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The steroid and xenobiotic receptor (SXR) (also known as pregnane X receptor or PXR) is a
broad-specificity nuclear hormone receptor that is well known for its role in drug and xenobiotic
metabolism. SXR is activated by a wide variety of endobiotics, dietary compounds, pharmaceuticals, and xenobiotic chemicals. SXR is expressed at its highest levels in the liver and intestine yet is
found in lower levels in other tissues, where its roles are less understood. We previously demonstrated that SXR⫺/⫺ mice demonstrate elevated nuclear factor (NF)-B activity and overexpression
of NF-B target genes and that SXR⫺/⫺ mice develop lymphoma derived from B-1 lymphocytes in
an age-dependent manner. In this work, we show that fetal livers in SXR⫺/⫺ mice display elevated
expression of NF-B target genes and possess a significantly larger percentage of B-1 progenitor
cells in the fetal liver. Furthermore, in utero activation of SXR in wild-type mice reduces the B-1
progenitor populations in the embryonic liver and reduces the size of the B-1 cell compartment in
adult animals that were treated in utero. This suggests that activation of SXR during development
may permanently alter the immune system of animals exposed in utero, demonstrating a novel
role for SXR in the generation of B-1 cell precursors in the fetal liver. These data support our
previous findings that SXR functions as a tumor suppressor in B-1 lymphocytes and establish a
unique role for SXR as a modulator of developmental hematopoiesis in the liver. (Molecular
Endocrinology 26: 916 –925, 2012)
NURSA Molecule Pages†: Nuclear Receptors: PXR.

he steroid and xenobiotic receptor (SXR) [also known
as pregnane X receptor (PXR), pregnane activated
receptor, and nuclear receptor subfamily 1, group I, member 2] is a broad-specificity, low-affinity nuclear hormone
receptor. SXR is activated by numerous drugs, hormones,
and xenobiotic compounds, including taxol, rifampicin,
mifespristone, phenytoin, hyperforin, and clotrimazole.
SXR’s main role is considered to be the transcriptional
control of metabolism enzymes involved in xenobiotic
clearance, such as the cytochrome P450 (CYP) genes, conjugating enzymes, and ATP-binding cassette family transporters (1–3).
We and others previously demonstrated that SXR and
NF-B are mutually inhibitory and that SXR knockout
(SXR⫺/⫺) animals display elevated levels of nuclear factor
(NF)-B target genes (4, 5). Others have confirmed this
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mutually inhibitory cross talk in the developing liver, describing that ip lipopolysaccharide injection significantly
inhibits the expression of both SXR and its target gene
CYP3A11, in mouse fetal liver (6, 7). SXR and its target
genes CYP3A4 and MDR1 have also been found in human fetal liver using quantitative real-time RT-PCR
(qPCR) and immunoblotting (8). Recently, we found that
mice lacking SXR develop lymphoproliferations of B-1
cells that develop into multifocal lymphomas with advancing age (9). These data are in accord with published
results finding that nfkb1 knockout animals display a
diminished peritoneal B-1 cell population (10). Furthermore, we demonstrated that the spleens of SXR⫺/⫺ animals displayed elevated levels of pro-proliferative NF-B
†

