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Abstract

The marginal zone (MZ) is largely composed of a unique subpopulation of B cells, the so-called
MZ-B cells. At a molecular level, memory B cells are characterized by the presence of somatically
mutated IGV genes. The earliest studies in the rat have documented the presence of hapten-
specific MZ-B cells after immunization in the MZ. This work later received experimental support
demonstrating that the IGHV-Cy transcripts expressed by phenotypically defined splenic MZ-B
cells (defined as CD90M9IgMhigh|gDIoW B cells) can carry somatic hypermutation. However, only
a minor fraction (< 10%—-20%) of these MZ-B cells is mutated and is considered to represent
memory B cells. Memory B cells can either be class-switched (IgG, IgA, IgE), or non—class-
switched (IgM) B cells. B cells in the MZ are a heterogeneous population of cells and both naive
MZ-B cells; class switched and unswitched memory MZ-B cells are present at this unique site in
the spleen. Naive MZ-B cells carry unmutated Ig genes, produce low-affinity IgM molecules and
constitute a first line of defense against invading pathogens. Memory MZ-B cells express high-
affinity 1g molecules, directed to (microbial) antigens that have been encountered. In this review,
we report on the memory compartment of splenic MZ-B cells in the rat to provide insights into the
origin and function of these memory MZ-B cells.
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l. INTRODUCTION

The marginal zone (MZ) is a well-defined anatomical compartment that encloses the
follicles and periarteriolar lymphocyte sheaths (PALS) (Fig. 1). Together, these structures
form the so-called “the white pulp,” which contains mostly lymphocytes. T and B cells are
predominantly, but not exclusively, located in their own distinct compartments, the
periarteriolar lymphocyte sheaths (PALS) and follicles, respectively. The follicles contain
recirculating B cells that are in search of their appropriate antigen. Most B cells in these
follicles are naive IgM™~ and IgD~expressing B cells called follicular B (FO-B) cells. Upon
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antigenic stimulation with protein antigens, areas of proliferating B cells can be found
within these follicles, the so-called germinal centers (GCs). The GCs are sites where
memory B cells are generated, a process that is associated with class switch recombination
(CSR) and somatic hypermutation (SHM) of the immunoglobulin (Ig) genes.! Although the
classical mechanism of CSR involves direct switching from IgM to any other class (isotype)
of 1g molecule, CSR can also occur sequentially from IgM via 1gG to IgAZ2 or from 1gG to
IgA.2 Somatic hypermutation is the process whereby point mutations are introduced in the
variable (V) region of Ig genes of B cells. The MZ forms an interface with the red pulp,
which is very rich in venous sinuses. In rats and mice (Fig. 1) but not in humans, the MZ is
separated from the WP by the marginal sinus. This sinus is very porous due to gaps in the
endothelium that lines the sinusoids, which allows the transit of lymphocytes and dendritic
cells (DCs) from the circulation to enter the WP. The MZ is largely composed of a unique
subpopulation of B cells, the so-called MZ-B cells, in addition to nonlymphoid cells such as
MZ macrophages (MZMs), marginal metallophilic macrophages (MMMs), and DCs.
Because of their anatomical location at the border of the red pulp, they have a rich supply of
capillaries that are widely open.* MZ-B cells are thought to play an important role in rapid
immune responses against bloodborne pathogens. In particular, they are believed to respond
rapidly to polysaccharide antigens (TI-2 antigens), which are present on the surface of
encapsulated bacteria such as pneumococci and meningococci.®> Thus, MZ and MZ-B cells
in particular may play an important role in the prevention of sepsis.

