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ABSTRACT OF THE DISSERTATION

Transcriptional Regulation of Murine B-1 and B-2 Cells

by

Cody John Diehl

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2013

Professor Joseph L. Witztum, Chair

Atherosclerosis is hallmarked by hypercholesterolemia but its
progression is greatly modulated by the immune system. B cells, which
produce antibodies, have been shown to positively or negatively affect
atherogenesis (chapter 5 details various collaborative studies assessing
the role of B-cells in various models of atherosclerosis). B-1 cells, which
are innate-like B cells, have often been shown to inhibit atherosclerosis
progression through secretion of natural antibodies, while adaptive B-2 cells
have demonstrated both protective as well as injurious properties. B-1 and
B-2 cells differ markedly in ontogenic, genetic, and phenotypic properties.

While B-2 cell regulation has been extensively studied, the regulation of B-1
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cells remains relatively mysterious. The overarching theme of this dissertation
is to understand the transcriptional mechanisms that govern the unique
properties of B-1 cells.

Members of the nuclear receptor superfamily of transcription factors
regulate important processes in many immune cells. However the expression
and function of nuclear receptors in B-1 cells was entirely unknown. |
hypothesized that members of the nuclear receptor superfamily would be
expressed in and regulate important innate immune functions of B-1 cells,
such as survival, proliferation, and secretion of natural antibodies. Nuclear
receptor expression was compared between B-1 and B-2 cells.

The function of the mineralocorticoid, glucocorticoid, and liver x
receptors, which were expressed in B-1 cells, was analyzed ex vivo. No
significant effect of mineralocorticoid receptor activation or antagonism
was found in B-1 cells. LXR activation inhibited B-1 cell proliferation.
Glucocorticoid receptor activation inhibited antibody production and potently
induced apoptosis in B-1 cells.

The effect of dexamethasone, a synthetic glucocorticoid, upon the
transcriptome B-1 and B-2 cells was compared. Surprisingly different sets of
genes were regulated by dexamethasone in B-1 and B-2 cells. An analysis
of the cistrome of GR was performed to test if the glucocorticoid receptor
has unique genome-wide binding patterns between B-1 and B-2 cells. The
GR cistrome was remarkably different between B-1 and B-2 cells. The
unique binding of GR in B-1 and B-2 cells associated with cell-type specific
enhancers. Future studies endeavor to identify cell-type specific lineage

determining factors that control enhancer formation is B-1 versus B-2 cells

XXi



CHAPTER 1

INTRODUCTION



Atherosclerosis and inflammation

Atherosclerosis is defined as a hardening of the medium or large ar-
teries characterized by the accumulation of fatty plaques in the artery wall.
Sequelae of atherosclerosis include myocardial infarction, heart failure, periph-
eral vascular disease, and stroke (1). Together, these complications of athero-
sclerosis are the leading cause of death in the United States. Atherosclerosis
develops over decades and is a condition principally characterized by elevated
circulating cholesterol levels but is also marked by chronic inflammation of
the arterial wall. The idea that atherosclerosis is a chronic inflammatory dis-
ease has become widely accepted and is supported by studies illustrating the
capacity of the innate and adaptive immune system to alter its initiation and
progression (2). These immune responses are targeted toward endogenously
modified self-structures, exemplified by oxidized lipoproteins such as LDL. LDL
enters the arterial intima where it is retained and oxidized. Oxidized LDL (Ox-
LDL) induces vascular cells to release proinflammatory and chemotactic mole-
cules, which attract lymphocytes and monocytes. As a result of OxLDL and its
oxidized lipids, monocytes differentiate to macrophages, which now expresses
enhanced content of so called “scavenger receptors.” Uptake of native LDL by
LDL-receptors of macrophages is slow and does not lead to enhanced choles-
terol accumulation as LDL receptor expression is down regulated by cholester-
ol accumulation. In contrast, OxLDL is specifically recognized by SRs, leading
to enhanced uptake and as SR are not down-regulated by cholesterol content,
such internalization of OxLDL ultimately leads to the formation of cholester-
ol-enriched “foam cells.”

Atherosclerosis is characterized by localized accumulation in the artery

wall not only of modified LDL, but also of apoptotic cells, and cellular debris.



The involvement of the innate immune system in atherosclerosis functions to
mediate the removal of oxidatively modified molecules, which are proinflam-
matory and proatherogenic. Wherease the involvement of the adaptive im-
mune system can be categorized as an autoimmune-like response elicited by
chronic tissue damage that alters self-molecules. These neo-self epitopes can
be recognized by the antigen receptors of various lymphocytes. Antigen pre-
senting cells (APCs) serve as a bridge between the innate and adaptive im-
mune systems by recruiting antigen-specific adaptive immune T- and B-cells.
Lymphocytes and Atherosclerosis

Various immune cells have been observed within atherosclerotic le-
sions, including monoycytes/macrophages, dendritic cells, T cells, Natural
Killer (NK) T cells, NK cells, and mast cells. Notably neutrophils and B cells
have only rarely been described in atherosclerotic lesions (3,4). However, B
cells have been found in the adventitia surrounding lesions and in draining
lymph nodes (5). Lymphocytes as a whole are known to significantly modulate
the initiation and progression of atherosclerosis (6). Immunodeficient mice
with impaired B- and T- cell development, such as Rag1” or scid/scid mice,
when crossed with mice that are genetically disposed to develop atheroscle-
rosis, such as the ApoE’-or LDLR"" mice, show significantly reduced arterial
plaque formation (7-10). These findings illustrate that lymphocytes are not
necessary for the development of atherosclerosis, but importantly also shows
that lymphocytes can play a profound effect in promoting lesion development.
In some of these studies the atheroprotective effect of lymphocyte deficiency
was lost as the mice aged or as plasma cholesterol levels became excessively
high, indicating that lymphocytes may exert the most significant effect in the

early stages of lesion development. When the atherogenic pressure of plasma



cholesterol is excessively high the profound modulatory role of lymphocytes
appears to be lost. Among lymphyocyte subsets the maijority of research in
atherosclerosis has focused upon T cells. The current understanding is that
T,1 cells are strongly proatherogenic whereas T__ . cells are atheroprotective
(11). The influence of T 2 and T, 17 cells upon the pathophysiology of athero-
sclerosis remains unclear or ambiguous. Until relatively recently there was
comparatively little focus upon the role of B cells and the antibodies that they
secrete in atherosclerosis.

Initial research indicated that B cells in general were atheroprotective,
but recent research indicates that various subsets of B cells appear to influ-
ence lesion development in different ways. The adaptive immune B-2 cell,
which secretes predominantly IgG antibodies, appears to be proatherogenic
whereas the innate-like B-1 cell, which secrete predominantly IgM isotype
antibodies, may protect against plaque development. The role of other B-cell
subsets such as regulatory, marginal zone, or the very recently described
Innate Response Activator (IRA) B cells (12) in atherosclerosis have not yet
been studied. Our laboratory first showed that immunization of rabbits and lat-
er mice with a model of OxLDL lead to atheroprotection, an observation soon
confirmed by others (13-15). This lead us to suggest that a vaccine approach
that enhanced B cell mediated IgG production to OxLDL could provide athero-
protection. Subsequently, Caligiuri et al. (16) demonstrated that splenectomy
increased atherosclerosis in apoE mice, supporting an anti-atherogenic role of
immune mechanisms. They went on to show that adoptive transfer of B cells
from wild type mice rescued the increased atherosclerosis caused by sple-
nectomy, while transfer of “educated” B cells from aged, atherosclerotic ApoE-

mice significantly reduced lesion burden even compared to both sham op-



erated control mice. Interestingly, the adoptive transfer of whole splenocytes
and T cells from atherosclerotic ApoE” mice also significantly reduced lesion
burden in this study. However, the adoptive transfer of T cells reduced lesion
burden only to the level of sham controls and had no additional protective
function like the transfer of B cells from old Apoe-/- mice. Additionally, it was
shown that the adoptive transfer of B cells resulted in a large increase in IgM
and IgG titers to oxLDL in splenectomized mice. This strongly indicated that B
cells and the antibodies they produce harbor protective immunity in the context
of atherosclerosis. To directly examine the role of B cells in atherosclerosis
Major et al. (17) transferred bone marrow from uMT mice, which have the
gene for the p-chain of the B cell receptor, disrupted and therefore lack B cells,
into Ldlr mice. As expected the lack of B cells led to a sharp decrease and
eventual loss of total and specific anti-OxLDL antibodies. The absence of B
cells and/or their secreted antibodies increased the lesion area at both early
and late stages of atherosclerotic plaque development. In addition, a recent
study from Doran et al. demonstrated that homing of B-2 cells to the aorta was
also atheroprotective (18). These studies provide convincing evidence that B
cells, including B-2 cells, protect from atherosclerosis.

However, other recent reports have provided evidence that B-2 cells are
in fact proatherogenic. It was hypothesized that if B cells are atheroprotective
their depletion would exacerbate the development of atherosclerosis. Using
anti-CD20 monoclonal antibodies to deplete B cells from Apoe” or Ldlr~ mice
(19,20) these investigators found unexpectedly that B cell depletion significant-
ly decreased atherosclerosis. The authors of these studies explored possible
explanations for the discrepancy between their data and the earlier reports for

an atheroprotective role for B cells. They postulated that two major B cell sub-



sets, B-1 and B-2 cells have opposing activities with respect to atherogenesis.
Ait-Oufella et al. reported that treatment with CD20 antibody caused a large
reduction in total and specific IgG anti-OxLDL titers whereas IgM anti-OxLDL
titers were only minimally perturbed (19). As B-1 cells are the major produc-
ers of IgM antibodies, it would appear that they were resistant to the depletion
treatment protocol. In fact the authors found that peritoneal B-1 cells were
retained to a greater extent than B-2 cells. Furthermore, others have shown in
mice that the peritoneal cavity, the primary body location where B-1 cells are
found, provides a protective niche for B cells during anti-CD20 immunotherapy
(21). Kyaw et al. also hypothesized that the mechanism whereby anti-CD20
reduces atherosclerosis is by selective depletion of B-2 cells (20). They tested
this by adoptively transferring B-2 cells into lymphocyte deficient (RAG2”) or B
cell deficient (uUMT") Apoe”’- double knockout mice and found that B-2 cells in
both cases significantly and profoundly increased the severity of atherosclero-
sis. Interestingly, they also adoptively transferred B-1 cells into RAG2"- Apoe™
mice and found that atherosclerosis was unchanged.

Thus, at present there is data to support both a protective as well as
proatherogenic role of B-2 cells and further studies are needed to clarify the
current contradictory data. On the other hand, most data supports an athero-
protective role of the B-1 cell population. For example, IgM secretory deficient
mice (slgM-/-), which have been genetically engineered to lack the capacity
to secrete IgM but retain IgM surface expression on B cells, have been bred
to the LdlIr-/- background . When fed a high cholesterol diet to induce athero-
sclerosis, the slgM-/- x Ldlr-/- mice had dramatically more atherosclerosis than
Ldlr-/- controls, demonstrating a profound anti-atherogenic role for plasma IgM

(22). In yet another study, Kyaw et al. showed that transferring B-2 cells into



splenectomized mice did not rescue the enhanced atherosclerosis, but trans-
fer of B-1 cells did (23). Furthermore, if B-1 cells from slgM-/- mice were used,
this protective effect was lost, again supporting a direct atheroprotective role
of IgM. These studies strongly support an atheroprotective role for circulating
IgM, which come predominantly from B-1 cells.

In summary, there is conflicting data on the role of B-2 cells in athero-
genesis while the role of B-1 cells seems to be atheroprotective. It is possible
and even likely that some of these discrepancies are due to varying subsets
of B-2 cells and even B-1 cells. Increasingly subsets of B-2 cells are being
defined, such as marginal zone B cells vs classical germinal center follicular
B cells, as well as B regulatory cells, IgM+ Memory cells, naive B cells and
so forth. Similarly, various subsets of B-1 cells are beginning to be described,
such as IRA B-1 cells (12), as well as B-1 cells that express plasma cell allo-
antigen 1 (PC1) differentially. PC1 high B-1 cells differ from B1 low B-1 cells in
their origin, ability to secrete NAbs and IL-10 (24). Much work will be needed
to clarify the roles of each of these B-2 and B-1 cell subsets on inflammation
and atherogenesis to enable a more comprehensive understanding of the role
of B cells in atherogenesis.

B-1 and B-2 Cells

Murine B lymphocytes are a heterogeneous population consisting of
several defined subtypes, including among others, B-1 cells and B-2 cells
(conventional B-cells). These B cell subpopulations can be distinguished on
many levels, including: developmental patterns, extent of somatic recombina-
tion of immunoglobulin genes, antigen specificity, secreted antibody isotype
profile, mode of selection and renewal, preferred anatomical location, surface

phenotype, activation requirements, and function (see Table 1-1) (reviewed in



(25)). Despite these fundamental differences, relatively little is known of the
basic cellular regulatory mechanisms of B-1 cells, and what distinguishes them
from B-2 cells at this level. B-1 cells were so named because among B cells
they appear first in development and are detectable in fetuses and neonates,
whereas B-2 cells are not detectable until the end of the neonatal period (25).
Until recently, it was thought that B-1 and B-2 cells derive from the same
progenitor and that antigen specificity dictated their distinct phenotypes. Mon-
tecino-Rodriguez et. al (26) refuted this model by identifying a B-1 cell specific
progenitor in fetal bone marrow, thereby demonstrating a distinct developmen-
tal pathway for B-1 cells. Furthermore, Wang and colleagues have further sug-

gested distinct lineages even for B-1 cell subsets based on their expression of

Table 1-1 Comparison of Murine B-1 and B-2 Cells
Class of
Difference Property B-1 Cells B-2cells
N-insertions in VDJ junctions Few Extensive
Non-random preference for D
i V-gene usage proximal V-genes Apparently random
>
Fn
2 V-region repertoire Restricted Diverse
@
o
Somatic Hypermutation Low-none High
Isotype secreted IgM >> 1gG 1gG >> IgM
° When first produced Fetus After birth
‘c
&
S Mode of Renewal Self-renewing Replaced from Bone marrow
c
© Positive selection (for
Mode of Selection . Negative Selection
endogenous antigens)
Cell surface Phenotype cD5*, D19, cD1d™¢, D237, | CDS-, CD19™d, cD1d", CD21",
_ (spleen) CD43*, IgMPi, 1gDlow, CD23*, CD43-, IgM'ow, |gDhi
[}
e L .
° Primary location Body Cavities (peritoneal, Secondary lymphoid organs
£ pleural)
c
5 .
2 Spontaneous produt_:tlon of High Low
> Immunoglobulin
‘e
z Response to .Carbohvdrate Yes Maybe
[=} antigen
5
f Response to Protein Antigen Maybe Yes
Requirement for T-cell help No Yes




Unlike B-2 cells, B-1 cells exhibit a limited repertoire of germline or
near-germline encoded antigen receptors with little or no terminal deoxynu-
cleotidyl transferase mediated nucleotide insertions (27,28). The antibodies
secreted by B-1 cells are termed natural antibodies (NAbs) and by definition
are secreted in the absence of external antigenic or immunogenic stimu-

li (reviewed in (25)). NAbs secreted by B-1 cells are predominantly but not
exclusively IgM isotype (29,30) and they often have dual reactivity, binding

to both self-antigens and antigens expressed on infectious pathogens. Thus,
individual NAbs have broad but low-affinity to both self-antigens and antigens
expressed on pathogens such as phosphocholine (31), phosphatidlylcholine
(32), OxLDL (33), glycolipids (34), and carbohydrate epitopes (35). Our labo-
ratory has shown that in some cases, the ability of a NAb to bind to both “self’
and a pathogen is in fact due to the recognition of a common molecular motif
present on a self-antigen and a foreign pathogen, such as the phosphocholine
(PC) present on oxidized phospholipids of OxLDL and apoptotic cells, and the
PC present on the cell wall of bacteria (36).

The mechanism of B-1 cell selection is incompletely understood, never-
theless it is appreciated that positive selection occurs during fetal and neonatal
periods (37). This positive selection is thought to be made to endogenous
‘self-antigens’ because it occurs equally well in mice raised in germ free envi-
ronments (38). The fact that NAbs bind to similar molecular motifs on exoge-
nous antigens would serve as a further selecting agent later in life (39,40). In
sharp contrast, developing self-reactive B-2 cells encountering cognate anti-
gens undergo negative selection.

B-1 cells from adult mice adoptively transferred into irradiated recipient

mice are able to reconstitute the B-1 cell population to normal levels, demon-
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strating that B-1 cells are self-replenishing (41,42). In contrast, adoptively
transferred adult B-2 cells are incapable of sustained reconstitution of recipient
mice, only transfer of adult bone marrow can achieve this (41). Furthermore,
B-1 cells are long-lived in vitro and constitute approximately 5% of all B cells
(43). They are almost exclusively found in extra-lymphoid sites, predominantly
the peritoneal cavity and pleural spaces (25,43). In the peritoneal cavity, B-1
cells are CD19*, CD23:, IgM", IgD" and Mac-1" (also known as CD11b) (36).
When activated, B-1 cells migrate to the spleen and other secondary lymphoid
tissues, lose Mac-1 expression and become CD43* (43). B-1 cells were first
discovered and characterized according to their expression of the T-cell sur-
face marker CD5 (44). Subsequently, a peritoneal B-1 cell subset was discov-
ered lacking CD5 expression (45). CD5* B cells are referred to as B-1a cells
and CD5 B-1 cells as B-1b cells. B-1a and B-1b cells differ in cellular origins
(B-1b progenitors reside predominantly in adult and fetal bone marrow and
B-1a progenitors in the fetal liver (46)), NAb specificity (46), and function (32).
However, our laboratory has preliminary data and others have reported that
B-1a cells can derive from adult bone marrow as well (47).

Conventionally, B-2 cells function as part of the adaptive immune re-
sponse and produce high titers of high affinity antibodies specific for particular
epitopes. B-1 cells as part of the innate immune system express and secrete
“‘germline” encoded and purported broadly specific NAbs. NAbs and B-1 cell
receptors are analogous to other receptors of the innate immune system in
that they can bind to common pathogenic molecular motifs (so-called patho-
gen associated molecular patterns (PAMPs). Unlike B-2 cells, B-1 cells re-
spond poorly to IgM cross-linking (48) and T-cell dependent antigens (43).

Furthermore, B-1 cells have been shown to have superior capacity in vitro to
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function as antigen presenting cells (49,50). B-1 cells also exhibit the macro-
phage-like ability of phagocytosis utilizing mannose and Fc receptors (50,51).
Moreover, B-1 cells demonstrate a greater proliferative response when stim-
ulated with lipopolysaccaride (52) (LPS, a TLR4 agonist) or TLR2 agonists
(53) Furthermore, recent evidence has demonstrated that B-2 and B-1 cells
differ quantitatively but not qualitatively in the expression of most of the murine
TLRs and that stimulation of the TLRs in B-1 cells preferentially leads to plas-
ma cell differentiation (53). Additionally, there is evidence that B-1 cells can
fulfill an immunomodulatory role aside from their role in innate immunity. B-1
cells respond to various stimuli by secreting important regulatory cytokines
such as Interleukin 10 (IL-10) (54). Additionally, recent reports have identified a
so-called B Regulatory (Breg) cell that secretes IL-10 (55,56). The relationship
of these cells, which are also referred to as B10 cells because of their produc-
tion of IL-10, to B-1 cells is unknown, though they express similar cell surface
markers including CD5 (25). IL-10 can suppress harmful immune responses
by regulating the Th1/Th2 balance and directly down-regulating innate cell-me-
diated inflammatory responses (57). Furthermore, our lab has demonstrated
that IL-10 can inhibit B-1 cells in an autocrine feedback loop, thereby decreas-
ing B-1 cell proliferation and IgM secretion (unpublished results).

Besides their role in innate immune defense to common bacterial and
viral pathogens, B-1 cells have been implicated with both positive and nega-
tive roles in various autoimmune conditions, inflammatory diseases (including
atherosclerosis as discussed above), and human B-cell leukemias. Ex-
panded B-1 cell-like populations have been observed in human autoimmune
patients with Rheumatoid Arthritis and Sjogren’s Syndrome (58). The NZB

mouse, a model of Systemic Lupus Erythematosus (SLE) also possesses an
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expanded B-1 cell population (59). Selective elimination of B-1 cells from the
peritoneal cavity of NZB mice decreases the titers of anti-dsDNA IgM and IgG
antibodies and the occurrence of lupus associated nephritis (60).

Our laboratory has shown that NAbs from B-1 cells that bind to OSE
of OxLDL exert an anti-atherogenic effect through incompletely understood
mechanisms (36,61). However, it is appreciated that many NAbs bind to epi-
topes on oxidized LDL and inhibit scavenger receptor mediated uptake of
OxLDL by macrophages (36). Furthermore, it has been shown that NAbs
can bind apoptotic cells, and by virtue of their ability to bind complement, can
facilitate their clearance (42,62). Finally, there is extensive data implicat-
ing B-1-like cells in B-cell lymphomas and leukemias. A series of prototypic
lymphomas isolated from mice possess a restricted set of B-cell receptors
that are common to B-1 cells (63). Recent studies have shown that antibod-
ies from human chronic lymphocytic leukemia cells target epitopes on OxLDL
and apoptotic cells, which are commonly bound by antibodies from B-1 cells
(64,65). Several transgenic mouse models expressing human genes impli-
cated in B-cell neoplasms develop leukemic expansion of B cells that possess
B-1 cell phenotypes (66). Indeed, we have recently extensively characterized
a prevalent human CLL BCR and shown it binds prominently to MDA epitopes
present on OxLDL, atherosclerotic tissue and apoptotic cells, similar to other
NAbs to OSE we have cloned (67). Interestingly, a human equivalent to the
mouse B-1 cell has only recently been identified based upon the criteria of
spontaneous IgM secretion, efficient T cell stimulation, low rate of mutation
in the BCR, and tonic intracellular signaling (68). Subsequent reports have
refuted this claim based upon gene expression profiling and found that these

‘human B-1 cells’ more closely resemble pre-plasmablasts than mouse B-1
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cells (69,70). Despite the obvious importance of B-1 cells in disease conditions
and healthy immune function, little is known concerning basic signaling and

regulatory mechanisms that govern their unique functions.

Nuclear Receptors

The studies undertaken in this doctoral dissertation have generally
been to explore the unique regulation of B-1 cells. Specific focus was placed
upon exploring the role of nuclear receptors (NRs) in regulating B-1 cells. NRs
are a superfamily of structurally conserved ligand dependent transcription
factors each possessing canonical DNA binding and ligand binding domains.
There are 48 human and 49 mouse NRs. They endow cells with the capacity
to directly control gene expression in response to developmental, physiologi-
cal, and environmental signals (71). As a family they fulfill diverse and import-
ant roles in regulating developmental, reproductive, homeostatic, inflammato-
ry, immune, and metabolic processes (72).

There are three broad classes of NRs segregated depending upon li-
gand- and DNA-binding properties (73). The first and most extensively studied
class consists of the classic ligand-driven receptors typified by the estrogen
and glucocorticoid receptors. They are generally cytoplasmic, and binding of
ligand induces activation, dissociation from chaperone proteins, and translo-
cation to the nucleus and subsequent transcription of target genes (74). The
second class is comprised of the “orphan receptors,” which includes a diverse
group of receptors for which ligands have not been identified or do not appear
to be required. The third class consists of the metabolite-activated NRs or
the so-called ‘adopted’ orphan receptors. They form obligatory heterodimers
with the retinoid-X-receptor (RXR). Most RXR heterodimers in the absence of

ligand are nuclear and bound to DNA and maintain active repression of tar-
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get genes through association with co-repressors, histone deacetylases, and
other chromatin-modifying factors (75). Upon ligand binding a conformational
change of the receptor is initiated that causes the exchange of co-repressors
for co-activators leading to the transcription of target genes. Examples include
the peroxisome-proliferator-activated receptors (PPARSs), the liver X receptors
(LXRs), and the RXRs. Of particular interest in the context of innate immunity
and B-1 cell biology are the LXRs and PPARs, which have been shown to be
important regulators of both metabolic and inflammatory signaling (76).

Apart from regulating transcription through ligand-dependent activation
and ligand-independent repression, some NRs can repress transcription in a
ligand-dependent manner known as transrepression (73). Mechanisms re-
sponsible for transrepression are incompletely understood; even so, transrep-
ression does not involve binding to receptor specific DNA response elements.
Several transrepression mechanisms mediated by ligand activated NRs have
been reported, including among others: direct interaction with other transcrip-
tion factors (thereby inhibiting DNA binding of these transcription factors),
competition for limiting pools of coactivators, and interactions with transcrip-
tional co-repressors (thereby preventing their degradation and preserving a

repressed transcriptional state)(74).

Nuclear Receptors in Immune Cells

Extensive information exists regarding the expression and function of
NRs in macrophages due to these cells’ central role in antimicrobial defense,
atherogenesis, autoimmunity, and other inflammatory diseases. Barish et al.
(77) cataloged NR expression in murine macrophages and found that 28 of the

49 murine NRs are expressed with varying temporal patterns in association
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with LPS and interferon y stimulation of bone marrow derived macrophages.
This study demonstrated the value of comprehensive cell-type specific ex-
pression profiling of the NR regulatory gene family to inform hypothesis-driven
approaches for exploring a complex biological process.

On the other hand, few studies have explored the expression and
function of NR in lymphocytes, even fewer exclusively in conventional B-cells,
and none in B-1 cells. Schote and colleagues (78) analyzed the expression of
24 different NRs in CD4 and CD8 T cells, CD19 B cells, and CD14 monocytes
collected from five human blood donors. They provided the first evidence for
the expression of 12 NRs in these cell types. A more focused study explored
the expression of the various retinoic acid NR isoforms in human B and T cells
in the presence of a stimulus (all-trans-retinoic acid) (79). In conventional B
cells and B lymphoma cell lines it has been demonstrated that PPARy ago-
nists can inhibit proliferation and induce apoptosis (80). Conversely, it was
demonstrated that haploinsufficency for PPARy enhances B cell proliferative
responses (81). All of the above mentioned studies focused on NR expression
in conventional B cells or B cell lymphoma cell lines and failed to specifically
address the role of NR expression in B-1 cells. One line of research, however,
has found a role for the Steroid and Xenobiotic nuclear orphan receptor (SXR)

in negatively regulating B-1 cell development in the fetal liver (82).

Mineralocorticoid, Glucocorticoid. and Liver X Nuclear Receptors

As will be discussed in chapter 3, many of the studies performed as
part of this thesis focused upon several of the NRs, namely the Mineralocorti-
coid Receptor (MR), Glucocorticoid Receptor (GR), and the Liver X receptors
(LXR). MR and GR are highly related NRs, they share 94% and 57% amino
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acid identity in their DNA binding and ligand binding domains, respectively
(83,84). They bind the same DNA response element (84) and have similar
binding affinities for several ligands (85). The mechanism of MR or GR spec-
ificity is poorly understood, but on a cellular level it is accomplished by the
activity of 11B-hydroxysteroid dehydrogenase type 2 (11BHSD2), which inac-
tivates glucocorticoids. Cells that strongly express 11BHSD2 selectively me-
tabolize glucocorticoids so that they cannot effectively activate MR or GR, and
are therefore selectively sensitive to mineralocorticoids through the MR (86).
Traditionally, MR is thought to principally be expressed in the polarized epithe-
lial cells of the distal nephron and colon, where when activated by aldosterone
regulates ion homeostasis and water balance (87). MR expression has also
been observed in non-epithelial cells such as hippocampal and hypothalamic
neurons, cardiomyocytes, keratinocytes, and adipocytes (88). The role of MR
in non-epithelial tissues and cells, including immune cells, is not yet well char-
acterized. Nevertheless, several recent studies have explored the role of MR
in specific immune cells, including: dendritic cells, macrophages and neutro-
phils (89-92). MR was found to orchestrate an important regulatory and often
pro-inflammatory function in each of these innate immune cells.

The GR is the cellular sensor for glucocorticoids, which exert a wide
range of anti-inflammatory and immunosuppressive activities in diverse cell
types. GR’s anti-inflammatory activity involves both repression of pro-inflam-
matory genes and the induction of anti-inflammatory molecules as well as the
induction of apoptosis (93). The apoptotic effect of GR activation is especially
prominent and well characterized in T lymphocytes. Additionally, GR is known
to shift T helper cells toward a Th2 bias thereby stimulating humoral immunity

(94). Although glucocorticoids are widely used to regulate B cell function in
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patients, remarkably little is known of the mechanisms by which glucocorti-
coids regulate B cells, though there is evidence that they promote IgE produc-
tion (95).

