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Abstract

The evolutionary origins of 1g-producing B cells appear to be linked to the emergence of fish in
this planet. There are three major classes of living fish species, which from most primitive to
modern they are referred to as agnathan (e.g., lampreys), Chondrichthyes (e.g., sharks), and teleost
fish (e.g., rainbow trout). Agnathans do not have immunoglobulin-producing B cells, however
these fish contain a subset of lymphocytes-like cells producing type B variable lymphocyte
receptors (VLRBSs) that appear to act as functional analogs of immunoglobulins. Chondrichthyes
fish represent the most primitive living species containing bona-fide immunoglobulin-producing B
cells. Their B cells are known to secrete three types of antibodies, IgM, IgW and IgNAR. Teleost
fish are also called bony fish since they represent the most ancient living species containing true
bones. Teleost B cells produce three different immunoglobulin isotypes, IgM, I1gD and the recently
described IgT. While teleost IgM is the principal player in systemic immunity, IgT appears to be a
teleost immunoglobulin class specialized in mucosal immune responses. Thus far, three major B
cell lineages have been described in teleost, those expressing either IgT or IgD, and the most
common lineage which co-expresses IgD and IgM. A few years ago, the study of teleost fish B
cells revealed for the first time in vertebrates the existence of B cell subsets with phagocytic and
intracellular bactericidal capacities. This finding represented a paradigm shift as professional
phagocytosis was believed to be exclusively performed by some cells of the myeloid lineage (i.e.,
macrophages, monocytes, neutrophils). This phagocytic capacity was also found in amphibians
and reptiles, suggesting that this innate capacity was evolutionarily conserved in certain B cell
subsets of vertebrates. Recently, the existence of subsets of B cells with phagocytic and
bactericidal abilities have also been confirmed in mammals. Moreover, it has been shown that
phagocytic B-1 B cells have a potent ability to present particulate antigen to CD4* T cells. Thus,
studies carried out originally on fish B cells have lead to the discovery of new innate and adaptive
roles of B cells in mammals. This review will concentrate on the evolutionary and functional
relationships of fish and mammalian B cells, focusing mainly on the newly discovered roles of
these cells in phagocytosis, intracellular killing and presentation of particulate antigen.
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1. GENERAL FEATURES OF IMMUNE MOLECULES AND LYMPHOID
ORGANS INVOLVED IN TELEOST FISH ADAPTIVE IMMUNE RESPONSES

Teleost fish represent the oldest living organisms with true bones containing an adaptive
immune system similar in many respects to that of mammals [1-3]. At the molecular level,
they are known to have bona fide MHC class | and Il, TCR, CD4, CD8 and Ig molecules
[4-8]. Moreover, teleost fish contain most of the cytokines described thus far in mammals,
including the signature cytokines for Thl-, Th2-, and Th17-type responses [9, 10]. Teleost
fish leukocytes are known to express critical co-stimulatory molecules, including CD28,
CDB80/86 and CD40 [11-13]. Important for the recognition of PAMPs and for the
modulation of immune responses, teleost fish appear to contain most of the TLR molecules
identified thus far in mammals [14]. Due to the tetraploid ancestry of many teleost fish, most
of the aforementioned molecules in these species are found in different isoforms, a fact that
makes their study more complex. With regards to lymphoid tissues, teleost fish are known to
have a true spleen and thymus [15]. However, they lack germinal centers, lymph nodes and
bone marrow [16-18]. The anterior part of the fish kidney (head kidney) is an important
lymphoid organ, and it has been compared to the bone marrow of mammals since it is
known to be a hematopoietic organ. Moreover, the head kidney, similar to the fish spleen, is
an important blood filtering and immune responsive organ [16, 18]. Teleost fish contain gut-
associated lymphoid tissue (GALT) with a population of intraepithelial lymphocytes (IELS).
The teleost GALT is made up of an epithelium with its corresponding basal membrane and
the underlying lamina propria [16]. Significantly, teleost fish GALT lacks the organized
Peyer Patches and mesenteric lymph nodes present in the GALT of mammals [16, 19, 20].

2. EVOLUTIONARY ORIGINS OF B CELLS

The evolutionary origins of Ig-producing B cells appear to be linked to the emergence of
fish in this planet. In that regard, there are three major classes of living fish species, the
agnathan or called also mouthless fish (e.g., lampreys, hagfish), the cartilaginous fish (e.g.,
sharks, rays) and the teleost fish (e.g., tuna, salmon). Lampreys do not have
immunoglobulin-producing B cells, however these fish contain leukocytes that bear a
striking resemblance to lymphocytes at the morphological level [21]. Instead of producing
immunoglobulins, lamprey and hagfish lymphocytes make variable lymphocyte receptors
(VLRs), which have been shown to act as functional analogs of immunoglobulins [22, 23]. It
is interesting that two lineages of VLR-producing lymphocytes exist in lampreys, those that
express VLRA and those expressing VLRB [24, 25]. Based on the gene expression profiles
of VLRA(+) and VLRB(+) lymphocytes, it would appear that VLRB(+) lymphocyte gene
expression is in many aspects similar to that of mammalian B cells, while that of VLRA(+)
lymphocytes would resemble that of T cells [24, 26]. In addition, only VLRB molecules
appear to bind native antigens [22]. Thus, it would seem that VLRB(+) lymphocytes are
functional analogs of B cells from jawed vertebrates.

The oldest living species containing bona-fide immunoglobulin-producing B cells are the
cartilaginous fish (e.g., sharks, rays) [17]. Cartilaginous fish B cells are known to produce
three types of immunoglobulins IgM, IgW and Ig-NAR (immunoglobulin new antigen
receptor) [17]. Phylogenetic analyses are suggestive of IgW being closely related to 1gD [17,
27]. In contrast, IgNAR appears to be a specialized shark-specific immunoglobulin that is
composed of disulphide-linked heavy chains which are not associated to light chains [1].
The structure of the IgNAR immunoglobulin reminds that of camelid heavy-chain IgG
antibodies, which also lack light chains. It is thought however that the structural similarities
of IgNAR with that of camelid heavy-chain IgG antibodies are due to a process of
convergent evolution rather than a true phylogenetic relationship between these two
immunoglobulin types [28, 29]. Shark B cells are morphologically similar to that of teleost
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fish and higher vertebrates. In sharks it has been shown that IgNAR and IgM are expressed
by different B cell subsets and that these species are devoid of B cells concomitantly
expressing both B cell receptors [1]. However, nothing is known at this point regarding the
B cells expressing IgW. In summary, shark B cells represent the oldest living ancestors of
more modern B cells, including those of teleost fish and mammals.