Annotations provided by Nuclear Receptor Signaling Atlas (NURSA) Bioinformatics Resource.
Molecule Pages can be accessed on the NURSA website at www.nursa.org.
Abbreviations: CMC, Carboxymethylcellulose; CYP, cytochrome P450; DMSO, dimethylsulfoxide; e, embryonic d; HNF-4␣, hepatocyte nuclear factor 4␣; Lck, lymphocyte-specific protein
tyrosine kinase; NF, nuclear factor; PCN, pregnenolone-16-␣-carbonitrile; PTPN6, protein tyrosine phosphatase, non-receptor type 6; qPCR, quantitative real-time RT-PCR; Siglec-G, Sialic
acide-binding Ig-like lectin G; SXR, steroid and xenobiotic receptor; Zap70, Zeta-chain-associated protein kinase 70.
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target gene transcripts and decreased levels of antiapoptotic gene transcripts.
B-1 cells comprise a small fraction of the B cell family
and are found primarily in the intestine and peritoneal
and pleural cavities, with small numbers found in the
spleen (11–14). B-1 cells express low levels of B220 and
high levels of IgM and may be further differentiated into
B-1a (CD5⫹, CD11b⫹) or B-1b (CD5⫺, CD11b⫹) B cells
(15, 16). Whereas B-2 cells arise from hematopoietic stem
cells found in the bone marrow after birth and play a large
role in the adaptive immune response, B-1 cell development is thought to occur almost entirely in the fetal liver.
B-1 cells generated in the fetal liver migrate to the gut after
birth where they continue to self-renew through adulthood and contribute to the innate immune response (16,
17). The fetal liver serves as the major hematopoietic organ during mid to late fetal development. Recent work
found that CD19⫹/B220low cells harvested from mouse
fetal liver were able to reconstitute both B-1a and B-1b
cells in the peritoneal cavity of recipient severe combined
immunodeficient (SCID) mice, whereas no B-2 cells derived from the donor cells were found in the bone marrow
or spleen of the recipient animals (18), supporting the
hypothesis that a distinct B-1 cell progenitor exists. It has
also been proposed that CD19⫹/B220⫹ B cell progenitors
are the progeny of CD19⫹/B220low precursors. B220 is
up-regulated over time in culture (19), and B-1 progenitor
cells generated in the yolk sac and intraembryonic
paraaortic splanchnopleura hemogenic endothelium (20)
at embryonic d (e)9 – e9.5 migrate to the fetal liver and
mature into CD19⫹B220⫹ cells that ultimately become
B-1 lymphocytes (19).
SXR is expressed at its highest levels in the liver (3), B-1
cell progenitors emerge in the embryonic liver (15), and
aged SXR⫺/⫺ animals develop lymphomas derived from
B-1 cells (9). Therefore, we sought to investigate the role
of SXR in hematopoiesis in the fetal liver and the contribution of SXR to the B-1 cell compartment in the developing embryo. We hypothesized that SXR, or one of its
target genes, might play a role in establishing or maintaining the specialized fetal liver microenvironment that imparts B-1 potential, thereby contributing to the selection
or maintenance of B-1 cells. Here we show that pro-proliferative and antiapoptotic NF-B target genes are upregulated and that checkpoints for the B-1 cell compartment are down-regulated in SXR⫺/⫺ fetal liver tissue,
leading to an increase in CD19⫹/B220low and CD19⫹/
B220⫹ B-1 cell precursors. In utero exposure to the
mouse SXR agonist pregnenolone-16-␣-carbonitrile
(PCN) had the opposite effect. PCN exposure in utero
reduced the size of the B-1 compartment in adult animals,
and the gene expression signature of cells harvested from
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the peritoneal cavities of these animals revealed a decrease
in pro-proliferative transcripts. Together, these results
support a role for SXR in developmental modulation of
the B-1 cell compartment.

Materials and Methods
Lymphocyte analysis and flow cytometry
Tissues were gently dissociated using frosted microscope
slides and were strained to obtain a single-cell suspension. Cells
collected from peritoneal lavages were washed, crypreserved in
10% dimethylsulfoxide (DMSO) in fetal calf serum and were
thawed and washed before staining. Cells were washed and
resuspended in cold flow cytometry buffer (1% fetal bovine
serum, 0.1% sodium azide in PBS). Antibodies were purchased
from BD Biosciences (San Diego, CA) [CD19 FITC, CD5 APC,
B220 PE Cy5.5, and PerCP-eFluor 710, IgM PE, IgM APC, Lin
(Ly-6 C) APC, lymphocyte-specific protein tyrosine kinase (Lck)
pY505 AlexaFluor488, and Zeta-chain-associated protein kinase 70 (Zap70) pY319 PE as well as appropriate isotype controls]; Cell Signaling Technology (Danvers, MA) (Bcl-xL AlexaFluor488); Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)
[c-myc PE, c-jun PE, and Siglec-10(G)]; and Novus Biologicals
(Littleton, CO) (protein tyrosine phosphatase, non-receptor
type, PTPN6), and staining was performed as per manufacturer’s protocol. Anti-Siglec-G was detected with donkey antigoat
PE (Santa Cruz Biotechnology), and anti-PTPN6 was detected
with goat antirabbit FITC (eBioscience, San Diego, CA). Staining used to determine progenitor gates (see Fig. 4) is located in
Supplemental Fig. 1 (published on The Endocrine Society’s
Journals Online web site at http://mend.endojournals.org). Cells
were analyzed on FACSCalibur (Becton Dickinson, Mountain
View, CA), and data were analyzed using FlowJo (Treestar,
Ashland, OR). Each plot is representative of four or more
animals.