There are two LXR isoforms, LXRa and LXR, together these regulate
the expression of genes involved in cholesterol metabolism (96). Naturally
occurring cholesterol derivatives such as 22(R)-hydroxycholesterol, 24(S)-hy-
droxycholesterol, and 24,25(S)-epoxycholesterol have been identified as LXR
ligands (97). In a tissue specific manner, LXR agonists activate transcription-
al programs that regulate cholesterol trafficking and whole body cholesterol
content. LXR is highly expressed in the liver and regulates genes involved
in cholesterol secretion into bile and bile-acid synthesis (96). In the intestine,
LXR controls the expression of genes involved in cholesterol reabsorption
(98). Finally, in peripheral tissues, LXR regulates genes that control reverse
cholesterol transport (76). Importantly, LXRs have also been identified as
regulators of inflammatory gene expression and innate immunity (74). Ligand
activation of LXR antagonizes inflammatory gene expression downstream of
TLR4, IL-1B, and tumor necrosis factor- a (TNF-a) signaling (99). Intriguingly,
Bensinger et al. (100) recently reported that LXR signaling inhibits lymphocyte
proliferation by inducing expression of cholesterol export transporters, thereby
limiting cellular cholesterol levels that are needed for membrane synthesis. It
is significant to note that this study examined LXR’s effects on proliferation
predominantly in T cells and to some extent in conventional B cells, but not in

B-1 cells.
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Specific Background and Research Goals

B-1 cells secrete NAbs, which in turn constitute the humoral branch of
the innate immune system. B-1 cells, and especially the NAbs they secrete,
have been implicated to play an important role in protection against athero-
sclerosis. Furthermore, they play important roles in host responses to bacte-
rial and viral infections, as well as in various autoimmune conditions, inflam-
mation, and in humans, B-1-like clones may be involved in B-cell leukemia.
Despite their importance in health and disease, relatively little is known about
what regulates the unique B-1 cell biology. Members of the nuclear receptor
(NR) superfamily fulfill a central role in cellular homeostatic, metabolic, and
inflammatory processes, and are likely important for immune cell regulation.
Indeed, the functions of many NRs have been defined within select immune
cells, particularly the macrophage. However, when | began this work little or
nothing was known regarding the expression and function of any of the NRs in
B-1 cells. | hypothesized that members of the NR superfamily were expressed
in and regulate important innate immune functions of B-1 cells, such as surviv-
al, proliferation, and secretion of NAbs. Evidence supporting this hypothesis
is presented in Chapters 2, 3, and 4. In Chapter 2, | analyzed the expression
of all 49 mouse nuclear receptors in B-1 cells in the basal as well as TLR4 and
TLR 2/1 stimulated conditions. Furthermore, | compared the expression of the
NRs between B-1 cells, B-2 cells. In Chapter 3, | cultured primary B-1 cells in
vitro and utilized readily available agonists and antagonists to explore the role
of select nuclear receptors in regulating B-1 cell survival, proliferation, NAb
production, differentiation, as well as various other parameters. The nuclear
receptors studied in these experiments include the mineralocorticoid, gluco-

corticoid, and Liver X receptors. In Chapter 4, | focused my attention on the
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role of the GR in B-1 and B-2 cells and explored on a genome-wide level the
effect of GR activation on mRNA levels as well as GR DNA binding. As will be
discussed in greater detail in Chapter 4, these studies utilized B-2 cells as a
comparator, and found remarkable disparity between B-1 and B-2 cells in the
binding patterns of GR throughout the genome as well as the mRNA levels of
many genes. The studies in Chapter 4, which are still ongoing, are designed
to establish the epigenetic and transcriptional mechanisms controlling the
unique biology of B-1 cells.

Chapter 5 details various collaborations in which | participated, some of
which have resulted in publications. Although these studies are not related to
the role of NRs in B-1 cells they do explore in general terms the regulation of

B-1 cells, the production of NAbs, and their roles in atherosclerosis.
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Abstract

Naive murine B cells are typically divided into three subsets based
upon functional and phenotypic characteristics: innate-like B-1 and marginal
zone (MZ) B cells versus adaptive B-2 cells, also known as follicular or con-
ventional B cells. B-1 cells, the innate-immune like component of the B cell
lineage are the primary source of natural antibodies, and have been shown to
contribute to autoimmune diseases, human B-cell leukemias, and inflamma-
tory disorders such as atherosclerosis. On the other hand, B-2 cells are the
principal mediators of the adaptive humoral immune response and represent
an important pharmacological target for various conditions including Rheuma-
toid Arthritis, Lupus erythematosus, and lymphomas. Using the resources of
the Nuclear Receptor Signaling Atlas (NURSA) program, we used quantitative
real-time PCR (qPCR) to assess the complement of the 49 murine nuclear
receptor superfamily expressed in quiescent and toll-like receptor (TLR) stim-
ulated peritoneal B-1 and B-2 cells. We report the expression of 24 nuclear
receptors in basal B-1 cells and 25 nuclear receptors in basal B-2 cells, with
in some cases dramatic changes in response to TLR 4 or TLR 2/1 stimulation.
Comparative nuclear receptor profiling between B-1 and peritoneal B-2 cells
reveals a highly concordant expression pattern, albeit at quantitatively dissim-
ilar levels. We also found that splenic B cells express 23 nuclear receptors.
This catalog of nuclear receptor expression in B-1 and B-2 cells provides data
to be utilized to better understand the specific roles of nuclear receptors in B

cell function, chronic inflammation and autoimmune disease.
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Introduction

Murine B cells are heterogeneous and comprised of various subsets
that can be distinguished by surface phenotype, anatomical localization, re-
quirement for activation, mode of replenishment, diversity of immunoglobulin
gene segment usage, and immunological function. Functionally B cells are
typically divided into the innate-like B-1 cells and marginal zone (MZ) B cells
versus adaptive B-2 cells, also known as follicular or conventional B cells (re-
viewed in (1)). B-1 cells are a primordial subset of B cells that secrete natural
antibodies that are not part of the adaptive immune system as they have no
memory, but rather harbor a strong component of the TLR dependent innate
immune response. Natural antibodies provide a rapid and preformed defense
against invading pathogens (2) and are hypothesized to fulfill a homeostatic
role by binding to apoptotic cells, mediating their rapid clearance (3). B-1 cells
themselves can be divided into at least two subsets based upon their expres-
sion of CD5 (B-1a are CD5+ and B-1b are CD5-) and are found predominately
in the peritoneal cavity and pleural space. Additionally, B-1 cells have been
suggested to fulfill a regulatory role, through the secretion of select cytokines
in inflammatory and immune diseases (4). Besides their role in innate im-
mune defense to common bacterial and viral pathogens, B-1 cells have been
implicated with both positive and negative roles in various autoimmune con-
ditions, inflammatory diseases (including atherosclerosis), and human B-cell
leukemias (2;5-7). B-2 cells re-circulate and are continually replenished from

bone marrow precursors cells. They are abundant in the spleen, lymph nodes,
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peripheral blood, and are also found in smaller numbers in the peritoneal and
pleural spaces. Through cooperation with T cells, they are stimulated to pro-
duce high-affinity antibodies, which constitute the adaptive humoral immune
response and are therefore critically important in host immune defense. As
both B-1 and B-2 cells fulfill vital roles in immunity, as well as pathological
roles in certain diseases, it is important to gain insight into the regulation of
these cells and possible strategies for pharmacologic manipulation. Because
nuclear receptors are a prototypic regulatory family that controls and inte-
grates the basic functions of many immune cells, the aim of this study is to
define the repertoire of expressed nuclear receptors in B-1 and B-2 cells.

Nuclear receptors are important regulators of gene transcription and
represent a significant class of pharmacological targets. Various studies have
documented their expression and roles in inflammation and immunity, partic-
ularly in macrophages or dendritic cells (8;9). Numerous reports have also
explored the role of individual nuclear receptors in lymphoid cells, but compar-
atively few studies have investigated the expression and role of the nuclear re-
ceptor superfamily as a whole in these cells. It has been reported that at least
twelve of the human nuclear receptors are expressed in various immune cells
including T and B lymphocytes (10). There is no report detailing the expression
or function of nuclear receptors in B-1 cells. Given the established impor-
tance of nuclear receptors in other immune cells, such as the macrophage, we
sought to identify the full complement of nuclear receptors expressed within
unstimulated and stimulated B-1 and B-2 cells.

Compared to conventional B-cells (B-2 cells), little is known regarding
the activation requirements and regulation of B-1 cells. Similar to B-2 cells,

they express Toll-like receptors (TLRs), but in response to TLR activation,
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they preferentially differentiate into immunoglobulin secreting plasma cells
(11). Toll-like receptors are “pattern recognition receptors” that sense both
exogenous and endogenous pathogens, and induce innate and adaptive
immunity (12;13). This study will focus on activation of B cells by two distinct
TLR agonists: Kdo2-Lipid A, which is a highly pure lipopolysaccharide (LPS)
sub-structure that activates TLR-4 (14), and Pam,CSK4, which is a synthetic
triacylated lipopeptide that activates the TLR-2 and TLR-1 complex (15). Intra-
cellular signaling through TLR-4 and TLR-2/1 involves the use of the MyD88
and Trif adaptor proteins. TLR4 uses both MyD88 and Trif cascades, whereas
TLR-2/1 signals exclusively via a MyD88 dependent pathway (12). B-1 cells
have been shown to proliferate and differentiate in response to TLR-4 and
TLR-2 specific ligands (11;16;17). TLR-4 activation has been shown to induce
the transcriptional repressor Blimp-1 mRNA in B-1 cells, which is necessary
for immunoglobulin secretion (18). In B-2 cells, TLR-4 and TLR-2 stimulation
have been shown to induce proliferation, cytokine secretion, and class switch
recombination (11;19-22). Comparison of the effects of TLR-2 and TLR-4
activation on nuclear receptor expression will enable future hypothesis driv-
en approaches to better understand B-1 and B-2 cellular responses to innate
immune signals.

Quantitative expression profiling in basal and TLR stimulated B-1 and
B-2 cells identified the expression of 24 and 25 nuclear receptors, respective-
ly. With a few notable exceptions, the same cohort of nuclear receptors was
expressed in both B-1 and B-2 cells, albeit in many cases at drastically differ-
ent levels. The robust changes observed in the temporal pattern of expression
of these receptors in response to either TLR-2/1 or TLR-4 stimulation suggests

that inflammatory signaling modulates the expression of many of the nuclear
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receptors in B cells. In the supplemental material we also provide comparative
data for nuclear receptor expression in B cells isolated from the spleen. This
report provides the first comprehensive study of nuclear receptors in B-1 and
B-2 cells and provides new data to better understand the biology and regula-

tion of these cells.

Results

Primary B-1 and B-2 cells were isolated from the peritoneal exudate
cells of 16 to 20-week old female C57BL/6 mice by fluorescent activated cell
sorting. B-1 cells were purified to greater than 98% purity as the CD3-, CD19*,
and CD23 population, whereas B-2 cells were purified to greater than 97% pu-
rity as the CD3-, CD19*, and CD23* population (Fig. 2-1). The purified B-1 or
B-2 cells were then exposed to media containing Kdo2-Lipid A or Pam,CSK4
and the expression of the 49 murine nuclear receptors was assessed over a
72h time course using a high-throughput gPCR platform. RNA was isolated
from cells harvested at 0, 6, 24, and 72h after stimulation (Fig. 2-1) along with
a parallel set of control samples from non-stimulated B-1 cells. We attempted
to maintain a parallel set of B-2 cells in culture in the absence of stimulation,
but the cells did not survive the duration of the experiment, consistent with the

known requirement for stimulation of B-2 cells in culture.

The Atlas of B-1 and B-2 cell Nuclear Receptors

Gene expression analysis of the nuclear receptor superfamily in B-1
cells revealed the presence of mMRNA transcripts for 24 of the 49 known recep-
tors. These include eight members of the endocrine receptor family, which are

activated by high affinity lipophilic hormones, six adopted orphan receptors,
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Fig.2-1 Experimental Design Peritoneal B-1 or B-2 cells were isolated from CB57BL6/J mice
using Fluorescence Activated Cell Sorting (FACS). B-1 cells were selected as CD3- (gate
not shown), CD19+ and CD23-, and B-2 cells as CD3- (gate not shown), CD19+ and CD23+.
Primary B-1 or B-2 cells were exposed to Kdo2-Lipid A or Pam3CysK4 and harvested at the
indicated time points. Samples were processed and subjected to quantitative PCR analysis.

which are activated by low-affinity dietary lipids, and ten orphan receptors,
including six constitutive activators and four constitutive repressors (Fig. 2-2A)
(23). Figure 2-2B tabulates the expressed and non-expressed receptors in
B-1 cells according to their classification along with their nomenclature. (The
mean cycle threshold (Ct) values from gPCR reactions for these measure-
ments are given in a Supplemental Table 2-1).

Qualitatively, peritoneal B-2 cells express a similar assortment of nu-
clear receptors in comparison to peritoneal B-1 cells, with a few notable ex-
ceptions (Fig. 2-2C-D). B-2 cells were found to express 25 of the 49 murine
nuclear receptors, including ten endocrine receptors, five adopted orphan
receptors, and ten orphan receptors, comprised of six constitutive activators
and four constitutive repressors. Notably, mRNA transcripts for the androgen
receptor (AR) were expressed more abundantly and consistently in B-2 cells,

whereas they were only detected sporadically in B-1 cells. Additionally, RAR,
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Fig.2-2 The Composition of Nuclear Receptors Expressed in Peritoneal B-1 and B-2
cells. A, Twenty-four of 49 known nuclear receptors are expressed in the peritoneal B-1 cell.
These include eight endocrine receptors, six adopted orphan receptors that bind low-affinity
dietary lipids, and ten orphan receptors, including six constitutive activators and four constitu-
tive repressors. B,D, Tabular listing of nuclear receptors expressed or non-expressed in (B)
peritoneal B-1 cells or (D) peritoneal B-2 cells with their unified nomenclature system names
listed in parentheses (94). C, Twenty-five of 49 known nuclear receptors are expressed in
peritoneal B-2 cells. These include ten endocrine receptors, five adopted orphan receptors
that bind low-affinity dietary lipids, and ten orphan receptors, including six constitutive activa-
tors and four constitutive repressors. Receptors were deemed unexpressed if cycle thresh-
old (Ct) values exceeded 35. The actual Ct values are given in the Supplemental Table 2-1
in comparison to simultaneously determined Ct values for the same receptors in splenic B
cells and bone marrow derived macrophages. *Trace or inconsistent expression detectable.

which was detected intermittently at trace levels in B-1 cells, was expressed
more consistently and abundantly in B-2 cells. Finally, whereas LXRa was
expressed at low levels in B-1 cells (average Ct value 34.8), its expression in
B-2 cells (average Ct value 35.2) was still lower and below the cut off to be
classified as expressed. Stimulation with Kdo2-Lipid A or Pam,CSK4 dramat-
ically and uniquely altered the quantitative pattern of receptor expression in

both peritoneal B-1 and B-2 cells over time.
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Basal expression of nuclear receptors in B-1 and B-2 cells in the ab-
sence of stimulation.

A quantitative comparison of the basal expression levels at time 0
of mutually expressed nuclear receptors between basal peritoneal B-1 and
B-2 cells reveals markedly disparate expression patterns for most receptors
(Fig. 2-3). Notably, it was observed that thyroid receptor beta (TRB) and TRa
were expressed at over 20-fold and 4-fold higher levels respectively in peri-
toneal B-2 than in B-1 cells. Interestingly, TRa knock-out mice or mice that
have impaired thyroid hormone production display impaired B cell develop-
ment (24;25). Nearly all of the NRs were expressed more abundantly in B-2

cells than in B-1 cells, with peroxisome-proliferator activated receptor alpha

RARalpha
RARgamma
TRalpha

TRbeta |
VDR

LXRbeta
PPARalpha
PPARdelta
RXRalpha
RXRbeta
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LRH-1
NGF1beta
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Fig.2-3 Relative Nuclear Receptor Expression in Basal B-2 cells versus Basal B-1
cells. Basal expression at time zero (normalized to 36B4) in peritoneal B-2 cells relative
to peritoneal B-1 cells. B-2 cells displayed moderately higher expression of many of the
nuclear receptors and marked enhanced expression of RARB, TRB, LRH-1 and RORBR.
In contrast, MR and PPARa expression levels were dramatically higher in B-1 cells.
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(PPARa) and the mineralocorticoid receptor (MR) being the exceptions. MR
expression levels in B-1 cells were about 4-fold higher than in B-2 cells. This
finding suggests that the MR may be playing a prominent role specifically in
B-1 cell biology. In contrast, it is interesting to also note that B-2 cells express
twice the levels of the glucocorticoid receptor (GR). Since MR and GR both
bind glucocorticoids, it will be of interest to investigate whether the dissimilar
expression levels of these receptors results in unique gene expression pat-
terns when stimulated. The analysis of the quantitative pattern of nuclear re-
ceptor gene expression in B-1 versus B-2 cells has great potential for uncover-
ing the roles of these receptors in these related but distinct immune cell types.

As noted above, we were unable to maintain B-2 cells in culture in the
absence of TLR stimulation over the 72h time course of study. However, B-1
cells could be maintained in culture in the absence of stimulation (Fig 2-4A),
and the expression patterns of nuclear receptors in these cells maintained in
fresh media in the absence of either Kdo2-Lipid A or Pam,CSK4 were found
to be quite dynamic over the entire 72h time period. This dynamic expression
is perhaps due to the reduction in serum concentration (from 20% to 10%)
at the time the cells were placed in the media for the beginning of the time
course experiment, or a response to the accumulation of metabolites during
the experiment, or could be due to natural circadian patterns of expression.

In the text below, we discuss nuclear receptor expression in B-1 and
B-2 cells according to the “Receptor Family” classification scheme noted in
Fig. 2-2 and comment on basal expression and responses to TLR stimulation
of some but not all of the expressed receptors. Finally, we provide a profile of
basal levels of nuclear receptor expression in a population of splenic B cells,

and their responses to stimulation with TLR4 and TLR2 agonists.
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Fig.2-4 Basal and Stimulated Expression Profiles of B-1 Cell Endocrine Nuclear Re-
ceptors. A,D, Endocrine receptors in basal peritoneal B-1 cells generally display dynamic
expression. ERa and TR display an initial peak in expression followed by down regulation.
GR, MR, RARy, TRa and VDR generally upregulate expression over time. RARa expres-
sion is not altered. B,E, Kdo2-Lipid A appears to induce the expression of TR and VDR.
It has no effect on ERa or TRa expression levels. MR and RARy were initially down regu-
lated but then had increasing expression at subsequent time points. GR and RARa were
down regulated. C,F, Pam3CSK4 had the same general effect as Kdo2-Lipid A on GR, MR,
RARa, RARy, TRB, and VDR expression. TRa was upregulated and ERa was down reg-
ulated. Basal expression at time zero (normalized to 36B4) was assigned an expression
value of 100, and subsequent time points are relative to time zero. Error bars represent SD.
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The Endocrine Receptor Family

Eight of the 12 members of the endocrine receptor family are expressed
in B-1 cells (Fig. 2-2A-B), including the estrogen receptor a (ERa), glucocorti-
coid receptor (GR), mineralocorticoid receptor (MR), retinoic acid receptors a
and y (RARa,y), thyroid receptors a and B (TRa,), and the vitamin D receptor
(VDR). In B-2 cells, two additional receptors were expressed, (Fig. 2-2C-D),
the androgen receptor (AR) and the retinoic acid receptor B (RARB). Proges-
terone receptor (PR) expression was also minimally detectable in 50% of the
samples with an average Ct value of 33.8.

The RAR receptors are activated by acid derivatives of vitamin A and
form heterodimers with the adopted orphan retinoid X receptors (RXRs) and
bind to retinoic acid response elements. It is estimated that retinoic acid medi-
ated activation of RAR/RXRs directly regulates more than 100 genes (26). In
our B-1 cell culture system, in the absence of stimulation, RARa expression in-
creased slightly over time whereas RARY expression was increased 2.5 times
above basal at the 24h and 72h time points (Fig. 2-4A,D). Treatment with
Kdo2-Lipid A and Pam,CSK4 caused a reduction in RARa expression at later
time points, whereas RARy expression was down regulated early but later
recovered (Fig. 2-4B,C,E,F). Very similar expression patterns were observed
in B-2 cells (Fig 2-5). RARP expression was only slightly detectable in B-1
cells and was expressed inconsistently among replicates (data not shown).

In B-2 cells on the other hand, RARB was consistently detectable but only in
unstimulated cells (Fig. 2-5C-D). It is generally believed that vitamin A and its
derivatives acting predominantly through RARs are important for maintaining
and stimulating the immune system and protecting against infectious diseas-

es (27). It has been reported that RARa and RARYy are expressed in human
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Fig.2-5 Stimulated Expression Profiles of B-2 Cell Endocrine Nuclear Receptors. A,C,
Treatment of peritoneal B-2 cells with KDO2-LipidA, a TLR4 ligand. This led to a general
down-regulation of ERa, GR, MR, RARaq, B, y, and TRa mRNA levels. AR and TR mRNA
levels were initially up-regulated followed by subsequent down regulation. VDR expression
levels slightly decreased initially but increased at later time points. B,D, Treatment with
Pam3CSK4, a TLR2/1 ligand. It had the same general effect as KDO2-LipidA on ERa, GR,
RARa, B, y and VDR expression. AR, MR, TRa and 3 displayed a peak in expression at the 72
h time point. Basal expression at time zero (normalized to 36B4) was assigned an expression
value of 100, and subsequent time points are relative to time zero. Error bars represent SD.

lymphocytes, including B and T cells (28). Various human and animal studies
have demonstrated a regulatory capacity of retinoids on antibody responses
(29). In vitro studies have demonstrated that retinoic acid can induce differen-
tiation and increase antibody production of human B cell derived hybridomas
and mouse splenic B cells (30;31). Interestingly, it has been shown that ret-
inoic acid is able to induce a marked increase in IgM secretion from human

umbilical cord blood mononuclear cells, a hypothesized human equivalent to
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mouse B-1 cells (32). This leads to the interesting hypothesis that RARa and
RARy may play an important role in regulating the spontaneous secretion of
natural antibodies from B-1 cells.

The GR and MR nuclear receptors were expressed in both basal and
stimulated B-1 cells. Unstimulated B-1 cells displayed increasing levels of
expression of both GR and MR over time. By the 72h time point, GR expres-
sion levels had more than doubled whereas MR expression had increased by
almost 4-fold (Fig. 2-4A). When B-1 cells were stimulated with Kdo2-Lipid A,
GR expression was reduced to 50% of basal levels and MR expression was
initially reduced to 25% of basal levels after six hours, but only 75% of basal
levels after 24h (Fig. 2-4B). Stimulation with Pam,CSK4 qualitatively had a
similar inhibitory effect over time on both GR and MR expression in B-1 cells.
After six hours, MR expression was more profoundly inhibited by Pam,CSK4
than Kdo2-Lipid A (Fig. 2-4C). Notably, the expression level of MR in basal
B-1 cells was strikingly higher than that observed in basal bone marrow de-
rived macrophages (Supplemental Table 2-1) or peritoneal macrophages (data
not shown).

The closely related GR and MR direct distinct, almost opposing tran-
scriptional programs; generally GR activation is anti-inflammatory and MR
activation is pro-inflammatory. Amazingly this occurs despite the fact that they
bind the same DNA response elements (33). Furthermore, MR is equally sen-
sitive to glucocorticoids and mineralocorticoids (34). The mechanism of MR or
GR specificity is poorly understood, but on a cellular level it is accomplished
by the activity of 113-hydroxysteroid dehydrogenase type 2 (11HSD2), which
inactivates glucocorticoids. Cells that strongly express 11HSD2 metabolize

glucocorticoids and are therefore selectively sensitive to mineralocorticoids
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through the MR (35). Interestingly, 11HSD2 is expressed at very low levels in
resting or TLR-4 stimulated B-1 cells (data not shown). Given the facts that
the concentration of free glucocorticoids are approximately 100-fold higher
than mineralocorticoids in the plasma and that the expression of 11HSD2 is
extremely low in B-1 cells, it is likely that circulating glucocorticoids activate
the MR in B-1 cells. It remains to be investigated whether mineralocorticoids
and glucocorticoids have distinct effects on B-1 cell function.

The function of MR in B-1 cells, as well as most other immune cells is
completely unknown. However, both experimental and clinical data demon-
strate that aldosterone promotes inflammatory damage to the heart, kidneys,
and vasculature (36;37). Recent reports document that MR augments the
capacity of dendritic cells to activate CD8* T cells and induce a Th17 pheno-
type on antigen-specific CD4* T cells and that myeloid MR controls macro-
phage polarization and promotes cardiac hypertrophy and fibrosis in various
animal models (38-40). By contrast, the GR and glucocorticoids have well
established anti-inflammatory and immunosuppressive effects. These effects
are well documented in T cells and B cells in general, but no reports document
specific effects of glucocorticoids on B-1 cells. Interestingly, stimulation of
macrophages with the TLR-4 agonist LPS led to induction of GR expression
after 4-8h (8), whereas TLR-4 stimulation in B-1 and B-2 cells had the oppo-
site effect of moderately inhibiting GR expression (Figs. 2-4B & 2-5A). This
suggests that the MR and GR may play a distinct role in modulating inflamma-
tion in macrophages versus B-1 and B-2 cells.

Although vitamin D is most commonly associated with calcium and
phosphorous metabolism, it also modulates inflammation. In our B-1 cell

culture system its expression increased dramatically over time in the absence
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and presence of TLR stimuli (Fig. 2-4 D-F). Unstimulated B-1 cells demon-
strated 4-fold to 10-fold increases in VDR expression over the 72h time period.
Kdo2-Lipid A stimulated B-1 cells had a 10- to 15-fold increase in VDR expres-
sion at the 24h and 72h time points, whereas Pam,CSK4 stimulation led to a
consistent 6- to 7-fold increase in expression. In B-2 cells, TLR stimulation
similarly induced VDR expression but to a more modest extent (Fig. 2-5C-D).
It is postulated that vitamin D can act in a paracrine fashion in an immune or
inflammatory setting (41). Macrophages stimulated by interferon-y as well as
other cytokines can rapidly produce vitamin D (1a,25-(OH),D,), which in turn is
thought to modulate immune function at the site of inflammation (42;43). The
locally produced 1a,25-(OH),D, is hypothesized to then act on activated T and
B cells, as these cells (and not quiescent human T and B cells) have been
shown to express VDR (44). Our finding that basal murine B-1 and B-2 cells
as well as TLR-activated murine B cells express the VDR leads to the interest-
ing hypothesis that mouse peritoneal B-1 and B-2 cells are sensitive to vitamin
D immunoregulation regardless of activation status.

The AR was modestly expressed in B-2 cells, but not B-1 cells (Figs.
2-2 and 2-5A). The AR is activated by circulating testosterone, which is known
to suppress most aspects of immune activity. Interestingly, castration of male
mice results in increased B cell numbers in peripheral blood (45). Reports
indicate that AR is expressed in developing B cells in the bone marrow but not
in mature B cells in the spleen (46;47), consistent with our failure to observe
AR in murine splenic B cells (Suppl. Fig 2-1). Purportedly, testosterone act-
ing through the AR inhibits B cell development (48). The AR was expressed
at relatively low levels (average Ct= 30.9) in unstimulated murine peritoneal

B-2 cells (Fig. 2-5A-B), but KDOZ2-LipidA induced a near 2-fold increase in AR
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mMRNA levels by 6h, which then decreased over time to roughly 50% of base-
line levels by 72h. Stimulation with Pam,Cysk4 had a very similar effect at the
6h and 24h time points, but displayed approximately 150% higher expression
levels at 72h compared to baseline (Fig. 2-5B). As B-1 cells (Fig. 2-2B) and
splenic B cells (Suppl. Fig. 2-1) had very inconsistent and/or trace expression
of AR it will be interesting to test if and how androgens affect peritoneal B-2
cells versus other B cell subsets.

ERaq, but not ERB, was expressed in both B-1 and B-2 cells, and to a
greater degree in peritoneal B-2 cells (Figs 2-2 and 2-3). ERa is a high affinity
cellular sensor for circulating estrogens, which are recognized as immuno-
modulatory hormones with specific effects on B cell development and function.
Pregnancy has been shown to lead to a reduction in B lymphopoiesis that can
be recapitulated by a single injection of estrogen (49). This effect appears
to be at least in part mediated through progenitor B cells themselves as both
ERa and ERP are expressed in these cells (50). Interestingly, whereas estro-
gens appear to inhibit progenitor B cell development, they appear to enhance
the immune response of mature B cells. This enhancement is manifest in hu-
man B cells by increased immunoglobulin production without affecting cell pro-
liferation or viability (51). Additionally, estradiol has been observed to endow
murine splenic B cells with a resistance to apoptosis induced by IgM-crosslink-
ing (52). In contrast to reports documenting the expression of both ERa and
ERP in mature murine splenic B cells and human B cells (52;53), we report the
expression of only the ERa in murine peritoneal B-1, B-2 and splenic B cells
(Fig. 2-2C-D, Suppl. Fig. 2-1). Our failure to observe ERf( expression in ma-
ture B cells may be specific for the C57BL/6 mouse strain as B cells of Bal-

b/c mice have been reported to express it (52). The expression of ERa was
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quickly and consistently down regulated by both TLR4 and TLR2/1 in B-2 cells
(Fig 2-5A-B). This is intriguing, as both ER activation and TLR signaling are
reported to induce an increase in immunoglobulin production in B cells, with
the difference being that TLR activation also induces a strong proliferative re-
sponse. TLR stimulation seems to have less of an effect or at least a delayed
inhibitory effect on ERa expression in B-1 cells (Fig. 2-4B-C). Comparing the
mechanism of the ER versus TLR induced immunoglobulin response in B cells
could potentially lead to a better understanding of the cellular mechanisms
regulating this important process, and potential gender differences.

Thyroid hormones have pleiotropic effects on differentiation, growth,
and metabolism (reviewed in (54)). The effects of these hormones are mediat-
ed by binding to TRa or TR, with virtually all body tissues expressing at least
one splice variant of these receptors (55;56), whose relative expression level
differ between tissues and cell types. TRa or TR have documented roles in
the development and/or physiological function of bone, heart, fat, liver, pitu-
itary, and brain tissue. There is a paucity of information regarding the expres-
sion and function of thyroid hormone receptors in specific cells of the immune
system, including B cells. Both TRa and TRp were expressed in peritoneal
B-1 and B-2 cells (Fig. 2-2), with remarkably higher levels in B-2 cells, TRa >
4 fold, and TRB >20 fold (Fig. 2-3). TRa was robustly expressed in unstimu-
lated B-2 cells and was down regulated by the addition of KDO2-LipidA (Fig.
2-5C). Pam,Cysk4 treatment also downregulated TRa expression, except at
the 72h time point, where a 3-fold increase in expression above basal levels
was observed (Fig. 2-5D). In response to TLR4 activation, TR expression
was increased 2-fold, but appeared to be suppressed with more prolonged

stimulation. TLR2/1 stimulated TR in a biphasic manner, increasing expres-
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sion 2-fold at 6h and 72h compared to baseline (Fig. 2-5D). TLR stimulation
had a very distinct effect on TRa and 3 expression patterns in B-1 cells, which
consistently displayed a large peak in expression at the 72h time point (Fig.
2-4B-C). Studies exploring the effect of thyroid hormone on B cells are espe-
cially provocative in the context of autoimmune-mediated Graves’ disease, in
which activating auto-antibodies specific for the thyrotrophin receptor stimu-
late the thyroid gland, resulting in unregulated excessive production of thyroid
hormone, producing thyrotoxicosis. It is unclear what effect the resultant high

levels of thyroid hormone in turn have on the auto-antibody producing B cells.