3. TELEOST FISH B CELLS AND IMMUNOGLOBULINS

Teleost fish are also called bony fish since they represent the oldest living species containing
true bones. Teleost fish comprise the most modern fish species as they appeared on earth
400 million years ago, after the emergence of cartilaginous fish. This review will focus
primarily on B cells of teleost fish as those are by far the best studied immunoglobulin-
producing fish B cells. Before stepping into the world of teleost B cells, it is worth
mentioning that teleost fish have leukocytes that are morphologically and functionally
similar to mammalian macrophages, dendritic cells, neutrophils, monocytes, thrombocytes,
T cells and plasma cells [16, 30-32]. The occurrence of eosinophils, mast cells and basophils
is not certain in teleosts although there are several studies reporting cells with similar
morphologies and functions [33]. On the other hand, there is good evidence for the existence
of natural killer-like cells [34]. Another type of cytotoxic cell that seems to be different from
teleost fish NK cells is the nonspecific-cytotoxic cell (NCC), which can recognize and
destroy a variety of targets, including transformed human cell lines and protozoan parasites
[35, 36]. It should be clarified that while the aforementioned cells seem to be the
counterparts of those in mammals, a limited number of functional studies have been
performed with most of these cell types, and thus, more work is required to clearly define
their functions and relationships with their mammalian counterparts.

Teleost fish species contain three different immunoglobulin isotypes, IgM, IgD and the
recently described IgT/Z [6-8] (Table 1). Teleost IgM is a tetrameric molecule, as opposed
to the pentameric mammalian IgM [7, 37]. Tetramers in teleost IgM are formed apparently
in the absence of inter-molecular interactions mediated by immunoglobulin joining (J)
chains [17]. Interestingly, the IgM tetramers are found in different oxidation states believed
to be important for function [38]. In all species analyzed thus far, the tetrameric IgM is the
most abundant Ig present in serum, and until recently it was thought to be the only teleost
fish 1g responding to antigenic stimulation [7, 37]; in 2010 however, IgT was also shown to
respond to antigenic stimulation [39]. Memory IgM responses have been demonstrated in
teleost fish although it is clear that they are significantly less enduring than those
demonstrated in mammals [40-43]. In teleost fish, IgM is secreted by plasmablasts and
plasma-like cells [42, 43]. It has been shown that the majority of IgM-secreting cells are
localized in the head kidney [42, 43]. Immunoglobulin class-switch does not occur in
teleosts. In addition these species are known for having poor affinity maturation of their IgM
responses [7, 37, 44]. Interestingly, the time required to generate a significant antigen-
specific response is generally much longer than that in mammals and it appears to be
temperature-dependent [7, 37]. As an example, to generate significant antigen-specific IgM
responses upon intraperitoneal injection, rainbow trout and salmon need at least 3-4 weeks,
in contrast to the few days required by mammals [42, 43].

With regards to IgD, this immunoglobulin has been cloned in several teleost species [7, 45].
At the protein level, IgD has only been characterized in catfish where it appears to be a
monomeric immunoglobulin [46]. Interestingly, it has been shown that secretory IgD in
catfish lacks the variable region. In that regard, the role of fish IgD in immunity is unclear,
although the 1gD Fc-region of catfish has been suggested to function as a pattern recognition
molecule [46]. Moreover catfish have also been described to contain IgD-armed
granulocytes [47]. In catfish, two IgD™* B cell populations have been identified, an IgM*/
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IgD™ and a IgM/IgD™ subset [48], although more studies are required to elucidate the
distinct roles of these IgD* B cell subsets in immunity. In all other teleost fish analyzed thus
far IgD is always found co-expressed with IgM on B cells.

In addition to IgM and IgD, teleost fish contain IgT, a new immunoglobulin class first
identified in 2005 (6). In rainbow trout it has been named IgT [6], whereas in zebrafish this
isotype is called IgZ [8]. This isotype has been cloned in all analyzed teleost fish, except in
the catfish [49]. Based on the genomic arquitecture of the teleost fish ight-igh locus,
teleost B cells were predicted to express either 1gT or IgM. Consistent with this prediction,
genetic evidence for two distinc lineages expressing IgM or 1gZ were reported in zebrafish
[50]. In addition, the identification of a novel subset of B cells uniquely expressing surface
IgT was reported in rainbow trout [39]. The same report confirmed that rainbow trout B
cells expressed either surface IgM or 1gT, but not both immunoglobulins at the same time.
Importantly, trout IgT* B cells were shown to represent the prevalent B cell subset in the
gut. While 1gT was found as a monomer in serum, in the gut mucus was present for the most
part in multimeric form, a feature resembling that of human IgA. In that respect, we have
recently demonstrated that IgT is an immunoglobulin class specialized in mucosal
immunity, thus representing a functional analog of IgA in teleost fish [39].

In conclusion, teleost fish contain a variety of B cell subsets. In catfish three B cell subsets
have been identified: IgM*/IgD-, IgM*/IgD* and IgM~/IgD™* [48] while in rainbow trout,
only two subsets have been described thus far: IgM*/IlgD*/1gT- and IgM~/IgD/1gT* [39].
However, less is known in terms of the distribution of these different subsets in systemic and
mucosal lymphoid tissues. We have shown that IgM~/IgD/IgT* B cells (IgT* B cells)
represent a minor B cell subset in the main systemic lymphoid organs (~16-27% of all B
cells), whereas in the gut, IgT* B cells comprise the prevalent (~54% of all B cells) B cell
population [39]. In addition, IgT* B cells appear to be also the prominent B cell subset in
trout skin (unpublished results), thus supporting further the concept that IgT is an
immunoglobulin specialized in mucosal immunity. One remarkable difference between B
cells of teleost fish and mammals is their relative profusion in blood. Thus, in most analyzed
teleosts species, B cells represent an average of ~30-60% of all peripheral blood leukocytes
(PBLs), while monocytes and neutrophils combined comprise only ~5-20% of PBLs
[51-55]. In contrast, the percentage of B cells in human PBLs is only ~2-8%, whereas
neutrophils/monocytes comprise ~50-70 % of all blood leukocytes [56]. The aforementioned
numbers in teleost fish only take into account the IgM* B cell subset, while the real
percentages of total B cells in blood may be even higher once the percentage of IgT* and
IgD* B cell subsets will be known in several species. Not only the percentage of B cells is
very high in PBLs, but also the total blood B cell numbers in fish appear to be much higher
than those of humans. Taking rainbow trout as an example, they contain ~5000-10000 IgM™*
B cell per pl blood [51], whereas in humans, the B cell count ranges ~150-720 per p.l of
blood [57]. Due to the fact that a large percentage of B cells in teleosts are phagocytic and
capable of intracellular killing (see below in section 6.1), the high abundance of blood B
cells in these species may suggests a prominent role of these cells in the clearance of
microbes and particulate antigen.