Il. MARGINAL ZONE B CELL PHENOTYPES

Marginal zone B cells have been described as a distinct cell type with unique cell-surface
phenotype and physiological functions.® In rodents, MZ-B cells are
IgMNighigDlowcp21highc D231oW cells that distinguish them from the majority of naive,
recirculating, FO-B cells in these animals: IgM'oWIgDhighcp2yintermediate cp23high |n rats,
MZ-B cells appear to be derived from (mature) FO-B cells.” In mice, MZ-B cells also
characteristically express high levels of CD1d, a MHC class-I like molecule that is likely
involved in presenting lipid molecules to NK cells.8 MZ-B cells in rats can be further
discriminated from FO-B cells by their low levels of CD45R, recognized by the HIS24
monoclonal antibody® and high levels of binding to the monoclonal antibody HIS57 directed
to an undefined molecule.” In rats, CD90 (Thy-1) distinguishes immature B cells from
mature B cells1%; mature MZ-B cells lack CD90. Human MZ-B cells are IgM"i9h and
IgD'oW 11 jmportantly, human MZ-B cells also express CD27.12 CD27 is a member of the
TNF-receptor family, and in humans it is expressed by memory B cells.12 Klein et al.12
observed that not only class switched B cells express CD27, but that in human peripheral
blood also IgM*1gD*CD27* B cells are present in large numbers. Studies by Weller et al.13
and Arakawa et al.1* revealed that these IgM*1gD*CD27* B cells in blood have a gene
expression profile similar to splenic MZ-B cells, suggesting that peripheral blood IgM*IgD
*CD27* B cells may represent circulating MZ-B cells.13:14 In humans, these IgM*1gD
*CD27* B cells in the blood are also called natural effector cells.1> In line with the notion
that the IgM*IgD*CD27* B cells are circulating MZ-B cells is the observation that numbers
of IgM*1gD*CD27* B cells in blood are reduced after splenectomy and are almost
completely undetectable in children younger than 2 years of age, when mature MZ-B cells
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are also absent in spleen.18 This absence of MZ-B cells in very young children is associated
with a reduction in antibody responses to encapsulated bacteria.

[ll. DEVELOPMENTAL ORIGIN OF MARGINAL ZONE B CELLS

Naive MZ-B cells are antigen-inexperienced cells that express germline (unmutated)-
encoded immunoglobulin variable (IGV) region genes, whereas memory B cells are antigen-
experienced cells that carry somatically mutated IGV region genes that are selected during
the humoral immune responses by the immunizing antigen. Both naive and memory B cells
are present in the MZ, but their relative frequencies appear to be different dependent upon
the species. In rodents, the vast majority (> 80%) of B cells located in the MZ express IgM
encoded by unmutated IGHV region genes, whereas in humans only a small percentage of B
cells present in the MZ express unmutated IGHV genes.17:18 Thus, these cells likely
represent naive, IgM* MZ-B cells. In rats, MZ-B cells appear to be derived from (mature)
FO-B cells.1920 |n the mouse, newly generated immature B cells are called early transitional
B cells. Three populations, designated T1, T2, and T3 cells, have been identified in this
species,2! and T2 cells can subsequently become FO-B cells or MZ-B cells.22 Not all FO-B
cells (rats) or T2 B cells (mice) develop into MZ-B cells. Naive MZ-B cells have a
somewhat shorter H-CDR3 region compared to FO-B cells in rats” and mice.18 Apparently,
there is some form of selection of B cells that may enter the MZ-B cell pool. Dammers et al.
17 have speculated that in rats more tonic signaling of the BCR of MZ-B cell precursor cells
would result in positive selection of these B cells into the MZ-B cell compartment. They
also reasoned that this enhanced tonic signaling might be the consequence of shorter H-
CDR3 region, which leads to multireactivity and, hence, to more (low-affinity) binding of
autoantigens to the BCR.23 As mentioned above, in mice there is a checkpoint for cells to
become either FO-B cells or MZ-B cells at the T2 cell stage. Also, Pillai et al.24 argue that
signaling strength determines which B cell subset the cells develop into, but in contrast to
rats, they reasoned that reduced tonic signaling results in MZ-B cells. Different signaling
proteins such as Btk (Bruton’s tyrosine kinase), Aiolos (a zinc finger protein of the Ikaros
family), MINT (MSH-homeoboxhomologue 2-interacting nuclear target), neurogenic locus
notch homolog protein 2 (Notch2) and protein tyrosine kinase (Pyk-2) contribute to BCR
signaling in the development of either FO-B cells or naive MZ-B cells in mice.25:26
Sufficient stimulation by (self) antigens allows BCR signaling via activation of the Btk
pathway to induce FO-B cell development, whereas lower stimulation induces MZ-B cell
development.24 Aiolos is a negative regulator of Btk; therefore, the absence of Aiolos will
enhance BCR signaling. Consequently, precursor B cells preferentially develop into FO-B
cells at the expense of MZ-B cells, which are significantly reduced in Aiolos—/— mice.2”
Notch-2 signaling has been shown to be indispensable for development of MZ-B cells. In
mice with a conditionally targeted deletion of Notch-2 mice, their T2 precursor cells and
MZ-B cells do not develop.28 The work of Saito et al.28 has also shown that Notch-2 are
preferentially expressed on mature B cells, whereas Descatoire et al.2% have shown that
Notch-2 ligand Delta-Likel expression on precursor MZ-B cells results in the development
of MZ-B cells. MINT acts as a negative regulator of Notch-2, and MINT-deficient B cells
differentiate more effectively into MZ-B cells.30 Studies by Astier et al.3! revealed in both
transformed and normal human B cells that Pyk-2 phosphorylation is induced by integrins
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and BCR ligation. Pyk-2—deficient mice fail to develop into MZ-B cells; therefore, Pyk-2 is
also considered to be important in the development of MZ-B cells.32 Together, these data
support the hypothesis that variable levels of BCR-mediated activation are required for
either FO-B or MZ-B cell development. Because MZ-B cells from neonatal and germfree
animals already express shorter H-CDR3 regions, we also speculate that endogenous (auto)
antigens are involved as ligand in this (positive) selection of naive MZ-B cells.?3

