Chapter 12
Human B-Cell Development in a Mouse
Environment

Julie Lang and Roberta Pelanda

12.1 Introduction

B lymphocytes play a versatile role in the immune system’s fight against infections.
These cells are the source of pathogen-specific and neutralizing antibodies (Abs) as
well as a memory storage of previous pathogen encounters. Some B cells are also
“innately” capable of quickly activating a response to a pathogen by secreting low-
affinity Abs that weaken the infection before more specific responses are achieved.
Furthermore, B cells present antigen and produce cytokines and chemokines that
regulate T cells and other blood cell types to coordinate the immune response during
the early and late stages of infection. Therefore, B cells are an essential component
of an effective and sustained immune response against microbes including viruses
such as HIV.

Recent HIV studies have demonstrated that human B cells do have the ability
to produce HIV-specific Abs that broadly neutralize most viral clades [1-3]. As an
effective HIV vaccine remains elusive, studies aimed at investigating the basis of
rare protective anti-HIV Ab responses are critical to direct successful immunization
strategies. Within this context, hematopoietic humanized mice (hu-mice) represent
a relevant experimental tool to explore basic and translational mechanisms of hu-
man B-cell development, B-cell activation, and Ab responses. Immunodeficient mice
transplanted with human hematopoietic stem cells develop a human immune system
that roughly recapitulates the establishment and complexity of the natural system. In
this animal model, human B cells, T cells, NK cells, monocytes, and dendritic cells
differentiate from the donor hematopoietic stem cells and together coordinate the
development and function of the immune system. These chimeric mice are useful,
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therefore, not only to study how human B cells respond to a vaccine or an infectious
agent, but also to discover and characterize the immune factors (cellular or otherwise)
that influence the development of these responses. Moreover, since each set of hu-
mice is generated from distinct human stem cell donors, these mice also provide an
experimental tool to study the effects of natural human genetic variation on B cells.

This chapter will review the kinetics, properties, and limitations of human B-cell
development in hu-mice and will discuss how the hu-mouse model can be further
improved to support enhanced B-cell numbers and function.

12.2 Development of Human B Cells in Mice

The bone marrow is the physiological site of B-cell production in mice and humans.
Human B cells similarly develop in the bone marrow of hu-mice with clearly identifi-
able maturational stages [4—8]. Within human B cells developing in the mouse, Ig gene
rearrangements display normal kinetics with the light chain following the heavy chain
([8]; and Lang and Pelanda, unpublished observations). Moreover, these rearrange-
ments result in a peripheral B-cell population with a roughly normal lambda:kappa
light chain ratio (about 1:1) ([9]; Lang and Pelanda, unpublished observations).

CD19, a marker restricted to the B-cell lineage, is first expressed on pro-B
cells and is retained on the surface of B cells throughout maturation before being
downmodulated on plasma cells. The expression of the B-cell receptor (BCR)
components and isotypes defines the CD19* bone marrow cells as precursor (pre,
H-chain only), immature (H and L chains, IgM), transitional/naive (IgM and IgD),
and switched memory (IgA, IgE, or IgG) B cells [10, 11]. Throughout human B-
cell development, expression of cell-surface “markers” guides our definition of
B-cell stages ([10, 12—17]; Fig. 12.1). For the majority of these markers the abso-
lute expression level varies as the B-cell progresses from an immature through the
transitional stage to a mature, naive B cell, with the transitional stage generally pre-
senting an intermediate level of expression [10, 12—14, 18]. The careful selection
and measurement of a panel of these markers is required for the proper analysis and
definition of B-cell development [13—14, 19]. Using such analyses, we and others
have determined that CD34"CD10" lymphocyte precursors in the bone marrow of
hu-mice proceed through normal B-cell development with clearly identifiable pro,
pre, immature, and transitional stages of maturation and with a modality that is
largely similar to B cells developing in human bone marrow [4-8, 20].

12.3 B Cell Tolerance in hu-mice

As in the mouse [21-22], B cells developing in human bone marrow undergo a pro-
cess of selection (central tolerance) that removes many specificities reacting with
local self-antigens [23]. By analyzing the B-cell repertoire of hu-mice, two studies
have investigated whether B-cell tolerance operates in the context of this model
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[24-25]. They found that the prevalence of two autoimmune-associated heavy
(VH4-34) and light (Vk4-1) chains progressively decreases from the immature
to the more mature B-cell subsets, suggesting some level of tolerance induction.
Inconsistent with the above results though, a Hep-2 antinuclear antibody assay
indicated that the frequency of autoreactive B cells does not decrease from the im-
mature to the newly emigrant and mature B-cell stages as it does in humans [24,
26]. This suggests that B-cell tolerance might be defective in hu-mice. Nonetheless,
such conclusion requires a more formal demonstration. Our lab (in collaboration
with David Nemazee, The Scripps Institute) has been investigating central B-cell
tolerance by using hu-mice that ubiquitously express an anti-human kappa chimeric
protein as a synthetic neo self-antigen specific for all human Igk* B cells. Our stud-
ies indicate that the developing Igk™ B cells (~50 % of all immature B cells) are for
the most part excluded from entering the peripheral B-cell population, a phenotype
consistent with the induction of tolerance (Lang and Pelanda, unpublished obser-
vations). Thus, future studies are needed to precisely define the prevalence and
mechanisms of B-cell tolerance in hu-mice.