4. RELATIONSHIP BETWEEN B CELLS AND MACROPHAGES

In the past, evolutionary, developmental and functional relationships between B cells and
macrophages have long been recognized. A number of studies have shown that mouse and
human malignant B cell lines can switch into macrophage-like cells, having the capacity to
phagocytose large particles [58-60]. This switch from a lymphoid to a myeloid lineage gave
rise to the term of “lineage switching” or “lineage infidelity” [61]. The biphenotypic features
of these malignant cells pointed to a close relationship between CD5* B-1 cells and
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macrophages [61]. Moreover, subsets of primary CD5* B cells have been shown to
differentiate /n vitrointo cells with classical macrophage morphology. These cells were
called B/macrophage cells as they were able to express B220, surface IgM, surface IgD,
CD?5, F4/80 and Mac-1 markers, in addition to containing rearranged Ig genes [62, 63].
Based on the latter findings the authors suggested that subsets of B lymphocytes and
macrophages shared a closer lineage relationship than what the models of hematopoietic
differentiation at the time predicted [61]. Alternatively, they also suggested that theses B/
macrophage biphenotypic cells could represent a primitive B lymphocyte lineage with a
great flexibility to adapt to infectious agents. Similar to the studies by Borrello et al.,
peritoneal cavity murine B-1 cells were reported to differentiate into a mononuclear
phagocyte /n vitro. These B-1-derived mononuclear phagocytes had a macrophage-like
morphology and a potent capacity to phagocytose large particles [64]. Additional evidence
for a relationship between B cells and macrophages came from studies showing that
differentiated B cells could be reprogrammed /7 vitro into macrophages [65]. Further
support for this lineage relationship between B cells and macrophages came from the
identification of B/macrophage progenitors in fetal liver [66] and mammalian adult bone
marrow [67]. These progenitor cells are not capable of phagocytosing or acting as B cells;
however they are able to differentiating either into macrophage or B cells, depending of the
micro-environmental milieu. All of the aforementioned functional and developmental
relationships between B cells and macrophages in mammals suggest an evolutionarily close
relationship between these cells as already indicated by Katsura [68], implying a common
predecessor for both cells in species predating the emergence of jawed vertebrates. Recent
findings of subsets of B cells from fish, amphibians, reptiles and mammals with phagocytic
activity (see below) give further support to the hypothesis that B cells and macrophages
arose from a common phagocytic ancestor [69].

5. PHAGOCYTOSIS IN VERTEBRATES

In vertebrates, phagocytosis appears to have evolved from playing a role in innate immunity
to having essential functions in adaptive immunity [70, 71]. Thus in mammals, phagocytosis
plays a key role in the uptake and destruction of microbes, as well as in the initiation and
development of an adaptive immune response [71]. Whether phagocytosis in lower
vertebrates (i.e., fish, amphibians) is involved also in the initiation of adaptive immune
processes, remains to be investigated. However, cells specialized in the uptake of foreign
material have been described in all classes of vertebrate species, from the most primitive fish
(agnathan) to mammals [71, 72].

The process of phagocytosis is known to be triggered by the interaction of surface molecules
from the phagocytic target (i.e., PAMPSs), with receptors of the phagocyte (i.e., PRRs such as
scavenger, Fc, complement receptors, Toll receptors) [70]. Lysosomes fusing to phagosomes
form phagolysosomes, the vesicles where internalized microbes will be killed and degraded
by a variety of lysosomal hydrolytic enzymes. Formation of phagososmes and
phagolysosomes have been described not only in mammals but also in fish [51]. Moreover,
phagocytosis is known to elicit several antimicrobial mechanisms that are used by
phagocytes to kill microbes [73]. Arguably, the most important and well-known of these
mechanisms involve the production of reactive oxygen (i.e., superoxide radicals) and
nitrogen (i.e., nitric oxide) intermediates, which are known to kill ingested microbes
contained in the phagolysosomes of mammals and fish [73]. In mammals, degraded
microbial antigens can be proteolytically processed by intracellular endopeptidases, and the
resulting peptides can then be presented to T cells through the MHC-I11 pathway [71]. In
addition, it has also been shown that phagocytosis is involved in MHC-class I-restricted
antigen presentation [74, 75], or also called cross-presentation. Whether presentation of
particulate antigen in fish occurs through any of the two aforementioned pathways, is thus
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far not known. In mammals and other vertebrates, including fish, phagocytosis is mainly
performed by professional phagocytes, including polymorphonuclear cells (PMNs),
monocytes and macrophages [73, 76]. Other cell types in mammals (i.e., epithelial cells,
fibroblasts, NKT cells, plasmacytoid dendritic cells) have also been shown to be capable of
engulfing particles, albeit with a much restricted capacity [76-78]. Until recently, it was
thought that vertebrate primary B cells were unable to perform phagocytosis. Breaking this
paradigm, the last few years have seen a number of reports demonstrating the ability of
some vertebrate B cell subsets to phagocytose non-opsonized particles and to intracellularly
kill microbes (see section 6 below and Table 2). Thus, it would appear that professional
phagocytosis is not restricted to cells of myeloid origin, as it can also be carried out by cells
of lymphoid origen.