IV. FUNCTION AND ACTIVATION OF MARGINAL ZONE B CELLS

MZ-B cells can respond to both T cell-independent (T1) antigens and T cell-dependent (TD)
antigens.33 MacLennan et al. were the first to propose that MZ-B cells in rats are involved in
immune responses directed against Type 2, T cell-independent (T1-2) antigens.3* Upon the
engagement of antigens through their B cell receptor (BCR) and/or in cooperation with
either the CR CD213 or toll-like receptors (TLRs),36 MZ-B cells can become activated. The
activation of MZ-B cells can be enhanced by macrophages and dendritic cells in the MZ
through the secretion of cytokines such as BAFF (B cell activating factor) and APRIL (a
proliferation inducing ligand).3” Human splenic MZ also contain 1gG™ cells.38 Uniquely,
these IgG*™ MZ-B cells can be synergistically stimulated by 1L-21 and BAFF, a member of
the TNF family, to induce B-lymphocyte—induced maturation protein-1 (BLIMP-1) in the
absence of any further costimulation.38 BLIMP-1 is an essential transcription factor for the
differentiation of B cells to plasma cells. /n vitro assays have shown that IL-21 and BAFF
are secreted respectively by CD4* T cells®? and dendritic cells (DCs).4? Thus, Ettinger et al.
38 speculated that IgG* MZ-B cells contribute to serological memory in an antigen-
independent fashion. Studies by Balazs et al.*1 showed that blood-derived neutrophils and
DC carrying bacterial cargo can interact with splenic MZ-B cells. Puga et al.*2 implicated
the involvement of neutrophils to assist B cells in the clearance of TI-2 antigens. These
authors observed that neutrophils exclusively present in the spleen stimulate IgM production
to TI-2 antigens, such as LPS, and even do so better than MZM or DCs and are as effective
as CD4™ helper T cells. Furthermore, they showed that neutrophils stimulate MZ-B cells to
upregulate the expression of activation-induced deaminase (AID), a different class (isotype)
of switched transcripts, and they showed that in the presence of neutrophils, MZ-B cells
accumulate SHM. In conclusion, neutrophils activate MZ-B cells via BAFF, APRIL, and
IL-21 to make antibody responses to LPS.42 A newly defined subset of ILCs has been
identified in the splenic MZ by Magri et al.#3 Several subsets of innate lymphoid cells (ILC)
can be discriminated based on their cytokine secretion profiles.** Magri et al. showed that
these MZ-related ICLs activate MZ-B cells through BAFF, the ligand of the costimulatory
factor CD40 (CD40L) and notch-2 ligand Delta-Like 1 (DLL1) molecule. They further
showed that these ICLs amplified the response of MZ-B cells by activating neutrophils
through granulocyte macrophage-colony stimulating factor (GM-CSF). Importantly, the
depletion of ICLs results in the impairment of TI antibody responses and reflects the
involvement of ILCs in MZ-B cell responses against T1 bloodborne particulate antigens.
IL-7 is required for the development of ILCs.*> Importantly, work by Willems et al.#6 using
IL-7 deficient mice has demonstrated that IL-7 signaling is required in the development of
the intrinsic MZ-B cell function to rapidly induce IgM production against polysaccharide
antigens, providing additional evidence that ILCs are involved in MZ-B cell responses.
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Activation of MZ-B cells induces their migration from the MZ. Either they shuttle between
the MZ and follicular areas,*’ or they proliferate and differentiate to plasmablasts, leading to
the generation of extrafollicular foci.*8 It is possible that the type of antigens (i.e., Tl
antigens or TD antigens) might be responsible for diverting the development of activated
MZ-B cells into either the follicular or the extrafollicular pathway.#8 Antigens can stimulate
the exit of MZ-B cells from MZ by inducing the downregulation of SIP; and SIP3 and by the
upregulation of chemokine receptor CXCR5.4749 The expression of CXCRS5 allows MZ-B
cells to be attracted along a gradient induced by chemokine CXCL13 produced by follicular
dendritic cells (FDCs) in the follicles. When MZ-B cells bind either to TD antigens° or to
T antigens®! with their BCR in combination with crosslinking to the complement receptor
CD21 (as part of the BCR coreceptor), they become permissive to a cognate interaction with
CD4" T cells at the T-B cell border (outer PALS) in the spleen. Thereafter, they can
proliferate and produce an antibody response,*? forming extracellular foci, or they can
further proliferate inside the follicles to form germinal centers (GCs). Possibly, TI antigens
stimulate MZ-B cells to proliferate and differentiate to become plasmablasts at extracellular
foci, whereas TD antigens most likely cause the migration of MZ-B cells into the follicles to
generate GCs. Although a role of MZ-B cells in the generation of plasmablasts or cells is
well known, their capacity to generate GCs is less well understood. The work of Song and
Cerny>2 shed some light on this aspect. They provide experimental evidence showing that
MZ-B cells are capable of forming GCs, albeit with a delay in comparison to FO-B cells.
However, the signals that determine either divergence into the GC independent (i.e.,
extrafollicular foci) or GC dependent pathway remain unclear.