The Adopted Orphan Receptor Family

Adopted orphan receptors respond to dietary lipids and their metabolic
derivatives, such as fatty acids (PPARs), oxysterols (LXRs), and bile acids
(FXR), as well as to xenobiotics (PXR and CAR) (23). They function as het-
erodimers with the retinoid x receptor (RXR) to regulate lipid metabolism, stor-
age, transport, and elimination. Adopted orphan receptors bind their ligands
with lower affinities than concentrations normally generated by dietary intake
(>1 to 10uM), and for this reason they are thought to act as cellular lipid sen-
sors, where their “specific” ligands are locally more concentrated (23). Impor-
tantly, various PPARs and LXRs have been found to be prominent regulators
of inflammation.

Six adopted orphan receptors are expressed in the B-1 cell, including
PPARa and 8, LXRa and 3, and RXRa and B (Fig. 2-2A & B). PPARYy expres-
sion was barely detectable in about half of the samples and had an average Ct
value of 34.1. Five adopted orphan receptors are expressed in peritoneal B-2

cells, including PPARa and 9, LXR B, and RXRa and 8 (Fig. 2-2C-D). Expres-
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sion of LXRa and PPARYy were also detectable at trace levels. For mutually
expressed receptors, basal levels were generally 1 to 3-fold higher in B-2 cells
(Fig. 2-3).

PPARa is generally expressed in tissues with high mitochondrial and
peroxisomal fatty acid beta-oxidation rates, such as heart and skeletal muscle,
liver, kidney, and brown fat (57). Furthermore, expression of PPARa has been
observed in many cells of the immune system, including lymphocytes (58;59).
The activation of PPARa has a general anti-inflammatory effect, which in lym-
phocytes is manifested by decreased proliferation, altered cytokine production,
and impaired immunoglobulin responses (60;61). PPARa is the primary medi-
ator of the cholesterol and lipid modulating effects of the fibrate class of drugs.
Fibrates oppose the effects of TLR activation by inducing the mRNA and
protein expression of IkBa, which prevents NFkB inflammatory signaling by
inhibiting its translocation to the nucleus (62). B-1 cells cultured without TLR
stimulation displayed dynamic expression of PPARa; expression was slightly
decreased after six hours but increased sharply to 3-fold baseline levels at the
24h time point and then fell to near baseline levels at the 72h time point (Fig.
2-6A). Treatment with either Kdo2-Lipid A or Pam_,CSK4 dramatically altered
the temporal pattern of PPARa mRNA expression: Kdo2-Lipid A had an inhib-
itory effect until the 72h time point, at which point PPARa expression levels
spiked to near 15-fold baseline (Fig. 2-6B). Pam,CSK4 on the other hand had
a moderate but consistent inhibitory effect on PPARa expression (Fig. 2-6C).
This is the first evidence that PPARa may play a role in regulating the function
of B-1 cells. Treatment of B-2 cells with TLR agonists induced slightly differ-
ent temporal patterns of PPARa mRNA expression: KDO2-LipidA induced an

oscillatory pattern of expression with peaks of 150% and 300% above baseline
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Fig.2-6 Basal and Stimulated Expression Profiles of B-1 Cell Adopted Orphan Nucle-
ar Receptors. A, Adopted orphan receptors in basal peritoneal B-1 cells generally display
increasing levels of expression over time. PPARa expression was dynamic. B, Kdo2-Lipid
A enhanced the expression of PPAR® and RXRa, whereas LXRB, PPARa, and RXR( ex-
pression was generally unaffected. C, Pam3CSK4 induced the expression of PPARd and
RXRa, had minimal effect on LXRB and RXRp, and inhibited the expression of PPARa.
Basal expression at time zero (normalized to 36B4) was assigned an expression val-
ue of 100, and subsequent time points are relative to time zero. Error bars represent SD.

at 6h and 72h respectively. Pam,CSK4 on the other hand had a moderate but
consistent inhibitory effect on PPARa expression until the 72h time point, at
which time expression peaked to 250% above baseline (Fig. 2-7A-B). Inter-
estingly, the level of PPARa is higher in B-1 cells than B-2 cell (Fig. 2-3). Ad-
ditionally, it has been reported that PPARa is more highly expressed in splenic
B cells than in T-lymphocytes (58;59), and remarkably, in our study, splenic
B cells expressed > 10-fold higher levels of PPARa than peritoneal B-2 cells
(Suppl. Fig. 2-2). It will be interesting to investigate whether fibrates affect
splenic B cells preferentially, compared to other lymphocytes due to the high
levels of expression PPARa in these cells.

PPARDJ, unlike PPARa or vy, is almost ubiquitously expressed and has

been shown to play a role in regulating fatty acid catabolism and thermogen-
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Fig.2-7 Stimulated Expression Profiles of B-2 Cell Adopted Orphan Nuclear Receptors.
A, Treatment with KDO2-LipidA. Adopted orphan receptors in stimulated peritoneal B-2 cells
displayed decreasing expressionlevels of LXRB, RXRa, and RXRp whereas PPARa expression
was increased and PPAR®S expression was unaffected. B, Pam3CSK4 treatment had the same
general effectas KDO2-LipidAon all nuclear receptors except PPARS which displayed dynamic
expression. Basal expression at time zero (normalized to 36B4) was assigned an expression
value of 100, and subsequent time points are relative to time zero. Error bars represent SD.

esis in adipose and skeletal muscle (63). Furthermore, the role of PPARd

in regulating inflammation and immunity is only now emerging, with studies
recently showing that it modulates inflammation in skin as well as macro-
phages, adipose tissue, and muscle (63-66). Besides the macrophage, very
little is known regarding PPAR®S function in immune cells, such as lymphocytes
or dendritic cells. PPAR® mRNA has been measured in human CD4+ and
CD8+ T-cells and CD19+ B cells, but its distinct role in these cells is unknown
(10). Using the human Jurkat T cell line, it was shown that a PPAR®S ligand
enhanced T-cell proliferation and inhibited apoptosis (67). We were able to
detect the presence of PPARS mRNA in both basal and TLR stimulated B-1
cells. Basal levels of PPAR® mRNA increased progressively during 72h in
culture, and this increase was essentially unchanged by Kdo2-Lipid A stimula-
tion and slightly attenuated by Pam,CSK4 (Fig. 2-6A-C). Basal PPARS mRNA
levels in B-2 cells were about twice that of B-1 cells and TLR4 or TLR2/1 stim-

ulation had minimal effect on PPAR® expression levels, except at the 6h time



53

point where PPAR® mRNA levels were slightly decreased by KDO2-LipidA and
slightly increased by Pam ,CSK4 (Figs. 2-3 & 2-7A-B). What role if any PPARS
fulfills in B cells remains to be elucidated.

The Liver X receptors (LXR) function as cellular cholesterol sensors
that respond to elevated oxysterol concentrations by regulating genes that
control cholesterol transport into and out of the cell, thus impacting cellular
cholesterol levels, as well as bile acid production, and fatty acid synthesis
(reviewed in (23)). LXRa is expressed in the liver as well as other tissues
including adipose, kidney, intestine, lung, adrenals, and macrophages, where-
as LXRp is expressed ubiquitously (8;68). The activation of LXR in murine
splenic B and T cells has been shown to inhibit their proliferation by limiting
cellular cholesterol levels, demonstrating that LXR signaling is important in
the proliferative responses of lymphocytes (69). Mirroring what has been
observed for murine splenic B-cells; B-1 cells express high levels of LXR[(
(average Ct value of 23.6) and barely detectable levels of LXRa (average Ct
value of 34.8). B-2 cells expressed slightly higher levels of LXRB and slightly
lower levels of LXRa. In unstimulated B-1 cells, LXRB expression consistently
increased over time, rising close to 4-fold above baseline by 72h (Fig. 2-6A).
Interestingly, treatment of B-1 cells with Kdo2-Lipid A or Pam,CSK4 did not
appreciably alter the levels of LXRB mRNA (Fig. 2-6B-C). TLR stimulation
of B-2 cells led to a modest downward trend in LXR mRNA levels over time
(Fig. 2-7A-B). In response to certain mitogenic stimuli, B-1 cells are capable
of entering S phase much more rapidly than B-2 cells (70) . This leads to the
interesting question of whether there are differences in LXR signaling between

B cell subsets that in turn affect their mitogenic characteristics.
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The Orphan Nuclear Receptor Family

B-1 cells expressed ten of the 25 orphan nuclear receptor (Fig. 2-2B).
This includes six constitutive activators: estrogen-related receptor (ERR) 1, liv-
er receptor homolog (LRH) 1, neuronal growth factor 18 (NGFIB), neuron-de-
rived orphan A receptor (NOR) 1, nuclear receptor-related (NURR) 1, and
RAR-related orphan receptor (ROR) 8; as well as four constitutive repressors:
Rev-erb a and (3 (recently considered to be ‘de-orphanized’ based on their
ability to bind heme (71)) and the testicular orphan receptors TR2 and TR4.
The function of any of these orphan receptors in B-1 cells is entirely unknown.
Peritoneal B-2 cells expressed the same ten orphan receptors (Fig. 2-2D).

In general, the basal levels of all these receptors were higher in B-2
cells than B-1 cells, and in particular, NURR1 and RORDb were expressed
>10-fold higher (Fig. 2-3). The NR4A orphan nuclear receptor subgroup
consisting of NGFIb, NURR1, and NOR1 displayed a remarkable increase
in expression levels from the zero to six hour time points with or without TLR
stimulation in B-1 cells (Fig. 2-6A-C). NGFIb (also known as Nur77, TR3,
NAK1, and eight other names) is an immediate early serum-induced gene
(72), which is also upregulated in activated B- and T-cells (73;74). NGFIb has
been shown to promote apoptosis independent of caspase activation through
association with Bcl-2 proteins during translocation to the mitochondria (75).
Notably, by promoting apoptosis, NGFIb is thought to play a prominent role
in regulating T cell negative selection (76). Much less is known regarding the
role of NGFIb in B cells, nevertheless, it has been shown that Bcl-B, a mem-
ber of the apoptosis regulating Bcl-2 family of proteins, binds to NGFIb and
is strongly expressed in follicular B cells (centrocytes and centroblasts) and

plasma cells (77). NGFIb expression changed dramatically in unstimulated
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B-1 cells, peaking at 6h with a 7 to 10-fold increase above baseline levels

and then returning to near baseline levels at later time points; this pattern was
observed in the absence or presence of Kdo2-Lipid A or Pam,CSK4 stimula-
tion (Fig. 2-8A-C). A very similar pattern was observed in TLR stimulated B-2
cells (Fig. 2-9A-B). Nor1 expression in unstimulated B-1 cells increased by a
remarkable 50 to 80-fold above initial values and unlike other NR4A receptors,
this dramatically increased level of expression was sustained for the duration
of the experiment. Stimulation with Kdo2-Lipid A led to a small increase at 6h
compared to unstimulated cells, but marked inhibition of Nor1 expression by
24h of incubation. Whereas Pam,CSK4 treatment increased Nor1 expression
4 to 5-fold above unstimulated cells at the 6h time point (Fig. 2-8A-C), there
was apparent suppression at 24h and 72h. Again, very similar patterns were
observed in stimulated B-2 cells (Fig. 2-9A-B). Nurr1 mRNA levels may be
lower than that of the other NR4A receptors as expression analysis resulted in
a notably larger Ct value (Suppl. Table 2-1); nevertheless, in response to TLR4
activation it displayed a robust ~25-fold induction within 6h but resolving back
toward basal by 3 days. In response to TLR2 activation a different pattern was
seen with a remarkable 150-fold increase in levels at 24h, which then returned
to basal levels by 72h. Unlike the other NR4A receptors Nurr1 had a unique
expression pattern in stimulated B-2 cells, highlighted by a biphasic induction
by TLR stimulation of 20-fold and 40-fold after 6h and 72h, respectively (Fig.
2-9A-B). It has been proposed that in response to extracellular signals, NG-
FIB and other NR4A receptors interact with NFKB and glucocorticoid signaling
cascades to function as modulators of cell fate decisions to affect activation,

differentiation, or cell death through apoptotic or non-apoptotic pathways (78).
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tors. A, Orphan receptors activators in basal peritoneal B1 cells generally display dynamic
expression. LRH-1 and NOR-1 increased expression over time. NGF1-B and NURR-1 had
dramatically increased expression at 6h followed by decreasing expression. ERR-1 expres-
sion had minimal change over time. B, Kdo2-LipidA caused modest down regulation of ERR-
1 expression and induced expression of LRH-1. It strongly induced expression of NGF1-8,
NOR-1, and NURR-1 at 6h followed by decreasing expression. C, Pam3CSK4 induced many
of the same general effects as Kdo2-Lipid A on the expression of ERR-1, NGF1-3, and NOR-
1. LRH-1 expression was only strongly induced at 6h time point and induction of NURR-1
was delayed until the 24h time point. D, Orphan receptors repressors in basal peritoneal
B-1 cells generally display increasing expression over time, Reverb-a expression peaked at
6h and decreased thereafter. E, Kdo2-Lipid A inhibited Reverba and 3 expression at later
time points and had minimal effect on TR2 and TR4 expression. F, Pam3CSK4 induced
many of the same general effects as Kdo2-Lipid A on the expression of Reverb-a, -3, TR2
and TR4. Basal expression at time zero (normalized to 36B4) was assigned an expression
value of 100, and subsequent time points are relative to time zero. Error bars represent SD.
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RAR-related receptor (ROR) beta is reported to have a restricted
expression pattern that is limited to certain regions of the brain and retina
(79;80). Nevertheless, we report the expression of ROR in peritoneal B-1
cells (Figs. 2-2 & 2-8), although its function in B-1 cells is entirely unknown.
ROR purportedly plays an important role in early rod photoreceptor fate
decision during retinal development (81). The expression pattern of ROR(
in the brain suggests that it may be involved in regulating cells that process
sensory information (82). RORP null mice exhibit motor defects, neurological
reflex impairment, olfactory deficits, as well as several behavioral changes
(83). Remarkably, unstimulated B-1 cells displayed a large induction of ROR(
expression over time in culture, peaking at 72h with a 15-fold increase over
baseline (Fig. 2-8A). Compared to the basal time course, stimulation with
either Kdo2-Lipid A or Pam,CSK4 led to a biphasic response in which ROR
expression increased at 6h and 72h, but decreased at 24h (Fig 2-8B-C).
Unstimulated B-2 cells express 13-fold higher levels of ROR than B-1 cells
(Fig. 2-3) and this high level of expression is dramatically reduced by TLR
stimulation (Fig. 2-9A-B). The novel findings of robust expression of ROR(
in B cells, which increases dramatically over time in culture in the absence of
activation (at least in B-1 cells) as well as the complex patterns of expression
in response to TLR 4 and 2 activation suggest an important role for this nucle-
ar receptor in B-1 and B-2 cell function. It will be of great interest to determine
what function(s) it might play in these cells.

Rev-erb a and (3 are thought to act exclusively as constitutive repres-
sors of transcription as they lack the interaction domain responsible for associ-
ation with coactivator molecules (84). Both receptors are involved in circadian

regulation and are important in lipid metabolism (reviewed in (71)). Reports
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Fig.2-9 Stimulated Expression Profiles of B-2 Cell Orphan Nuclear Receptors. A,C,
Treatment with KDO2-LipidA. Orphan receptors in stimulated peritoneal B2 cells displayed
dynamic expression. ERR-1, Reverb-a, Reverb-, ROR-3, TR2, TR4 displayed decreasing
levels of expression overtime. LRH-1, NGF1-8, NOR-1, and NURR-1 showed peaks of ex-
pression at subsequent time points. B,D, Treatment with Pam3CSK4 induced many of the
same general effects as KDO2-LipidA on the expression of most of the orphan nuclear recep-
tors. LRH-1 expression was not induced at the 24h time point and NURR-1 expression did not
peak at 72h. Basal expression at time zero (normalized to 36B4) was assigned an expression
value of 100, and subsequent time points are relative to time zero. Error bars represent SD.

document the expression of Rev-erb a in mouse and human B cells and Rev-
erb B in human B cells (10;85). Concordantly, we report that both Rev-erb a
and B are expressed in both B-1 and B-2 cells, with slightly greater expres-
sion in B-2 cells (Fig. 2-3). Within B-1 cells, Rev-erb a and  showed marked
increases in expression in culture even in the absence of stimulation, particu-
larly Reverb B, which increased 15-fold. In response to TLR stimulation there
was a general decrease in expression over time (Fig 2-8D-F). Similarly, in B-2
cells, the expression of both Rev-erb receptors was inhibited by TLR stimu-
lation over the 72h time course (Fig. 2-9 C-D). There is evidence for a role

for Rev-erb nuclear receptors in regulation of inflammation as Rev-erb a over
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expression in smooth muscle cells induces NF-kB signaling and proinflamma-
tory cytokine expression (86). Additionally, it has been demonstrated that Rev-
erb a in a negative feedback loop represses the induction of TLR4 expression
by LXR signaling in human macrophages (87). It remains to be investigated
whether Rev-erb activity can modulate inflammatory signaling and immune
responses in B cells.

ERR1 has pleiotropic effects on metabolism and is a major effector of
the coactivators PGC-1a/pB in specific tissues such as the heart, brown ad-
ipose tissue, macrophages, and others (reviewed in (88)). Interestingly, it
has also been implicated in immune function: as a controller of metabolism it
plays an important role in the anti-bacterial immune response of macrophages
stimulated with interferon-y (IFN-y) (89). In B lymphocytes, using a yeast two
hybrid screen it was found that human ERR1 interacts with the Epstein bar
virus nuclear antigen leader protein and was important in virus induced cellular
immortalization (90). It has been demonstrated that IFN-y and LPS induce a
4-fold and 8-fold increase respectively in ERR1 expression in macrophages
(8). ERR1 expression in these LPS stimulated macrophages was unchanged
until the 8h time point where it suddenly peaked and then declined to near
baseline levels by 24h. Both B-1 and B-2 cells expressed ERR1 and in both
cell types there was a suppression of expression in response to TLR activation
(Figs 2-8A-C & 2-9A-B). It is plausible that ERR1 expression could have in-
creased between the 6h and 24h time points (or any other time points) exam-
ined in this study, so it is unclear whether ERR1 is differentially regulated in B
cells versus macrophages. Moreover, the functional role of ERR1 in B cells

remains to be studied.
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Nuclear Receptor Expression in Splenic B cells

In addition to peritoneal B-2 cells, splenic B cells were isolated from
the same experimental mice and exposed to the identical treatment protocol.
Expression of the 49 murine nuclear receptors was assessed in a basal state
and over the same 72h time course using a high-throughput gPCR platform in
parallel to the analysis of the B-2 cells as shown in Fig. 2-1. Here we report
the basal levels of expression of nuclear receptors in splenic B cells and com-
pare these to values in peritoneal B-2 cells (Suppl Figs.2-1 & 2-2).

Qualitatively, splenic B cells express a similar cohort of nuclear recep-
tors as peritoneal B-2 cells, with a few prominent exceptions (Suppl Fig. 2-1).
Splenic B cells express 23 of the 49 murine nuclear receptors, including eight
endocrine receptors, five adopted orphan receptors, and ten orphan receptors,
including six constitutive activators and four constitutive repressors. Com-
pared to peritoneal B-2 cells, splenic B cells lacked consistent expression of
both the AR and RAR. Interestingly, it has been reported that B-2 cells from
the peritoneal cavity display unique properties relative to splenic B-2 cells
(follicular). Many of the unique peritoneal B-2 cell characteristics are B-1 cell-
like, including: a unique cell surface phenotype, enhanced in vitro survival,
and enhanced in vitro secretion of IgM (91). Therefore, it is not surprising to
find that splenic B cells, compared to peritoneal B-2 cells, express quantita-
tively dissimilar levels of mMRNA transcripts for many if not most of the nuclear
receptors (Suppl. Fig. 2-2). Furthermore, splenic B cells are a heterogeneous
population, comprised of 80-90% follicular B cells, 5-10% marginal zone B
cells, and 2-3% B-1 cells (92;93). The splenic B cell population used in these
experiments was depleted of CD43+ cells (a marker of B-1 like cells in the

spleen) and therefore contained very few B-1 cells and was a mixture of pre-
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dominantly follicular B cells and a few marginal zone B cells (93). Therefore,
the disparate nuclear receptor expression levels observed between peritoneal
B-2 and splenic B cells may be due to both inherent differences between B-2
cells from different locations within the body and the contribution of marginal
zone B cells to the splenic B cell population.

We also present the expression profiles of the 23 nuclear receptors
observed over the 72h time course of TLR4 and TLR2 stimulation. While we
think these profiles offer valuable information for future studies, these obser-
vations should be viewed with the caveat noted above that this represents a

heterogeneous population of splenic B cells (Suppl. Figs. 2-3, 2-4, 2-5).

Discussion

In this study, we have ascertained the complete complement of nuclear
receptors expressed in basal and TLR activated B-1 and B-2 cells, as well as
similar comparative profiles of splenic B cells. These data provide valuable
information that should be highly heuristic for understanding the molecular
events involved in the differential regulation and unique biology of B-1 and B-2
cells. Utilizing quantitative PCR, we identified 24 nuclear receptors expressed
in B-1 cells and report that they are dynamically expressed in both the un-
stimulated as well as in TLR 4 or TLR 2/1 stimulated conditions. Notably, the
expression of most nuclear receptors was quite dynamic over 72h in culture
even in the unstimulated state, showing substantial increases or decreases
in expression in our in vitro culture system. The addition of Kdo2-Lipid A or
Pam,CysK4 to the cell culture medium often had profound and unique effects
on the expression profiles of expressed nuclear receptors. Another remark-

able finding was the quantitative dissimilarity of expression levels between B-1
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and B-2 cells for most nuclear receptors. These findings offer clues as to the
identity of nuclear receptors responsible for regulating B-1 and or B-2 cells.
This Atlas provides a basal set of information to allow study of the

mechanisms by which nuclear receptors participate in controlling B-1 and B-2
cell function. Careful analysis of the temporal patterns of expression of the
receptors especially under inflammatory stimuli can provide useful information.
For example, MR expression levels drop dramatically in both B-1 and B-2 cells
at the initial time point following TLR 4 or TLR 2/1 stimulation (Figs. 2-4B-C &
2-5A-B). B cells respond to TLR stimulation by increased proliferation and dif-
ferentiation, which perhaps is normally antagonized by MR (and GR) mediated
signaling. Conversely, many receptors display dramatic increases in expres-
sion after stimulation with TLR agonists and may participate in the proliferative
or differentiation response of these cells. As many of the nuclear receptors
indentified in B-1 and B-2 cells have known ligands and in some cases phar-
maceutical antagonists, this work highlights the potential therapeutic role of
these receptors in B cells. As B cells are critically involved in both innate and
adaptive immune functions, as well as in various autoimmune or inflammato-
ry diseases, this Atlas provides a critical foundation for new roles of nuclear

receptor signaling in B cells.
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Supplemental Material

Presented below are the supplemental table and figures that were pub-

lished online in conjunction with the manuscript presented above.

Suppl.Table 2-1. Average Cycle Threshold Values of Expressed Nuclear Receptors
among select Leukocytes. Mean cycle threshold (Ct) values from gPCR reactions using cDNA
derived from basal peritoneal B-1 and B-2 cells, splenic B cells, and basal bone marrow derived
macrophages (BMM®) for all expressed nuclear receptors. Note that one cannot use Ct val-
ues to rank expression levels among different nuclear receptors as the amplification threshold
is calculated uniquely for each target and primer efficiencies differ between qPCR reactions.
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Suppl. Fig. 2-1. The Composition of Nuclear Receptors Expressed in Splen-
ic B cells. A, Twenty-three of 49 known nuclear receptors are expressed in the splen-
ic B cell. These include eight endocrine receptors, five adopted orphan receptors that
bind low-affinity dietary lipids, and ten orphan receptors, including six constitutive activa-
tors and four constitutive repressors. B, Tabular listing of nuclear receptors expressed or
non-expressed in peritoneal B-2 cells with their unified nomenclature system names listed
in parentheses (94). Receptors were deemed unexpressed if cycle threshold (Ct) values
exceeded 35. The actual Ct values are given in Supplementary Table 1 in comparison to
simultaneously determined Ct values for the same receptors in peritoneal B-1 and B-2 cells
and bone marrow derived macrophages. *Trace or inconsistent expression detectable.
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tive to peritoneal B-2 cells. The NR4A subgroup (NGF1-8, NOR-1, NURR-1) as well as PPARa
nuclear receptors are expressed at 8 to 15-fold higher levels in splenic B cells. RARy, RXRa,
and ROR[ are expressed at drastically lower levels in splenic B cells than in peritoneal B-2 cells.




Splenic B cells

A ER« GR MR RAR«
< 600 125
-'g_ 100
3 400 .
o £
o -g 200 50
= 2
g o 0
I.ﬁ 0 [ 24 72
£ 150 150
B 2
2 100 100
g o
Q
'-"E" 50/ 50
& i
0 - , .0
0 6 24 72
Time (hr)
RARYy TRa TRB VDR
C o 200 1200
o 150 .
= 150
; c 100
5 6
el 'g 50
X @
-
o 0
&
g
D 3 E 600
g & 450
Q 300
g 150
o (1] 0

Time (hr)

Suppl. Fig. 2-3. Stimulated Expression Profiles of Splenic B Cell Endocrine Nu-
clear Receptors. A,C, Treatment of splenic B cells with KDO2-LipidA, a TLR4 li-
gand. Note that splenic B cells did not survive in adequate numbers to assess ex-
pression at the 72h time point. B,D, Treatment with Pam3CSK4, a TLR2/1 ligand.
Basal expression at time zero (normalized to 36B4) was assigned an expression val-
ue of 100, and subsequent time points are relative to time zero. Error bars represent SD
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Suppl. Fig. 2-4. Stimulated Expression Profiles of Splenic B Cell Adopted Or-
phan Nuclear Receptors. A, Treatment of splenic B cells with KDO2-LipidA, a TLR4
ligand. Note that splenic B cells did not survive in adequate numbers to assess ex-
pression at the 72h time point. B, Treatment with Pam3CSK4, a TLR2/1 ligand. Bas-
al expression at time zero (normalized to 36B4) was assigned an expression value of
100, and subsequent time points are relative to time zero. Error bars represent SD
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Suppl. Fig. 2-5 Stimulated Expression Profiles of Splenic B Cell Orphan Nu-
clear Receptors. A,C, Treatment of splenic B cells with KDO2-LipidA, a TLR4 li-
gand. Note that splenic B cells did not survive in adequate numbers to assess ex-
pression at the 72h time point. B,D, Treatment with Pam3CSK4, a TLR2/1 ligand.
Basal expression at time zero (normalized to 36B4) was assigned an expression val-
ue of 100, and subsequent time points are relative to time zero. Error bars represent SD
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Abstract

In vitro studies were undertaken to explore the role in B-1 cells of ex-
pressed nuclear receptors that have a known role in regulating immune and
inflammatory function in other immune cells. The receptors studied in this
chapter include the mineralocorticoid (MR), glucocorticoid (GR), and liver X
receptors (LXR). Primary B-1 cells were cultured in vitro with nuclear receptor
agonists and/or antagonists. A prominent phenotype for MR activation could
not be identified using these methods. It was found that GR activation strongly
inhibits the production of antibodies and induces apoptosis in B-1 cells. LXR
activation on the other hand did not induce apoptosis but did inhibit B-1 cell
proliferation. Furthermore, LXR knockout mice had increased IgM titers indi-
cating that LXRs potentially play a role in inhibiting natural antibody production

from B-1 cells.

Introduction

After finding that 24 of the 49 mouse nuclear receptors were expressed
in B-1 cells, the goal was to test the hypothesis that some of these nuclear
receptors are impacting the unique biology of B-1 cells and controlling their
characteristic functions, most notably the production of natural antibodies (1).
Based on literature and on the findings of the expressed nuclear receptors
identified in B-1 cells outlined in Chapter 2, my strategy was to identify specific
nuclear receptors that have unique expression patterns in B-1 cells and/or a
reported prominent role in controlling other immune cells, particularly other B
cells. My attention was immediately drawn to three nuclear receptors: The
mineralocorticoid receptor (MR) because of its uniquely high expression in

B-1 cells relative to B-2 cells. The glucocorticoid receptor (GR) because of its
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close identity in many aspects with MR. The Liver X receptors (LXR) as they
had recently been identified to play a prominent role in controlling the prolifera-

tive response of various lymphocytes (2).

The Mineralocorticoid Receptor has an Emerging Pro-inflammatory Role.
The role of the mineralocorticoid receptor in B-1 cells is completely un-
known, in fact its role in B cells or lymphocytes in general is unknown. How-
ever, aldosterone, the physiological ligand for MR, has been shown to induce
inflammatory injury to the heart, kidney, and vasculature (3,4). Furthermore,
various recent studies have found a role for MR in various innate immune my-
eloid cells. Usher et al. (5) report that a macrophage specific knockout of MR
results in macrophages that possess an ‘alternative activation’ phenotype- a
more anti-inflammatory phenotype. Additionally, treatment of wild type macro-
phages with an MR antagonist (eplerenone) reduces the production of proin-
flammatory cytokines (eg. Tnfa, IL12, IL16, MCP1, RANTES). Another recent
report has demonstrated the proinflammatory capacity of MR, but in dendritic
cells in this case (6). They demonstrate that the CD8+ T cell response is
enhanced by aldosterone and that this effect is dependent on dendritic cells
(DC). They also show that aldosterone treatment of DCs induces proinflam-
matory cytokines (IL-6 &TGFB) and promotes DC-dependent CD4+ T cell po-
larization toward Th17 cells, which can exacerbate disease in a mouse model
of autoimmune encephalomyelitis. These studies provide strong evidence that
aldosterone and in turn its receptor MR are strongly proinflammatory in macro-
phages/dendritic cells. Nevertheless, an additional study recently showed that
aldosterone can have an anti-inflammatory effect and inhibit NFkB signaling

and TNFa production in human neutrophils (7).
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The studies described in this chapter were designed to assess whether
activation of MR in B-1 cells leads to cellular activation or inhibition. My hy-
pothesis was that pretreatment of B-1 cells with an MR agonist prior to acti-
vation with an immune stimulant (such as a TLR ligand) would enhance their
antibody response. An important consideration in the studies above and in all
studies regarding the mineralocorticoid receptor is the impact the closely relat-

ed glucocorticoid receptor may be playing.