12.4 B Cell Maturation Defect in hu-mice

Unlike the normal development of immature B cells in the bone marrow of hu-
mice, a defect has been reported in the differentiation of immature/transitional B
cells into naive, mature B cells [27]. For instance, while [gM* B cells in the bone
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marrow of hu-mice express CD40, HLA-DR, CDS5, CD44, and CD268 and high
levels of CD10, CD24, and CD38, which are markers of immature/transitional B
cells, they most often do not express CD21 and CD22, which label late transitional
and mature B cells in humans [7]. This phenotype is consistent with a B-cell devel-
opmental block at an early transitional stage (Fig. 12.1). These transitional B cells
make up the majority of the B-cell population in the spleen of hu-mice, particularly
the younger ones (see below). Although this B cell defect has been clearly estab-
lished in several hu-mouse models, one should also consider that B cell poiesis is
ongoing not only in the bone marrow, but also at detectable levels in the spleen of
many hu-mice [8, 28]. Therefore, the skewed representation of transitional B cells
in the spleen may in part be due to the continual generation of these cells in situ.
Many studies have also reported that most peripheral human B cells in hu-mice
atypically express CD5 and have suggested that hu-mice select for the development
of a B1 B cell subset [9, 29]. However, it is important to note that in humans this
antigen marks B-cell maturation stages and not necessarily a functional subset [12,
15]. Therefore, the expression of CD5 on B cells of hu-mice is more likely related
to the fact that most of these cells are immature rather than B1.

12.5 Mature B Cells Accumulate in Lymph Nodes (LNs)
and Spleens of Older hu-Mice

Unlike mouse bone marrow chimeras that, within a few weeks, achieve a steady-state
engraftment that is maintained for months to even years, the engraftment of the
human hematopoietic system within the mouse is dynamic: it takes longer to appear
and changes continually over time. This dynamic engraftment has unique charac-
teristics in the various lymphatic tissues: it establishes early in the bone marrow
and thymus, it is slightly delayed in the blood and spleen, and is greatly delayed
in the LNs, where engraftment of mesenteric LNs precedes that of peripheral LNs
by weeks (Fig. 12.2, and [7]). Furthermore, chimerism gradually wanes in the
bone marrow, and then in blood and spleen, eventually extinguishing the engrafted
human immune system.

By studying the kinetics of human hematopoietic engraftment, our group has
found that the defect in B-cell maturation in hu-mice is not an absolute inherent
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inability to progress beyond the transitional stage [7]. The B cells that populate the
LNs of hu-mice, in fact, are CD10%, CD21", CD22", and CD44" which are charac-
teristics of mature B cells. In addition, the LN B cells can be activated, as evident by
the presence of [gG class-switched cells and of B cells that express CD27 and CD11c
memory antigens, as well as CD80, CD86, CD25, and CD69 activation markers.

In contrast to the LN, B cells in the spleen of hu-mice display a range of mat-
urational stages from the predominant transitional to the less frequent mature,
activated, and memory class-switched types [7]. This range is well demonstrated
by the broad distribution of CD10, CD24, and CD38 expression within the splenic
B-cell population of an individual hu-mouse and among multiple hu-mice. Impor-
tantly, our studies with BALB/c/Rag2™/112ry™!" (BRG) hu-mice have demonstrated
that the frequency of mature B cells in the spleen increases with time, such that 20
weeks after transplantation more than 75 % of hu-mice have a mature B-cell popula-
tion (Fig. 12.3a, and [7]). LNs, which harbor mainly mature B cells, are also more
frequent in older hu-mice [7] and the increased numbers of mature B cells in these
older animals drives higher IgM and IgG concentrations in their sera (Fig. 12.3b).
Thus, there exists a “goldilocks” time period for mature B cells in hu-mice, between
16 and 24 weeks after transplant, during which a significant population of mature B
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cells is present in LNs and spleen, and human hematopoiesis is still ongoing in the
bone marrow. Notably, the dynamic characteristic of B-cell maturation appears to
be common to hu-mice whether they are generated on a BRG [5, 7, 27] or nonobese
diabetic, NOD (NSG or NOG, [4, 8, 24, 28-30]; Lang and Pelanda, unpublished
observations) genetic background. However, when compared to age-matched BRG
mice, NOD recipients have a slightly higher proportion of mature B cells in the
spleen (Lang and Pelanda, unpublished observations), most likely as a consequence
of higher human chimerism and, therefore, cell numbers [31-34]. Nonetheless, the
B cells in the NOD recipients secrete significantly lower human Ig, particularly IgG,
suggesting inferior function relative to B cells in BRG mice ([4, 7, 8, 24, 30, 35];
Lang and Pelanda, unpublished observations).