6. PHAGOCYTIC B CELLS DISCOVERED IN VERTEBRATES
6.1. Phagocycitic B Cells in Fish

Up until recently, all studies done with fish phagocytes had shown that, like in mammals,
monocytes, neutrophils and macrophages were the main phagocytic cells [30, 73]. Changing
this view, in 2006 we showed for the first time in vertebrates that fish primary B cells were
capable of phagocytosis and intracellular killing [51]. In the past, phagocytosis in fish had
typically been studied utilizing the population of glass/plastic adherent leukocytes derived
mainly from head kidney, and to a lesser degree, from other lymphoid sites. Moreover, the
use of cell markers specific for B cells or other leukocyte types was seldom employed in
such studies. Because of the reasons stated above, the ability of B cells to phagocytose
particles in fish had probably remained unnoticed.

The original identification of fish phagocytic B cells came while studying the phagocytic
activity of rainbow trout blood leukocytes using flow cytometry as means to detect
phagocytic cells. The initial results indicated the presence of large numbers of small non-
adherent cells avidly engulfing a variety of particles. Characterization of this non-adherent
population with a well-known monoclonal antibody against trout IgM [79] provided the first
indication that these small phagocytic cells had B-lymphocyte features. Giemsa staining and
transmission electronic analysis showed that sorted phagocytic IgM™* cells possessed
lymphocyte-like morphology. In addition, from all sorted phagocytic cell populations, only
the IgM™* cells expressed B-cell specific markers including sigM, migM and IgD. Moreover,
the expression of T cell markers (TCR-a, TCR-f and CD8) was restricted to the non-
phagocytic IgM~ population, indicating that trout T cells were not phagocytic [51].

The ultrastructure of phagocytic B cells was studied by transmission (TEM) and scanning
(SEM) electron microscopy. Phagocytic B cells were characterized by having a large
nucleus, a thin rim of agranular cytoplasm and a varying number of small dendrites
surrounding the cell. Interestingly, most of the analyzed cells contained significant numbers
of mitochondria, a trait that has been identified also in mouse B-1 lymphocytes [80]. In most
instances, engulfment of 1 wm beads was carried out by small dendrites, although membrane
extensions or pseudopod-like structures were occasionally observed. Moreover, SEM
analysis clearly showed the formation of phagocytic cups containing beads in the process of
being internalized Fig. (1). Strikingly, over 55% of all blood IgM* B cells were phagocytic,
a number that in blood represented 62% of all phagocytic cells, while in the head-kidney,
phagocytic B cells represented only 20% of all phagocytes. While those experiments were
done using non-opsonized particles, we demonstrated that phagocytosis by IgM™* B cells was
significantly enhanced if bacteria was coated with IgM or complement, thus suggesting that
phagocytic B cells contained both Fc and complement receptors that enhanced their ability
to internalize opsonized microbes. The capacity to augment particle uptake by IgM and
complement opsonization has also been reported in fish granulocytes and monocytes
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[81-84]. To demonstrate the physiological relevance of phagocytic B cells, /n vivo studies
showed that a significant percentage of peritoneal cavity IgM* B cells (29-44%) could also
phagocytose inert particles and bacteria [51].

Professional phagocyte internalization of particles is known to trigger signaling cascades
that result in the formation of phagolysosome vesicles in which microbes are killed and
degraded. TEM analysis showed that bacteria ingested by phagocytic B cells appeared to be
contained in a phagosome-like compartment, suggesting that processes of phagolysosome
formation might also occur upon internalization of particles by trout B cells (51). In
addition, we confirmed that particle internalization by phagocytic B cells resulted in the
fusion of lysosome vesicles to phagosomal compartments [51]. The formation of
phagolysosomes in trout phagocytic B cells presented exciting possibilities for a possible
contribution of these cells to bacterial killing. Experiments to address the aforementioned
hypothesis confirmed that these cells were capable of intracellular killing. All combined,
these findings showed for the first time the presence of primary B cells in a vertebrate
species with the capacity of phagocytose and kill internalized microbes. The findings
described above were generated using the IgM* B cell subset of rainbow trout. Recently
these findings were extended to a newly found rainbow trout B cell lineage uniquely
expressing IgT [39]. This report revealed that a large percentage of blood IgT* B cells were
also phagocytic and capable of killing internalized bacteria. In blood, IgT* B cells
represented ~20% of all B cells, and the percentage of blood IgT* B cells with phagocytic
capacity was similar (~57%) to that of IgM™* B cells. Whether this capacity is kept by IgT* B
cells from other lymphoid tissues, including those of mucosal surfaces, is a question that
requires further investigation.

In addition to rainbow trout, other teleost fish species have also been shown to contain
phagocytic IgM* B cells, including catfish, cod and atlantic salmon. Catfish blood was
shown to have large amounts of phagocytic IgM* B cells and by TEM, their ultrastructure
was very similar to that of rainbow trout [51]. In a different study, both salmon and atlantic
cod contained significant numbers of phagocytic IgM* B cells in head kidney and blood
[85]. Interestingly, phagocytic IgM* B cells in salmon represented the vast majority of blood
phagocytes whereas in cod they represented only 8% of these cells. Moreover, the
phagocytic capacity of cod IgM* B cells was higher than that of salmon since over 70-80%
of the cod cells ingested three or more beads in contrast to salmon in which that number was
below 50% [85]. Thus it seems apparent that this phagocytic capacity is a general feature of
all B cell lineages in teleost fish, although these results need to be confirmed in other fish
species.

6.2. Phagocytic B Cells in Amphibians and Reptiles

Our investigations on the phagocytic ability of B cells were extended to amphibians. These
studies showed that while a significant portion of Xenopus laevisblood IgM* B cells where
capable of phagocytosing latex beads, the percentage of phagocytic IgM* B cells was
significantly lower (14%) than that found for trout and other teleost fish blood B cells [51].
By TEM, the ultrastructure of Xenopus /aevis phagocytic IgM* B was almost
indistinguishable from that described for rainbow trout phagocytic B cells. Whether these
amphibian phagocytic B cells are capable of intracellularly killing internalized bacteria, is
not known at this point. Similar to what has been described in Xenopus laevis, a recent study
has demonstrated the presence of small numbers of blood IgM* B cells with phagocytic
capacity in the turtle red-eared slider, a reptile [86]. The aforementioned studies on
amphibians and reptile phagocytic B cells were quite limited in scope, and thus, other
lymphoid organs as well as B cell subsets (i.e., IgX™ and IgY* B cells) of these species need
to be investigated.
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6.3. Phagocytic B Cells in Mammals

Until recently, it was thought that mammalian primary B cells were unable to perform
phagocytosis. One study showed a BCR-mediated uptake of live Sa/monella typhimurium
by human primary B cells. However, dead Sal/monella could not be taken up by these cells,
and it was shown that Sa/monella internalization required bacterial-mediated processes [87].
Thus, it was not clear from these studies that Sa/monella internalization was due to an active
process of BCR-mediated phagocytosis or to bacterial-mediated mechanisms.

