 1 x 107 cells by day 7 after
influenza infection. B-1 cells make roughly 0.3-0.5% of the B cell pool in that tissue (Fig.
1). Thus, within a few days after influenza infection, approximately 50,000 B-1 cells
accumulate in the MedLN.

Such antigen nonspecific activation and redistribution of B-1 cells to secondary lymphoid
tissues is consistent with the findings of numerous other studies that investigated B-1 cell
activation to inflammatory stimuli. A rapid migration of B-1 cells from the body cavities to
the spleen has been reported following activation via mitogens,11:12:23.38 microbial antigens,
and cytokines such as interleukin (IL)-5 and 1L-10.19: 37 Following LPS injection into the
peritoneal cavity, B-1 cells were found to upregulate CXCR4 and correspondingly showed
increased CXCL12 responsiveness, which induced efflux of B-1 cells from the peritoneal
cavity.56 A redistribution of CD5* but not CD5~ B-1 cells from the pleural cavity to the lung
was shown in response to influenza infection16 and intranasal instillation of LPS.57 Thus,
body cavity B-1 cells represent a population of responder B-1 cells that, when stimulated,
will migrate to the anatomical closely-aligned secondary lymphoid organs (i.e., mediastinal
lymph nodes for pleural cavity B-1 cells and spleen and mesenteric lymph nodes for
peritoneal cavity B-1 cells) (Fig. 4). The differentiation of body cavity B-1 cells to IgM-
secreting cells at those sites is well documented. However, local elaboration of cytokines,
such as IL-10 or granulocyte-macrophage colony-stimulating factor (GM-CSF) could mean
that B-1 cells fulfill roles other than the production of IgM.

Regulation and specificity of the B-1 cell response to pathogens

Only about 10% of the B-1 cells that accumulate in the MedLN after influenza infection
secrete IgM that binds to influenza virus, a frequency that is comparable to frequencies of
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influenza-binding IgM-secreting B-1 cells in the spleen of mice never exposed to the virus.16
Thus, BCR-mediated virus binding and signaling might not be the (primary) stimulus for
body cavity B-1 cell activation and cell accumulation and differentiation in local tissues,
consistent with their inability to respond to BCR cross linking 7 vitro.58 It also suggested
that the accumulation of B-1 cells in the MedLN was largely a matter of B-1 cell
recruitment, rather than clonal expansion, a notion that we confirmed with
bromodeoxyuridine (BrdU) incorporation experiments.16

Other studies show that B-1 cells respond in an antigen-specific manner to certain
pathogens. The classic model is the activation of T15 idiotype—bearing B-1 cells and their
responses to S. pneumonia infection;*%: 59 other models include the stimulation of peritoneal
cavity B-1 cells with the non-mitogenic LPS of Francisella tularensis.X® Following
stimulation by the latter antigen, antigen-binding B-1 cells were shown to redistribute from
the peritoneal cavity to the spleen, where they underwent limited clonal expansion and
differentiation to antibody-producing cells.1®> Others suggested clonal expansion of B-1b
cells following infection with Salmonell&2 and B. hermsii'* the latter leading to the
accumulation of increased frequencies and/or protective functions of Borrelia-specific B-1b
cells in the body cavities, which was considered an innate-like memory B cell response.*

Addressing the question of antigen specificity of the B-1 cell response is important, because
it has implications on the likely function and impact of these cells on the immune response.
Our studies and those of other laboratories on influenza virus infection demonstrated that the
natural IgM of mice contained IgM that was able to neutralize the influenza virus.18 The
ongoing secretion of natural IgM seems to provide a certain amount of immune protection
by binding to and inactivating infectious virus.1”- 60 Given that mice are not natural hosts to
influenza infection, shared conformational epitopes with mouse pathogens, or self-antigens,
might select for the influenza-binding antibody specificities. Because the local activation of
B-1 cells results in the elaboration of mostly non-influenza-binding IgM antibodies, the
question arises whether specific IgM production is less relevant, or whether B-1 cells have
additional roles to play in the local lymph nodes at the site of infection. One possibility is
that the continued production by B-1 cells of polyreactive IgM in the lymph nodes is
important for the removal of cellular debris at the site of inflammation, suggesting that the
local activation of B-1 cells plays a major role in tissue homeostasis rather than anti-
pathogen responses. An alternative explanation that is not mutually exclusive is that the
polyreactive 1IgM production at the site of injury might reduce the risk of secondary
infections, such as with S. pneumonia, which frequently occur in humans infected with
influenza virus.61

B-1 cells also generate cytokines and have long been recognized to secrete 1L.-10,52 which
has important regulatory functions. More recently, Swirski and colleagues suggested a
subset of B-1 cells identified by production of GM-CSF, which they termed “innate-response
activator” cells.%3 These cells were shown to produce both GM-CSF and IL-3, which had
distinct protective and deleterious effects during sepsis, respectively. GM-CSF production
was shown to enhance bacterial clearance,®3 while IL-3 production was suggested to
increase myelopoiesis, enhancing the developing uncontrolled cytokine storm during the
same process.% They also suggested that production of GM-CSF was an important autocrine
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factor for IgM secretion by B-1 cells leading to protection from pneumonia.>” We were
unable, however, to confirm any effects of GM-CSF on enhancement of IgM production by
B-1 cells /in vivoand in vitro (Waffarn and Baumgarth, in preparation). Finally, some studies
have suggested that B-1 cells can promote CD4* T cell activation,%5: 66 possibly presenting
phagocytosed antigen to these cells.” The presentation of antigen by B-1 cells may
significantly affect the quality of the ensuing CD4* T cell response.56 Thus, B-1 cells
accumulating in secondary lymphoid tissues after immune activation may regulate adaptive
immune responses by producing cytokines or other immune mediators.