In spite of their defective maturation, B cells are over-represented relative to
other hematopoietic cell types, particularly during the first 16 weeks after trans-
plant. This phenotype is thought to be largely contingent on the inefficient function
of mouse cytokines on some human hematopoietic cell types [36-39]. B-cell acti-
vating factor (BAFF or BlyS) is considered the most relevant cytokine for B cells
[40]. In mice, it not only promotes the survival of mature B cells, but it also contrib-
utes to Ig class switch and to the differentiation of immature B cells into transitional
and mature B cells [41-42]. Mirroring the stages during which BAFF functions,
the expression of CD268 (BAFF-R) on B cells begins at the immature stage and
progressively increases throughout differentiation into a mature B cell. Similar to
B cells in their native hosts, those that develop in hu-mice begin to express CD268
at the immature cell stage, but the expression remains low on all splenic and LN
B cells [7]. Schmidt and colleagues have shown that mouse BAFF is abundant in
hu-mice and, although it binds human CD268, it fails to properly signal [43]. The
low CD268 expression on human B cells likely represents internalization of the
receptor upon binding large amounts of mouse BAFF. We have detected human
BAFF mRNA in tissue of hu-mice at levels that positively correlate with numbers
of mature splenic B cells (Lang and Pelanda, unpublished observations). In addi-
tion, treatment of hu-PBL mice with human BAFF significantly increases the sur-
vival of mature B cells [43], and BAFF injections into hu-PBL and hu-mice result
in higher human Ig serum concentrations ([35]; and Lang and Pelanda, unpublished
observations). Overall, these data suggest that ectopic expression of human BAFF
may improve the survival and perhaps the generation of mature B cells in hu-mice.
Efforts are ongoing to develop new recipient mouse strains that express human
BAFF with the goal of enhancing B-cell maturation and function.

12.6 Necessity of T Cells for the Maturation
of Human B Cells

The rise of mature B cells in the spleen of hu-mice over time and their unique pres-
ence in LNs suggest that the specific human factors that are responsible for this
phenotype are produced in a tissue and time-specific manner. T cells were found
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to gradually accumulate in peripheral lymphoid tissue of hu-mice starting around
12 weeks after transplant (Fig. 12.3a, [7, 44—45]). These T cells slowly accumulate
in the spleen and readily populate the LNs along with mature B cells. Notably,
we have observed a highly significant correlation between T-cell frequency and
mature B cells in the spleen (Fig. 12.3b). Supporting a model in which T cells
mediate B-cell maturation, addition of syngeneic, exogenous T cells to hu-mice
expedites B-cell maturation, while in vivo depletion of T cells retards this process
[7]. Furthermore, addition of T cells to transitional B-cell cultures also mediates
B-cell maturation [15].

While detailed reports of B-cell maturation studies in T-cell-deficient mice and
humans are not available to our knowledge, some studies have shown that pa-
tients with T-cell immunodeficiency display a transitional (cord blood-like) and/
or functionally impaired B-cell phenotype [13, 46—47]. The precise mechanism by
which T cells contribute to B-cell maturation is an active area of investigation and
studies with hu-mice will be particularly useful in this context. Some data suggest
that activation of T cells might play a role in the B-cell maturation process [7,
48]. CD40, MHC, and T-cell cytokines are initial relevant candidates, although it
remains possible that the effect of T cells is indirect and B-cell maturation requires
another cell population that is directly modulated by T cells.