The Glucocorticoid Receptor is Anti-inflammatory

The MR and GR are highly related, with significant amino acid identi-
ty in their DNA and ligand binding domains (8). They are known to bind the
same DNA-response elements as well as many of the same ligands, but with
differing affinities (9,10). Amazingly, despite this high similarity these receptors
are known to exert nearly polar opposite effects in immune cells. As explained
above, MR activation is predominantly considered pro-inflammatory whereas
GR activation is known to be profoundly anti-inflammatory. In fact, there is a
vast literature detailing the kaleidoscope of anti-inflammatory effects that GR
exerts upon virtually every cell of the immune system and it is widely used clin-
ically for its profound anti-inflammatory properties (11). Even so, there are no
reports detailing the effects of GR in B-1 cells and more surprisingly, very few
for B cells in general. Those reports that do exist with respect to GR activation
and B cells are indirect or simply observational. The studies described below
endeavored to separate and distinguish the effect of MR activation and GR

activation in B-1 cells.
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Liver X Receptors Control Innate Inmune Inflammation and Lymphocyte
Proliferation.

LXRa and LXRp together when activated regulate a series of tis-
sue-specific transcriptional programs that regulate whole-organism cholesterol
homeostasis (12). Besides their classical role in regulating cholesterol metab-
olism LXRs have become known as important regulators of inflammatory gene
expression. They have been shown to antagonize inflammatory signaling from
TLR4 (but not TLR3), TNFa, or IL-1f activation (13,14). Additionally, the loss
of LXR seems to severely handicap innate immune function, as LXR knockout
mice are more susceptible to Listeria monocytogenes infection (15). More
recent data has emerged linking the capacity of LXRs to control cholesterol
efflux from peripheral cells and immunity (2). Activated LXRs are able to limit
the proliferative capacity of T cells and splenic B cells by limiting the endog-
enous supply of cholesterol, which is needed for membrane synthesis, by
inducing genes responsible for cholesterol efflux. In summary, LXRs provide
a link between metabolic control of cholesterol homeostasis and inflammation

and immunity.

Results

The Mineralocorticoid Receptor is Expressed at High Levels in B-1 cells.
As noted in Chapter 2, MR was highly expressed in B-1 cells (see

Fig 2-4). To determine the relative level of expression of MR in various cell

types, | utilized qPCR to compare MR expression in bone marrow derived

macrophages, resident peritoneal macrophages, and peritoneal B-1 cells (Fig

3-1A) or in total kidney tissue and peritoneal B-1 cells (Fig 3-1B). B-1 cells

expressed >20-fold higher levels of MR than macrophages and about a 7-fold
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higher level than that found in the kidney. This is a remarkable finding as the
kidney is the classical target tissue for MR expression and supports the idea
that MR may be active in B-1 cells as it is active in kidney tissue at much lower
expression levels. Additionally, MR is known to be active in macrophages
even though its expression is much lower than in B-1 cells (5).

MR has equal binding affinity for aldosterone as well as glucocorticoids
such as the stress hormone cortisol (10). Cortisol is normally present at 10- to

1000- fold higher concentrations than aldosterone in the plasma (16). Spec-
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ney tissue. Values are means and standard deviation of triplicate biological replicates.
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ificity for aldosterone in tissues such as the kidney is gained by pre-receptor
metabolism of cortisol by the enzyme 11B-hydroxysteroid dehydrogenase type
2 (11BHSD2). This enzyme functions intracellularly to selectively metabolizes
cortisol (and not aldosterone) and renders it inactive (17). As shown in figure
3-1C 1MBHSD2 is expressed at much higher (>200 fold) levels in kidney tissue
than in B-1 cells. Therefore, the near absence of expression of 11BHSD2 in
B-1 cells implies that circulating cortisol will not be metabolized in B-1 cells
and therefore would be the most likely ligand to be bound to MR in B-1 cells in

Vivo.

Activating the Mineralocorticoid Receptor in B-1 cells In Vitro
In order to test the hypothesis that MR is active in B-1 cells and regu-

lates innate immune functions, primary peritoneal B-1 cells were isolated and
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Fig.3-2 Total IgM, IgA, and IgG3 Titers from in vitro B-1 cell Cul-
tures Treated with Mineralocorticoid Receptor Agonists
A-B. Total IgM titers from B-1 cell cultures treated with aldosterone (A) or fludrocortisone acetate
(B). C-D. Total IgA titers from B-1 cell cultures treated with aldosterone (C) or fludrocortisone
acetate (D). E-F. Total IgG3 titers from B-1 cell cultures treated with aldosterone (E) or fludrocor-
tisone acetate (F). 100,000 primary B-1 cells were cultured perwell in the presence of 300ng/mL
Pam3cysK4, a TLR 2/1 ligand for 4 days. Antibody titers were measured using sandwich ELISA
techniques. Values represent means and standard deviations of triplicate biological samples.
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cultured in vitro with various MR ligands including aldosterone and a potent
synthetic ligand fludrocortisone in the presence of a TLR 2/1 ligand (Pam-
3CysK4). After culturing for 4 days, cells and supernatants were harvested
and assessed for viability and antibody levels respectively (Fig 3-2 and Fig
3-3). Fludrocortisone and not aldosterone had a consistent dose-dependent
inhibitory effect upon IgM and IgG3 production (Fig 3-2A-B, E-F). Both aldo-
sterone and fludrocortisone inhibited IgA production but fludrocortisone did so
more potently (Fig 3-2 C-D). However, because baseline IgA levels were very
low and not significantly above background threshold levels, | am not confident
that aldosterone does in fact inhibit IgA production from B-1 cells. In a sepa-

rate experiment, | attempted to induce higher levels of IgA production from B-1

B Aldosterone Fludrocortisone Acetate

100 10 1 0.1 0.01

vehicle 1000 0.001

45

40 -

35 4

30

% Viable Cells

Concentration of Ligand (nM)

Fig.3-3 B-1 cell Viability after Treatment with Mineralocorticoid Agonists.
100,000 primaryB-1 cellswere cultured perwellinthe presence ofthe indicated mineralocorticoid
agonistsaswellas300ng/mLPam3cysK4,aTLR 2/1ligandfor4 days. Cell viabilitywas assessed
using Annexin-V PE and 7-aminoactinomycin D, viable cells were negative for both stains as as-
sessed using flow cytometry. Triplicate samples were combinedin single tube for flow cytometry.
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cells by adding a cocktail of anti-CD40 antibody and IL-5, which are reported
to induce IgA production from B-2 cells, but this did not occur with B-1 cells
and | therefore could not validate the effect of aldosterone on IgA production
(data not shown).

Fludrocortisone had a much more potent effect upon cell viability than
aldosterone (Fig 3-3). Only the highest dose of aldosterone (1uM) seemed to
appreciably reduce the number of viable cells whereas fludrocortisone seemed
to reduce viability at concentrations as low as 10nM. Cell viability was as-
sessed using Annexin-V, and 7-aminoactinomycin D staining, viable cells are

negative for both stains.
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Fig.3-4 Affect of Eplerenone or Mifepristone upon Fludrocortisone acetate mediated in-
hibition of in vitro antibody production from stimulated B-1 cells. A-B. Total IgM titers from
B-1 cell cultures treated with Eplerenone (A) or Mifepristone (B). C-D. Total IgA titers from B-1
cell cultures treated with aldosterone Eplerenone (C) or Mifepristone (D). E-F. Total IgG3 titers
from B-1 cell cultures treated with Eplerenone (A) or Mifepristone (B). 100,000 primary B-1 cells
were cultured per well in the presence of 100nM Fludrocortisone acetate as well as 300ng/mL
Pam3cysK4, a TLR 2/1 ligand for 4 days. Antibody titers were measured using sandwich ELISA
techniques. Values represent means and standard deviations of triplicate biological samples.
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Both aldosterone and fludrocortisone have the ability to bind to both MR
and GR but have much higher affinity for MR (10). Fludrocortisone, though
it does have much higher affinity for MR compared to GR, nevertheless pos-
sesses a strong binding affinity to GR, even stronger than that of cortisol (10).
Therefore the effects described above regarding inhibition of antibody produc-
tion and induction of apoptosis could have occurred by activation of MR, GR,
or both. To gain insight into which receptor may be responsible,
inhibitors specific for MR (eplerenone) or GR (mifepristone) were added prior
to the addition of fludrocortisone to the B-1 cell culture (Fig 3-4). Mifepristone
(GR antagonism) and not eplerenone (MR antagonism) was able to rescue the
inhibitory effect of fludrocortisone on antibody secretion. Therefore, the ‘MR
ligand’ fludrocortisone appears to have actually activated GR and inhibited
antibody production from B-1 cells in a GR-dependent mechanism.

To further test whether MR activity has any affect upon B-1 cells, the

MR ligand deoxycorticosterone acetate (DOCA) was employed. DOCA has
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Fig.3-5 Affect of Dexamethasone and Deoxycortisone acetate upon in vitro pro-
duction of IgM antibodies or expression of CD138 by B-1 cells. A. 100,000 prima-
ry B-1 cells were cultured per well in the presence of indicated ligands as well as 300ng/
mL Pam3cysK4, a TLR 2/1 ligand for 4 days. Antibody titers were measured using
sandwich ELISA techniques. Values represent means and standard deviations of tripli-
cate biological samples. B. Same B-1 cells cultures as used in (A) were harvested, bio-
logical replicates were pooled and stained with a phycoerythrin conjugagted antibody spe-
cific for CD138, a plasma cell marker. Staining intensity was analyzed for flow cytometry.
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weaker MR binding than aldosterone or fludrocortisone, but unlike these two
ligands it does not have appreciable GR activity (10). In parallel, the GR spe-
cific ligand dexamethasone (Dex) was used to confirm that GR activation does
in fact inhibit antibody production from B-1 cells. As shown in figure 3-5 Dex
and not DOCA was able to inhibit IgM production from B-1 cells in a dose de-
pendent manner. | additionally tested whether DOCA or Dex could affect the
proportion of cells expressing CD138 (Fig 3-5B). CD138 is a marker for anti-
body producing plasma cells and is therefore a surrogate for B-1 cell differen-
tiation (18). Neither DOCA nor Dex had any appreciable effect upon B-1 cell
plasma cell differentiation. In summary, treatment of B-1 cells with MR ligands
initially appeared to inhibit B-1 cell production of antibodies. Upon further
evaluation, these ligands were most likely also activating the GR and it was
the GR activation that was responsible for inhibiting antibody secretion. Treat-
ment with more specific ligands (DOCA and Dex) with less potential for GR-
MR crosstalk further cemented the finding that GR activation inhibits antibody
production from B-1 cells. A summary of the finding from in vitro treatment of

B-1 cells with MR and GR ligands can be found in table 3-1.
Table 3-1 Summary of Effects of In Vitro Treatment of B-1 Cells with MR or GR Ligands

MR ligand | GR ligand
IgM Production | No effect l l
IgA Production l? l l?
IgG3 Production l ll
Apoptosis T T T
Plasma cell | No effect No effect
differentiation
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Activating the Liver X Receptors in B-1 cells In Vitro

As discussed previously, LXRs have been implicated to play a promi-
nent role in atherosclerosis and recent studies have shown that their activation
can inhibit the proliferation of adaptive immune splenic B cells (2). LXRa was
minimally expressed in B-1 cells, though LXRB was expressed at much higher
levels (data not shown). In analogous experiments conducted with MR or GR
activation described above, B-1 cells were treated with the LXR ligands TO-
901317 (abbreviated T1317) or GW3965 (Fig 3-6). In both cases viability of
the cells was not affected. Similar to the effect documented in splenic B cells
and in T cells (2), activation of LXR by T1317 had a dose-dependent inhibitory
effect upon stimulated B-1 cell proliferation (Fig 3-6 C-D). Proliferation was
measured by staining cells with the intracellular dye CFSE, which is diluted
each time a cell divides and becomes successively more dilute and less flu-
orescent with each division. B-1 cells were stimulated with a TLR4 ligand,
Kdo2-LipidA (KLA), which is the active component of LPS (19). Strangely,
treatment of B-1 cells with a high concentration of GW3965 did not have the
same effect (data not shown).
Effect of Liver X Receptor Deficiency upon B-1 cell Antibody Titers

In a collaborative effort with the Tontonoz lab at UCLA, | analyzed
various antibody titers from the plasma of various LXR knockout mice. In
the first study, mice that were double knockouts for ApoE and either LXRa or
LXRB were used. Titers for Total IgM, EOG6 (a protoypic natural antibody with
specificity for phosphocholine), IgM against MDA-LDL, and IgM against CuOx-
LDL were measured (Fig 3-7 A, C, E, G). There was no significant difference
between wild type, LXRa, or LXR for any of these titers except EO6. LXRf

knockout mice had significantly higher titers for EO6 (Fig 3-7 C). Though it
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should be pointed out that in this experiment only five LXRB-KO animals were
used, two had very high titers for EO6 and three had normal titers (Fig 3-7C).
In a second study, mice that were double knockouts for LXRa and LXRf and
on a western diet (high fat and high cholesterol) were used. Generally, the
knockout of both LXRa/[ resulted in significantly increased titers for total IgM
and IgM against MDA-LDL (Fig 3-7 B, H). When mice were exposed to the
stress of a western diet the titers increased and this increase was further ex-
acerbated by the deficiency of LXRa/B. In fact, LXR double knockout mice on
western diet had significantly higher titers than WT mice on western diet for all

antibodies measured (Fig 3-7 B, D, F, H).
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Discussion

The mineralocorticoid receptor’s function has classically been confined
to the regulation of salt and water balance in the kidney and colon. More re-
cent and exciting studies have shown that it plays a critical pathophysiological
function in cardiac fibrosis (20,21). Its role in immune cells, particularly innate
immune cells, is just now being elucidated and defined. The evidence | have
presented for the presence and remarkably high expression of MR in B-1 cells
imply that it is carrying out an important function in B-1 cells in particular. Of
interest, it is also expressed in B-2 cells, but only at about one quarter the lev-
els of B-1 cells (see figure 2-3).

In kidney cells, the enzyme 11BHSD2 is highly expressed and essen-
tially deactivates cortisol so that it cannot bind to MR. Thus, aldosterone be-
comes the maijor ligand for MR in this cell type, effecting regulation of sodium
and water transport. The fact that B-1 cells essentially lacked all expression
of 11BHSD2 means that both MR and GR ligands can bind to and potentially
activate MR in B-1 cells. Because glucocorticoids are present in the plasma at
greatly elevated levels relative to mineralocorticoids, this indicates that gluco-
corticoids are likely the physiological ligands for B-1 cell MR.

In vitro studies were designed to determine what role MR was fulfilling
in regulating B-1 cell biology. These studies failed to find a prominent pheno-
type for MR activation or antagonism on antibody secretion, cell death, or cell
differentiation. | also performed preliminary studies and could not find a phe-
notype for MR activity on IL-10 production or expression of the B-1 cell migra-
tion marker CD9 (data not shown). Future studies should utilize transcriptomic
techniques to ascertain what genes are being regulated by MR activation.

One challenge to MR transcriptomic studies is that MR is a weak transcription-
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al activator compared to GR and it has been historically difficult to separate
the MR response from that of GR (10). | am currently producing B cell specific
GR knockout mice that could potentially be used to study the transcriptome of
MR in B-1 and B-2 cells. Since the GR will be deleted (or mostly deleted) from
these cells there will be no cross-talk between ligands or competition for re-
sponse element binding and the MR transcriptome could conceivably be more
easily defined in these cells. |deally the converse would also be performed,
and the MR would be deleted from additional mice and the GR transcriptome
could be ascertained in like manner. This would give clear evidence for the
unique and shared genes under the control of MR and GR. Additionally, there
is an open question regarding the mechanisms whereby MR and GR can reg-
ulate unique genes when they both bind to the same DNA response elements
and bind very similar ligands. The hypothetical studies | have mentioned
above would begin to elucidate these mechanisms.

The fact that GR activation directly inhibits B-1 cell antibody production
and induces apoptosis may not seem that surprising as the current paradigm
suggests that GR is anti-inflammatory and pro-apoptotic for lymphocytes.
However, a quick search of the literature will reveal that no research has been
carried out to directly test the effects or mechanism whereby GR activation
affects B-cells in general or B-1 cells in particular (recently reviewed (11)).
The studies described in chapter 4 were designed to begin to define the role
and mechanism of action of GR in B-1 and B-2 cells. Of interest, it is notable
that an inhibition of IgM antibody secretion was detected at much lower con-
centrations of glucocorticoids (Fig 3-2B and Fig 3-5A) than was a change in
apoptosis (Fig 3-3). This implies that glucocorticoid induced apoptosis is not

solely responsible for the reduced production of antibodies from B-1 cells and
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that another mechanism may also be at play. The fact that glucocorticoids at
such low levels can impact so dramatically the production of IgM implies that
B-1 cells are quite sensitive to glucocorticoids and this gives credence to the
idea that this phenomenon should be studied in vivo. Glucocorticoids are ad-
ministered very regularly in the clinic and if they do significantly impact natural
antibody production in vivo this should be taken under consideration when
they are prescribed.

As expected, LXR activation in vitro had very little effect upon the via-
bility of TLR4 stimulated cultured primary B-1 cells. Pretreatment of B-1 cells
with the LXR ligand T1317 had a dose dependent effect upon inhibiting cell
proliferation, which is consistent with what has been reported by Bensinger et
al. for conventional B cells (2). The effect observed in B-1 cells does appear
to be less pronounced than that reported in primary T cells or splenic B cells.
This may be due to the reduced capacity of B-1 cells to proliferate, at least
when their BCRs are crosslinked (22). The size and consistency of the impact
of LXR ablation in vivo on increasing various plasma IgM antibody titers was
surprising. The current understanding is that LXR functions to curtail lympho-
cyte proliferation and therefore the differences in antibody titers observed may
be due to increased proliferation of specific B-1 cell clones. It is an unknown
question whether or not proliferation is necessary for antibody production from
B-1 cells in vivo. The evidence presented here implies that it may be neces-
sary. In conclusion, it appears that LXR is functioning in a similar manner in

B-1 cells as it does in adaptive immune cells.
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Abstract

The Glucocorticoid Receptor (GR) is robustly expressed in B-1 cells
and especially in B-2 cells. GR is a ligand inducible transcription factor capa-
ble of inducing or repressing expression of target genes. As demonstrated in
Chapter 3, Dexamethasone (Dex), a synthetic GR ligand, has potent in vitro
effects upon B-1 cells. Studies in this chapter describe the transcriptomes for
basal and stimulated B-1 and B-2 cells treated with Dex. A surprisingly distinct
transcriptional response to Dex treatment was observed in B-1 and B-2 cells.
Also, genome-wide binding patterns for GR in B-1 and B-2 cells were quite
unique and may explain, at least in part, the distinct transcriptional response to
Dex in these cells. Cell-type specific enhancers have been reported to dictate
the cell specific binding patterns of signal dependent transcription factors such
as GR. H3K4Mez2 is a histone mark, that when present at promoter distal ge-
nomic sites is a marker for enhancers. B-1 and B-2 cells each had large num-
bers of H3K4Me2 regions unique to their cell type. Motifs for various transcrip-
tion factors such as NFAT for B-1 cells and Mef2c for B-2 cells were enriched
at these cell-specific enhancer sites. These transcription factors are hypothe-

sized to collaborate with PU.1 to help establish cell-type specific enhancers.

Introduction

In vitro studies have demonstrated that the biological outcome of treat-
ment of B-1 cells with Dex is decreased antibody production and cell prolifera-
tion as well as increased cell death. Dex is a synthetic ligand for the Glucocor-
ticoid Receptor and when bound causes it to translocate to the nucleus where
it requlates gene transcription. GR activation is often associated with anti-in-

flammatory and immunosuppressive actions.



100

Effect of Glucocorticoid Receptor Activation on B cells

GR is expressed ubiquitously, including within the cells of the immune
system (1). GR activation is known to affect many if not all immune cells and
does so in a non-uniform fashion between cell types (2). Overall, GR activa-
tion is immunosuppressive and is able to exert this function by either potently
inhibiting immune cells or by activating regulatory immune cells such as T reg-
ulatory lymphocytes (2,3). The role and mechanism of GR in many immune
cells, particularly in T cells, has been extensively studied. Surprisingly, how-
ever, this is not true for B cells. Though glucocorticoids (GC) have long been
used in B cell dependent diseases, the effects of and mechanisms of actions
of GCs in B cells have not been rigorously studied. Even so, there are a small
number of mostly observational studies documenting the effect of GCs on B
cells.

Chronic administration of GCs has been observed to reduce the num-
ber of B cells in secondary lymphoid tissues such as the spleen and lymph
nodes (4). In a separate study using human pre-B cell leukemia cell lines,
GCs inhibited cellular proliferation through a mechanism postulated to involve
c-Myc repression and induced apoptosis via a mechanism involving BCL-2 (5).
In a study done using human tonsillar B cells, it was shown that pretreatment
with GCs inhibited the expression of early activation markers and proliferation
of stimulated cells (6). Low doses of GCs seem to have minor effects upon
circulating levels of antibodies while high doses of GCs can potently decrease
immunoglobulin levels (2). The initial reduction in antibody levels observed
with high-doses of GC treatment is due to increased catabolism of circulating
antibodies and was B cell independent, but overtime antibody production was

inhibited. Additionally, in mice, high doses of GCs can reduce the circulating
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levels of the B cell activating factor (BAFF) cytokine (7). BAFF is critical for
conventional B cell development and survival (8,9). However, BAFF is not
required for the development and survival of B-1 cells (10,11).

An early study performed in atopic asthmatic patients showed that ad-
ministration of GCs for just 15 days lead to a 22% decrease in IgG, 10% drop
in IgA, while IgM was unchanged (12). Interestingly, they found that initially
IgE levels were increased 18% by GC treatment but that their levels dropped
back below baseline levels following intervention. Another study also showed
that GCs could promote IgE isotype switching in a mechanism dependent on
CD40 ligand (13). Overall, studies to date indicate that GCs inhibit B cell pro-
liferation and activation, reduce most circulating antibody titers, except for IgE,
which seems to be induced by GCs, and induces apoptosis of B cells. None
of these studies explored the effects of GR activation on B-1 cells or other B

cell subsets.

Mechanism of Glucocorticoid Induced Apoptosis in Lymphocytes

As detailed in chapter 3, a major result of in vitro treatment of B-1 cells
with Dex is promotion of apoptosis. And as discussed immediately above, one
of the few studies performed directly exploring the effects of GCs on B cells
has shown that apoptosis is induced in an apparent BCL-2 dependent man-
ner in at least one human pre-leukemic B cell line (5). The mechanism of GC
induced apoptosis in B cells or any other immune cell for that matter is poor-
ly understood and is a topic of active inquiry, especially since GCs are often
used as a therapy in lymphoid malignancies (14). There is strong evidence
however that the transactivation capacity of GR to induce gene expression

is important in GC-induced apoptosis (15). There are a large number of GR
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regulated genes from various systems that have been implicated with a role in
lymphocyte apoptosis (16). In an analysis of 8 microarray studies of GC treat-
ed cells, researchers uncovered 31 genes that were most consistently regulat-
ed across most of the 8 cell types (16). Interestingly, three of the cells includ-
ed in this meta-analysis were human B cells, including two pre-B cell lines and
B-cell acute lymphocytic leukemia cells. The authors of this study grouped the
genes into three categories: 1) genes with known roles in directly controlling
cell death and survival decisions (such as Bim), 2) genes with functions that
may lead to cellular distress that could result in induction of apoptosis, and 3)
genes without a known causal role in apoptosis (16). This list can serve as a
baseline for understanding what genes may be playing a role in B-1 and B-2
cells and in understanding the general mechanism of apoptosis induction in
these cells. The decision to undergo Dex induced apoptosis can be broken
down into three steps; an initiation stage, where the GR receptor induces
changes in gene expression that push a cell toward cell death, a decision
stage, wherein the balance of pro- and anti-apoptotic factors dictate whether a
cell undergoes programmed cell death, and finally the execution stage, where
the classical apoptotic machinery, such as caspases, proteases, and endo-
nucleases become active and carry out the apoptotic program. The focus of
many of the studies described in this chapter were to understand which genes
regulated by GR are potentially leading to the induction of apoptosis in B-1

and B-2 cells.

Transcriptional Mechanisms of the Glucocorticoid Receptor
In the absence of ligand, GR is almost entirely maintained in the cy-

toplasm by physical association with various chaperone proteins that mask
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the nuclear location signals (NLS) on GR. These chaperones include various
heat shock proteins (Hsp) such as Hsp90 and Hsp70 as well as various other
proteins such as FK506-binding protein (FKBP) (17,18). Upon ligand binding,
GR undergoes a conformational change that causes it to disassociate from
its chaperones thus uncovering the NLS, which in turn ultimately leads to its
nuclear translocation (18). Once in the nucleus, GR can act through various
mechanisms to positively or negatively affect the transcription of numerous
genes (19,20). These mechanisms are graphically represented in figure 4-1,

which is an illustration from a recent review published by Beck et al. (21).
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Fig. 4-1 Activation and Nuclear Actions of the Glucorticoid Receptor. This figure is from
a recent review by Beck et. al (21).

GR can induce or transactivate the expression of genes using a variety
of different mechanisms. In the classical GR transactivation mechanism, a
homodimer of GR binds to the major groove of DNA via zinc finger DNA bind-
ing domains that specifically target the consensus glucocorticoid response

element sequence (GRE) (21). The GRE is an imperfect palindrome made up
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of the following sequence, where ‘n’ represents any nucleotide: 5 GGTACAN-
nnTGTTCT 3’ (22). Once bound to DNA, GR associates with transcriptional
co-activator complexes and induces the increased expression of a nearby
genes. Interestingly many genes, which are known to respond to glucocor-
ticoid treatment, do not possess consensus GREs in or near their promoters
and are thought to not require dimers of GR for their response. It is assumed
that in these cases GR can form a composite GRE or heterodimer with other
transcription factors and together they can regulate the transcription of target
genes (23). Finally, it has been reported that activated GR can tether to other
DNA bound transcription factors, including among others STATS, and thereby
increase transcription of specific genes without directly binding to DNA (24,25).
The GR has gained notoriety because when it is bound to its ligand it
can inhibit or transrepress the expression of specific genes, including impor-
tantly many pro-inflammatory mediators such as various cytokines, enzymes,
adhesion molecules, etc. (21). In particular, intense research has endeavored
to elucidate both the cellular and molecular mechanisms for the potent anti-in-
flammatory effects of GC treatment (2,21). As was observed for GR transac-
tivation, the mechanism of GR transrepression can also include binding to a
composite GRE with another transcription factor and the tethering of GR to
other transcription factors. GR is known to inhibit most but not all NFkB-driv-
en gene expression through these mechanisms (20). Furthermore, negative
GREs (nGRE) have been described in which GR binds to DNA as a mono-
mer in proximity to a gene promoter and inhibits its transcription. However,
the sequence motif of a nGRE has not been well characterized (21). Other
described mechanisms of GR mediated transrepression include competition

for DNA binding with transactivating transcription factors and sequestration of
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activating transcription factors thereby preventing their binding to DNA (21).
Many if not all of the above mentioned mechanisms for GR regulation of gene
transcription are cell and context dependent and have not been directly stud-
ied within B cells. Of interest in the studies undertaken herein, | hypothesized
that GR would have unique transcriptional effects within B-1 and B-2 cells to
both up- and down-regulate unique sets of genes both in the quiescent and

activated conditions.

Cell-type Specific Enhancers Establish Cell-type Identity

In addition to exploring the genome-wide effect of GR activation in B-1
and B-2 cells, an overarching question to these studies is what controls the
unique transcriptional responses and therefore biology of B-1 versus B-2 cells.
This of course leads to the more basic questions of what regulates cellular
identity in general. Collaborators in the laboratory of Dr. Christopher Glass at
UCSD have established through a comparison of mature macrophages and
mature splenic B-2 cells a general transcriptional model for how cell identi-
ty is established and maintained (26,27). They propose that small numbers
of lineage determining transcription factors (LDTFs) collaborate to establish
unique patterns of open chromatin in distinct cell types. These unique regions
of open chromatin gain specific histone marks (e.g. mono- or di-methylation
of lysine 4 on histone 3, H3K4me1/2), which are indicative of active cis-regu-
latory elements. These regions describe a large fraction of the enhancer-like
regions that regulate unique cell-specific transcription factor binding and there-
fore gene expression patterns found in different cell types. An enhancer is a
region of DNA capable of increasing the transcription of neighboring genes

independent of directionality. The Glass lab recently published an elegant
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paper in which they used natural genetic variation in gene expression between
mice strains in response to a given stimulus to provide support for this model.
They showed that genetic variation between mice strains in the binding sites
for LDTFs results in unique enhancer landscapes and in turn unique signal
dependent transcription factor binding and therefore strain-specific gene ex-
pression patterns between different strains of mice (28). | propose to apply this
model to compare mature B-1 and B-2 cells and hypothesize that B-1 and B-2
cells will have cell-type specific enhancers, which in turn will provide a basis

for explaining their unique cellular identities.

Results
The Glucocorticoid Receptor Protein is Expressed and Transcriptionally
Active in B-1 and B-2 cells.

Evidence presented in Chapters 2 and 3 established that mRNA for
GR is robustly expressed in B-1 and B-2 cells and that treatment with a GR
agonist has profound inhibitory effects upon B-1 cells. Of interest, GR was
expressed more highly in resting B-2 cells than in B-1 cells (Fig. 2-3). To
verify that the GR protein, in addition to GR mRNA, is expressed in both B-1
and B-2 cells, a western blot analysis was performed, in which GR expression
was compared between B-1 and B-2 cells as well as in bone marrow derived
macrophages (BMDM) (Fig. 4-2A). Corroborating the GR mRNA data in B-1
and B-2 cells, GR protein levels were noticeably higher in B-2 cells than in B-1
cells. Notably, BMDMs had very low levels of GR expression relative to B-1
and B-2 cells, even though it has been reported that GR mRNA is expressed
in BMDMs (29).