RNA isolation, cDNA preparation, and qPCR
All tissues and cells were flash-frozen in liquid nitrogen and
stored at ⫺80 C until RNA preparation. For CD19⫹ enrichment, resected fetal livers were gently dissociated and strained to
obtain a single-cell suspension, and lysis buffer [0.15 M NH4Cl,
10 mM KHCO3, 0.1 mM EDTA (pH 7.3)] was used to remove
red blood cells. Cells were washed, counted, and resuspended in
0.5% BSA and 2 mM EDTA in cold PBS. CD19 MicroBeads
(MACS Miltenyi Biotec Inc., Auburn, CA) were used to purify
CD19⫹ fractions (⬃93% pure) according to the manufacturer’s
instructions, and cells were flash frozen upon isolation. RNA
was isolated using TRIzol Reagent (Invitrogen, Grand Island,
NY) according to manufacturer’s protocol. cDNA was synthesized using Transcriptor (Roche, Indianapolis, IN). The qPCR
was performed using specific primers (Supplemental Table 1)
and the SYBR Green QPCR Kit (Roche) in a DNA Engine Opticon Fluorescence Detection System (MJ Research, Applied
Biosystems, Foster City, CA). Data were analyzed using the
cycle threshold method (normalized to GAPDH) (21).
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Animals and in utero PCN exposure
Animals were identically raised and housed at the University
of California, Irvine, and were maintained on a standard diet.
For in utero per os treatment studies via drinking water, PCN
(Sigma, St. Louis, MO) stocks were dissolved in DMSO, and
drinking water was made with 0.5% carboxymethylcellulose
(CMC) in autoclaved tap water. CMC control contained the
same amounts of CMC and DMSO as experimental groups but
no PCN. PCN or CMC was administered from the first day of
the pregnancy (e0.5) until either e16.5 for embryo studies or the
date of birth of the pups for adult studies, at which point it was
replaced with normal drinking water. Dosages were calculated
using a 1, 10, or 100 mg/kg treatment, assuming a 20-d treatment, an average pregnancy weight of 30 g, and daily water
consumption by dams of 8.5 ml/d (resulting in final water concentrations of 0.5, 5.1, and 51 M). Timed pregnancies were
counted from day of copulation plug (e0.5). Animal care and use
was in accordance with applicable standards and approved by
the Institutional Animal Care and Use Committees at the University of California, Irvine. SXR⫺/⫺ mice were descendants of
a gift from Ron Evans (Salk Institute, La Jolla, CA); all other
animals were purchased from Taconic Farms (Germantown,
NY).

Statistics
Differences between groups were analyzed using Student’s t
Test (parametric) or Mann-Whitney U Test (nonparametric). A
P value ⬍ 0.05 was considered to be significant. Graphs are
presented as the mean ⫾ SEM. Analyses were performed with
Prism version 4 program (GraphPad Software, San Diego, CA).

Results
SXR is expressed embryonically during fetal
development
Although it has been reported that SXR is expressed in
the developing fetal liver (8) and that its expression is
lower than that in the adult liver, little is known about the
expression of SXR over developmental time. Therefore,
we first characterized SXR expression throughout early
development and found that it was detectable as early as
e12.5, with moderate expression in fetal liver of increasing age; expression rose after birth (5 d of age) and
reached a maximum in healthy adult liver (Fig. 1A). We
next sought to correlate SXR expression with CYP3A
expression. Although it was detected at all time points,
CYP3A11 mRNA was not significantly expressed until
after birth (5 d of age), at which point expression was still
quite low relative to adult levels (Fig. 1B). Lastly, we
sought to characterize the expression of CYP3A16, a neonatal isoform (22), in the developing mouse liver;
CYP3A16 mRNA was predominantly expressed in neonatal liver (5 d of age), with expression decreasing with
increasing age; the lowest levels were found in fetal tissue
(Fig. 1C). This suggests that expression of SXR in the

FIG. 1. SXR is expressed embryonically during fetal development. A,
SXR mRNA as measured by qPCR. Data are expressed as fold of adult
liver expression, and the means are indicated. B, CYP3A11 mRNA; C,
CYP3A16 mRNA. Data are expressed as fold of adult liver expression,
and means are indicated. e12.5, n ⫽ 4; e14.5, n ⫽ 7; e16.5, n ⫽ 5;
postnatal d 5 (p5), n ⫽ 4; p56, n ⫽ 3; adult, n ⫽ 3.