V. MEMORY B CELLS

Both naive and memory B cells are present in the MZ, but their relative frequencies appear
to be different dependent upon the species. In rodents, the majority (> 80%) of the B cells
located in the MZ express IgM encoded by unmutated IGHV region genes, whereas in
humans, only a small percentage of B cells present in the MZ express unmutated IGHV
genes.53%4 Thus, these cells likely represent naive, IgM* MZ-B cells. In contrast to naive B
cells, memory B cells are antigen experienced cells, which frequently express non-IgM
isotypes on their membrane, which are encoded by mutated IGV genes. The presence of
somatic hypermutations (SHM) in the IGV regions of Ig genes is a the primary hallmark of
memory B cells. Mutations are introduced both in the Ig heavy-chain (IGH) region genes
and in the Ig light-chain V region genes during humoral immune responses when antigen-
activated B cells expand in a T cell-dependent (TD) fashion in the GCs. Memory B cells
provide the host with long-term protection against pathogens and launch rapid humoral
immune responses upon secondary stimulation. In rats and mice, a minor fraction (10%—
20%) of the MZ-B cells carries SHM IGV genes, and therefore, these cells are considered to
represent memory B cells.53:54 Memory B cells can either be class-switched or non—class-
switched B cells. Early experiments by Liu et al.>0 in rodents have provided evidence that
GC-derived memory antigen-specific B cells can colonize the MZ. This finding was further
supported by the work of Gatto et al.>> who observed QB-specific IgG expressing B cells
after immunization with viral QB capsid that remain associated with the MZ in mice.
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In contrast to rodents, in humans, the proportion of mutated B cells in the MZ is much
larger; more than 90% of the B cells carry mutated 1gs.%6 Furthermore, in adults, as
mentioned before, nearly all splenic MZ-B cells express CD27,°7 which is a marker for
mutated (memory) B cells.22 The origin of these CD27* MZ-B cells in humans is hotly
debated in the literature. On one hand, Seifert et al.>8 consider these cells as bona fide GC-
derived memory B cells, whereas Weill et al.11 proposed that these cells mutate their Ig
receptor outside the GC during their generation. This conclusion was largely based upon the
observation that the IGHV genes of MZ-B cells are also mutated in patients with hyper IgM
type | syndrome.>? Hyper IgM type | patients are characterized by a mutation in the CD40L
gene and therefore do not express functional CD40L protein. These patients cannot generate
GC or produce class-switched Ig molecules. Because these patients lack GCs but still have
MZ-B cells, the authors proposed that CD27* MZ-B cells are apparently not generated
inside GCs and therefore are distinct from the classical GC-derived memory B cells. The
authors postulate that mutations are introduced during their generation, outside the GCs in a
T cell-and antigen-independent fashion and that the reason for these mutations is to diversify
their primary 1g repertoire. Although GCs are certainly the main site for generation of
memory B cells,®0 there is also evidence from studies in mice that memory B cells can
develop outside GCs.61 Toyama et al.52 showed that memory B cells can be generated in
Bcl-6-deficient mice. Bcl-6 is a transcriptional repressor that regulates lymphocyte
differentiation during immune responses into memory B cells and is particularly highly
expressed in GC B cells.53 Although these mice completely lack GCs, their B cells were
able to differentiate into IgM and IgG1 memory B cells. In addition, CD40-deficient mice
that lack GC formation revealed normal 1gG and IgM responses to Tl antigens.4 These
findings have led to the proposal that some memory B cells might be formed independently
of GCs. Also, memory toward TD antigens can be GC independent, as shown by Kaji et al.
65 However, these 19G memory B cells having hallmarks of memory cells (i.e., antigenic
experienced B cells that express a class-switched isotype) are unmutated, most likely
indicate that mutated memory B cells are primarily generated in GCs.%°