To verify that GR is transcriptionally active in B cells, B-1 cells were
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Fig. 4-2 GR Protein Expression and Transcriptional Activity. A. GR protein expression
in untreated B-1 and B-2 cells as well as bone marrow derived macrophages (BMDM).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) loading control. B. QPCR analysis
of Dual specificity protein phosphatase 1 (DUSP1), Cyclin D3 (CCDN3), and Interleukin

6 (IL-6) MRNA levels in response to 2hr of 1TuM Dexamethasone (Dex) and/or 100ng/mL
KdoZ2lipidA (KLA, a TLR-4 ligand) treatment. Values are means and standard deviations of
triplicate biological replicates.

cultured in vitro for 4hr with 1uM Dexamethasone (Dex) after which gPCR

analysis was performed to assess mMRNA levels for known GR sensitive genes
including Dual Specificity Protein Phosphatase 1 (DUSP1) and Cyclin D3
(CCND3). Both DUSP1 and CCND3 were upregulated when B-1 cells were
exposed to Dex (Fig. 4-2B). Additionally, as discussed earlier, when ligated,
GR can act as a transcriptional repressor, especially of inflammatory genes.
To test if GR is active as a transrepressor, B-1 cells were stimulated with a
TLR4 agonist (Kdo2LipidA, KLA) alone, which induced IL-6 expression, or
were pretreated with Dex before stimulation with KLA, which potently transre-
pressed the KLA induced expression of IL-6 (Fig.4-2B). These data were the
first evidence that GR can both actively regulat transcription as well as medi-

ate transrepression in B-1 cells.

Exploring the Transcriptome of Dexamethasone and/or Kdo2LipidA

Treated B-1 and B-2 cells

To profile the genes being regulated through transactivation and tran-
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srepression by GR, as well as the genes regulated by TLR4 stimulation, a
whole-transcriptome study of mRNA levels was undertaken. Primary mouse
B-1 and B-2 cells were cultured for 4hr with 1uM Dex to assess and compare
the genes regulated by GR activation (Fig.4-3). To assess genes regulated
by transrepression, B-1 and B-2 cells were pretreated for 1hr with 1uM Dex
before being stimulated with the TLR4 ligand KLA for an hour (2hr total of Dex
treatment). B-1 and B-2 cells were also stimulated for 1hr with KLA alone to
serve as a comparator for the transrepressed cells as well as a reference for

the early B-1 and B-2 cell inflammatory response (Fig.4-3).
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Fig. 4-3 Experimental Design for RNA-seq Evaluation of GR Transactivation or Transre-
pression. B-1 or B-2 cells were cultured overnight in RPMI media containing 10% charcoal
stripped serum. They were then treated for 4hr with 1uM Dex to evaluate transactivation or for
1hrwith 1TuM Dex followed by 1hr 100ng/mL KLA or with 100ng/mL KLA alone for 1hr to evaluate
transrepression of inflammatory genes. After treatment mRNA was isolated and sequenced.

B-1 cells treated with Dex had a nearly equal number of up- versus
down-regulated genes (592up vs. 566down)(Fig.4-4A). Most of these genes
had only modest changes in expression, with a few notable exceptions.
Genes that were most strongly and significantly upregulated by Dex include
mitogen-activated protein kinase kinase kinase 6 (Map3k6), DNA-damage-in-

ducible transcript 4 (Ddit4), and sestrin 1 (Sesn1). These genes all have
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known involvement in apoptosis; in fact Map3k6 is also referred to as apopto-
sis kinase (30-32). Whereas, the most strongly down regulated genes were
colony stimulating factor 1 , sphingosine-1-phosphate receptor 1 (S1PR1),
Chemokine receptor 9 (CCR9), and marginal zone B and B1 cell-specific pro-
tein 1 (Mzb1). A gene ontology analysis was performed using the bioinformat-
ic resource Database for Annotation, Visualization, and Integrated Discovery
(DAVID) to view common signaling pathways and functions that were enriched
among the Dex regulated genes (Table 4-1) (33,34). Genes upregulated by
Dex in B-1 cells were significantly associated with gene ontology terms relat-
ed to cell signaling, phosphorylation, or phosphate metabolism. On the other
hand, down regulated genes were significantly and commonly associated with
inflammatory and immune responses. To determine what regulatory elements
may be playing a role in the Dex mediated up- or down-regulated genes be-
tween B cell subsets, a motif discovery analysis was carried out using the pro-
gram suite Hypergeometric Optimization of Motif Enrichment (HOMER) (26).
In this particular analysis the sequences surrounding the promoters (-300 to
+50bp of the transcriptional start site) of the regulated genes were compared
to the DNA sequences surrounding all other promoters and analyzed for en-
richment of 8, 10, or 12bp length DNA motifs. Once a motif is found to be sta-
tistically enriched, it is aligned to all known regulatory elements (i.e. transcrip-
tion factor binding sites). Figure 4-4 D-F reports the results of de novo motif
analysis in which the discovered motifs are displayed as well as the name of
the most closely aligned known motif. For Dex up-regulated genes, motifs
similar to Ets1, STAT6, RUNX, and FOXO3 were statistically enriched ( p-val-
ue < 1e-11) in their promoters (Fig.4-4D). There were no statistically significant

motifs found in the promoters of genes down-regulated by Dex.
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Fig. 4-4 RNA-Seq Analysis of B-1 Cells. A-C Normalized gene expression, reads per ki-
lobase of exon per million mapped reads (RPKM) from B-1 cells. Red data points represent
genes expressed >1.5 fold higher with an adjusted p-value of <0.1 in A. B-1 cells treated
4hr with 1uM Dex versus no treatment, B. B-1 cells treated 1hr with 100ng/mL KLA ver-
sus no treatment, C. B-1 cells pretreated 1hr with 1uM Dex and then 1hr with 100ng/mL
KLA versus 1hr with 100ng/mL KLA alone. Green data points represent the inverse of red
data points , genes expressed >1.5 fold higher with an adjusted p-value <0.1 in the oppo-
site conditions. D-F. De Novo Motif analysis of the promoters (-300 to +50bp from tran-
scriptional start site) of the genes up- or down-regulated by D. Dex versus no treatment
, E. KLA versus no treatment , or F. Dex + KLA versus KLA alone performed using the
computational program HOMER. Sequence motif diagrams represent enriched recurring
patterns of DNA sequence where the size of each nucleotide corresponds to its frequen-
cy at each position in the motif. Also shown are the name of a known motif that aligned
most closely to the found motif shown as well as the p-value for the enrichment of the motif
in the promoters of the regulated genes relative to background sequences taken from all
other promoters along with the frequency with which the motif was found in the promot-
ers of regulated genes and in background promoters. Red asterisks indicate motifs that
HOMER designated as possible false positives based upon the p-value of enrichment.

The B-1 cell response to 1hr of KLA treatment was noticeably more
robust than the Dex response as 936 genes were up-regulated and 821 were
down-regulated (Fig.4-4B). Notable genes that were strongly up-regulated
by KLA include Fosb, Jun-d, and myeloid-associated differentiation marker
(Myadm). Downregulated genes of note include: transforming growth factor
beta receptor 1, heme oxygenase 1, and apolipoprotein e. Gene ontology
analysis revealed that KLA upregulated genes associated with the immune

response, cell proliferation, and cell activation (Table 4-1). Whereas, KLA
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Table 4-1 Gene Ontology Analysis of Dexamethasone and/or Kdo2LipidA Up and Down
Regulated Genes in B-1 and B-2 cells. Gene Ontology analysis using the online bioinfor-
matic suite DAVID. Lists of regulated genes were compared to a background list of ran-
dom genes. In parenthesis are G.O. terms followed by P-values, which represent the en-
richment of the indicated G.O. term among the regulated genes versus background genes.
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down-regulated genes associated with various membrane related processes

such as endocytosis and cholesterol efflux. Not surprisingly the most signifi-

cantly enriched motif in the promoters of the KLA up-regulated genes was that

of NFkB (Fig. 4-4E). Other significantly enriched motifs were also found in

the promoters of these genes including motifs similar to IRF3, GRE, YY1, and

SRF. In contrast, the promoters of the genes downregulated by KLA treatment

had enriched motifs similar to those of RARa and MafK.

In B-1 cells very few genes were differentially regulated when compar-

ing treatment with KLA alone versus pretreatment with Dex followed by KLA

stimulation (Fig. 4-4C). Only 168 genes were upregulated by the pretreatment

with Dex and only 72 were expressed at lower levels. Among those 72 genes

about 50% (37genes) were transrepressed, meaning that they were also

upregulated by KLA alone but when pretreated with Dex this induction was

inhibited (Fig. 4-4B). Several notable genes were profoundly transrepressed
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by Dex, including interleukin 1 a and 3 (IL-1a and IL-1b), Cxcl2, inhibitor of
DNA binding 3 (I1d3), and prostaglandin endoperoxide synthase 2 (Cox-2). The
entire list of GR transrepressed genes associated significantly with gene ontol-
ogy terms relating to various aspects of immunity and inflammation, including
the wound response, cell migration, and cytokine production (Table 4-2). The
motif of RXRa alone was modestly yet significantly enriched in the promoters
of these 37 transrepresed genes (Fig. 4-4F).

B-2 cells exhibited an overall more robust response to both Dex , KLA,
and especially the combination thereof (Fig. 4-5). Compared to changes in
B-1 cells, Dex treatment resulted in the levels of about twice as many mRNA
transcripts being increased (1182) and decreased (1136). Though more genes
were differentially regulated in B-2 cells, like B-1 cells, most fold-changes in
gene expression levels were modest. Some of the most significantly upreg-
ulated genes in B-2 cells include: DUSP1, CD69, Period circadian clock 1
(Per1), and Apobec1. Notable downregulated genes include: LDLR, Id3, and
complement receptor 2 (Cr2). Gene ontology analysis illustrates that upregu-
lated genes in B-2 cells associate with either cell activation or cell death (Table
4-1). Down-regulated genes are involved in various processes including cell
activation, cholesterol synthesis, and immune or inflammatory responses. In
the B-2 cells, only one motif was found to be significantly enriched in the pro-
moters of Dex up-regulated genes (Fig. 4-5D). This motif was similar to that of
Smad3. Various motifs were modestly but significantly enriched in the promot-
ers of genes downregulated by Dex in B-2 cells (Fig 4-5D). Many of these did
not align very significantly with known motifs (data not shown).

The B-2 cell response to KLA resulted in roughly the same number

of genes being differentially regulated as compared to B-1 cells (Fig. 4-4B &
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Fig. 4-5 RNA-Seq Analysis of B-2 Cells. A-C Normalized gene expression, reads per ki-
lobase of exon per million mapped reads (RPKM) from B-2 cells. Red data points represent
genes expressed >1.5 fold higher with an adjusted p-value of <0.1 in A. B-2 cells treated 4hr
with 1TuM Dex versus no treatment, B. B-2 cells treated 1hr with 100ng/mL KLA versus no
treatment, C. B-2 cells pretreated 1hr with 1uM Dex and then 1hr with 100ng/mL KLA versus
1hr with 100ng/mL KLA alone. Green data points represent the inverse of red data points ,
genes expressed >1.5 fold higher with an adjusted p-value <0.1 in the opposite conditions.
D-F. De Novo Motif analysis of the promoters (-300 to +50bp from transcriptional start site) of
the genes up- or down-regulated by D. Dex versus no treatment , E. KLA versus no treatment,
or F. Dex + KLA versus KLA alone performed using the computational program HOMER.
See Fig. 4-4 for a detailed description of de novo motif analysis. Red asterisks indicate motifs
that HOMER designated as possible false positives based upon the p-value of enrichment.

Fig4-5B). The upregulated genes associated with very similar gene ontologies

as B-1 cells and were related to the immune response and cellular proliferation
(Table 4-1). On the other hand, the KLA downregulated genes associated

with different gene ontologies that related to basic cellular functions including
cell adhesion, translation, and electron transport chain. Noteworthy genes
significantly induced by KLA treatment include NFkB inhibitor zeta (Nfkbiz),
myelocytomatosis oncogene (Myc), and Tumor Necrosis Factor (Tnf). While
interesting and significantly downregulated genes include: glutathione per-
oxidase1 (Gpx1) and hydroxysteroid 17-beta dehydrogenase 4 (Hsd17b4).
Several motifs were found to be in enriched in the promoters of both up- and

down-regulated KLA genes in B-2 cells (Fig. 4-5E). Notably absent from this
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list is the motif for NFkB that was found in the promoters of KLA upregulated
genes in B-1 cells (Fig. 4-4E).

Surprisingly, pretreatment with Dex followed by KLA stimulation result-
ed in a very robust response in B-2 cells relative to B-1 cells. When compar-
ing the expression of KLA alone with Dex + KLA treatment, 1605 genes had
significantly higher levels when pretreated with Dex in B-2 cells compared to
only 168 in B-1 cells. Similarly, KLA alone treatment resulted in 1412 genes
with lower mRNA levels compared to cells that were pretreated with Dex. B-2
cells had 326 genes that were transrepressed by Dex pretreatment, whereas
B-1 cells had only 37. Some of the same genes that were transrepressed

in B-1 cells were also transrepressed in B-2 cells including IL-13, Tnf and

Table 4-2 Gene Ontology Analysis of Kdo2LipidA Upregulated Genes Transrepressed by
Dexamethasone.Analysisperformedusingtheonlinebioinformaticsuite DAVID. Listsoftransre-
pressed genes from B-1 cells (37 genes from Fig. 4-4C) and B-2 cells (326 genes from Fig.4-5C)
genes were compared to a background list of random genes. P-values in parenthesis represent
the enrichmentoftheindicated G.O.termamongthe regulated genes versus background genes.

B-1 Cells B-2 Cells
response to wounding defense response
(1.53E-04) (2.44E-04)
inflammatory response immune response
(3.51E-04) (0.004104787)
leukocyte migration inflammatory response
(0.001977287) (0.00476115)
positive regulation of cytokine negative regulation of glucose
production transport
(0.004068185) (0.005216613)
defense response homeostatic process
(0.004467069) (0.007523972)
immune response dephosphorylation
(0.005335822) (0.00973157)
positive regulation vascular negative regulation
endothelial growth factor production of MAP kinase activity
(0.006168288) (0.014314209)
fever regulation of glucose transport
(0.006168288) (0.014314209)
regulationho: vasculardendothelial response to bacterium
growth factor production
(0.006168288) (0.014953984)
heat generation posﬂw:::a::::zr:l of cell
(0.010770707) (0.015949676)
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Csf1 though to a more modest degree. Other interesting genes that were
significantly transrepressed in B-2 cells were chemokine receptor 2 (CXCR2)
and DUSP4. Like B-1 cells, the genes that were transrepressed in B-2 cells
strongly associated with the immune response but there was also an associ-
ation with gene ontology terms related to glucose transport (Table 4-2). Even
though there were more genes transrepressed in B-2 cells than B-1 cells,
there were no motifs significantly enriched in transrepressed genes in B-2
cells (Fig. 4-5F). However, the motif that was most enriched was that of NFkB
(p-value of 1e-11).

One of the more interesting observations noted above is that the cel-
lular processes significantly associated with the genes up- or down-regulated
by Dex exposure in B-1 and B-2 cells were remarkably different (Table 4-1).
There were also differences in the motifs enriched in the promoters of the
Dex regulated genes (Figs 4-4 D & 4-5D). Dex treatment in B-1 cells led to
increased levels of gene transcripts associated with phosphorylation, many of
which were kinases and phosphatases such as Map3K6, DUSP1, serum/glu-
cocorticoid regulated kinase 3 (Sgk3), etc. On the other hand, genes upreg-
ulated by Dex in B-2 cells associated predominately with the processes of cell
activation and apoptosis (Table 4-1).

One of the most remarkable findings of these studies was that GR led
to the activation or transrepression of essentially distinct sets of genes in B-1
cells vs. those of B-2 cells. A quantitative comparison of whether the genes be-
ing regulated are the same or distinct between B-1 cells and B-2 cells is shown
in Fig 4-6A. Of the 1158 or 2318 genes differentially regulated by Dex in B-1
cells and B-2 cells respectively, only 388 were the same genes (Fig 4-6A).

66% of the Dex regulated genes in B-1 cells and 83% in B-2 cells were unique
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Homer de novo Motif Analysis
(p-value, %of targets, %of background)
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Log2 Log2 B-1 B-2 B-1 B-2
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Fig. 4-6 Comparing the Transcriptional Response of B-1 and B-2 Cells to Dexametha-
sone. A. Size proportional Venn diagram illustrating the number of genes differentially reg-
ulated by 4hr of 1uM Dex treatment unique to B-1 or B-2 cells or shared between them. Up
and down arrows with corresponding numbers indicate the number of genes up- or down-reg-
ulated by Dex. B. De Novo Motif analysis of the promoters (-300 to +50bp from transcriptional
start site) of the genes up- or down-regulated by Dex versus no treatment unique to or com-
mon between B-1 or B-2 cells performed using the computational program HOMER. See Fig.
4-4 for a more detailed description of de novo motif analysis. Red asterisks indicate motifs
that HOMER designated as possible false positives based upon the p-value of enrichment. C.
Heat maps of genes up- or down-regulated >4-fold due to Dex treatmentin B-1 cells (left) in B-2
cells (right). Heat maps are sorted top to bottom according to change in expression (increased
to decreased) due to Dex treatment. D. 159 apoptosis-related genes (taken from DAVID)
that were up- or down-regulated >1.5-fold in either B-1 or B-2 cells. Heat maps are sorted top
to bottom according to change in expression (increased to decreased) due to Dex treatment
in B-1 cells (left) or B-2 cells (right). Bcl-2 modifying factor (Bmf). Bcl-2 like protein 11 (Bim).




117

to each cell type. Also, of note is that the most strongly regulated genes in
each cell type were not regulated similarly between B-1 and B-2 cells. For ex-
ample, heat maps showing only the genes with changes in expression greater
than 4-fold for either Dex treated B-1 or B-2 cells reveal that the same genes
were often not qualitatively or quantitatively similarly up or down regulated in
both cell types (Fig 4-6C). Motif analysis of the promoters of genes specific to
B-1 or B-2 cells reveal that binding sites for unique transcription factors such
as Blimp-1 for B-1 cells were slightly enriched (Fig. 4-6B). A gene ontology
analysis of the genes commonly or specifically regulated in either B-1 or B-2
cells again demonstrated that unique cellular processes are being regulated
(Table 4-3). Interestingly, apoptosis or cell death related gene ontology terms
almost only appeared for the genes commonly regulated by both B-1 and B-2
cells. Of note, most of the gene ontologies associated with B-2 cell specific

regulated genes related to cellular activation whereas those specific to B-1

Table 4-3 Gene Ontology Analysis of Dexamethasone Regulated Genes. Analysis per-
formed using the online bioinformatic suite DAVID. Lists of Dex up- or down-regulated genes
specific to B-1 cells and B-2 cells were compared to a background list of random genes.
See Fig. 4-5A for numbers of genes in each gene list. P-values in parenthesis represent the
enrichment of the indicated G.O. term among the regulated genes versus background genes.

B1 Cell Specific Genes Common Genes B2 Cell Specific Genes
phosphorylation 7.10E-05 negative '?:::::g of cellular 2.83E-06 | regulation of lymphocyte activation 3.45E-06
regulation of immune g . ) . g regulation of leukocyte apoptotic ¥
v system process 7.44E-05 intracellular signal transduction 6.30E-06 process 7.67E-06
P - — - -
Regulated| reguiation of insulin 9.11E-05 regulation of cell death 1.47€-05 | Positive regulation of lymphooyte 4 »g o5
receptor signaling pathway apoptotic process
(>1.5fold) - - — — -
immune system procass 0.00014236 negative regulation of biclogical 1.40E-05 positive regula?lonlof lymphocyte 3.79E-05
process activation
cellular response to " . . -
interferon-beta 0.00016148 | regulation of apoptotic process 1.69E-05 regulation of leukocyte activation 4.20E-05
response to stress 260E-09 |Postive regué?::r?ﬂh?sf response o, 52 og leukocyte activation 1.15E-13
response to wounding 2.81E-09 regulation S:c;?:;:ne system 3.69E-08 immune system process 8.26E-13
Down
Regulated | immune system process 5.76E-09 regulation of response to stimulus ~ 4.58E-08 cell activation 4.30E-12
(>1.5fold) —
inflammatory response 1.99E-08 regulation ;:ér:;;:ne effector 5.01E-08 lymphocyte activation 5.41E-11
regulation of immune 3.86E-08 immune system process 6.59E-08 cholesterol biosynthetic process 9.15E-11
system process
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cells were more generally related to the regulation of the immune response.
The in vitro experiments detailed in chapter 3 demonstrate that apopto-
sis was a predominant phenotype observed when B-1 cells were cultured with
Dex. Surprisingly, gene ontology terms related to cell death were not as com-
mon as expected in Dex treated B-1 or B-2 cells, nevertheless they were con-
sistently observed (Table 4-1 & Table 4-3). A curated list of all the genes (980)
that DAVID associates with apoptosis and cell death was used to assess the
affect of Dex treatment on the expression levels of these genes (Fig. 4-6D).
For both B-1 and B-2 cells, a large number of apoptosis-related genes were up
or down regulated by Dex, but in many cases these were not the same genes.
Figure 4-6D portrays expression heat maps of the 159 genes from the 980
apoptosis-related genes that were differentially regulated by Dex treatment in
either B-1 or B-2 cells. This list of genes is sorted either according to change
in expression level in B-1 cells (left) or B-2 cells (right). These data again em-
phasize what appears to be fundamentally different responses of B-1 and B-2

cells to Dex exposure.

Comparing the Cistrome of the Glucocorticoid Receptor Between Vari-
ous B cell Subsets

The surprisingly unique transcriptomes of B-1 and B-2 cells especially
in response to Dex treatment led me to hypothesize that GR would bind to
unique locations in the genomes of B-1 and B-2 cells. To characterize the ge-
nome-wide bind binding of GR in these cells, | performed chromatin immuno-
precipitation followed by deep sequencing (ChlP-seq) in primary B-1 and B-2
cells. Because ChlP-seq often requires large numbers of cells, | decided to

optimize the technique and protocol for GR ChlP-seq using BCL-1 cells. BCL-
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1 cells are a mouse B cell line derived 40 years ago from a spontaneous tumor
in a 2-year old Balb/c mouse (35). More recent evidence has demonstrated
that BCL-1 cells most likely originated from B-1a cells (36). | reasoned that
these would offer a valid approximation of primary B-1 cells and would allow
me to optimize the ChlP-seq protocol without sacrificing more mice than nec-
essary in order to harvest large numbers of primary B-1 cells. Before utilizing
BCL-1 cells for GR ChlIP-seq | confirmed that GR was expressed and active in
these cells. Using gPCR methods | first compared the expression of GR from
quiescent BCL-1 cells and B-1 cells from Balb/c mice. As shown in Figure

4-7A, BCL-1 cells did express GR but only at about 20% the levels observed
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Fig. 4-7 Exploring the Function of GR in BCL-1 Cells. A. GR (top panel), Cyclin D3
(middle panel) and Dusp1 (bottom panel ) expression as measured by qPCR and nor-
malized to GAPDH. GR expression measured in B-1 cells from Balb/c mice as BCL-
1 cells were originally derived from Balb/c mice. B. Genomic annotation of all 680 GR
ChlIP-seq binding peaks from BCL-1 cells. Untranslated Region (UTR). Transcription-
al termination site (TTS). miscRNA include known non-coding RNAs, microRNAs, ri-
bosomal RNAs. C. De Novo Motif analysis of 200bp (£100bp) from the center of all
680 GR ChlP-seq peaks from BCL-1 cells performed using HOMER. See Fig. 4-4 for
more detailed description of de novo motif analysis, here peaks are analyzed and p-val-
ues for enrichment and motif frequencies are relative to random background sequences.
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in primary B-1 cells. Next, | cultured BCL-1 cells for 4hr with 1uM Dex and
then harvested the mRNA and performed qPCR analysis for the known GR
target genes CCND3 and DUSP1. Only DUSP1 was appreciably and dramati-
cally upregulated by Dex treatment (Fig. 4-7A). Next | used protocols that had
been developed for macrophages, but found that considerable modifications
were needed to optimize the buffer system and sonication protocols necessary
for an efficient immunoprecipitation of GR in the BCL-1 cells. Eventually, |
was able to successfully immunoprecipitate GR from BCL-1 cells and isolate
the GR-bound DNA and sequence it. However, only 680 GR binding loca-
tions (peaks) were found. Peaks represent genomic locations with enrichment
for GR bound DNA fragments. In other words, they are putative GR binding
locations. Figure 4-7 illustrates the results of the ChIP-seq experiment in BCL-
1 cells. These peaks were predominantly intergenic or intronic and very few
peaks were found in the promoter regions of genes (Fig 4-7B). The GRE was
found to be the most significantly enriched motif near these peaks. This ver-
ifies that GR is binding directly to DNA in BCL-1 cells and that this GR ChlIP-
seq experiment was valid.

Once | had successfully performed ChIP-seq in BCL-1 cells, | isolated
large numbers (~25million) of primary B-1 and B-2 cells from the same cohorts
of mice and cultured them in media containing charcoal-stripped serum, which
is depleted of endogenous glucocorticoids and other lipid-based hormones, for
4hr with Dex before crosslinking the cells with formaldehyde and
disuccinimidyl glutarate (DSG). DSG is a crosslinker with a 7.7 angstrom
linker arm which serves to further stabilize the structure of proteins and pro-
tein-protein adducts (Fig. 4-8A) (37). In B-1 cells, 3867 GR binding peaks
were identified and in B-2 cells 2376 peaks were found (Fig. 4-8B).
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A comparison of GR peak locations in B-1 and B-2 cells revealed a notable
dissimilarity in GR binding (Fig.4-8B). B-1 and B-2 cells only shared GR
binding at 1109 genomic locations. This represents only 29% of the B-1 cell
GR peaks and 47% of the B-2 cell peaks. The number of DNA sequencing
tags that map in the vicinity of each peak is an indirect measure of GR occu-
pancy frequency. Figure 4-8C depicts the number of sequence tags within
200bp of each GR peak from B-1 and/or B-2 cells. Interestingly, the peaks
with the highest surrounding tag density were those that were found in both

B-1 and B-2 cells. Also of note, peaks unique to B-1 cells tended to have more
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Fig. 4-8 GR Cistrome in Primary B-1 and B-2 Cells. A. Experimental Design for ana-
lyzing the genome wide binding of GR in primary B-1 and B-2 cells. B-1 or B-2 cells were
cultured overnight in RPMI media containing 10% charcoal stripped serum. They were then
treated for 4hr with 1uM Dex to induce GR nuclear translocation. After treatment cells were
crosslinked with 1% formaldehyde and disuccinimidyl glutarate (DSG). GR was then im-
munoprecipitated and bound DNA was isolated and sequenced. B. Size proportional Venn
diagram illustrating common and unique GR binding locations (if peaks were within 200bp
they were considered to be shared) in B-1 and B-2 cells. C. Scatterplot of Log2 GR ChlP-
seq sequencing tag counts within 200bp of all peaks in B-1 or B-2 cells. Colors correspond
to those shown in (B). D. Genomic annotation of all GR ChIP-seq binding peaks from unique
to or shared between B-1 and B-2 cells. See Fig. 4-6B for more detailed description of an-
notations. E. De Novo Motif analysis of 200bp (£100bp) from the center of all GR ChlP-seq
peaks unique to or shared between B-1 and B-2 cells performed using HOMER. See Fig.
4-4 for more detailed description of de novo motif analysis, here peaks are analyzed and
p-values for enrichment and motif frequencies are relative to random background sequences.
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surrounding tag counts than those unique to B-2 cells. This may indicate that
these peaks are in fact ‘real’ GR binding sites and not simply experimental
artifacts. The majority of GR binding locations in B-1 and B-2 cells were found
either intronically or intergenically (Fig. 4-8D). Peaks unique to B-2 cells were
found considerably more often in promoters (24%) than peaks unique to B-1
cells (11%) or peaks common to both cell types (8%). There were very few
peaks found in other genomic locations such as exons, 3’ or 5’ untranslated
regions, transcription termination sites, etc. To both verify that known GR
DNA binding motifs are found in the vicinity of GR peaks and to determine if
there is enrichment for DNA motifs of other transcription factors in their vicinity
a de novo motif analysis was performed (Fig. 4-8E). The bona fide GR mo-
tif, the Glucocorticoid response element (GRE), was the most enriched and
significantly found motif near the peaks common to both B-1 and B-2 cells and
was found within 100bp of 48% of the common peaks. The GRE was found
near 26% of the B-1 cell specific peaks and only in 8% of the B-2 cell specific
peaks. Motifs for the transcription factor PU.1 were very strongly enriched in
both B-1 and B-2 cells. There were various other transcription factor motifs
that were commonly found in both cell types including NFkB, Oct2, and Runx.
Importantly, there were also motifs that were uniquely found in each cell type

including AP-1 and E2A for B-1 cells and Sp1 for B-2 cells.

Comparing the Dexamethasone Transcriptome and GR Cistrome in B-1
and B-2 cells

Up to this point the genome-wide comparisons performed comparing
B-1 and B-2 cells has revealed a remarkable disparity in the genes up- or

down-regulated by Dex treatment and in the genome wide binding patterns of
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GR. To get an understanding of whether the unique binding patterns of GR

in B-1 and B-2 cells can at least in part explain the disparate gene expression
regulation observed during Dex treatment, a comparison was carried out to
evaluate changes in gene expression due to Dex treatment and GR binding.
In this analysis, each GR binding peak was assigned to the transcriptional
start site of the gene that was linearly the closest in the genome. If multiple
GR peaks assigned to one gene, then that gene was only counted once in the
analysis. Although B-1 cells had many more GR peaks (3867 vs. 2376) these
only related to 2354 genes, whereas GR peaks (2376) in B-2 cells assigned to
1772 genes. In other words, B-1 cells had more peaks assigned to each gene
(peaks/gene: 1.64) than B-2 cells (peaks/gene: 1.34).