Studies demonstrating antigen-specific B-1 cell activation provide evidence for B-1 cells as
important contributors of adaptive immunity both during acute and recall responses. Given
the current uncertainty about the extent to which antigen—-BCR engagement shapes B-1 cells
and their responses to pathogen encounter, we suggest that the term natural IgM production
be restricted to the truly antigen-independent elaboration of IgM in the spleen and bone
marrow and not be extended to antigen-induced responses by B-1 cells. Further work will be
required to fully understand whether there is any antigen-specific selection of B-1 cells for
activation and differentiation to IgM production, even by these apparently antigen-
independent responses.

The specific signals required that differentially regulate B-1 cell responses to various
pathogens have not been identified. It appears, however, that while BCR-engagement might
drive B-1 cell responses under some circumstances, innate signals alone can be sufficient to
activate body cavity B-1 cells to redistribute. Consistent with this, the redistribution of B-1
cells from the peritoneal cavity to the spleen after injection of LPS was shown to depend on
MyD88-mediated signaling and was correlated with decreased surface expression of various
integrins and CD9.12 It will be important to identify the precise mechanisms by which B-1
cells can be activated, both to test for their functionality in various disease states, but also to
harness their protective capacity for prophylactic approaches.

Conclusions and future directions

We conclude that B-1 cells are heterogeneous in development and functions. Populations of
natural IgM-secreting B-1 cells exist in the spleen and bone marrow that contribute most, if
not all, of the serum natural IgM. Other B-1 cell populations, mainly those residing in the
body cavities, act as sensitive sentries of the various organ systems, where they respond to
inflammatory signals, such as type-I IFN, with rapid mobilization and redistribution to
secondary lymphoid tissues (Fig. 4). This redistribution to secondary lymphoid tissues
suggests that B-1 responders are in intimate contact with other cells of the adaptive immune
response. Thus, in that regard, they are similar to the recently identified populations of
innate-like lymphocytes, which seem to regulate adaptive immune responses by early
elaboration of cytokines.”? Support in the literature exists for B-1 cells functioning via
phagocytosis,37 antigen presentation,5%: 87 secretion of cytokines such as IL-3, 1L-10, and
GM-CSF,62 63 and secretion of antigen-specific IgM and IgG, as well as antimicrobial

IgA. 13.15.19,22, 71,72 Aq js the case for other lymphocytes, it is likely that the functions and
functional impacts of B-1 cells depend on the context of the insult. A focus on studying the
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functions of B-1 cells should ultimately also reveal the precise signals that drive B-1 cell
responses, to exploit their multifaceted nature for therapeutic and prophylactic uses.

Materials and methods

Mice

Eight- to twelve-week-old female and male mice, C57BL/6J (The Jackson Laboratory, Bar
Harbor, ME) and B6.129S-slgM ™"~ (us™/~, breeders were a kind gift from Dr. Frances Lund)
were used for all experiments shown. All mice were kept in specific pathogen—free housing,
in HVAC-filtered filter-top cages. Mice were euthanized by overexposure to carbon dioxide.
Protocols using mice were approved by the UC Davis Institutional Committee on Animal
Care and Use.

Flow cytometry

ELISPOT

Spleen and lymph node cells were isolated by grinding the organ between frosted ends of
glass slides. Bone marrow was obtained by flushing fibula and tibia with medium using a
23-gauge needle. Peritoneal cavity cells were obtained by flushing the peritoneal cavity three
times with 5 ml of cold PBS. Single-cell suspensions were stained for flow cytometry.
Briefly, after Fc receptor blocking (anti-CD16/32, 5ug/ml) for 20 min on ice, cells were
stained with the following fluorochome conjugates: SA-Qdot 605, SA-APC, CD3e-
Cy55APC, CD5-(biotin, Cy5PE), CD45R-(FITC, Cy7APC), FITC-labeled, phophatidyl-
choline—containing liposoumes (PtC)-FITC, CD21-(FITC, biotin), CD23-(FITC, APC),
CD43-(PE, Cy7APC), CD19-(Cy5PE, APC), CD21-Cy5.5PE, CD24-Cy5.5PE, IgD-Cy7PE,
and IgM-(Cy7APC, Cy55APC) (all in-house generated). Dead cells were excluded by live/
dead pacblue staining (Invitrogen, Grand Island, NY). To accurately set gates to identify
CD5- and CD43-expressing cells, we used fluorescence minus one controls in which cells
were stained with all reagents except anti-CD5 and anti-CD43, respectively.