Earlier findings on phagocytic B cells in fish and amphibians, coupled with the more recent
description of phagocytic B cells in reptiles, suggested that this phagocytic capacity in
certain B cell subsets of vertebrates was evolutionarily preserved. To investigate whether
this capacity was conserved in subsets of mammalian B cells, we investigated the
phagocytic ability of murine B cells from bone marrow, spleen, blood and peritoneal cavity.
Preliminary results showed that the peritoneal cavity (PerC) contained the largest percentage
of phagocytic B cells (~10-17%), whereas in the other lymphoid sites, the amount of B cells
with phagocytic capacity was less than 1.6%. Thus, the efforts to characterize further the
functions and phenotypes of phagocytic B cells focused on the study of murine PerC B cell
subsets. It was found that most of the PerC phagocytic B cells were B-1 B cells [88]. Hence,
around 9-17% of the B-1 B cells were phagocytic, while less than 1.5% of B-2 B cells
contained such ability. Interestingly, the PerC B-1a subset possessed a significantly higher
percentage of phagocytic cells (14-17%) than the PerC B-1b subset (8.6-11.4%). The
phagocytic capacity of both B-1 B cell subsets was demonstrated both /n vitroand in vivo
using latex beads as well as £. coli as phagocytic targets. Importantly, it was shown that
phagocytosis by PerC B-1a and PerC B-1b B cells occurred in a B cell receptor (BCR)-
independent manner, although the receptors involved in the recognition and uptake of the
used phagocytic targets is at this point unknown. The ultrastructure of phagocytic B-1a and
B-1b B cells was very similar to that previously described for normal cells of these two B
cell subsets [80]. In that regard, phagocytic B-1a and B-1b B cells displayed a large nucleus
with a cytoplasm containing a considerable number of mitochondria. Moreover, phagocytic
B-1 B cells were surrounded by small dendrites that were often seen in the process of
particle internalization Fig. (2).

Similar to fish phagocytic B cells, murine phagocytic PerC B-1a and PerC B-1b B cells were
able to mature their phagosomes into phagolysosomes and exhibited the ability to kill
internalized bacteria. However their phagocytic and bactericidal capacities were
significantly lower than those found for PerC macrophages. In that sense, PerC macrophages
were able to ingest a considerably higher number of phagocytic targets, and they were able
to kill most internalized bacteria in a much faster manner than phagocytic PerC B-1 B cells.
It is possible that the high efficiency of PerC macrophages to kill bacteria is due to the larger
amount of lysosomes of these cells when compared to that of PerC B-1 B cells (88).

It is well-known that phagocytosis by macrophages and dendritic cells leads to the
presentation of internalized antigen to T cells [89]. Using the OVA antigen model [90], it
was demonstrated that PerC B-1a and PerC B-1b B cells were able to efficiently present
antigen from internalized particles to CD4* T cells. In the absence of particle internalization,
antigen presentation was hampered. Critically, the capacity of both PerC B-1 subsets to
present particulate antigen was far superior than that seen for the same amount of soluble
antigen. With regards to particulate antigen, it was apparent however that PerC B-1a were
better APCs than PerC B-1b cells, probably due to the smaller number of cells of the later
subset with a phagocytic ability. Similar to PerC B-1 cells, macrophages and dendritic cells
were also more efficient at presenting particulate antigen, although macrophages were
significantly less potent APCs than both PerC B-1 subsets. However, the capacity to present
both particulate and soluble antigen by BMDCs cells was superior than that of PerC B-1
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cells [88]. On the other end, PerC B-2 cells displayed the lowest capacity to present
particulate antigen, probably because very few B-2 cells had the capacity to internalize
particles, as stated above. In addition, the capacity of B-2 cells to present soluble antigen
was also lower than that of PerC B-1 cells.

At the same time we reported the identification of murine phagocytic PerC B-1 cells,
another study by Nakashima et al., described the existence of phagocytic B cells in the liver
and spleen of mice [91]. In agreement with our findings [88], their /in vitro studies showed
that the percentage of liver and spleen B-1 B cells with phagocytic capacity was greater than
that of B-2 cells. However, the percentage of liver and spleen phagocytic B-2 B cells shown
by the later study [91], is greater than what we reported for PerC and spleen B-2 B cells
[88]. This disparity in the results seen for phagocytic B-2 B cells in the two studies could be
due to at least two possible reasons: 1-) The bed:cell ratio used for the /n vitro phagocytic
assays by Nakashima e a/. [91] was 200:1 or 400:1, far superior than the ratio (10:1) used in
most of our studies [88]. Hence, it is likely that at such high bed:cell ratios, the percentage
of cells with non-specifically attached beads is larger than that seen when using a much
lower ratio. In fact, our preliminary studies had shown that when using bed:cell ratios higher
than 40:1, the number of B cells with non-internalized beads was far more plentiful than
when using ratios of 20:1 or less (unpublished results). Moreover in the study by Nakashima
et al. [91] when 10:1 or 20:1 bed:cell ratios where used, very low percentages of B cells with
phagocytic capacity (1-3%) were obtained, similar to those observed by us in the spleen,
bone marrow and blood when using the same bed:cell ratios [88]. However, at these low
bed:cell ratios (10:1-20:1), we found that as many as 11-14% of PerC B-1 were phagocytic,
while only 1-2% of B-2 B cells had this capacity. All combined, the aforementioned studies
suggest that the most potent phagocytic B cells are the PerC B-1 B cells since that subset
presented the highest percentage of cells with phagocytic ability when using more
physiologically relevant (lower) bed:cell ratios. 2-) Another reason that may explain the
differences in the numbers of phagocytic B-2 B cells between the [88] and [91] reports, may
reside in the activation state and/or the differential expression of PRRs of B cells, depending
on the lymphoid tissue where these cells are localized. This in turn would influence the
recognition and uptake of particles. Thus, the possibility exists that B-2 B cells from the
liver, spleen and peritoneal cavity differ in the aforementioned parameters; however this
would not explain the higher percentage of phagocytic B-2 B cells observed in the spleen by
Nakashima et al. [91] when compared to that reported in [88]. In this case, the disparity of
results could be attributed to methodological differences. In that regard, it is somewhat
puzzling that in contrast to what was found when employing latex beads, the use of non-
opsonized pHrodo-£. coli in the same study resulted in very low percentages of spleen
phagocytic B cells, similar to those observed by us in [88].