VI. IGM EXPRESSING MARGINAL ZONE MEMORY B CELLS

Previous experiments provide evidence for the existence of mutated, IgM expressing,
memory MZ-B cells in rat.56 Dammers et al. demonstrated that less than 20% of the MZ-B
cells isolated from spleens of PVG rats carried mutated IGHV genes. These findings
contrasted markedly with findings in humans, where > 95% of the splenic MZ-B cells are
mutated.>6:57.67 Two possible explanations for this difference are that only one particular
IGHV gene family (viz., the IGHV5 family, the homologue of PC7183 in the mouse) has
been analyzed in the (PVG) rat and that this IGHV gene family is not representative for
other IGHV genes, or IGHV gene families. By establishing the genomic germline IGHV
gene repertoire of the BN rat®8 as illustrated in Fig. 2, it became possible to accurately
analyze other IGHV gene families as well. In addition, it has helped to avoid possible strain
differences, as previous analysis was done on the PVG rat strain.%6 The analysis was
confined on the frequency of mutated sequences in rearranged IGHV-Cy transcripts derived
from FACS sorted MZ-B cells (IgMN9h1gD!oW) in comparison with FO-B cells
(IgM!oW1gDNigN from three different IGHV gene families, which differ in size: IGHV3,
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IGHV4, and IGHV5.59 These three IGHV gene families have 4, 2, and 26 functional IGHV
genes, respectively.8 The IGHV3 and IGHV4 genes families were chosen to determine
whether there is a difference in mutation frequencies among members of IGHV gene
families that are relatively small and to compare this frequency to the second-largest IGHV
gene family (IGHVS5) in the rat, which had also been analyzed previously in the PVG rat.53
The BN rat strain contains 26 functional IGHV5 (germline) genes compared to the 28
germline genes in the PVG rat. As expected, splenic MZ-B cells express a significantly
higher percentage of mutated sequences than FO-B cells, and all three analyzed IGHV gene
families contributed to this difference. In BN rats, a slightly higher proportion (27%)%° of
the MZ-B cells expressed mutated IgM molecules encoded by IGHV5 family genes,
compared to this proportion in the PVG rat (10%—-20%).53 This difference in mutation
frequency might be due to the strain differences that exist between the PVG and BN rat
strain (e.g., BN rats have fewer IGHV genes) or might be caused by different environmental
conditions (e.g., microbial environment or different microbiota) of the two rat strains.
Analysis of the IGHV3 gene family showed a similar proportion (~ 30%).

In marked contrast to these two IGHV gene families, a very high proportion (66%) of the
IGHV4 sequences from purified MZ-B cells was mutated.89 This family consists of only two
potential functional IGHV genes, but only one of these members appeared to be functionally
expressed. These findings show that the proportion of mutated sequences derived from MZ-
B cells varies between the different IGHV gene families in the BN rat and that, in total, a
higher proportion (27%-66%) of IGHV genes was mutated compared to the (10%—-20%) of
mutated sequences found previously for the IGHV5 gene family in PVG rats.>3:54 The
observation that the highest percentage of mutated frequencies occurred in the single
functional member IGVH4 gene family suggests that there could be more antigen selection
pressure on this particular IGHV4 gene in expanding its available repertoire by SHM.
Although a higher average number of mutated sequences among rat MZ-B cells was
observed overall than previously, the frequency of mutated sequences among human MZ-B
cells is still much higher. In humans, nearly all MZ-B cells are mutated.?6:57.67 The variation
in frequency of mutated IGHV genes between the different IGHV families in rats may also
contribute to the difference in mutated MZ-B cells between humans and rats because in
humans the analysis of mutated IGHV genes has been restricted to a restrictive set of IGHV
genes. Dunn-Walters et al.?8 analyzed only two particular IGHV genes: the IGHV6 gene and
IGHV4.21 gene. It is possible that these IGHV genes are more mutated than other genes.
However, the analysis by Tangye et al.>” proved that Ig genes isolated from IgM* memory B
cells among IGHV5 and IGHV6 gene families were all mutated. They also showed that the
high frequency of mutations is not only due to individual IGHV genes. Furthermore,
Colombo et al.%7 investigated and compared the presence of mutations in human IGHV1,
IGHV3, and IGHV4 gene families among spleen-derived MZ-B cells (IgMM9hCD27%), GC
B cells, and class switched B cells. In addition, they found that most of the MZ-B cells were
mutated, albeit with a lower average number of mutations than both GCs and class-switched
B cells. However, the average number of mutations in human MZ-B cells (11.8)57 is higher
for both rat IgM* MZ-B cells (8.8) and rat IgG* MZ-B cells (7).7% This might be because
humans have fewer functional IGHV genes than rats. We postulate that the higher number of
germline IGHV genes in rodents consequently require fewer mutations to diversify their
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antibody repertoire after immunization than humans because rats can encode for a larger
pool of different antibodies for their primary repertoire. In addition, it is possible that
differences in life span and environmental conditions also contribute to differences in
average mutation frequency per IGHV gene. During their (long) lives, humans may
encounter much more different antigens than laboratory rats that live in well-controlled
laboratory conditions.