FACS analysis was done using a 15-parameter FACS-Aria or a Fortessa (BD) equipped with
four lasers and optics for 22-paramenter analysis. Analysis was done using FlowJo (a kind
gift from Adam Treister).

To probe for IgM-secreting cells, 96 well plates (Multiscreen HA filtration; Millipore,
Billerica, MA) were coated overnight with anti-IgM (clone 331, in-house generated by
purification from hybridoma supernatants via protein G column affinity chromatography).
After blocking with PBS/4% BSA for 1 h, 5 x 10° cells in medium (RPMI 1640, 292 pg/mL
L-glutamine, 100 pg/mL of penicillin and streptomycin, 10% heat inactivated FCS, and 0.03
M 2-ME) were placed in the starting well and twofold serially diluted. Cells were incubated
at 37 °C overnight and then lysed with water. Antibody binding was revealed by adding
biotin conjugated goat anti-IgM (Southern Biotech in PBS/2% BSA for 2 h, SA-HRP
(\Vector Laboratories, Burlingame, CA) in PBS/2% BSA for 1 h and revealed with 3-
amino-9-ethylcarbazole (Sigma-Aldrich, St. Louis, MO) for 10 minutes. Plates were dried
and spots were counted in all wells with dilutions resulting in visible and countable spots
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ing a stereomicroscope. Mean numbers + SD were calculated from cell counts of all wells

with countable spots.

Statistical analysis—Statistical analysis was done using a two-tailed Student's ftest. P<
0.05 was considered to indicate significant differences.
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Figurel.

B-1 cells harbor distinct functions at different tissue sites. Cells in the spleen and bone
marrow spontaneously contribute to natural antibody in serum. Cells in the body cavities and
resting lymph nodes are poised for activation upon sensing inflammation and are recruited/
retained in local lymphoid organs where they contribute to the immune response through
effector functions. B-1 cells in the body cavities express the integrin CD11b (Mac-1), which
is rapidly downregulated upon recruitment to activated lymphoid sites during their response.
FACS plots show expression of CD19 and CD43 among cells gated for live, non-dump
(CD3*, CD4*, CD8™, F4/80, and GR-1) cells. Boxes indicate B-1 cells and the numbers
indicate their frequencies among CD19* non-dump live cells. Note the relatively higher
expression of CD19 on B-1 cells. In activated lymph nodes, plasma blasts exist, which also
express CD43, but show distinctly lower expression of CD19. FACS plots were obtained
from different experiments. Activated lymph nodes were from mice infected for 7 days with
influenza A/Mem/71.
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Figure 2.
Splenic B-1 cells differ in development from body cavity B-1 cells. Shown are bar charts
indicating mean frequencies +/— SD of B-1 cells, including B-1a and B-1b, in (A) spleen,
(B) bone marrow, and (C) peritoneal cavities of wild-type (WT) and sigM~~ (us™~) mice (n
= 4/group). Group-wise comparisons were done using Student's #test: *£< 0.05, **P<
0.005. (D) Contour plots identify B-1 cells (CD45R!°W CD43*) in WT and ps™~ peritoneal
cavities after gating on CD19" B cells. Note the near absence of B-1 cells in the peritoneal
cavity of us™~ mice. (E) Contour plots showing CD19* live B cells from pleural cavity and
spleen of wild-type mice binding to the fluorescent-labeled phophatidylcholine-containing
liposomes (PtC*). (F) Similar to E but gated in addition for B-1 cell markers: IgMhi IgDlo
CD43*. Note the large difference in the frequencies of Ptc binders among spleen and
peritoneal cavity B and B-1 cells.
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Figure 3.
Bone marrow and spleen, but not peritoneal cavity, B-1 cells are major sources of protective

natural IgM. Bar graphs summarize levels of IgM-secreting cells in spleen, bone marrow,
and peritoneal cavities from wild-type (WT) C57BL/6 mice (r7=4). Shown on the right are
representative ELISPOT images of IgM-secreting cells in spleen, bone marrow (BM), and
peritoneal cavity (Perc). The number in parentheses indicates the total number of input cells
per well.
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Figure 4.
Model of pathogen-induced B-1 cell responses. Body cavity B-1 cells circulate throughout

the animal in the steady state. Following infection by pathogens, innate inflammatory signals
contribute to induction of B-1 cells in the body cavities, and these responder populations
migrate to neighboring lymphoid sites. B-1 cells activated by respiratory tract infection
aggregate locally in the mediastinal lymph node and lung parenchyma, while B-1 cells
stimulated in the peritoneal cavity are correspondingly recruited to the spleen, mesenteric
lymph node, and lymphoid sites within the gastrointestinal tract. Responder B-1 cells
contribute to induced antibody secretion and cytokine functions in local sites, thus
contributing to pathogen defense as well as shaping the environment within the locally
activated lymphoid site.
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