Next, | compared the genes that had differential gene expression when
treated with Dex with the list of genes with nearby GR binding peaks in B-1
cells (Fig. 4-9A) and B-2 Cells (Fig. 4-9B). Of the 1158 up or down regulated
genes in B-1 cells, only 289 (25%) had GR binding peaks assigned to them.
This represents only 12% of the 2354 genes assigned GR binding peaks (Fig.
4-9A). B-2 cells had more overall genes (347) that were differentially regulat-
ed with nearby GR binding peaks than B-1 cells (289). These 347 genes in
B-2 cells represent only 15% of all the differentially regulated genes and about
20% of the genes assigned GR binding peaks (Fig. 4-9B). A gene ontology
analysis was performed for all the genes that were differentially regulated with
nearby GR binding peaks for B-1 cells (Fig. 4-9C) and B-2 cells (Fig. 4-9D).
Interestingly, the gene ontology terms for these genes were quite unique for
both cell types and quite statistically significant considering the small number
of genes in the analysis. For example, the upregulated genes from B-1 cells

associated strongly with G.O. terms related to cell signaling and programmed
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cell death whereas in B-2 cells regulation of lymphocyte activation was a com-
mon theme (Fig. 4-9 C-D). Motif analysis was carried out for the sequences
surrounding the GR peaks that were assigned to differentially Dex regulated
genes in B-1 and B-2 cells (Fig. 4-9 E-F). The GRE and PU.1 motifs were the
most significantly enriched motifs in both cell types. A motif quite similar to

that of myeloid enhancer factor 2c (Mef2c) was uniquely enriched in B-2 cells.
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Fig. 4-9 Comparing the Dexamethasone Transcriptome and GR Cistrome in B-1 and
B-2 cells. A-B. Size proportional Venn diagrams illustrating in B-1 cells (A) or B-2 cells (B)
the number of genes differentially regulated by Dex which also had at least one nearby GR
binding peak (assigned by linear proximity to transcriptional start site). C-D. Gene Ontology
analysis performed using the online bioinformatic suite DAVID. Dex regulated genes with
nearby GR binding peaks (overlap section of Venn diagrams) from B-1 cells (C) and B-2 cells
(D) were compared to a background list of random genes. P-values represent the enrichment
of the indicated G.O. term among the indicated genes versus background genes. E-F. De
Novo Motif analysis of 200bp (£100bp) from the center of all GR ChIP-seq peaks assigned
to Dex regulated genes from B-1 (E) and B-2 cells (F) performed using HOMER. See Fig.
4-4 for more detailed description of de novo motif analysis, here peaks are analyzed and
p-values for enrichment and motif frequencies are relative to random background sequences.
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Comparing the Enhancer Landscape of B-1 and B-2 cells

As detailed in great depth in Chapter 1, B-1 and B-2 cells possess
remarkably disparate phenotypes. Perhaps unsurprisingly the transcriptomic
response to Dex and the cistrome of GR are very unique between B-1 and
B-2 cells. The mechanism for the unique GR binding and therefore the unique
transcriptional response to Dex and ultimately the unique phenotypes of B-1
and B-2 cells and in fact cell type differences in general is hypothesized to be
due to cell-type specific enhancers (26). To test if B-1 and B-2 cells possess
unique enhancer landscapes across their genomes, | performed ChlIP-seq for
the post-translational histone mark of di-methylation of lysine 4 on histone 3
(H3K4Me2) from B-1 and B-2 cells in which the non-nucleosomal DNA had
been digested by micrococcoal nuclease (MNase) (Fig. 4-10A). H3K4Me2
is an histone marker commonly considered to be present on promoter distal
enhancers (38). As expected, B-1 and B-2 cells had near equal numbers of
peaks or regions with enrichment for H3K4Me2 and most of these regions
were found in both cells (Fig. 4-10B). H3K4Me2 marks were distributed
across the genome in similar proportions in B-1 and B-2 cells and were found
predominantly intronically (50%) or intergenically (35%) and to a lesser extent
in promoters (9%) (Fig.4-10C). A motif analysis was performed for intergenic
H3K4Me2 peaks unique to B-1 or B-2 cells or common to both cells (Fig.
4-10D). There were various transcription factor motifs that were common for
both cell types, including among others PU.1, Oct, and Runx1. There were
also a few transcription factor motifs that were unique to B-1 cells such as
NFAT or for B-2 cells Mef2c.

To begin to answer whether the enhancers unique to B-1 or B-2 cells
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influenced the unique GR cistromes in these cells, the number of H3K4Me2
sequencing tags was counted in the vicinity of each GR binding peak. This
metric serves as a measure of GR binding proximity to enhancers. Plotted
in blue in Figure 4-10E are those GR binding peaks that had 2-fold greater
H3K4Me2 tag counts in B-1 cells than in B-2 cells and in red the converse is
plotted. It is readily apparent that GR peaks with greater numbers of nearby
H3K4Me2 tags in B-1 cells tended to be those peaks that are unique to B-1

cells. On the other hand, those GR peaks with greater numbers of nearby
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Fig. 4-10 H3K4Me2 ChlIP-seq from B-1 and B-2 cells. A. Experimental Design for analyzing
the genome wide prevalence of H3K4Me2 in primary B-1 and B-2 cells. B-1 or B-2 cells were
treated for 4hr with 1TuM Dex and then for 5 min with micrococcal nuclease (MNase). After
treatment nucleosomes possessing the H3K4Me2 mark were immunoprecipitated and bound
DNA was isolated and sequenced. B. Size proportional Venn diagram illustrating common
and unique H3K4Me2 regions (shared peaks within 1000bp were considered to be shared) in
B-1 and B-2 cells. C. Genomic annotation of all H3K4Me2 ChlP-seq binding peaks for B-1 and
B-2 cells. See Fig. 4-7B for more detailed description of annotations. D. De Novo Motif anal-
ysis of 200bp (£100bp) from the nucleosome free (nfr) defined ‘center’ of intergenic (>5000
from TSS and not intronic) H3K4Me2 ChlIP-seq regions unique to or shared between B-1 and
B-2 cells performed using HOMER. See Fig. 4-4 for more detailed description of de novo motif
analysis, here peaks are analyzed and p-values for enrichment and motif frequencies are rel-
ative to random background sequences. E. Scatterplot of Log2 GR ChIP-seq sequencing tag
counts within 200bp of all peaks in B-1 or B-2 cells. Data points in blue correspond to GR peaks
with surrounding (x200bp) H3K4Me2 tag densities two times > in B-1 cells versus B-2 cells.
Red data points are same as blue but with higher surrounding H3K4Me2 density in B-2 cells.
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H3K4Me2 tags in B-2 cells were those that are both unique to B-2 cells or

common to both cell types.

Discussion

Studies described in this Chapter and in Chapters 2 and 3 have estab-
lished that GR mRNA and protein are expressed and transcriptionally active in
both in B-1 and B-2 cells. Both GR mRNA and protein are expressed at higher
levels in B-2 cells. The transcriptional response to GR activation is surpris-
ingly different between B-1 and B-2 cells. More genes are both transactivated
and transrepressed in Dex treated B-2 cells. Surprisingly, even the most pro-
foundly up- or down-regulated Dex genes often displayed different respons-
es between B-1 and B-2 cells. The biological consequences of these unique
transcriptional responses to Dex between B-1 and B-2 cells have not been
established. Chapter 3 details the response of B-1 cells treated in vitro with
Dex. Dex reduced antibody production in B-1 cells, which was probably due in
large part to the potent induction of apoptosis. Future studies should establish
in a similar in vitro culture system what the biological consequences of Dex
treatment are in B-2 cells. However, these studies would be challenging as B-2
cells undergo rapid cell death in an in vitro culture system.

| hypothesize that B-2 cells would exhibit a unique phenotype to Dex
activation relative to B-1 cells as the gene ontologies enriched by both GR
up- or down-regulated genes were unique between B-1 and B-2 cells. Up-reg-
ulated genes in B-1 cells associated with phosphorylation and cell-signaling
whereas in B-2 cells cell activation and cell death were commonly enriched
gene ontologies. Dex down-regulated genes in B-2 cells uniquely associ-

ated with cholesterol biosynthesis related genes. The biological differences
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of these unique effects are unknown. | am currently establishing an in vivo
system in which to explore the biological consequences of GR activation on

B cells. Mice possessing GR floxed alleles were gifted to our lab from Jona-
than Ashwell (39). These have been crossed with CD19-Cre mice to generate
mice with a B-cell specific knockout of GR (GR""/CD19°¢®* mice). In order

to explore and establish the effect of GR activation in B-1 versus B-2 cells

the B-1 cells from these mice will be adoptively transferred into Rag1- mice,
which lack B- and T-cells. Adoptively transferred B-1 cells will reconstitute

the B-1 cell population of Rag1” mice (40). The effect of GR deletion upon
the proliferative response that occurs during reconstitution will be measured.
Furthermore, if GR-null B-1 cells are able to reconstitute the B-1 cell pool of
Rag1” mice these mice can then be treated with Dex and compared to mice
that received wild-type B-1 cells. Additionally, homozygous CD19-Cre (CD19-
cre/Cre) mice have been shown to lack B-1 cells (41). This phenomenon can be
utilized to explore the effect of Dex treatment on B-2 cells specifically by com-
paring wild type and GR-null B-2 cells in these mice. Therefore, two mouse
models, in which either B-1 or B-2 cells are exclusively present, can be utilized
to compare the effect of GR activation in vivo. This is especially useful as B-2
cells cannot readily be cultured in vitro. Additionally, exploring the effects of in
vivo treatment of Dex upon B cells is of clinical importance as glucocorticoids
are one of the most often prescribed drug treatments. It will be important to
establish what effects Dex and other glucocorticoids have upon B cells and
their antibody titers and repertoires. This may be especially important in the
context of IgG isotypes secreted by B-2 cells, and the IgM natural antibodies
generated by B-1 cells. For example, IgM appear to play an atheroprotective

role in murine models of atherosclerosis. The doses and time courses of Dex
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administration that most profoundly impact B cells would be an important con-
sideration when deciding whether to administer glucocorticoids to a patient.
Additionally, the in depth genome-wide studies detailed in this chapter have
the potential to improve understanding of the mechanisms whereby GR activa-
tion leads to the phenotypes observed in vitro and in vivo for B-1 and B-2 cells.
A motif analysis of the promoters of Dex or KLA up- or down-regulated
genes did not result in the identification of any motifs that were profoundly en-
riched. Most motifs were near the threshold of significance (p-value of 1e-11
is HOMER’s cut-off for possible false positives). Nevertheless, some interest-
ing highlights emerged, that may be informative biologically. For example, the
promoters of up-regulated genes for B-1 cells treated with KLA had the most
significant enrichment, which included motifs similar to NFkB (p-value 1e-17),
IRF3 (p-value 1e-15), and the GRE (p-value 1e-14) (Fig. 4-4 E). Considering
that GR does not bind to the promoter very often in B-1 cells (Fig. 4-8D) it was
surprising to find its response element motif enriched, even modestly, in the
promoters of KLA up-regulated genes. | would’ve expected to find it enriched
in the promoters of the Dex up-regulated genes. However, a recent report
has shown that GR can bind to classical GREs in close association to NFkB
binding elements and mediate either activation or repression in LPS stimulated
cells (42). Another surprising example came from the comparison of motif
enrichment of transrepressed genes between B-1 and B-2 cells. B-1 cells only
had 37 transrepressed genes whereas B-2 cells had 326. Despite having so
few gene promoters in the analysis, B-1 cells had one significantly enriched
motif whereas B-2 cell had none. RXRa motif enrichment was barely above
the threshold to avoid being labeled a possible false positive, but even so it

is interesting that it was enriched at all. RXRa binds as a heterodimer with
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various other nuclear receptors to regulate lipid metabolism, the retinoic acid
response, etc (43,44). Itis unknown whether RXR plays any role in GR me-
diated transrepression, though RXR when bound as a heterodimer with other
nuclear receptors in the absence of ligand is known to mediate repression
(45).

Even though apoptosis was potently induced in B-1 cells in vitro (see
Chapter 3), none of the top 5 enriched gene ontology terms for Dex up- or
down-regulated genes in B-1 cells were related to apoptosis (Table 4-1). This
was not the case for B-2 cells as several G.O. terms associated with cell death
were enriched among the Dex up-regulated genes. Though it bears mention-
ing that among the genes that were commonly up-regulated by Dex between
B-1 and B-2 cells there was enrichment for several G.O. terms associated
with apoptosis (Table 4-3). Furthermore, a heatmap of a curated list of apop-
tosis-associated genes reveal that many apoptosis-related genes are indeed
regulated by Dex in B-1 and B-2 cells (Fig. 4-6D). However, these genes were
regulated quite differently between B-1 and B-2 cells. This along with the
unique G.O. term enrichment between these cells for apoptosis-related terms
implies that Dex-induced apoptosis is regulated differently in B-1 and B-2 cells.
The fact that known apoptosis related cellular processes are not the most en-
riched gene ontologies in B-1 cells may indicate that Dex most strongly induc-
es genes or networks of genes in B-1 cells that don’t directly induce apoptosis
but rather induce cellular distress that then leads to apoptosis. Interestingly,
the most significantly up-regulated gene statistically in B-1 cells is Sestrin-1,
which is up-regulated 8-fold by Dex. It is also up-regulated in B-2 cells but
to a lesser extent (5-fold). Sestrin-1 is up-regulated by p53 in response to

DNA-damage and functions to regulate the scavenging of intracellular hydro-
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gen peroxide and thereby inhibit apoptosis (32,46). This implies that p53 may
be potently induced in B-1 cells and that it may be regulating apoptosis. The
fact that Sestrin-1 also acts to scavenge oxidants in the cell also suggests that
oxidative stress may be part of the cellular distress inducing apoptosis.
Although many of the apoptosis-related genes were regulated differen-
tially in B-1 and B-2 cells, there were a number that were regulated in a similar
fashion (Fig. 4-6D). Many of these were classic Dex target genes including
DUSP1, Ddit4, and Sgk3. Interestingly, at least two members of the Bcl-2
family of apoptosis regulating genes, Bcl-2 modifying factor (BMF) and Bcl-2
like protein 11 (BCL2L11 or Bim) were induced in both B-1 and B-2 cells. (Fig.
4-6D). BMF and Bim are both pro-apoptotic and bind to Bcl-2 as well as other
apoptosis regulating proteins (47,48). It has been reported that Bim protein
expression is induced by Dex in HF28RA cells, a human follicular lympho-
ma cell line (48). Furthermore, microarray studies of acute lymphoblastic
leukemic (ALL) cells isolated from children demonstrated that glucocorticoid
treatment induced both pro- and anti-apoptotic BCL-2 family members, which
varied between patients (49). However, the authors of this study conclude that
BMF and Bim induction dominated the response of ALL cells to Dex and that
both but especially Bim were necessary and sufficient for Dex induced induc-
tion of apoptosis (49). Additional studies need to be performed to establish
whether Bim and BMF regulate the Dex mediated induction of apoptosis in pri-
mary B-1 and B-2 cells and whether there are differences between these cells.
Due to the drastic differences in Dex-regulated gene expression be-
tween B-1 and B-2 cells, | decided to carry out a ChIP-seq experiment for GR
in these cells. The hypothesis put forth before performing this experiment

was that GR would have unique binding patterns in B-1 and B-2 cells and that
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this would correlate with their unique gene expression patterns. GR did in
fact bind in many unique genomic locations in B-1 and B-2 cells (Fig. 4-8B).
B-2 cells had fewer GR binding peaks than B-1 cells despite showing higher
MRNA and protein expression and a more robust transcriptional response to
Dex. This is most likely a technical issue and not a biological phenomenon.
| plan to repeat the ChlP-seq study for GR in B-2 cells and predict that more
GR binding peaks will be found. This technical issue may also account for the
lower number of sequencing tag counts near B-2 cell specific peaks relative
to B-1 cells (Fig. 4-8C). The fact that the GRE was the most enriched motif
for the common peaks between B-1 and B-2 cells with a strong significance
(p-value 1e-275) confirms that both the B-1 and B-2 cell GR ChlIP-seq data
sets were valid. Interestingly, the common peaks and not the cell-specific
peaks between B-1 and B-2 cells had the highest nearby sequencing tag
counts (Fig. 4-9C). This implies that the common peaks between B-1 and B-2
cells are the sites most often bound by GR. Even so, it was unexpected to
observe that the B-2 cell specific peaks were found so often in the promoters
of genes (Fig. 4-8D). Perhaps this unique promoter enrichment for B-2 cell
specific peaks can account for some of the unique transcriptional effects of
Dex in B-2 cells. Even so, GR bound predominantly intronically or intergen-
ically in both cell types (Fig. 4-8D). This promoter distal binding implies that
GR may be carrying out much of its regulatory effect in enhancers and other
cis-regulatory elements.

All the GR ChIP-seq peaks from B-1 and B-2 cells were assigned to
the closest transcriptional start site (based on linear proximity). This yielded
2354 genes for B-1 cells and 1772 for B-2 cells. An astonishingly small pro-

portion of these genes were differentially regulated by Dex (289 genes for
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B-1 cells and 347 genes for B-2 cells). The number of genes that were both
regulated by Dex and had nearby GR ChlP-seq peaks was probably so low
because there is currently no easy way to properly associate bound transcrip-
tion factors with the genes that they are regulating. Associated transcription
factor binding to the most proximal gene will undoubtedly lead to miss-assign-
ments. This is probably especially true for those GR binding sites that are

at very large distances from genes. Dex regulated genes with assigned GR
ChlIP-seq binding peaks were 32% or 26% closer on average in B-1 and B-2
cells, respectively, to the nearest transcriptional start site than all the genes
assigned GR peaks. This suggests perhaps that GR binding in closer prox-
imity to a gene will increase the likelihood that that gene will be regulated by
GR. However, the average distance from a GR binding peak to the TSS of
the nearest Dex regulated gene was ~27,000bp or ~31,000bp in B-1 and B-2
cells, respectively. A technique that could potentially be employed to better as-
sociate the regions of GR binding with the genes that they’re regulating would
be chromatin conformation capture or some derivative thereof, such as Hi-C.
These methods can powerfully demonstrate long-range intra-chromosomal
interactions that are probably occurring between cis-regulatory elements and
Dex regulated genes.

A gene ontology analysis was carried out for the 289 genes from B-1
cells or the 347 genes from B-2 cells that were both differentially regulated and
possessed assigned GR binding peaks. Remarkably, statistically significant
G.O. terms were enriched in these small groups of genes. This supports the
idea that common biological pathways and functions are being carried out by
these groups of genes in their respective cell types. In B-1 cells, cell signaling

and cell death were significantly up-regulated G.O terms whilst cell activation
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appears to be a commonly down-regulated cellular function (Fig. 4-9C). In B-2
cells, G.O. terms associated with cellular activation were significantly enriched
for both up- and down-regulated genes (Fig. 4-9D). Though there are undoubt-
edly other Dex regulated genes that were directly regulated by GR, those that
were assigned at least one nearby GR binding peak by the crude methods
mentioned above seem to regulate common cellular processes.

Motif analysis was performed for the 200bp surrounding all the peaks
assigned to Dex regulated gene for both B-1 and B-2 cells (Fig. 4-9 E&F).
The GRE was the most potently enriched motif for both cell types followed by
PU.1, and the Oct2 motif was also enriched in both cell types. Interestingly,
motifs for several transcription factors were enriched uniquely in each cell
type, these included AP-1 and the composite motif of PU.1:IRF for B-1 cells
and MEF2c and RUNX for B-2 cells. These unique cell-type specific motifs
represent transcription factors that potentially were bound or could bind in
close proximity to GR binding locations and therefore could play a role in dic-
tating the unique GR binding patterns between B-1 and B-2 cells.

PU.1 has been shown to collaborate with cell-type specific LDTFs to
establish cis-regulatory elements in either B-cells or macrophages, which then
dictate the cell-type specific binding pattern of other signal dependent tran-
scription factors as well as more generally the identity of the cell (26). The
motif for PU.1 was significantly enriched near the GR binding sites in both B-1
and B-2 cells (Figs 4-8E, 4-9E-F). Additionally, motifs for known B-cell LDTFs
such as Oct2 and E2A were also observed. | hypothesized that PU.1 would
collaborate with unique LDTFs in B-1 and/or B-2 cells to establish unique
cis-regulatory elements between these cell types. A ChlP-seq experiment an-

alyzing the nucleosomal regions of the genome marked by H3K4Me2 was car-



135

ried out to begin to address this hypothesis. B-1 and B-2 cells possess large
numbers of common regions enriched for H3K4Me2 but they also each posses
large numbers of unique regions (Fig. 4-10B). A motif analysis was performed
for the intergenic H3K4Me2 regions unique or common to B-1 or B-2 cells
(Fig. 4-10D). As expected, PU.1 was the most significantly enriched motif.
Interestingly however, several other motifs were enriched uniquely in B-1 or
B-2 cells. A motif similar to NFAT was enriched only in B-1 cells. NFATc1 has
been shown to be required for normal B-1a cell development (50). This rep-
resents a possible candidate LDTF specific for B-1 cells. The motif for Mef2c
was uniquely enriched at B-2 cell specific H3K4Me2 regions. Additionally, as
mentioned earlier, the Mef2c motif was also enriched near B-2 cell GR peaks
associated with Dex regulated genes (Fig. 4-9F). Mef2c therefore represents
a potential B-2 cell LDTF. Interestingly, Mef2c has recently been specifically
knocked out from the B cell lineage and overall numbers of immature splenic
and bone marrow as well as mature bone marrow B cells (B220+) were sig-
nificantly decreased (51). Interestingly the authors did not evaluate the effect
of Mef2c deficiency upon B-1 versus B-2 cells but did report that numbers of
marginal zone B cells were increased. Marginal zone B cells are similar to B-1
cells in various respects. Additionally, the loss of Mef2c altered the expression
of many B cell specific genes and notably reduced the expression of CD23 on
splenic B cells. CD23 is a cell surface marker that distinguishes B-2 cells from
B-1 cells. Further studies are needed to corroborate and validate the hypoth-
esis that NFAT and Mef2c are LDTFs for B-1 and B-2 cells, respectively. Cur-
rently the ChIP-seq for PU.1 is being performed in B-1 and B-2 cells. These
ChlIP-seq data should shed further light on which transcription factors bind

in the vicinity of PU.1 binding sites and whether there are unique motifs near
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PU.1 binding sites in B-1 and B-2 cells. Additionally, the transcription factor
Early B Cell Factor 1 (EBF1) has been reported to uniquely control B-1 cell
development (52). A comparison of ChIP-seq binding patterns of EBF1 will be
carried out for B-1 and B-2 cells. Itis expected that EBF1 will bind near B-1
cell specific enhancers defined by the enrichment of H3K4Me2 at intergenic
regions.

Once the identity of potential LDTFs has been established through
the ChlP-seq experiments for PU.1 and potentially EBF1 described above,
then the role of these factors in B-1 cell development and maintenance will
be tested. If these factors are important in B-1 and/or B-2 cell maintenance
and/or development then they should be expressed in adult and/or progeni-
tor cells, respectively. The expression levels of the putative LDTFs will eval-
uated by both gPCR and western blot in adult and progenitor B-1 and B-2
cells. B-1 cell progenitors were recently reported to reside predominantly
within the fetal liver but can also be found in the adult spleen and have the
following cell surface phenotype Lin"CD45R""¢CD19* that can be used for
isolation by FACS (53,54). The developmental cascade of B-2 cells is much
more well defined and progresses within the adult bone marrow from the pre-
pro B-2 cell (CD45R*CD43*AA4.1* CD19 Ly-6C"), to the pro-B-2 cell (CD45R*
CD19* CD43* AA4.1%), and finally to the pre-B-2 cell (CD45R* CD19") stage.
All progenitor B-2 cell populations will be isolated by FACS and analyzed for
the expression of the transcription factor(s) in question. Additionally, ChlP-
seq experiments for the putative LDTFs will be carried out. For example, if the
motif for Mef2c in confirmed by PU.1 ChlP-seq to again be near unique B-2
cell binding locations then ChIP-seq will be performed for this factor in both

B-1 and B-2 cells. Other investigators have already performed ChIP-seq for
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Mef2c in a B cell line but not in primary B-1 or B-2 cells (51). It would be ex-
pected that Mef2c binding would occur in close association with PU.1 at B-2
cell specific enhancers. Finally, a knock-out model for the putative LDTFs for
B-1 and B-2 cell will be utilized to evaluate the importance of the factors in
establishment and maintenance of stable B-1 and B-2 populations. Specifical-
ly, the impact of the knock-out(s) on the population size of various progenitor
B cells will be evaluated using the cell populations and markers described
above. We will also extensively explore the impact of the knockout on antibody
production. Additionally, our lab has previously employed adoptive transfer ex-
periments using B-1 cells, wherein B-1 cells are isolated and injected into the
peritoneal cavity of Rag1”- mice, which are devoid of B or T cells, and through
homeostatic proliferation and self-replenishment the donor B-1 cells repopu-
late the spleen and replenish the plasma IgM compartment (40). This model
will be useful in directly evaluating the impact of transcription factor gene ab-
lation on B-1 cell survival, proliferation, self-replenishment, and spontaneous

NAb secretion.
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Abstract

Dr. Witztum’s laboratory has been a pioneer in demonstrating that the
immune system plays a significant role in modulating the development of
atherosclerosis. Immune cells and immune mediators can either promote or
inhibit the atherogenic process. Detailed in this chapter are five collabora-
tive studies exploring the impact of the immune system on the development
of atherosclerosis. The first study used a knockout of the invariant chain to
investigate the role of antigen presentation in disease progression. A second
study considered the role of the transcriptional repressor BCL-6, which has
been shown to potently antagonize NFkB, in atherogenesis. The third study
analyzed the impact of a B- and T-cell specific immunosuppressant drug upon
disease severity. The fourth collaboration analyzed the impact of the inhibitory
FcyRIIb on atherosclerosis. And finally, the influence of vitamin D administra-
tion in an accelerated atherosclerosis model was evaluated. In each of these
studies | carried out analyses to evaluate the impact of the disease model
upon either B-1 cells or on plasma levels of circulating natural and/or adaptive
immune antibodies. In all studies, except for vitamin D treatment, B cells and/
or antibody levels were significantly impacted by the intervention and therefore

potentially carried out a significant role in the athero-phenotypes observed.

Introduction

B cells, and the antibodies they produce are known to potently impact
the development of atherosclerosis (1). Described below are five atheroscle-
rosis studies carried out in collaboration with various laboratories in which |
assessed the impact of a genetic or pharmacologic intervention upon B cells

and/or antibody levels.
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Function of Invariant Chain and its Role in Atherosclerosis.

The Invariant chain, other wise called CD74, is a type Il transmembrane
protein that plays a critical role in proper antigen processing and presentation
by antigen presenting cells (APC) (2). CD74 functions as a chaperone for the
major histocompatibility complex Il (MHC-II) and helps it to assemble proper-
ly. When CD74 expression is ablated, MHC-II Aa® and AB® chains are mostly
free and not properly assembled (3). Additionally, CD74 binds in the peptide
binding cleft of the MHC-Il complex intracellularly as it is being processed and
prevents the inappropriate binding and therefore presentation of other pep-
tides (2). CD74 when bound to MHC-II also functions to target the complex
to lysosomes and endosomes, where it is removed by proteases (2). Once
CD74 is removed this allows MHC-II to be properly loaded with antigenic pep-
tides that can then be presented to CD4 T-cells on the cell surface (4). Loss of
proper CD74 expression or proteolytic processing results in major disturbanc-
es in antigen presentation and immune homeostasis in general. APCs of mice
lacking cathepsin S, which plays a role in the proteolytic breakdown of CD74,
present a 10kDa CD74 fragment as opposed to antigenic peptides on their
cell surfaces (4). This results in failure to activate T cells and fewer IgG2a and
IgG3 antibodies even though T and B cell numbers are normal. CD74 knock-
out mice have a drastic reduction in numbers of CD4 T cells, greater CD8 T
cells, and reduced numbers of B cells (3,5-7). However, it appears that B cell
development is not dependent on CD74, as double knockout of the CD74 and
MHC-II genes did not affect B cell numbers (7).

APCs and T Cells are found in atherogenic plaques and are considered
to be proatherogenic (8). T-cell ablation reduces atherosclerotic plaque bur-

den and reconstitution restores the disease phenotype. In collaboration with
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the laboratory of Guo-Ping Shi at Harvard, the hypothesis was tested whether
the loss of antigen presentation in the absence of CD74 results in reduced T
cell activation in the context of atherogenesis, and the impact of this on ath-
erogenesis (9). Cd74-/- mice were crossed with LdIr’~ mice and given an
atherogenic diet and were found to have reduced atherosclerosis. Compared
to control mice CD74-/- mice had reduced levels of plasma IgG1, IgG2b, and
lgG2c against malondialdehyde-modified LDL (MDA-LDL), indicating that T
cell mediated adaptive responses against disease-specific oxidation specif-

ic epitopes of oxidized LDL were blunted. These data are consistent with a
wide body of literature that T cell specific responses against oxidation specific
epitopes are proatherogenic. This interpretation however is complicated by
the interesting observation that these mice had increased titers of innate IgM
and 1gG3 natural antibodies against MDA-LDL as well as increased numbers
of B-1 and Marginal zone B cells. As discussed in Chapter 1, B-1 cells are
considered to be atheroprotective. Therefore the loss of CD74 and antigen
presentation may not only impact atherosclerosis by reducing the T cell de-
pendent effects but also by directly modulating B cell biology. These data are
also interesting as they suggest that there is some kind of feedback regulation

between adaptive and innate immune humoral responses.

B-cell Lymphoma 6, Atherosclerosis, and Antibody Responses.