While liver and spleen B cells appeared to internalize non-opsonized beads and bacteria, the
same report showed that complement opsonization of bacteria promoted their uptake by a
significantly larger number of B cells [91]. This finding is similar to what had previously
been described for phagocytic B cells of fish [51]. Whether opsonization of particles with
antibody will also enhance their uptake by phagocytic B cells, is a question that remains to
be investigated.

In addition to showing the presence of liver and spleen phagocytic B cells using /n vitro
strategies, Nakashima et a/., identified the same cells also when performing /n vivo studies

[91. Similar to what was found for PerC B-1 cells {Parra, #2438], it was revealed that liver
phagocytic B cells had the capacity to form phagolysosomes and to kill internalized bacteria,
although this capacity was not observed in spleen phagocytic B cells [91]. The reasons for
the differences seen in bactericidal activity between liver and spleen phagocytic B cells were
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not clear. While our studies showed that PerC B-1 cells efficiently presented particulate
antigen to T cells [88], this capacity was not investigated for liver and spleen phagocytic B
cells [91]. On the other hand, a very interesting finding by Nakashima et a/, was the ability
of liver (but not spleen) phagocytic B cells to secrete 11-12 [91]. The authors argued that this
could enhance the killing of bacteria since 11-12-mediated induction of IFN-y by NK and T
cells would augment the bactericidal activity of macrophages. It will be interesting in the
future to analyze which other cytokines are produced by phagocytic B cells. In that respect,
phagocytosis by professional phagocytes induces the release of proinflammatory cytokines;
whether this is the case also for phagocytic B cells, remains to be investigated.

In conclusion, while some disparities exist on which murine B cell subsets display
phagocytic and bactericidal abilities, it seems clear that B-1 B cells are the most abundant at
exhibiting such capacities. It could be argued that these subsets of phagocytic B cells may
contribute significantly to the clearing of microbes through phagocytosis. However, it is
clear from the recently reported data that macrophages and neutrophils were able to uptake
many more particles than phagocytic B cells [88, 91]. Moreover, macrophages killed
internalized bacteria with a significantly faster killing kinetics than phagocytic B cells [88].
Therefore, it would be conceivable to state that the main role of phagocytic B cells is
probably not the clearing of microbes (although that may happen in some local
environments), but the efficient presentation of low amounts of particulate antigen to T cells.
In that regard, when using equal amounts of particulate antigen, phagocytic PerC B-1 B cells
were considerably superior than macrophages in presenting antigen to CD4" T cells [88].
While the aforementioned studies represent a significant advance on the roles of B-1 B cells
in immunity, much work remains to be carried out to further characterize the phenotypes of
all mammalian phagocytic B subsets and to further dissect their roles in innate and adaptive
immunity (discussed below).

7. DISCUSSION AND FUTURE PERSPECTIVES

The evolutionary history of 1g-producing B cells remains thus far unresolved, although
several hypotheses have been proposed for their emergence in the missing ancestors that
gave rise to jawed vertebrate species. VDJ recombination, a hallmark of B and T cell
receptors, has been hypothesized to have arisen as result of an ancient lateral gene-transfer
event setting of a transposon-mediated insertion of an ancestral RAG gene in the
predecessor gene from which BCR/TCRs emerged later in jawed vertebrates [18, 92].
Whether the insertion of this ancient RAG gene occurred in a TCR- or BCR-like gene, is a
matter of debate. It has been argued that this gene was probably more similar to TCR than
BCR, since it has been shown that while lampreys lack VDJ recombination, they possess a
single TCR-like gene with features of V and J regions [93]; thus this TCR-like gene could
have been the target of the aforementioned transposon event [18]. Thereafter, the BCR
would have evolved later by gene duplication from this ancestral RAG-containing TCR-like
gene cluster, and both genes would have gradually diversified to give raise to modern BCRs
and TCRs. Alternatively, it has been suggested that this transposon insertion event took
place in species predating the emergence of jawed vertebrates which had distinct
populations of cytotoxic killer cells and phagocytes. Both cell populations would have
contained a BCR/TCR prototype, and after the transposon insertion event, the cytotoxic
killer and the phagocytes would have evolved to T- and B-cells respectively [69]. It was also
argued that the discovery of B cells with phagocytic capacity in fish supported the
aforementioned hypothesis [51].

While the evolutionary intermediate cell that gave rise to 1g-producing B cells probably
remains hidden in the fossil records, it is quite apparent that fish B cells represent the
predecessors from which amphibian, reptilian, avian and mammalian B cells evolved. In that
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respect, there are clear morphological and functional parallels between mammalian B-1 B
cells and fish IgM-bearing B cells. For example, both of them can innately secrete IgM
when directly activated by a number of PAMPs, they are both capable of phagocytosis and
intracellular killing, and they both can be induced to produce antigen-specific IgM.
Therefore, one could speculate that the B-1 B cell lineage evolved from 1gM-bearing B cells
of ectotherms and, later in evolution, the B-2 B cell lineage emerged as a more evolved B
cell subset that gradually specialized to play a prevailing role in adaptive immunity. This
hypothesis would fit well with the concept of an evolutionarily layered immune system
proposed by L.A. Herzenberg [94]. Accordingly, B-1 B cells would constitute the
evolutionary oldest B cell layer, and as such, they embody more innate features than B-2 B
cells, the most evolved layer of all B cell subsets with a more prominent role in adaptive
immunity. This evolutionary pathway might explain also the much lower phagocytic
capacity observed in B-2 B cells when compared to that of B-1 B lymphocytes [88], as
phagocytosis is considered an innate immune process. Nevertheless, it is also possible that
the predecessor of B-1 and B-2 lineages might have evolved concurrently from B cell
lineages or subsets that remain to be characterized in fish or other cold-blooded vertebrates.
Therefore, the evolutionary origins of B-1 and B-2 B cell lineages cannot be accurately
traced until we identify further the existing B cell lineages and subsets of lower vertebrates
and we investigate their specific roles in innate and adaptive immunity.