developing fetal liver may have a different function from
its known role as a xenobiotic sensor, perhaps as a contributor to regulating proliferation in the B-cell compartment as was suggested by our previous work (9).
SXR modulates key NF-B target genes during
fetal development
To determine whether pro-proliferation and antiapoptotic markers were up-regulated during development of
the fetal liver, we examined embryos harvested from
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timed pregnancies in wild-type and SXR⫺/⫺ animals. In
fetal liver tissue from e16.5 embryos derived from wildtype and SXR⫺/⫺ animals, qPCR analysis indicated that
the pro-proliferative NF-B targets c-myc and c-jun were
up-regulated approximately 2-fold (Fig. 2, A and B) and
the antiapoptotic Bcl-xL was up-regulated approximately 1.3-fold (Fig. 2C). To determine whether these
gene expression patterns were found in CD19⫹ B-1 cell
precursors, we analyzed transcripts from magnetically
purified cells from e16.5 fetal liver. c-jun and c-myc were

FIG. 2. SXR modulates key NF-B targets during fetal development.
A–C, qPCR analysis of indicated transcripts from fetal livers resected
from e16.5 embryos is shown, and the means are indicated. Expression
is relative to GAPDH; D–F, flow cytometry of indicated proteins on
CD19⫹-gated cells in e16.5 embryos. Wild type, n ⫽ 10; knockout,
n ⫽ 5. Histograms of representative animals are shown on the left
panel, and quantitated protein expression (median fluorescent
intensity) relative to wild type is shown on the right panel. Wild type
(WT) is shown in the histogram in gray, and knockout (KO) is shown in
black. *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001.
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significantly up-regulated and Bcl-xL trended toward
moderate overexpression (Supplemental Fig. 2). Flow cytometric analysis of intracellular staining of CD19⫹ B-1
cell precursors in e16.5 fetal liver tissue demonstrated
that c-myc (Fig. 2D) and Bcl-xL (Fig. 2F) were up-regulated over 1.5-fold and c-jun (Fig. 2E) was up-regulated
approximately 2-fold at the protein level in CD19⫹ B-1
cell precursors.
SXR modulates key regulators of the B-1 cell
compartment during fetal development
We previously found that Siglec-G, a sialic acid-binding Ig-like lectin, was down-regulated in the spleens of
SXR⫺/⫺ animals (9). Siglec-G knockout mice developed
influxes of B-1 cells (23, 24). PTPN6, a target of Siglec-G,
with a similar knockout phenotype (25), was also downregulated in SXR knockout animals, and concordantly,
the transcripts of both genes were up-regulated after SXR
ligand activation by PCN in wild-type mice (9). We hypothesized that because these transcripts were down-regulated in adult knockout tissues, they might also be downregulated developmentally, thereby priming the precursor
cells to be proliferative later in life. Consistent with our
hypothesis, Siglec-G and PTPN6 were found to be downregulated (Fig. 3A, B) in fetal liver harvested from wildtype and SXR⫺/⫺ embryos at day e16.5. Next, we hypothesized that down-regulation of Siglec-G and PTPN6
would lead to up-regulation of their pro-proliferative targets in the fetal liver. We found that the PTPN6 target
gene Lck (26, 27) was up-regulated in SXR⫺/⫺ fetal liver
at e16.5 (Fig. 3C). Furthermore, the Lck target Zap70,
which we previously found to be overexpressed in the
spleens of SXR⫺/⫺ animals (9), was up-regulated in
SXR⫺/⫺ fetal liver at e16.5 (Fig. 4D). In purified CD19⫹
B-1 precursors, Siglec-G and PTPN6 transcripts were
both significantly down-regulated (Supplemental Fig. 3)
and Lck and Zap70 trended toward moderate overexpression. Expression of both Siglec-G (Fig. 3E) and
PTPN6 (Fig. 3F) was down-regulated at the protein level
as measured by flow cytometry in CD19⫹-gated cells.
Lastly, although we did not observe a change in Lck Y505
inactivating phosphorylation (Fig. 3G), Zap70 activating
phosphorylation Y319 was up-regulated in SXR knockout CD19⫹ cells, confirming that Zap70 is in its active
state. Intriguingly, Lck is overexpressed in chronic lymphocytic leukemia (28, 29) where it may confer a selfrenewing phenotype and its target, Zap70, which is also