B-cell ymphoma 6 (BCL-6) is a sequence specific transcriptional re-
pressor (10). It is known to play an intrinsic role in B cell regulation but is
also known to be important in T cells and macrophages (11,12). In B cells
expression of BCL-6 is restricted to the germinal center reaction where it is

known to repress plasma cell differentiation and is thought to function in a
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reciprocal inhibitory regulatory loop with Blimp-1 (13). BCL-6 may function in
a unique manner in B-1 cells as its expression is lower than in B-2 cells, yet
Blimp-1 expression is not dramatically induced as would be expected (14). As
its name suggests BCL-6, when genetically damaged, is implicated in various
malignancies (10). BCL-6 represses target gene expression through interac-
tion with various co-repressors including SMRT, NCoR, BCorR, HDACS, and
others (10). In an acute or chronic inflammatory state, the expression of many
inflammatory genes are up-regulated by various transcriptional inflammatory
regulators, typified by NFkB. Dr. Grant Barish, an investigator in the labora-
tory of Dr. Ron Evans, has shown that BCL-6 can inhibit acute TLR induced
inflammation in macrophages by binding in the proximity of NFkB binding sites
(15). Dr. Barish hypothesized that BCL-6 functions in macrophages to curb
chronic inflammation in the context of atherosclerosis. To test this hypothe-
sis, bone marrow transplantation studies were carried out using bone marrow
deficient in BCL-6 (16). It was found that mice on an atherogenic diet that
received BCL-6 deficient bone marrow had enhanced atherogensis as well as
xanthomatous tendonitis compared to mice that received wild type bone mar-
row. BCL-6, through its repressor activity in conjunction with SMRT and NCoR
was atheroprotective. Whether these mice also had changes in antibody titers
that could also contribute to the changes in atherogenesis was unknown. As
BCL-6 plays a prominent role in inhibiting B-cell differentiation in the germi-
nal center it was hypothesized that antibody titers would be affected in BCL-6

bone marrow transplantation atherosclerotic mice.
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Immunosuppression with Mycophenolate Mofetil, Atheroscelrosis, and
Antibody Responses.

Atherosclerosis is characterized as a chronic inflammatory response
that involves the activation of inflammatory leukocytes (17). Both myeloid and
lymphoid cells have been demonstrated to play intrinsic or important roles in
the pathophysiology of atherosclerosis (18). Unfortunately however the use
of systemic immunosuppressants has resulted in varied and often detrimental
effects with regard to atherosclerosis (19). Various classes of immunosup-
pressive agents can negatively impact various cardiovascular risk factors. For
example, prolonged administration of glucocorticoids is known to increase
hypertension, levels of circulating lipids, and especially incidence of diabetes
mellitus (19). In animal studies, inhibition of calcineurin through treatment with
cyclosporine A, which prevents lymphocytes from becoming active, has been
shown to enhance atherosclerosis (20). Conversely, inhibition of sphingosine
1-phosphate receptor signaling, by administration of Fingolimod, which se-
questers lymphocytes in lymph nodes, has been shown to reduce atheroscle-
rosis in several mouse models but also to increase levels of circulating lipids
(21-23).

Mycophenolic acid and the pro-drug, Mycophenolate Mofetil (MMF), are
immunosuppressive agents that act as purine antagonist and block guanosine
nucleotide generation specifically in proliferating T and B cells (24,25). Com-
pared to other commonly used immunosuppresants, MMF has been reported
to have advantageous results with regard to vascular disease and cardio-
vascular risk factors, though it has not been studied as extensively as other
agents (19). Dr. Sibylle von Vietinghoff of Dr. Klaus Ley’s lab explored wheth-

er MMF would inhibit atherosclerosis in a mouse model of atherosclerosis



150

(26). They administered 30mg/kg of daily MMF to apolipoprotein-E-deficient
(Apoe-/-) mice. MMF was given to young ApoE-/- mice for 12 weeks or old
ApoE-/- mice for 3 weeks while on a high fat diet. It was found that MMF mod-
erately decreased atherosclerosis without significantly impacting cholesterol
levels. | measured and analyzed the antibody titers from the young 12-week
MMF treated ApoE-/- mice and the results, in part, were published in Figure 2
A-D of their paper (26).

Biology of the Inhibitory FcyRlIlb and its Effect on Atherogenesis

Various immune cells such as B cells, macrophages, neutrophils, mast
cells, natural killer cells, and dendritic cells express Fcy receptors (27). Fcy
receptors recognize the non-variable Fc portion of antigen bound IgG antibod-
ies and can be either activating or inhibitory (27,28). Activating receptors such
as FcyRI, FcyRlla, or Feylll have high affinity for IgG and possess intracellular
tyrosine activating motifs (ITAM) that can initiate and augment inflammatory
signaling (27). The inhibitory receptor FcyRIIb has an intracellular tyrosine
inhibitory motif (ITIM) that can decrease immune cell activation when bound to
IgG immune complexes (27).

Activating Fcy receptors appear to promote atherosclerosis while inhib-
itory receptors may inhibit disease progression (1). Apoe” mice that express
only the inhibitory receptor FcyRIIB due to knockout of the Fc y-chain develop
significantly less atherosclerosis (29). This reduction in disease severity was
associated with reduced numbers of macrophages and T cells in the athero-
sclerotic lesions (29). Another study also found greatly reduced lesion size in
LdIr- mice deficient for the activating FcyRIII (30). This reduction occurred in

the face of increased plasma total cholesterol. Additionally, these mice exhib-
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ited elevated IgG1 and IgG2c plasma titers against MDA-LDL and CuOx-LDL,
while total plasma IgG levels were not different (30). The inhibitory FcyRIIB,
on the other hand has been shown to protect mice from several autoanti-
body-mediated diseases (31). Arecent bone marrow transplantation experi-
ment from mice deficient for FcyRIIB into Ldlr"- mice fed a high fat diet resulted
in increased atherosclerosis (32). Splenic B and T cells from these mice pos-
sessed enhanced proliferative capacity and demonstrated elevated cytokine
and antibody levels, all demonstrative of a de-repressed and hyperactivated
immune system.

In a collaborative study with the lab of Amy Major, mice deficient for
both the FcRylIB receptor and ApoE were generated and used to further study
its role in atherosclerosis (33). Male FcRylIB receptor deficient mice were ob-
served to develop enhanced atherosclerosis, especially at an early time point.
| assessed the levels of specific IgM, IgG1, and IgG2c titers to MDA-LDL and
CuOx-LDL as well as IgM and IgG immune complexes and the levels of the
natural antibody EOG. All of these data are published except the EQOG titers
(see Figure 4 of (33)).

Vitamin D in the Immune System.

Vitamin D classically regulates calcium homeostasis and therefore bone
health; however new roles for vitamin D in immune regulation are emerging.
Vitamin D as consumed or produced in the skin as a consequence of UV
exposure is inactive and must undergo two hydroxylation events to become
active; first in the liver to become 25-OH Vitamin D3 and then in the kidney by
1-a-hydroxylase to become active 1,25-OH Vitamin D3 (1,25-VitD3). 1,25-

VitD3 binds to the vitamin D receptor (VDR), which is a nuclear receptor, that
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pairs with RXR and binds to DNA response elements in gene promoters to
regulate gene expression. | and others have demonstrated that VDR is ex-
pressed in B cells (34). It is also expressed in T cells, dendritic cells, and
macrophages (35). TLR4 or TLR2-1 activation of B-1 and B-2 cells further
increased the expression levels of the VDR, this effect has also been report-
ed for other immune cells (34,36,37). Additionally, extra-renal expression
of 1-a-hydroxylase has been reported in B-cells, T-cells, and macrophages
(35). The local expression of this enzyme is postulated to regulate localized
1,25-VitD3 production that would then act in an autocrine or paracrine fash-
ion. However, RNA-seq data for peritoneal B-1 and splenic B-2 cells did not
demonstrate expression of 1-a-hydroxylase (data not shown). Furthermore,
microarray data from the Immunological Genome Project also demonstrates
very low or background levels of expression of 1-a-hydroxylase in a wide vari-
ety of lymphoid and myeloid immune cells including most B cell subsets (38).
Vitamin D deficiency has been reported to contribute to various auto-
immune conditions, including multiple sclerosis, rheumatoid arthritis, system-
ic erythematosus (SLE), and others (39). Persons with low levels of vitamin
D have been shown to have greater rates of infection and susceptibility to
pathogens (35). Vitamin D and its receptor have been reported to inhibit B cell
proliferation, differentiation, and immunoglobulin secretion (40,41). Yet, other
reports have found very little effect for vitamin D exposure upon B cells (42).
In collaboration with Dr. Rajendra Tangirala at UCLA, the effect of Vitamin D
treatment on various antibody titers from LdIr-/- mice given a high fat diet and
angiotensin Il was evaluated. Angiotensis Il is a proinflammatory agent and
accelerates the development of atherosclerosis (43). It was hypothesized that

vitamin D treatment would inhibit the normal B cell response to the atherogen-
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ic treatment and that antigen specific antibody titers would be inhibited in a
dose dependent manner.

Results

Intrinsic Effect of CD74 Deficiency upon B-1 cell Proliferation and Anti-
body Production.

Cd74-/-, LdIr-/- mice on an atherogenic diet have increased numbers
of B-1 and Marginal zone B cells as well increased titers of IgM and 1gG3
antibodies against MDA-LDL compared to Ldlr-/- control mice (9). To test
whether this effect is potentially intrinsic to B cells, B-1 cells were isolated by
FACS from C57BL/6J wild-type mice or Cd74-/- knock-out mice and stimulated
with the Toll-like Receptor 4 ligand Kdo2LipidA (KLA) or vehicle control for 3
days in vitro to induce proliferation and antibody secretion (Fig. 5-1A). KLA
induced increased antibody production from both WT and Cd74 -/- B-1 cells
(Fig. 5-1B). However, the titers for total IgM, IgM against MDA-LDL, cop-
per-oxidized LDL (CuOx-LDL), native LDL, and the prototypic natural antibody
epitope a1,3-dextran. Titers for the IgM natural antibody EO6 were only de-
tectable in culture supernatants from Cd74-/- B-1 cells stimulated with KLA.
Additionally, total IgG3 titers were greatly increased in stimulated Cd74-/- B-1
cell cultures.

The proliferative capacity of stimulated Cd74-/- B-1 cells was compared
to that of WT B-1 cells by staining the cells with carboxyfluorescein diacetate
succinimidyl ester (CFSE) before stimulation and 3-day culture. CFSE pas-
sively diffuses into cells and becomes fluorescent upon acetate cleavage by
intracellular esterases. When cells divide, the quantity of CFSE is divided
between daughter cells and CFSE fluorescent intensity decreases. In the cell

culture conditions used, only KLA stimulated Cd74-/- B-1 cell proliferated to a
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Fig. 5-1 In vitro analysis of effect of invariant chain deficiency upon B-1 cell prolif-
eration and antibody production. A. Experimental design for analyzing B-1 cell intrinsic
effects of CD74 deficiency. B-1 cells from WT or CD74-/- mice were isolated by FACS,
stained with carboxyfluorescein succinimidyl ester (CFSE) and cultured for 3-days with the
TLR-4 ligand Kdo2-LipidA (KLA). Cells were harvested and assessed for proliferation us-
ing flow cytometry and antibody titers were measured from cell culture supernatants using
Enzyme Linked Immunosorbent Assay (ELISA). B. ELISA analysis of antibody titers from
B-1 cell culture supernatants from WT and CD74-/- mice. MDA-LDL malondialdehyde mod-
ified- low density lipoprotein. CuOx-LDL copper oxidized LDL. EOG6 is a natural antibody
with specificity for phosphocholine. a1,3 dextran is a known natural antibody antigen. C.
Flow cytometry analysis of CFSE fluorescent intensity of B-1 cell cultures from KLA stim-
ulated WT and CD74-/- mice. D. RNA-seq analysis of CD74 expression levels in B-1 and
B-2 cells and thioglycollate elicited macrophages (ThioMac). Values are means of normal-
ized mRNA expression values (reads per kilobase of exon per million sequencing reads,
RPKM) and standard deviation of expression levels from various CD74 splice variants.

detectable degree (Fig. 5-1C). Of interest, in RNA-seq experiments described
in Chapter 4 it was observed that CD74 was the most highly expressed gene
in B-1 cells (as measured by sequencing reads per kilobase of exon per mil-
lion sequencing reads, RPKM). B-1 cells also expressed significantly higher
levels CD74 mRNA than B-2 cells, and B cells in general had much higher lev-
els (> 60-fold) of CD74 mRNA than thioglycollate elicited macrophages (Fig.
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5-1D).

Effect of Bone-Marrow BCL-6 Deficiency on Antibody Titers of Athero-
sclerotic Mice.
BCL-6 deficiency from the bone marrow was shown to increase athero-

sclerosis but what role B cells and antibodies may have played in this effect is
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Fig. 5-2 Effect of Bcl-6 deficiency and high cholesterol diet on circulating antibody ti-
ters. A. Specific antibody titers against the antigens indicated from mouse serum. Samples
from multiple mice (8-10 per group) were pooled. B. Specific mouse serum antibody titers
against the antigens indicated from 18 individual mice, 9 LDLR-/- mice that received bone
marrow transplant from C57BL/6 WT mice and 9 LDLR-/- mice that received BCL6-/- bone
marrow, all mice were on a high cholesterol diet. Vertical scatterplots represent the titer for
each individual mouse as well as the mean and SD. * P-value <0.05 from Student’s t test.
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unknown (16). To determine what effect if any bone marrow BCL-6 deficiency
had on antibody titers from wild-type or atherogenic mice, plasma samples
from cohorts (8-10 per group) of mice were pooled and assessed (Fig. 5-2A).
IgM, 1gG1, and IgG2c titers to MDA-LDL, CuOx-LDL, and native LDL were
measured. Additionally, plasma samples from Bcl-6-/- bone marrow mice that
received a PPAR®J agonist were included. PPARGD is able to exert anti-inflam-
matory effects that were hypothesized to counteract the proinflammatory loss
of BCL6-/-. IgM and IgG2c titers to MDA-LDL and CuOx-LDL were lower in
BCL-6-/- recipients on a high cholesterol diet. There didn’t appear to be dif-
ferences for the mice on the normal chow diet or for mice that received the
PPAR®S agonist. 1gG1 titers were the same for all cohorts of mice except for
C57BL/6 mice that received BCL6-/- bone marrow. These mice had greatly
elevated IgG1 titers to MDA- , CuOx-, and native-LDL.

Because differences in antibody titers were observed in the cohorts
of mice, we decided to analyze the same antibody titers from individual ath-
erosclerotic Ldlr-/- mice that received either WT or Bcl6-/- bone marrow
(Fig. 5-2B). Unlike the pooled cohorts of mice, these individual mice had no
differences in IgG1 titers. The Bcl6-/- recipients did however have signifi-
cantly lower IgM titers to MDA-LDL (p-value 0.0004) and CuOx-LDL (p-value
0.0127). As well as lower IgG2c titers to MDA-LDL (p-value 0.0220). Titers to
native-LDL were the same for all isotypes between groups. There was great

variability in the 1gG1 titers observed.

Effect of Mycophenolate Mofetil Treatment on Plasma Antibody Titers.
MMF treatment of ApoE mice on high fat diet decreased atherosclerosis

(26). As MMF is thought to act by inhibiting proliferation of B and T cells spe-
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cifically the total IgM, IgG1, and IgG2c antibody levels were evaluated in these
mice (Fig. 5-3A). There was not a significant change in total IgM antibody
levels, but MMF treatment tended to decrease IgM levels. IgG2c was also not
significantly affected by MMF treatment. However, IgG1 levels were slightly
but significantly decreased (p-value < 0.05) in mice treated with MMF. Titers
of IgG1 and IgG2c to MDA-, CuOx-, or native-LDL were unaffected by MMF
treatment (Fig. 5-3 B-D). Interestingly, specific IgM titers to MDA-LDL (p-value
0.0071) and CuOx-LDL (p-value 0.016) but not native-LDL (p-value 0.0825)

were significantly decreased by MMF administration (Fig. 5-3E). These data
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Fig. 5-3 Plasma Immunoglobulin Levels in Control and MMF-treated

ApoE-/- Mice. Plasma immunoglobulin (Ig) levels after 12 weeks of high-fat diet (start-
ing age 7 weeks) were assessed by ELISA. A. Total IgM and IgG2c were unchanged;
IgG1 slightly decreased in MMF-treated mice. B-D. No significant changes were ob-
served in 1gG1 or IgG2c against either MDA-, CuOx-, or native-LDL. E. IgM titers to
MDA- and CuOx-LDL but not native-LDL were significantly lower in MMF-treated mice.
n=10 per group from 3 independent experiments. P-value <0.05 by Student’s t test.
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suggest that disease specific B-1 cells, as well as Th2-biased disease specific

B-2 cell proliferation was decreased.
FcRylIB Receptor Deficiency Increases Various Antibody Measures in a
Model of Atherosclerosis.

Plasma was taken from 10-, 17-, or 34-week old FcRylIB-/-, Apoe-/-
double knockout mice on a normal chow diet and assessed for IgM, 19G1, and
lgG2c titers against MDA-LDL or CuOx-LDL (Fig. 5-4 A-F). At 34-weeks IgM
titers to MDA- and CuOx-LDL were significantly elevated, but also showed
a tendency toward elevation in the 17-week but not the 10-week old mice
(Fig. 5-4 A,D). IgG1 titers to the same antigens were also dramatically and
significantly higher in FcRylIB-/- mice at 17- and 34-weeks of age as well as

at 10-weeks of age in the case of MDA-LDL (Fig. 5-4 B,E). The difference in
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IgG2c titers between FcRylIB-/- mice and controls was less dramatic but still
significant at 34-weeks of age for both antigens (Fig. 5-4 C,F).

There were not significant differences in the levels of IgM immune
complexes between animal cohorts but the FcRyl/IB-/- mice tended to have
higher but more variable levels (Fig. 5-4G). 17-week old FcRylIB-/- mice had
substantially and statistically significant elevation of IgG immune complexes.
Finally, in unpublished data, it was observed that levels of EO6 were unaffect-
ed by FcRylIB deficiency but were markedly elevated in both animal groups at

10-weeks of age.

Vitamin D Treatment of Atherosclerotic Mice Did Not Affect Total or Spe-
cific Antibody Levels.

A synthetic Vitamin D analog (paricalcitol), which potently activates the
vitamin D receptor, was given in two doses to Ldlr-/- mice on an atherogen-
ic regimen of high fat diet and angiotensin Il. Paricalcitol was administered
daily through intraperitoneal injection in doses of either 0.033 or 0.1 ug/kg
body weight for either two or four weeks. These doses were verified to affect
expression of known VDR target genes as well as atherogenic genes (data
not shown). Total IgM, IgG1, and IgG2c plasma levels were measured and
compared between treatment groups and to a cohort of age-matched baseline
LdlIr-/- mice that received a normal chow diet without any treatment. In total
there were eight treatment groups with 5-10 mice per group for a total of 55
mice. Plasma IgM, IgG1, and 1gG2c titers to the atherosclerosis antigens of
MDA-LDL and CuOx-LDL as well as native LDL were also measured.

Using one-way analysis of variance (ANOVA) to compare between all

8 treatment groups for the12 antibody titers assessed, there were very few
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Fig. 5-5 Plasma Immunoglobulin Levels in Vitamin D or Control Treated Mice. Plasma
immunoglobulin levels were measured by ELISA from the following cohorts of mice: Baseline-
14 week-old LDLR-/- mice on chow diet. High Fat diet- LDLR-/- mice on a high fat western
diet for 2-weeks. Vehicle- daily IP injections of vehicle for 2- or 4- weeks on HFD with an-
giotensin Il, PC 0.033 or 0.1- daily IP injections of 0.033 or 0.1 ug/kg body weight paricalcitol
for 2- or 4-weeks on HFD with angiotensin II, A-C. Total IgM, IgG1, or IgG2c plasma titers.
D-F. MDA-LDL specific IgM, IgG1, or IgG2c plasma titers. G-l. CuOx-LDL specific IgM, 1gG1,
or IgG2c plasma titers. J-L. native-LDL specific IgM, 1gG1, or IgG2c plasma titers. Values
are means with standard deviation. *p-value <0.05 using one-way ANOVA. Gray dashed
lines represent pair-wise p-value < 0.05 using post-hoc Tukey multiple comparison test.

measurements that had significance differences among the groups (Fig. 5-5).
Those that had statistically significant (95% confidence) differences between
groups were: Total IgM (p-value 0.03), IgM against MDA-LDL (p-value 0.0069)
and native-LDL (p-vaule 0.0234) as well as total IgG2c (p-value 0.0004). In
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post-hoc analysis comparing individual groups using Tukey’s multiple compari-
son test there were however very few statistically significant pairwise compari-
sons (marked with dashed horizontal lines in Fig. 5-5 C-D,J). Those that were
statistically different were most likely the result of the High Fat diet, e.g. IgG2c
reflective of enhanced Th1 biased responses known to occur in this setting.
Whether these had any biological relevant effects are not clear however. It is
likely that the time frame of the intervention was too short to evaluate the im-
pact on the humoral responses. In summary, under these conditions, vitamin
D treatment did not consistently affect the levels of total or specific antibodies

circulating in the plasma of atherosclerotic Ldlr-/- mice.

Discussion

The surprising findings from the collaborative study with the Guo-Ping
Shi lab that B-1 cell numbers and IgM antibodies levels were increased in
CD74-/- knockout mice was mirrored in vitro by culturing and stimulating B-1
cells (9). This strongly suggests that CD74 plays an intrinsic role in B-1 cells
to potentially inhibit their activation, proliferation, and/or antibody secretion.
This is very interesting, as the invariant chain has been reported to induce
B cell maturation and differentiation (44,45). Also, very recent studies have
further shown that proper proteolytic processing is important for conventional
B cell development and survival (46-48). Therefore, one would’'ve predicted
its loss in B-1 cells would’ve decreased their numbers similar to what has been
observed in conventional B cells.

The dramatic increases in antibody titers observed for in vitro cultured
B-1 cells (Fig. 5-1B) appear to not solely be due to increased proliferation of

these cells. CD74-/- B-1 cells when stimulated proliferated more than WT con-
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trols, but only to a moderate extent. The magnitude of increased antibody lev-
els appears to be larger than the increased proliferation of B-1 cells, although,
the sensitivity of the CFSE proliferation assay may have been too low to prop-
erly assess the extent of proliferation. It appears that only a small proportion
of only the CD74-/- B-1 cells proliferated. In other experiments, WT B-1 cells
stimulated with KLA normally proliferate to a moderate extent, but their pro-
liferation was essentially undetectable in this assay. Therefore, the extent

of CD74-/- B-1 cell proliferation may in fact be much greater than reported in
Figure 5-1. It would be interesting to perform an ELISPOT assay to assess if
antibody production per CD74-/- B-1 cell is comparable to WT B-1 cells. The
data presented in Figure 5-1 seems to contradict the results presented in the
literature for the role of invariant chain in B cells, but this has only been stud-
ied in B-2 cells to our knowledge. It is unknown what could account for these
diametrically opposite effects, but this again highlights the remarkable unique
regulation of B-1 versus B-2 cells.

It is also of interest that B-1 cells express CD74 so abundantly (RPKM
of ~7000) and to a significantly higher level than B-2 cells. What role this
unique expression may play is unknown. However, CD74 has been shown
to not only be a MHC-II chaperone but also a cell-surface survival receptor in
B cells (49). This study utilized splenic B cells, which are predominately B-2
cells. Perhaps, CD74 only functions as a survival factor for B-2 cells and its
loss therefore uniquely affects B-2 cells. Unfortunately cell survival was not as-
sessed in the studies performed. It is also surprising to note the much greater
expression levels of CD74 in B cells than in peritoneal macrophages (Fig.
5-1D). This finding is corroborated by the data available from the Immunolog-

ical Genome Project, B-1 cells, Marginal zone B cells, and immature B-2 cells
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have high CD74 expression whereas some but not all thioglycollate elicited

macrophage populations had low expression (38). This may account for the
report that B-1 cells and not macrophages are the major antigen presenting

cell from the peritoneal cavity (50).

BCL-6-/- deficiency from bone marrow leads to wide spread inflamma-
tion and increases atherosclerosis (16). As BCL-6 acts as a ‘brake’ on inflam-
matory signaling, it would be predicted that loss of BCL-6 from bone marrow
cells would increase many markers of inflammation, including antibody titers.
This is not the case however; in fact the opposite seems to occur. Specific
antibody titers of IgM and IgG2c to atherosclerotic antigens (MDA-LDL and
CuOx-LDL) tended to be lower in BCL-6-/- recipients on a high cholesterol
diet compared to WT recipients. High cholesterol diet induces an inflamma-
tory state and is known to increase IgM titers to MDA-LDL and CuOx-LDL as
was observed in Figure 5-2A. This increase was lost for BCL-6-/- recipients
and was not inhibited by treatment with a PPARS agonist. Though PPARS
is expressed in both B-1 and B-2 cells its effect upon these cells is unknown
(34). Dr. Barish concluded that the increased atherosclerosis in BCL-6-/- bone
marrow recipient mice was a result of unrestrained inflammation (16). Howev-
er, the lower titers of IgM antibodies to MDA-LDL and CuOx-LDL, which have
been shown to be atheroprotective, could also be mechanistically involved in
this effect.

The high titers of IgG1 antibodies observed in the pooled plasma of
the cohort of WT mice that received BCL-6-/- bone marrow is expected as
BCL-6-/- has been observed to increase the levels of T helper type 2 (Th2)
cytokines which are known to promote IgG1 production (Fig. 5-2A) (51). This

effect was however not significantly recapitulated in the analysis of individual
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mice (Fig. 5-2B). The individual mice were observed in some cases to have
high variability in their IgG1 titers. This may account for the high titers ob-
served in the pooled cohorts as several mice may have had especially high
lgG1 titers that skewed the results. The fact that the IgG1 response was not
dependably observed is consistent with the atherogenic phenotype observed
in BCL-6-/- mice, as this is an indicator of a Th2 response, which has been
found to be atheroprotective in some settings (52).

Immunosuppression using MMF had surprisingly little effect upon to-
tal or specific antibody titers from ApoE mice on a high fat diet. As MMF is a
purine antagonist that selectively affects proliferating B and T cells this implies
that antibody levels and therefore B cells were relatively unaffected by MMF
because these cells were not proliferating. IgG1 titers were however slightly
decreased. As discussed earlier, IgG1 antibody titers are a product of Th2
T cell help. This decrease in IgG1 may be due to less stimulation from Th2
cells. However, the levels of the Th2 cytokine IL-4 were below the detection
limit and other Th2 cytokines such as IL-5 or IL-13 were not measured (26).
Interestingly, the plasma levels of the Th17 cytokine IL-17a were decreased by
MMF and was shown to play an important role in the atheroprotective function
of MMF (26).

Unlike 1gG2c titers, IgM titers were moderately inhibited by MMF treat-
ment. Whereas total IgM levels tended to be decreased by MMF treatment,
the titers specific to the disease specific antigens of MDA-LDL and CuOx-LDL
were significantly decreased. This strongly indicates that disease-specific
antigen specific B cells were suppressed by MMF. As B-1 cells are known
to produce much but probably not all of the IgM specific to these antigens, it

would be interesting to measure numbers and the in vivo proliferative state
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of the B-1 cells in the MMF mice. Titers of IgM against MDA-LDL and CuOx-
LDL are thought to be atheroprotective (53). The fact that they are lowered
by MMF treatment is one potential detrimental effect of MMF treatment with
regard to vascular disease. However, atherosclerosis was still decreased by
MMF treatment despite the lowering of potentially beneficial antibody titers
through other mechanisms involving inhibition of T cells and IL-17 mediated
macrophage accumulation in artery walls (26).

ApoE/FcRylIB double knockout mice had accelerated atherosclerosis
despite not having significant differences in lipid levels as compared to age-
matched Apoe-/- control mice. This implies that functional differences in the
immune system due to FcRylIB ablation were potentially responsible for the
enhanced disease phenotype. As B cell activation can be modified by FcRylIB
it was decided that antibody titers for disease relevant antigens would be
measured (54). The dramatic increases in the IgG1 isotype are indicative of a
skewed Th2 adaptive immune response in the Apoe/FcRylIB-/- mice. Similar-
ly, the enhanced levels of IgG immune complexes to modified LDL indicate a
Th2 response. These changes in antibody titer were observed in the absence
of any specific change in the proportion of splenic B cells or T cells (data not
shown). These results suggest that FCRylIB is modulating the response of
B cells in these mice to at least the disease specific antigens measured. As
FcRylIB has an important role in inhibiting B cell activation, proliferation, and
survival the inhibition of these responses were potentially lost in this study.
Therefore, more antigen specific B cells would be activated and induced to
proliferate and form memory and plasma cells. Follow up studies could be
carried out to test these hypotheses by directly measuring the activation sta-

tus, proliferation, and differentiation of B cells. The moderate changes in IgM
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titers in the Apoe/FcRylIB-/- mice may be due to changes in B-1 cells. B-1
and B-2 cells express comparable mRNA levels of FCRylIB (as assessed by
RNA-seq, data not shown). Therefore, it is conceivable that innate like B-1
cells are also dramatically impacted by the loss of FCRylIB. However, levels
of the atheroprotective IgM Natural antibody EO6 were not affected by loss
of FCRylIB. Additional studies could address this question by assessing the
numbers of B-1 cells and whether they have an enhanced activation status in
FcRylIB null mice.

It was surprising to observe that treatment of atherosclerotic mice with
a vitamin D analog had very little effect upon total or disease specific antibody
levels. Interestingly, antibody titers to disease-specific antigens (MDA-LDL or
CuOx-LDL) were not changed by the high fat diet or angiotensin Il treatment,
but the short duration of the interventions may be insufficient to induce such
changes. These data imply that B-cells were not activated in vivo in this short
term study, which may account for the absence of an effect due to vitamin D
treatment. Notably, B cells taken from patients with SLE and treated in vi-
tro with vitamin D had decreased proliferation and when activated had more
apoptosis (40). If this study were to be repeated, splenic B cells should be
isolated and analyzed for markers of activation or for markers of plasma cell
differentiation to assess the degree to which the atherogenic regimen induced
an immune response. Additionally, perhaps an effect of vitamin D treatment
would be observable if an atherosclerosis regimen was used that more potent-
ly activated B cells. Specifically, the treatment protocol used in this study was
very short, a more long term model should be employed to adequately assess

if vitamin D affects B cells and antibody titers in atherosclerosis.
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There is general agreement that B-1 cells, through the production
of IgM natural antibodies (NAbs) are atheroprotective, whereas the role of
adaptive immune B-2 cells in atherosclerosis is controversial. Studies have
shown that they can either promote, have no effect on, or inhibit atherosclero-
sis depending on the experimental context (1). B-1 cell derived NAbs bind to
oxidation-specific epitopes on oxidized LDL (OxLDL) and at least in vitro can
prevent the uptake of OxLDL into macrophages and thereby prevent foam cell
formation (2). NAb production occurs even in the absence of apparent exog-
enous antigenic stimuli and therefore must be regulated differently from the
induction of adaptive specific Abs as carried out by B-2 cells during infection
(3-5). In fact, many aspects of B-1 and B-2 cell biology are regulated differ-
ently, including their development, antigen selection, B cell receptor assembly,
cell-surface protein expression, body localization, renewal, and so on (Table
1-1). Most of the studies described in this dissertation center on the question
of what controls the unique biology of B-1 versus B-2 cells with the underly-
ing goal of discovering ways to manipulate B-1 cells and safely increase NAb
production and thereby potentially ameliorate inflammation and associated
atherosclerosis.