Memory cells are generally believed to be generated in GCs. However, whether mutated
(memory) IgM* MZ-B cells are derived from GCs or whether they represent a GC-
independent B cell population remains controversial. In humans, Colombo et al.5” also
observed a small number of clonally related sequences that were shared between MZ-B cells
and GC B cells, which indicates that mutated IgM* MZ-B cells can be derived from GCs. In
contrast, Weill et al.11 and Weller et al.”! suggested that the (mutated) lgM* MZ-B cells are
not GC-derived memory B cells. Instead, these authors postulated that the mutations in
human MZ-B cells are acquired during their development to diversify their primary
repertoire in a GC- (and T cell-) independent fashion. To test this hypothesis in rats, the
possible presence of mutated IgM* MZ-B cells was investigated in neonatal rats.59 Neonatal
rats do not develop GC in the first weeks of their life.”2 Thus, MZ-B cells that are unmutated
in neonatal rats strongly argue against the hypothesis of Weill et al.11 and Weller et al.,’L in
which SHM is part of the developmental program of MZ-B cells.11:/1 However, no
mutations were found in any of the neonatal sequences, not even in IGHV4 gene family
genes with the highest number of mutated sequences (66%) in the adult rat. These results
support the notion that, at least in rats, mutated IgM* MZ-B cells seen in adult animals are
bona fide memory cells that are most probably generated under the influence of external
antigenic stimuli in GCs.