Presently, the correlation between T cell and mature B-cell numbers has practi-
cal implications for the use of hu-mice: the frequency of T cells in the peripheral
blood can be used to infer the maturation state of B cells and, thus, help select
proper animals for experimentation [7]. These findings, moreover, may have impor-
tant connotations for cord blood transplantation, which now represents more than
25 % of all human hematopoietic transplants due to their increased availability and
reduced HLA-match requirements. The reconstitution kinetics of human cord blood
transplantation largely mirrors the development of the human immune system in
mice and include the delayed T cell appearance that is likely responsible for the
unfortunate high-mortality rate associated with infections. The state of B-cell matu-
ration in these patients has not been studied although the B-cell function is known
to be reduced [49]. Moreover, a report of improved early B-cell function when cord
blood is not depleted of T cells [50] is consistent with a role of T cells in B-cell
maturation. Therefore, the hu-mouse can serve as a model system to characterize
and test improvements in cord blood transplantations.

12.7 Human Ab Responses in Mice

Analyses of the Ig heavy- and light-chain usage among the human B cells residing
in the mouse have confirmed the presence of a diverse heavy- and light-chain
repertoire, a repertoire that is grossly indistinguishable from that of B cells in hu-
mans [24]. Nevertheless, Ab responses in hu-mice have been reported to be weak
and sporadic [7, 44, 48, 51, 52]. This defect appears to be partly due to the inef-
ficient maturation of B cells because enhanced immunization responses have been
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observed in older hu-mice, which display higher numbers of mature B cells. This
improvement was significant for [gM and IgG responses to a T-independent antigen
(e.g., NP-Ficoll) and for IgM responses to a T-dependent antigen (e.g., DTaP) [7,
44]. T-cell-dependent IgG responses were also slightly improved [7], suggesting
the presence of both a population of competent B cells capable of Ig class-switch
and a productive cognate B-T cell collaboration. However, even in the presence
of T cells and mature B cells, the Ab responses to immunogenic challenges in
hu-mice remain inferior to those observed in humans and mice. Thus, important
factors necessary for normal B-cell function and T-B collaboration are still lacking
in hu-mice. Our histological studies noted that although the lymphoid tissue of
animals bearing significant numbers of mature B cells displays an increased colo-
calization of T and B cells, the lymphoid architecture remains abnormal [7], poten-
tially still limiting Ab responses. Another issue relates to the possibility that human
thymocytes are educated on mouse MHC instead of human HLA antigens, thus
affecting B-T cell cognate interaction. Indeed, supplying a human MHC class II
allele [53] or cotransplanting a human thymus [29, 54, 55] enhances T-dependent
Ab responses in hu-mice. Nevertheless, these responses remain inferior to those in
intact mice and humans leaving this issue only partly resolved.

In humans and mice, preimmune serum is often used as a control for immunization
responses, which is appropriate given the steady state of their immune systems.
In hu-mice, however, similar to changing B- and T-cell frequencies and function,
human Ig levels increase with age and differ greatly among individual chimeras
(Fig. 12.3c, and [56]), providing a challenge for the determination of antigen-specific
responses. Comparing Ab responses among hu-mice is complicated by two major
factors both correlating with sera Ig concentrations: (1) a nonspecific background
that is measured even in enzyme-linked immunosorbent assay (ELISA) plates that
are not coated with antigen; and (2) a polyreactive response to antigen, most notably
of the IgM isotype that is detected in both unimmunized and immunized mice [7].
Thus, the exact measure of Ab responses remains a challenge, emphasizing the need
of a well-controlled, standardized assay to allow comparisons of Ab responses in
hu-mice among different laboratories.

12.8 Concluding Remarks

The past decade has witnessed an extensive characterization of human B-cell devel-
opment in immunodeficient BALB/c and NOD mice. In these models, the human B
cells are able to mature, class-switch, and produce Ig to both “natural” antigens and
immunological challenges. The development of human B cells in the mouse follows
a similar progression as is observed in human bone marrow, albeit with reduced ef-
ficiency to mature past the transitional B cell stage. This immature state along with
defective T-B collaboration and localization within secondary lymphoid organs are
likely responsible for the inferior Ab responses of B cells in hu-mice. Nonetheless,
there are already many practical applications of the current hu-mice for B cell stud-
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ies, including those of Epstein-Barr virus (EBV) infection [57-59], HIV infection
[60—-61], B-cell depleting therapies [62—63], and production of humanized mono-
clonal Abs [56].

Our current knowledge of human B-cell development and function in the mouse
is useful for both experimental strategies in this system and for practical applications
in humans. The hu-mouse model is an excellent system to dissect mechanisms of hu-
man B-cell development, including selection and tolerance. Hu-mice generated with
fetal or cord blood stem cells may be representative of emerging immune systems,
such as the case for newborns, cord blood transplantations, and patients recovering
from immunodepletion therapies (i.e., rituximab). It is well established that immu-
nizations in these circumstances are not as effective as in a stable, adult immune
system. Thus, this model may be useful to help guide childhood vaccination strate-
gies and treat patients with immunodeficiency, autoimmunity, and transplantation.
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