Here we illustrate how studies carried out originally on fish B cells have lead to the
discovery of new innate and adaptive roles of mammalian B cells. Accordingly, recent
studies have shown that several subsets of mammalian B cells, prevalently B-1 B cells,
possess potent phagocytic and bactericidal capacities [88, 91]. Critical for the initiation of
adaptive immune responses, it was also shown that PerC B-1B cells, but not B-2 B cells,
were able to efficiently present non-opsonized phagocytosed particulate antigen to CD4* T
cells [88]. Remarkably, phagocytic PerC B cells had a much higher capacity to present
particulate antigen than PerC macrophages, despite of the fact that the later could ingest
much larger numbers of particles than PerC B cells. It was argued that this greater antigen-
presenting capacity of phagocytic PerC B cells could be due to the observed lower potential
for phagolysosome acidification of these cells when compared to that of macrophages [88].
In that regard, it has been demonstrated in DCs that a delayed acidification of their
phagolysosome leads to an increased efficiency of these cells to present antigen [95, 96]. In
fact, a lower degree of phagolysosome acidification was shown to translate into reduced
degradation and greater retention of antigen, thus leading to a more efficient antigen-
presenting capacity of DCs [95, 97] and perhaps by extension, of phagocytic PerC B cells
[88]. In line with the aforementioned arguments, it has been reported that murine B cells
contain lower levels of lysosomal proteases than macrophages, an attribute that allows them
to retain antigen for longer time periods [98]. Because of the much higher phagocytic
capacity of macrophages when compared to that of phagocytic PerC B, but the superior
antigen presenting abilities of the later cells, it was hypothesized that rather than clearing
microbes, a main task of phagocytic PerC B would be to present particulate antigen to T
cells [88]. To confirm this hypothesis, future /n vivo studies will have to address the specific
contributions and prevalent roles of phagocytic PerC B-1 B cells and macrophages in
clearing microbes as well as in presenting particulate microbial antigens to T cells.
Moreover, these studies will have to be extended to evaluating the capacity and specific
contributions of phagocytic PerC B-1 B cells to cross-present particulate antigen to CD8* T
cells, an ability already demonstrated in macrophages and dendritic cells [75, 99].

While PerC B-1 B cells were shown to possess a high capacity to present non-opsonized
particulate antigen to CD4+ T cells [88], this only occurred when the particle was
internalized. Interestingly, earlier studies had shown that murine B cells could extract and
present antigen from non-internalized particles, although that process was BCR-dependent
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[100, 101]. Therefore it would appear that B-1 and B-2 B cells have different but
complementary abilities in the presentation of particulate antigen. Accordingly, B-1 B cells
would seem to be more specialized in presenting “innately” recognized and internalized
particulate antigen, whereas B-2 B cells would be more proficient at presenting “adaptively”
recognized particulate antigen. To confirm this hypothesis, further studies will have to
investigate the capability of B-1 B cells to present non-internalized antigen in a BCR-
dependent manner, and to compare their efficiency to that B-2 B cells. In addition, to further
dissect the specific antigen presenting capabilities of these B cell subsets, it will also be
necessary to compare the efficiencies of B-1 and B-2 B cells at phagocytosing and
presenting antibody- or complement-opsonized particulate antigen.

The capacity described in several vertebrate B cell subsets to phagocytose particles occurred
in a non-BCR-mediated manner. Whether this process triggers the production of “antigen-
nonspecific immunoglobulin” is a crucial point that needs to be addressed. Hence, upon
internalization of the particle in a BCR-independent manner, two scenarios could be
pictured. In the first scenario Fig. (3), the phagocytic B cells would not be activated to
produce immunoglobulins or alternatively, their ability to generate them would be inhibited.
Under such circumstances, the roles of phagocytic B cells might be limited to those played
by other phagocytes and APCs, including microbial killing, antigen presentation, and
production of IL-12. In addition, these cells could also play other immune roles that remain
to be investigated, including their ability to produce pro-inflammatory or anti-inflammatory
cytokines. In that respect, phagocytosis of microbes is an inflammatory process that leads to
the production of pro-inflammatory cytokines [71], and B cells are known to produce under
certain conditions a long list of these cytokines (eg., effector or regulatory B cells [102]).
Thus, it is conceivable that phagocytic B cells could upregulate the expression of some of
these cytokines upon uptake of foreign material. Alternatively, phagocytosis of apoptotic
bodies (AB) could lead to the generation of antiinflammatory cytokines, as it has been
shown for other phagocytes [103, 104]. Hence, it will be interesting to see if AB uptake is
one of the roles played by IL-10 producingregulatory B cells [105, 106] or other B cell
subsets. In connection to the later, it has been shown that apoptotic bodies can attach to B-1
B cells and that TIM-4 mediates part of this binding [107]. In the same report,
immunofluorescence microscopy studies appeared to indicate that perC CD11b™ cells
internalized AB, thus suggesting that B-1 B cells were implicated in AB uptake. However,
further studies are required to clarify the direct involvement of B-1 B cells in AB
phagocytosis as well as the functional consequences of this process, including the potential
induction of anti-inflammatory cytokines by these cells.

In the second scenario Fig. (3), the uptake of particles in a non-BCR manner would trigger
the production of “antigen-nonspecific” immunoglobulins. One could envision this process
as an evolutionarily conserved strategy to produce “innate” antibodies that act as pattern
recognition molecules (i.e., natural antibodies [108]), similar to the process of polyclonal
activation induced by LPS in B-1 B cells. Such a strategy could be very useful in situations
of acute infection in which these immunoglobulins would function in a first line of defense
recognizing common microbial PAMPs. This scenario however, could potentially have
harmful effects as the phagocytic B cells would be producing immunoglobulins with
specificities unrelated to the antigen they have internalized. In turn, this might enhance
autoimmune reactivity Fig. (3). This could explain at least in some cases, the involvement
attributed to B-1 B cells in autoimmune diseases [109]. In addition to producing antibodies
in situations of acute infection, in the case of PerC B-1 B cells one could envision that these
antibodies would be generated upon migration of the phagocytic B cell into the GALT. In
this alternative scenario Fig. (3), the PerC B-1 B cells could phagocytose and kill
commensals leaking from the gut. Thereafter, the phagocytic PerC B-1 B cell would
probably migrate into the GALT (i.e., gut lamina propria) to class-switch and produce low
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affinity 1gA antibodies. These IgA antibodies would be transported into the gut lumen where
they would play a role in immune exclusion. In that regard, production of extrafollicular IgA
is known to occur in the GALT [110], although the mechanisms and pathways involved are
thus far unresolved [111]. Whether or not the production of these “innate” IgM or IgA
antibodies would occur concurrently with the activation of other immune processes stated in
the first scenario (e.g., production of pro- or anti-inflammatory cytokines, antigen
presentation to T cells), is a key point to investigate if we are to resolve further the
functional implications of particle uptake by B cells.