VIl. 1IgG EXPRESSING MARGINAL ZONE MEMORY B CELLS

In addition to unswitched (IgM*) MZ-B cells, also class switched B cells can be found
within the human’3 and rodent MZ.74 The phenotype of these cells is not clear, nor is it clear
whether their IGHV genes exhibit SHM, a hallmark of memory B cells. IgG* expressing B
cells with a MZ-B cell phenotype were analyzed considering the fact that rat MZ-B cells
express low levels of CD45R, defined by monoclonal antibody HIS24, and high levels of a
surface molecule defined by the monoclonal antibody HIS57. Thus, mature (CD907) MZ-B
cells can be defined as CD90~HI1S24!°WH|S57Nigh cells and FO-B cells
CD90~HIS24NighH|S57neg/low ce|ls. Furthermore, from purified (FACS-sorted) MZ-B cells
(CD90™HI1S2410WH|S57Migh) and FO-B cells (CD90~HIS24M9hH|S57n€9/10) amplified
rearranged IGHV-Cy transcripts specific for the IGHV5 gene family were compared to
amplified IGHV-Cy transcripts from a fraction of cells that should include classical class-
switched memory B cells, i.e., IgM~IgD™B cells. The presence of IGHV5-C-y transcripts
was detected in all B cell subsets analyzed, which implies that 1gG expressing cells can
apparently exhibit at least two different phenotypes: cells with a MZ-B cell phenotype and
cells with a FO-B cell phenotype. Analysis of the individual IGHV5 genes used by these
IgG transcripts revealed that almost all IGHV5 genes were mutated, as is typical for memory
B cells. In addition, the results reveal that IgG-expressing MZ-B cells had a lower number of
mutations than 1gG-expressing FO-B cells. There were no differences in the use of IGHYV,
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IGHD, and IGHJ genes between the IgG* MZ-B cells and IgG* FO-B cell subsets, and the
H-CDR3 lengths were comparable between these two subsets. Notably, the identification of
sets of clonally related 1gG-encoding sequences (sequences with identical H-CDR3 regions,
and usage of the same IGHV genes) derived from cells with members both in MZ-B cell
(CD90~HIS2410W_H|S57M9h) and FO-B cell (CD90~H1S24N9hH|S57Med/Iowy fractions. Such
sets of clonally related sequences were also found among the mutated IgM* MZ-B cells and
IgM* FO-B cells (unpublished data). These observations strongly indicate that (mutated)
memory B cells with a MZ-B cell phenotype and a FO-B cell phenotype have a common
origin. The origin of these cells is not clear. Classical memory B cells (i.e., mutated class-
switched B cells) are usually generated in the GCs. At these sites, the mutated B cells
undergo some form of selection for the antigen that drives the GC reaction. This antigen
selection is crucial to increasing the affinity of the Ig molecules that recognize the antigen,
and it is reflected in the fact that the IGHV genes that encode for the Ig molecules exhibit
nonrandom mutations. Some of the mutation patterns of IgG-encoded sequences from both
the MZ-B cell fraction and the FO-B cell fraction have shown signs of antigen selection,
which favors the hypothesis that they are both generated in the GCs. The finding that
mutated IgM* memory B cells are absent in neonatal animals, in which GCs cannot be
formed yet, supports the hypothesis that IgM* memory MZ-B cells are also generated in the
GCs. The common origin of IgM* and 1gG* memory MZ-B cells and FO-B cells, illustrated
by the presence of clonally related mutated sequences between MZ-B and FO-B cells,
suggest that at least some GC-derived memory cells can acquire either a FO-B cell
phenotype or a MZ-B cell phenotype. The factors that drive this differentiation toward these
two phenotypes are not known.

VIIl. CONCLUDING REMARKS

B cells in the MZ comprise a heterogeneous population of cells and both naive MZ-B cells;
class-switched and -unswitched memory MZ-B cells are present at this unique site in the
spleen. Naive MZ-B cells carry unmutated Ig genes, produce low-affinity IgM molecules,
and constitute a first line of defense against invading pathogens. The antibody repertoire
expressed by these B cells has been suggested to be selected to bind to carbohydrate, carried
by microorganisms, for example.” These antigens do not require T cell help for their
responses. Furthermore, the heavy chains of the IgM molecules expressed by naive MZ-B
cells contain shorter H-CDR3 regions compared to FO-B cells in rats®® and mice.” Shorter
H-CDR3 is associated with polyreactive antibody responses such as the binding of an
antibody to several different structural antigenic elements.”” Memory MZ-B cells express
high-affinity 1g molecules, directed to (microbial) antigens that have been encountered
during life. Thus, the presence of naive MZ-B cells and memory MZ-B cells allows the MZ
to make rapid innate-like and adaptive antibody responses to microbial antigens, both TI and
TD antigens. A novel role for neutrophils in the response of MZ-B cells has been proposed
by Puga et al.#2 Neutrophils present in the spleen induce IgM™* production by activating MZ-
B cells via BAFF, APRIL, and IL-21 to make antibody responses to TI-2 antigens, such as
LPS, after induction of BLIMP-1 in the activated MZ-B cells.*2 BAFF and IL-21 can also
stimulate IgG* MZ-B cells in a T cell-independent fashion, to become antibody-secreting
plasma cells.38
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MZ-B cells are in some form of preactivated state, and they express high levels of
complement receptor (CR) CD2178 and toll-like receptors (TLRs),”® which underlie the fact
that MZ-B cells are equipped for rapid and easy activation in (primary) immune responses.
Furthermore, Garraud et al. suggest that shuttling of MZ-B cells between the MZ and
follicles and transport of antigens (immune complexes) to follicular dendritic cells (FDCs)
decipher the role of MZ-B cells as antigen-presenting cells to participate in immune
responses that generate high-affinity antibodies. They observed that type 1 interferon
produced in response to bloodborne pathogens inactivates the sphingosin-1-phosphate
receptor 1 (S1P1) and S1P3, allowing MZ-B cells to migrate from the MZ in response to
CXCL13, which is highly expressed in follicles. Downregulation of CXCR5 allows MZ-B
cells to exit from the follicles and return to the MZ. Herewith, MZ-B cells transport immune
complexes toward the follicles, where the immune complexes are subsequently captured by
FDCs in a complement-dependent manner. The immune complexes trapped by the FDCs are
involved in the selection of mutated B cells that express 1g with higher affinities with the
help of follicular helper T (Tfh) cells. First, FDCs present antigen to the B cells that undergo
SHM and class-switch recombination (CSR). These B cells then go on to present antigens to
Tth cells, which deliver survival signals to these high-affinity GC B cells, leading to
selection. The selected GC B cells then differentiate either into memory B cells or into
plasma cells.