The first experiments | undertook were to test the hypothesis that the
expression of members of the nuclear receptor (NR) family of transcription
factors would be expressed differentially between basal and stimulated B-1
and B-2 cells. Nuclear receptors are a super-family of ligand activated tran-
scription factors that as a group are capable of regulating diverse processes
ranging from development to the immune response and of responding to many
circulating lipophilic extracellular hormones and intracellular metabolites (6,7).

At the time | began my studies, very little was known of NR expression in B-2



176

cells, and virtually nothing in B-1 cells. Therefore, my first task was to deter-
mine the basal and stimulated expression of NRs in both B-1 and B-2 cells
(Fig. 2-2). From this profiling of NR expression in B-1 and B-2 cells, | identified
candidate NRs with the potential capacity to influence and contribute to the
differential biology of B-1 and B-2 cells.

In this study, | ascertained using quantitative PCR the complete reper-
toire of NR expressed in basal and TLR-4 or TLR-2/1 activated B-1 and B-2
cells, as well as similar comparative profiles of splenic B cells. Utilizing quanti-
tative PCR, | identified 24 nuclear receptors expressed in B-1 cells and report
that most of them are dynamically expressed in both unstimulated as well as
the TLR stimulated conditions. The addition of Kdo2-Lipid A or Pam,CysK4 to
the cell culture medium often had profound and unique effects on the expres-
sion profiles of expressed nuclear receptors. B-2 cells expressed 25 of the 49
mouse nuclear receptors. B-1 and B-2 cells mutually expressed 23 nuclear
receptors. B-1 cells alone expressed LXRa while B-2 cells uniquely expressed
the androgen receptor and the retinoic acid receptor 3. Notably, there was a
remarkable quantitative dissimilarity of expression levels between B-1 and B-2
cells for most nuclear receptors. Many of the mutually expressed NRs had
higher levels in B-2 cells. The mineralocorticoid receptor (MR) was one ex-
ception and had 4-fold higher levels in B-1 cells.

The observation that the MR, which classically responds to circulating
aldosterone and regulates salt and water reabsorption in the kidney and colon,
is expressed in B cells and that expression levels were considerably higher in
B-1 cells prompted great curiosity and further investigation. This was the first
report of MR expression in any lymphocyte including B cells. Its role in B cells

is completely unknown, however, several recent reports have documented
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effects of MR in immune myeloid cells including macrophages, neutrophils,
and dendritic cells (8-10). In almost all of these studies MR activation was
shown to be pro-inflammatory. Studies were designed to assess whether ac-
tivation of MR in B-1 cells leads to cellular activation or inhibition. My hypoth-
esis was that pretreatment of B-1 cells with an MR agonist prior to activation
with an immune stimulant (such as a TLR ligand) would enhance their NAb
response. B-1 cells were purified from wild-type mice and pretreated with MR
agonists and/or antagonists before TLR stimulation. These studies failed to
find a prominent phenotype for MR activation or antagonism on NAb secretion,
as well as on proliferation, differentiation to NAbs secreting cells and/or cell
death. | also performed preliminary studies and could not find a phenotype for
MR activity on IL-10 production or expression of the B-1 cell migration marker
CD9. The role of MR in B-1 cells remains a mystery.

While performing the MR studies detailed above, it became necessary
to also evaluate the impact of glucocorticoid receptor (GR) activation or inhi-
bition on B-1 cells. GR is closely related to MR and shares high sequence
identity in its ligand and especially DNA binding domains (11). MR and GR
can bind to many of the same natural or synthetic ligands, albeit with differing
affinities, and both are understood to bind to the same DNA response element.
The enzyme 11-B-hydroxysteroid dehydrogenase type 2 (11BHSD2) is highly
expressed in cells that are sensitive to the MR ligand aldosterone and acts to
metabolize corticosteroids and render them incapable of MR activation (12).
11BHSD2 was expressed at very low levels in B-1 cells; therefore, corticoste-
roids would not be inactivated in B-1 cells and along with mineralocorticoids
would be capable of activating MR. Treatment of B-1 cells with fludrocortisone

acetate, a mineralocorticoid that can also bind to the GR, caused a dose-de-
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pendent decrease in IgM NAb production and induction of apoptosis. This ef-
fect was inhibited by mifepristone, a GR specific antagonist, and not by eplere-
none, a MR specific antagonist. Therefore, GR activation had potent inhibitory
effects upon B-1 cell NAb production. This was further corroborated by treat-
ing B-1 cells with dexamethasone (Dex), which is a potent glucocorticoid with
only minimal mineralocorticoid effects (13). Dex potently induced apoptosis
and inhibited antibody production in vitro from stimulated B-1 cells.

This finding seemed unremarkable at first as Dex and other synthetic
GR ligands are frequently given clinically to treat B cell dependent malignan-
cies and autoimmune conditions (14,15). However, a survey of the literature
revealed that the mechanisms whereby steroids inhibit B cells have not been
extensively studied (16). Additionally, there is no published data regarding the
effect of GR activation in different B cell subsets, including B-1 cells. Studies
using T cells have shown that the transactivation activity of GR is necessary
for steroid induced apoptosis (17). Moreover, an analysis of microarray data
from various cell types, including several human B cell lines, undergoing ste-
roid induced apoptosis failed to discover any universal gene expression signa-
tures responsible for GR regulated apoptosis, but that many genes with known
direct or indirect roles in apoptosis regulation were induced (18).

| designed studies to compare the transcriptional response of B-1 and
B-2 cells to Dex treatment in order to test the hypothesis that genes related to
apoptosis would be induced in both cell types. Furthermore, these RNA-seq
analyses would be used to compare the transcriptomes of B-1 and B-2 cells
in response to Dex treatment as well as in the basal and stimulated states.
Many genes with known roles in apoptosis were differentially regulated by Dex

in both B-1 and B-2 cells. However, the actual genes regulated were quite
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different in each cell type. However, two pro-apoptotic BCL-2 family members,
Bim and Bmf were upregulated in both cell types. These proteins are likely to
play an integral role is regulating the Dex-induced apoptosis in both cell types.
The transcriptome of B-1 and B-2 cells not only for apoptotic-relat-
ed genes but for all Dex-regulated genes as well as for genes regulated by
a TLR-4 agonist were remarkably different between B-1 and B-2 cells. For
example, for cells cultured for 4 hrs with Dex there were 1158 genes differ-
entially regulated in B-1 cells and 2318 gene in B-2 cells of these only 388
were regulated in both cell types. Similar disparity was observed when cells
were activated with a TLR-4 agonist or when cells were pretreated with Dex
before TLR-4 stimulation. This surprising disparity prompted me to question
if the genome-wide binding of GR would follow a similar pattern and bind in
many unique locations and account for the unique Dex dependent transcrip-
tome between B-1 and B-2 cells. Chromatin immunoprecipitation followed by
deep sequencing (ChIP-seq) was carried out for GR in Dex treated B-1 and
B-2 cells. As expected, GR bound in largely unique locations in B-1 and B-2
cells; there were 3867 GR binding peaks in B-1 cells and 2376 in B-2 cells
and only 1109 peaks shared between them. A motif analysis was performed
and it was found that the sequence for the glucocorticoid response element
(GRE) was the most significantly enriched motif in the vicinity of the peaks
shared between B-1 and B-2 cells. However, for the peaks unique to either B-1
or B-2 cells, the most statistically significant enriched motif was that of PU.1.
PU.1 is a transcription factor that plays an important role in the development of
both myeloid and lymphoid cells (19). Collaborators in Chris Glass’ lab have
shown that PU.1 in collaboration with small sets of either lymphoid-specific

or myeloid-specific lineage determining transcription factors (LDTF) establish
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cell-specific binding sites that are associated with histone marks for enhancers
(20). These enhancer regions then serve as cell-specific landing pads for sig-
nal dependent transcription factors such as nuclear receptors.

| hypothesized that B-1 and B-2 cells would each possess significant
numbers of enhancer regions that were unique to each cell type. And that
these cell-specific enhancer regions would have motif enrichment not only for
PU.1 but also for potential B-1 versus B-2 cell LDTFs. This hypothesis was put
to the test by performing ChlP-seq for the enhancer histone mark of di-meth-
ylation on lysine 4 of histone 3 (H3K4Me2) after non-nucleosomal DNA has
been digested by exposure to a micrococcal nuclease. It was found that both
B-1 and B-2 cells possessed large numbers of genomic regions enriched for
H3K4Me2 that were mostly shared between these cells. Nevertheless there
were 16,693 B-1 cell specific H3K4me2 peaks and 12,494 B-2 cell specific
H3K4Me2 peaks. A motif analysis showed as expected that PU.1 motifs were
enriched in the sequences surrounding both the shared and unique H3K4Me2
peaks. PU.1 motifs were found near 39% and 48% of the B-1 or B-2 cell
specific peaks, respectively and near 45% of the shared peaks. Also several
enriched motifs were found to be unique to B-1 or B-2 cell-specific H3K4Me2
regions, such as NFAT for B-1 cells and Mef2c for B-2 cells. There is con-
vincing evidence that NFATc1 is important for B-1a cell development and/or
survival and therfore it may continue to play a role in maintaining the identity
of B-1 cells (21). Myeloid enhancer factor 2 ¢ or Mef2c has also very recently
been implicated with a role in B cell development as a B cell specific knockout
of Mef2c reduced the numbers of various immature B cell subpopulations (22).
However, it was not investigated whether the B-1 versus B-2 cells population

sizes or phenotypes were affected. Therefore, both the cell specific enhancer
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motif analysis and the literature hint that NFAT and/or Mef2c may respectively
be B-1 or B-2 cell lineage-determining transcription factors. Also, RNA-seq
data demonstrated that Mef2c is one of the transcription factors most highly
expressed in B-2 cells relative to B-1 cells. Finally, it was also demonstrated
that cell specific GR binding peaks tended to have cell-specific enrichment for
H3K4Me2 in their vicinity. This further demonstrates that cell-specific GR bind-

ing is correlated with cell-specific enhancers.

Future Directions

Studies are currently underway to perform ChlP-seq for PU.1 in B-1
and B-2 cells. PU.1 has been shown to work in a collaborative manner to
establish cell-specific enhancers with cell-specific lineage determining fac-
tors that control the identity of B cells versus macrophages and motifs for
PU.1 have been found in the vicinity of cell specific GR binding locations and
H3K4Me2 regions of B-1 and B-2 cells (20). It is hypothesized that motifs for
B-1 versus B-2 cell lineage determining factors will be enriched in the vicinity
of B-1 or B-2 cell specific PU.1 peaks. It is expected that the results of PU.1
ChlIP-seq will either further cement NFAT for B-1 cells and Mef2c for B-2 cells
as potential LDTFs or identify other possible candidates.

Once strong candidates for B-1 and/or B-2 cell lineage determining
transcription factors (LDTFs) are identified studies will be undertaken to test
the hypothesis that the factor in question does in fact control all or some of the
unique biological properties of B-1 versus B-2 cells. For example, if this puta-
tive factor is important in B-1 and/or B-2 cell maintenance and/or development
then it should be expressed in adult and/or progenitor cells, respectively. The

expression levels of the putative LDFs will evaluated by both qPCR and west-
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ern blot in adult and progenitor B-1 and B-2 cells. B-1 cell progenitors reside
predominantly within the fetal liver but can also be found in the adult spleen
and have the following cell surface phenotype Lin"CD45R">"9CD19* that can
be used for isolation by FACS (23,24). The developmental cascade of B-2
cells is much more well defined and progresses within the adult bone marrow
from the pre-pro B-2 cell (CD45R*CD43*AA4.1* CD19 Ly-6C"), to the pro-B-2
cell (CD45R* CD19* CD43* AA4.1*), and finally to the pre-B-2 cell (CD45R*
CD19") stage. All progenitor B-2 cell populations will be isolated by FACS and
analyzed for the expression of the transcription factor(s) in question. Addi-
tionally, ChlP-seq experiments for the putative cell-type specific LDTFs will be
carried out. For example, if the motif for Mef2c is confirmed by PU.1 ChIP-seq
to again be enriched near unique B-2 cell binding locations, then ChIP-seq will
be performed for Mef2c in both B-1 and B-2 cells. Other investigators have
already performed ChlIP-seq for Mef2c in a B cell line but not in primary B-1 or
B-2 cells (22). It would be expected that Mef2c binding would occur in close
association with PU.1 at B-2 cell specific enhancers. Finally, a knock-out
model for the putative LDTF for B-1 versus B-2 cells will be utilized to evaluate
the importance of the factor(s) in establishment and maintenance of stable

B-1 and B-2 populations. Specifically, the impact of the knock-out(s) on the
population size of various progenitor B cells will be evaluated using the cell
populations and markers described above. We will also extensively explore
the impact of the knockout on antibody production. Additionally, our lab has
previously employed adoptive transfer experiments, wherein B-1 cells are iso-
lated and injected into the peritoneal cavity of Rag1”- mice, which are devoid of
B or T cells, and through homeostatic proliferation and self-replenishment the

donor B-1 cells repopulate the peritoneal cavity and spleen and replenish the
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plasma IgM compartment (25). This model will be useful in directly evaluating
the impact of transcription factor gene ablation on B-1 cell survival, prolifera-
tion, self-replenishment, and spontaneous NAb secretion.

Additionally, in the course of the studies performed in this dissertation
various ideas for experiments have arisen that have not yet been performed
but would serve to increase the understanding of B-1 and B-2 cell regula-
tion. B-1 and B-2 cells were shown to have not only unique transcriptional
responses to Dex treatment but also to TLR-4 activation. One of the principal
transcriptional mediators of the TLR-4 response is NFKB. A ChlP-seq exper-
iment for p65, which together with p50 constitute the most abundant form of
NFkB, will be performed in quiescent, Dex pretreated, and/or TLR-4 stimulated
B-1 and B-2 cells. These experiment would be hypothesized to demonstrate
cell-type specific binding of yet another signal dependent transcription factor
besides GR between B-1 and B-2 cells. Additionally, insights could also be
gained into the mechanism whereby GR can transrepresses NFkB signaling in
B-cells as was recently demonstrated in macrophages by the Evans laboratory
(26).

Additionally, | have created a B cell specific knockout of GR by cross-
ing GR-floxed mice with mice that express the Cre recombinase under the
influence of the CD19 promoter. | envision using these mice for various ex-
periments to test the effect of GR upon B cell biology. First, the effect of GR
deficiency upon B cell development and maintenance will be assessed. | will
assess the effect of GR deficiency on the population sizes of the various B cell
subsets (B-1, B-2, marginal zone, and follicular B cells) compared to WT con-
trols. There should not be an effect upon B cell development or selection as

GR signaling was not essential to T cell development (27). However, if there is
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an effect upon the populations of mature B cell subsets, | will then assess the
phenotype of immature and developing B-1 and B-2 cell subsets using the cell
surface markers described earlier. Additionally, GR-deficient B-1 cells will be
adoptively transferred into Rag1-/- mice as previously described. The kinetics
of B-1 cell proliferation and therefore reconstitution of the B-1 cell compart-
ment would be assessed by monitoring plasma IgM titers over time.

An additional experiment with clinical importance would be to assess
in vivo the effect of GR signaling in B-1 cells. Dex and other glucocorticoids
are given very regularly in the clinic and yet the effect of these drugs upon B-1
cells and levels of NAbs generated by these cells are unknown. In this regard,
the GR"/CD19-Cre mice would serve as an important control to assess the
B-1 cell intrinsic effects of Dex treatment. Wild-type or GR"/CD19-Cre mice
would be administered clinically relevant regimens of Dex. | will then deter-
mine the effect of Dex administration upon NAb titers, such as IgM, IgA and
IgG3, as well as on adaptive IgG isotypes, and will also assess the impact
on B-1 cell population size and B cell repertoire. Additionally, B-1 cell specific
effects of in vivo Dex treatment will be assessed by adoptively transferring WT
or GR"/CD19-Cre B-1 cells into Rag1-/- mice and then treating these mice
with Dex.

Finally, despite not finding an in vitro effect of MR activation in B-1 cells
my strong curiosity for understanding what role MR is fulfilling in these cells
and in B cells in general has not waned. MR is a weak transcriptional activator
relative to GR and therefore it has been difficult to definitively define MR target
genes (13). As MR and GR are essentially always co-expressed and have
very similar ligand binding affinities, treatment with a ‘MR Ligand’ will undoubt-

edly also activate GR to some extent and because GR more potently activates
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transcription, the effect of GR activation has not been completely deconvolut-
ed from that of MR. In this regard, the B cell specific knockout of GR offers an
attractive experimental system in which to assess the transcriptional effect of
MR activation independent of GR activation. The lack of GR expression in B
cells from these mice will allow me to perform RNA-seq on B cells that have
been treated with high levels of the MR ligand aldosterone. Additionally, B
cells express high levels of MR even in comparison to the kidney- the classi-
cal MR target tissue. This exclusive and large expression of MR will allow the
identification of MR target genes despite its weak transactivational properties.
This will undoubtedly lead to better identification of MR target genes and will

allow insights into the role of MR in regulating B cell biology.
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FACS lIsolation of Peritoneal B-1 and B-2 Cells

Peritoneal exudate cells (PECs) from 16- to 20-week-old naive wild-
type female C57BL/6 mice (Charles River, Wilmington, MA) were harvested by
peritoneal lavage using ice-cold PBS supplemented with 1% heat-inactivated
FCS (Invitrogen, Carlsbad, CA). PECs were incubated with an anti-Fcy recep-
tor mAb (clone 2.4G2: BD Biosciences-Pharmingen, San Diego, CA) for 15
minutes at 4°C to block nonspecific binding before being stained with fluores-
cently labeled monoclonal antibodies (mAbs). PECs were stained with R-PE
labeled anti-CD19 (clone 1D3), FITC-labeled anti-CD23 (clone B3B4), and PE-
Cy5-labeled anti-CD3 (clone 145-2C11) (all from BD Biosciences-Pharmingen,
San Diego, CA). B-1 and B-2 cells were sorted to greater than 98% and 97%
respective purity using a MoFlo cell sorter (Dako, Glostrup, Denmark). B-1
cells were sorted into culture medium containing 20% heat-inactivated FCS as
the CD3-, CD19*, and CD23- population and B-2 cells as the CD3-, CD19*, and

CD23* population.

Magnetic Bead Isolation of Peritoneal B-1 cells and Splenic B cells

PECs were isolated in same manner as described above. PECs were
stained with anti-CD23-biotin (clone B2B4, BD Biosciences) followed by
streptavidin microbeads (Miltenyi Biotec, Germany). The stained cells were
run through a MS column (Miltenyi Biotec, Germany) and the flow through
cells (CD23-) were harvested, stained with CD19 microbeads (Miltenyi Bio-
tec, Germany) and the cells were run through two MS columns in sequence.
CD19+ cells were eluted from the columns. Typical isolations have 90-95%
pure CD19+, CD23- B-1 cells. Splenic B cells were isolated by a single
step magnetic depletion of CD43- and CD11b-expressing cells to 97% purity
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(Miltenyi Biotech). Anti-CD43 microbeads (Miltenyi Biotec ) and anti-CD11b-bi-

otin (clone M1/70, eBioscience, San Diego, CA).

Kdo2-Lipid A and Pam3CSK4 Stimulations for Nuclear Receptor Atlas

Purified B-1, B-2, or splenic B cells were seeded at 5 x 10° cells per
well in 48-well flat-bottom plates in culture medium (RPMI 1640 medium con-
taining 10% heat-inactivated FCS, 10mM HEPES buffer, 2mM L-glutamine,
0.05 mM 2-mercaptoethanol, 50pug/mL gentamicin). For time course stud-
ies, sorting medium (culture medium with 20% FCS) was replaced with fresh
culture medium (for time point of zero and control cells) or fresh culture medi-
um containing 100ng/mL Kdo2-Lipid A (Avanti Polar Lipids, Alabaster, AL) or
300ng/mL Pam,CSK4 (Invivogen, San Diego, CA). Cells were maintained at

37°C in a 5% CO, incubator over the experimental time course.

dgPCR Procedures for Assessing Nuclear Receptor Expression

All treatments were performed in triplicate. For time course studies,
cells were harvested at each of the indicated time points of 0, 6, 24 and 72 h.
Upon harvesting, media and cells were centrifuged and media were aspirated
and cells were lysed using RLT buffer from RNeasy mini kit (Qiagen, Valencia,
CA). Total RNA was extracted from the lysed cells using the RNeasy mini kit.
RNA was amplified and cDNA synthesized using the WT-Ovation RNA Amplifi-
cation System (Nugen, San Carlos, CA). A 384-well microtiter dish format was
used for quantitative polymerase chain reactions (QPCRs) with SYBR green
(Sigma, St. Louis, MO), and final reaction volumes were 10uL. High-through-
put processing was achieved using a semi-automated Beckman (Fullerton,

CA) liquid handler, an ABI Prism 7900HT (Applied Biosystems, Foster City,



192

CA), and sequence detection system software. For each biological sample,
gPCRs were performed in triplicate and expression was normalized to 36B4
expression. Bar graphs represent the average relative expression of the trip-
licate biological samples and SD, with the initial time point assigned a relative
expression of 100 for each transcript.

Primer sequences for all nuclear receptors assessed in this study are

available on the NURSA web site at www.nursa.org.

Experimental Animals for Nuclear Receptor Atlas Study

C57BL/6 mice were used as donors for B-1, B-2, and splenic B cells.
All animal experimentation described in this work was conducted in accor-
dance with a University of California, San Diego approved Institutional Animal

Use and Care Committee protocol.

qPCR Expression Analysis

Mineralocorticoid Receptor expression was assessed from quiescent
peritoneal B-1 cells isolated as described above. Bone marrow derived macro-
phages and peritoneal macrophages were a gift from Soo-Ho Choi and were
isolated as described (1,2). Kidney tissue was isolated and homogenized in
RLT buffer from RNeasy RNA isolation kit (Qiagen, Valencia, CA). Total RNA
was isolated using RNeasy easy columns (Qiagen, Valencia, CA), treated with
DNAse, and reverse transcribed using olig-dT and a First Strand Synthesis
kit (Life Technologies, Carlsbad, CA). Real time gPCR analysis was per-
formed using Rotor Gene Q (Qiagen). Tagman qPCR for MR (TagMan assay
Mm01241596_m1), GR (TagMan assay Mm00433832_m1), 11HSD2 (TagMan
assay 01251104_m1), Cyclin D 3 (TagMan assay Mm01612362_m1), DUSP1
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(TagMan assay Mm00457274 _g1), IL-6 (TagMan assay Mm00446190 _m1),
and GAPDH (TagMan assay Mm99999915 g1) as a loading control were per-
formed using reagents from Applied Biosystems (Life Technologies, Carlsbad,

CA).

In Vitro B-1 cell Treatment with Nuclear Receptor Ligands

B-1 cells were isolated using magnetic beads as described above.
They were seeded at 1x10° cells/well in 96 well flat bottom plates in cell cul-
ture media as described above but with 10% fetal calf serum that has been
charcoal dextran stripped to remove all residual steroid-like compounds. NR
ligand was added: aldosterone dissolved in ethanol (Sigma, Saint Louis, MO),
Fludrocortisone Acetate dissolved in ethanol (Sigma, Saint Louis, MO), Epler-
enone dissolved in dimethyl sulfoxide (DMSO) (Tocris Bioscience, Bristol, UK),
Mifepristone dissolved in ethanol (Sigma, Saint Louis, MO), Dexamethasone
(Dex) dissolved in DMSO (Sigma, Saint Louis, MO), Deoxycorticosterone
acetate dissolved in ethanol (Sigma, Saint Louis, MO), T0901317 dissolved in
DMSO (Tocris Bioscience, Bristol, UK), or GW3965 hydrochloride dissolved in
DMSO (Tocris Bioscience, Bristol, UK). Ethanol and DMSO were used at max-
imal 1:5000 dilution in cell culture media. Normal in vitro treatment with B-1
cells consisted of adding nuclear receptor (NR) ligands to cell culture shortly
after adding cells, and then 24hrs later adding 5uL of Pam3CysK4 or KdoZ2Lip-
idA as described above. Cells and/or supernatants were harvested on day 4

after plating.

Measurement of Antibody Titers

Specific antibody (Ab) titers to given antigens in plasma or cell culture
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supernatants were determined by chemiluminescent ELISA as previously
described (3,4). Purified rat anti-mouse IgM (clone 11/41; BD Bioscienc-
es-Pharmingen), was used as capture Ab to measure total IgM levels. AP-la-
beled goat anti-mouse IgM (p chain specific) and anti-mouse IgG (y chain
specific) (Sigma-Aldrich, Saint Louis, MO) were used as detection Abs, as
well as biotinylated rat anti-mouse IgM (R6-60.2; BD Biosciences-Pharmin-
gen). To detect other Ig isotypes, rat anti-mouse 1gG1 (A85-3), IgG2a/c (R11-
89), and IgA (C10-3) were used as capture Abs; biotin-conjugated rat an-
ti-mouse 1gG1 (A85-1), IgG2a/c (R19-15), IgG2b (R12-3), IgG3 (R40-82), and
IgA (C10-1) (all from BD Biosciences-Pharmingen) were used as secondary
Abs. To detect the levels of E06, a T15-specific anti-idiotype Ab (AB1-2) (5)
was used as capture Ab, followed by incubation with AP-labeled goat an-
ti-mouse IgM. Biotin-conjugated Abs were then detected with AP-conjugated
neutravidin (Pierce, Thermo Scientific, Rockford, IL). Mouse anti-human IgG
(G18-145) and IgM (G20-127; BD Biosciences-Pharmingen) were used as
capture Abs to measure total IgM and IgG levels in humans. AP-labeled goat
anti-human IgG and IgM (A3187 and A3437; Sigma-Aldrich) were used as
detection Abs. The following antigens were prepared as described previous-
ly (6): copper sulfate—oxidized LDL (CuOx-LDL), MDA-LDL, and native-LDL
were prepared from human LDL. a1,3-dextran was a gift from John F. Kearney

(University of Alabama at Birmingham, Birmingham, Alabama, USA).

Assessing Cell Proliferation and Viability

B-1 cell proliferation was assessed using carboxyfluorescein diacetate
succinmidyl ester (CFSE) staining. Prior to culturing B-1 cells were stained

with 2uM CFSE for 20min. (Cell Trace, Invitrogen, Carlsbad, CA). CFSE
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stained B-1 cells were cultured as described above. After culturing, B-1 cells
were analyzed on BD FACSCanto Il (BD Biosciences-Pharmingen). Cultured
B-1 cells were assessed for cellular viability by incubating cells with annexin

V and 7-AAD (BD Biosciences-Pharmingen), for 15 minutes and immediately

analyzed by flow cytometry.

Western Blot for Glucocorticoid Receptor

Protein expression levels of glucocorticoid receptor (GR) were analyzed
using SDS-PAGE and western blotting according to standard protocols as pre-
viously described in our lab (1). Anti-GR antibody (clone sc-1004, Santa Cruz,
Santa Cruz, CA) was used at 1:1000 dilution.

RNA-seq from B-1 and B-2 cells

Magnetic bead purified B-1 or B-2 cells were cultured overnight in
media containing charcoal stripped fetal calf serum (to allow for the in vivo
induced GR expression to equalize) and then were treated for 4 hrs with 1uM
Dex or pretreated for 1 hr with 1uM Dex before stimulation with Kdo2LipidA.
Cells were also stimulated for 1 hr with Kdo2LipidA alone. See descriptions
above for more detail about Dex and KLA treatments in vitro. Total RNA was
isolated as described above. RNA-Seq was performed on poly(A)+ RNA after
fragmentation, decapping, 3’ and 5’ adaptor ligation and reverse transcription.
RNA-seq libraries were sequenced for 51 cycles on a HiSeq 2000 sequencer
(lumina, San Diego, CA). Reads were mapped to the mm9 reference mouse
genome. Data were normalized, reads were counted in exonic regions using
the HOMER package (7). Differential expression and adjusted p-values were

calculated using R scripts for limma available from Bioconductor (8).
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ChiP-seq

ChlIP-Seq was performed based on published protocols on either native
chromatin after MNase digestion (H3K4me2) or fixed, sonicated chromatin
(GR) (7). ChIP-Seq libraries were sequenced for 51 cycles on a HiSeq 2000
sequencer (lllumina). Reads were mapped to the mm9 reference mouse ge-
nome. Data were normalized, ChlP-Seq peaks identified, and motifs analyzed
using the HOMER package. GR ChIP was performed in BCL-1 cells (a gift
from Dr. Christoph Binder) and in primary magnetic bead purified B-1 and B-2
cells using two anti-GR antibodies in tandem, anti-human GR from Diagenode
(clone mAB-010-050, Denville, NJ) or anti-mouse GR from Santa Cruz (clone
sc-1004x, Santa Cruz, CA). anti-H3K4Me2 (polyclonal, Millipore, Temecula,
CA).

Animal models used in collaborative studies

A description of CD74 knockout mice, BCL-6 deficient bone marrow
transplant model mice, Mycophenolate mofetil treated mice, and ApoE/FcyRIIb
double knockout mice have previously been published (9-12). A vitamin D an-
alog paricalcitol was given IP daily to Ldlr-/- mice on a high fat diet along with

angiotensin |
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