In conclusion, much remains to be investigated concerning the evolutionary origins and
functional relationships of B cell subsets from fish and mammals. We should be reminded
that several critical discoveries on B cells have been made with the use of non-mammalian
species. Most notably, the origen of the name B cells comes from the first description of
these cells in the Bursa of birds [112, 113]. With regards to fish models, studies on catfish
IgD were recently critical to uncover functions on mammalian IgD that had remain elusive
for decades [47, 114]. Another example is the one provided in this review in which the
initial discovery of phagocytic B cells in fish lead to the recent identification of mammalian
B cell subsets with similar capacities [51]. Moreover, the studies on mammals also revealed
that these phagocytic B cells efficiently presented particulate antigen to CD4* T cells. Thus,
these recent findings on mammalian phagocytic B cells will be now be instrumental in
illuminating similar antigen-presenting capacities of these cells in fish.

Overall, the new findings described herein on phagocytic B cells, indicate that these cells are
positioned at the crossroads that link innate with adaptive immunity. Thus, it has been
proposed that phagocytosis-mediated uptake and presentation of particulate antigen, would
provide these cells with the potential to initiate and modulate immune responses against
microbes and particulate self-antigens. We are convinced that further comparative studies
using B cells of nonmammalian and mammalian species will help unveiling clues on the
aforementioned proposed roles of phagocytic B cells in these species. Moreover such studies
will be instrumental in elucidating the evolutionary origins of B cells as well as potential
new functions of phagocytic B cells and other B cell subsets in innate and adaptive immune
responses.
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ABBREVIATIONS
TLR Toll-Like Receptor
IEL Intraepithelial Lymphocytes
APC Antigen Presenting Cell
GALT Gut-associated Lymphoid Tissue
AB Apoptotic Body
PerC Peritoneal Cavity
PRR Pattern Recognition Receptor
PAMPs Pathogen-associated Molecular Patterns
BCR B cell Receptor
TCR T cell Receptor
Dc Dendrictic cell
BMDC Bone Marrow-derived Dendritic cell
TEM Transmission Electron Microscopy
SEM Scanning Electron Microscopy
VLR Variable Lymphocyte Receptors
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Fig. (1). Transmission and scanning electron microscopy analysis of fish phagocytic B cells
Rainbow trout IgM™* B cells can be seen in the process of internalizing 1 wm or 2 um latex
beads (left images) or with internalized beads (right images). Upper and middle panels are
TEM images, whereas the bottom panels are SEM images. Beads are marked with a red X.
Images were taken from (51) and reproduced with permission of Nature Immunology.
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Fig. (2). Transmission electron microscopy analysis of murine phagocytic B-1b B cells

Murine B-1b B cells can be seen in the process of internalizing 1um latex beads (top
images) or with internalized beads (bottom images). Beads are marked with a red X. Images
were taken from (88) and reproduced with permission of Journal of Leukocyte Biology.

Infect Disord Drug Targets. Author manuscript; available in PMC 2013 June 01.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Sunyer

Page 22

% >Y (No Ig production)

- Microbial Killing

- Presentation of particulate Ag
- Production of IL-12

- Production of pro- or
antiinflammatory cytokines (?)

++4
Innate and APC roles

(Production of Ig in P Miqrc_)bial
situations of acute Killing
S infection) Autoimmune
* Reactivity
Phagocytosis of PerC ph ic B-1
leaking commensals —)Y (PerC phagocytic Immune

B cell migrates to GALT=——>
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Fig. (3). Schematic representation of potential roles of phagocytic B cellsin mammalian
immunity

Upon phagocytosis of the particle, scenario 1 (top) hypothesizes a lack or inhibition of
antibody production. In this scenario, phagocytic B cells could embrace functions
characteristic of professional phagocytes and APCs. Some of these functions, including
microbial killing, presentation of particulate antigent to CD4 T cells and secretion of 11-12,
have recently been reported (88, 91). In addition, these phagocytic B cells could also
produce pro- or antiinflammatory cytokines depending on whether they have ingested
microbes or apoptotic bodies respectively. Scenario 2 (bottom) hypothesizes that upon
phagocytosis of the particle, phagocytic B cells are activated and produce immunoglobulins.
These natural 1gs could be produced in situations of acute infection with the goal of
recognizing microbial PAMPs and clearing microbes. Alternatively PerC B-1 B cells could
ingest commensal bacteria leaking from the gut and going into the PerC. Upon phagocytosis
of the commensal, the phagocytic PerC B-1 B cells would migrate into into GALT where
this cell would either produce IgM or would class-switch to produce low affinity IgA. The
secreted antibody would be transported into the gut lumen where it would contribute to the
process of immune exclusion. Red or green Y represents non-produced or produced
immunoglobulin respectively. Green, orange and red lines represent processes that will, may
or won’t happen respectively.
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Table 2

Summary of Features from Phagocytic B Cells of Vertebreates
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Phagocytic B Cell Features

Vertebrate Cytokine Classes B Cell Subsets Intracel Killing Antigen Presentation

Production
Agnathan fish ? ? ? ?
Cartilaginous fish ? ? ? ?
Teleost fish IgM* and IgT* + ? ?
Amphibians IgM* (The only studied subset) ? ? ?
Reptiles IgM* (The only studied subset) ? ? ?
Birds ? ? ? ?

Mammals B-1a, B-1band to a mILIJCh lesser degree, B-2 +, but only in PerC and liver + 1L-12
cells.

Abbreviations: Intracel. Killing= Intracellular killing; PerC= Peritoneal Cavity.

Infect Disord Drug Targets. Author manuscript; available in PMC 2013 June 01.