MZ-B cells express the inhibitory IgG-binding Fc-like receptor FcRL5.80 After binding 1gG,
this receptor can inhibit the BCR. Like FcRL4, which binds IgA and inhibits the BCR, it is
possible that occupation of FCRL5 by 1gG similarly acts as an adaptive innate molecular
switch dampening the BCR signaling and enhancing the TLR signaling.8! Herewith, MZ-B
cells become more innate-like B cells that no longer rely as much on their BCR for their
activation but more on TLRs. These cells can respond rapidly to microbiological antigens
present in the blood in a BCR-independent fashion. Also primary HIV infection results in B
cell dysfunction and the loss of particular IgM memory B cells.82 In addition, theses
researchers also found that, like T cells, the upregulation of PD-L1/PDL2 complexes acts as
a regulator of BCR and TLR9 signaling on B cells. The characterization of the PD-1/PD-Ls
inhibitory pathways in B cells of HIV-infected patients could reveal targets for improving
the antibody response in HIV. Also, primary HIV infection results in B cell dysfunction and
the loss of particular lgM memory B cells.83 B cells from HIV patients are also poorly
responsive to stimulation and express inhibitory receptors like PD-L1 and FCRL4, probably
contributing to the delayed development of neutralizing antibodies; data showed that
inadequate T follicular helper (Tfh) cells help impair B cell immunity during HIV infection.
84 Based on this observation, it would be interesting to explore whether PD-1/PDLs
complexes have any pivotal role to play in memory B cell exhaustion during primary HIV
infection and whether this role is distinguishable to MZ-like B cells. Because MZ-B cells
have a broad repertoire, contain memory B cells (IgM and 1gG), and are in a kind of
preactivated state, these cells are ideally suited to respond rapidly to a broad range of
bloodborne antigens to prevent sepsis. Thus, targeting these B cells by vaccination in the
future will be crucial for efficient protection against life-threatening infections.
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FIG. 1.
Histological structural organization of the rat spleen. The spleen is divided into red pulp

(RP) and white pulp (WP) regions. The WP are further divided into B and T lymphocyte
regions including the follicles, marginal zone and periarteriole lymphatic sheath (PALS).
Visible in the WP are a secondary follicle i.e., a follicle containing a germinal center. The
marginal zone (MZ) forms an interface between the RP and the WP. The MZ is further
separated from the follicle and PALS by the marginal sinus.
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FIG. 2.
Structural organization of IGH and IGL in the rat. The above diagram demonstrates the

organization of IGH gene segments position on chromosome 6g32-33 on the IGH locus of
the Brown Norway (BN) rat. The IGH locus consists of an IGH variable region and heavy
constant (CH) region. IGH variable region is grouped into three germline elements: IGHV,
IGHD, and IGHJ gene segments respectively. Also depicted in the above figure are the
recognition signal sequenced (RSS) flanking each of IGHV, IGHJ on one side, and IGHD on
both sides. RSS consist of conserved heptamer and nonamer sequences, separated from each
other by either a 12 or a 23 base-pair (bp) RSS spacer. Recombination of germline IGHYV,
IGHD, IGHJ (VDJ rearrangement) gene segments follow a 12/23 rule, i.e., VDJ
rearrangement occurs only between a 12 bp RSS spacer and a 23 bp RSS spacer.
Recombination activating Genes (RAG1/2) bind to RSS’s initiating VVDJ rearrangement that
results in the sequential random joining of a single gene segment of IGHD to IGHJ and
IGHV to IGHDJ forming a rearranged IGHVDJ gene that encodes for the variable part of
the immunoglobulin molecule. The IGHV gene is further arranged into CDR1 and CDR2
that are separated from each other by conserved framework regions (FR1, FR2, FR3). FR4 is
completely encoded by the IGHJ gene. The CDR3 (junctional) region is the product of VDJ
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rearrangement. CH chain genes are separately joined by splicing to the rearranged IGHVDJ
gene. The total number of gene segments, heptamer and nonamer sequences are designated
by Hn.”
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