often over-expressed in chronic lymphocytic leukemia is
associated with poor survival and more aggressive disease
(30, 31). Our data support a role for SXR in negatively
regulating pro-proliferative gene expression during extramedullary hematopoiesis in the developing fetal liver.
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cies to determine whether B cell progenitor cells were affected by the presence or absence of SXR. Wild-type and
SXR⫺/⫺ dams were euthanized at d
16.5 of pregnancy, embryos harvested,
and fetal liver tissue collected. Flow cytometric analysis of dissociated fetal
liver cells revealed a modest (but not
statistically significant) 1.3-fold increase in the population of CD19⫺/
B220⫹ cells, which are not thought to
give rise to B-1 cells (Fig. 4A, upper left
gate labeled A). A larger, 2.3-fold increase in CD19⫹/B220⫹ B cell progenitors (Fig. 4A, upper right gate labeled
B) was observed; knockout tissue displayed 2.1%, as compared with 0.9%
in control tissue. Furthermore, over a
1.5-fold increase in CD19⫹/B220low B
cell progenitors (Fig. 4A, lower right
gate labeled C) was seen in SXR⫺/⫺ tissue (an increase from 0.37 to 0.6%).
This observation suggests that SXR
negatively regulates the growth of B
cell progenitors and that loss of SXR
leads to an increased population of B
cell progenitors in the developing fetal
liver, which may ultimately contribute
to the malignant phenotype seen in
aged animals.
We next asked whether the populations of CD19⫹/B220⫹ and CD19⫹/
B220low B-1 cell progenitors in wildtype fetal liver would be affected by
chronic oral administration of the
mouse SXR agonist PCN. Female mice
were treated from mating until e16.5
with PCN or vehicle control. On e16.5,
dams were euthanized, embryos were
FIG. 3. SXR modulates key regulators of the B-1 cell compartment during fetal development.
A–D, qPCR of indicated transcripts from fetal livers resected from e16.5 embryos is shown,
resected, and fetal liver tissue was
and the means are indicated. Expression is relative to GAPDH. E and F, Flow cytometry of
harvested. SXR activation in the emindicated proteins on CD19⫹-gated cells in e16.5 fetal liver. G and H, Phosphorylation of Lck
⫹
bryos was confirmed by induction of
and Zap70 as detected by flow cytometry (PhosFlow) on CD19 -gated cells in e16.5 fetal
liver. Wild type, n ⫽ 6; knockout, n ⫽ 4. Histograms of representative animals are shown on
CYP3A11 and CYP3A16 (Supplementhe left panel, and quantitated protein expression (median fluorescent intensity) relative to
tal Fig. 4). Flow cytometry revealed
wild type is shown on the right panel. Wild type (WT) is shown in the histogram in gray, and
that the populations of CD19⫹/B220⫹
knockout (KO) is shown in black. *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001.
cells (labeled as gate B in Fig. 4A and
Loss of SXR increases B-1 cell progenitors in
quantitatively graphed in Fig. 4B) in fetal liver decreased
developing fetal liver, and SXR activation reduces
upon PCN treatment of wild-type animals (representative
B-1 cell progenitors
flow cytometry plots shown in Supplemental Fig. 5). The
To expand on our findings that SXR modulates ex- lowest concentration (0.51 M) had a mean population
pression of transcripts involved in B-1 proliferation in the of 0.5%, the middle concentration a population of
fetal liver, we examined fetal livers from timed pregnan- 0.43%, and the highest concentration reduced the per-
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controls. We infer that activation of SXR in utero leads
to a reduction of the B-1 cell progenitors in the fetal
liver and suggest that SXR plays a crucial role in the
embryonic generation of these lymphocyte progenitors.

FIG. 4. Loss of SXR increases B-1 cell progenitors in developing fetal
liver, and SXR activation reduces B-1 cell progenitors. Panels A–C,
Dams were treated with mouse SXR agonist PCN (at concentration in
micromolar indicated) or vehicle control from conception until e16.5.
Fetal livers were resected, dissociated, and stained. Cells that stained
CD19⫺/B220⫹, CD19⫹/B220⫹ (gate B), or CD19⫹/B220low (gate C) are
indicated. Panel B, The percentage of total cells residing in gate B
(CD19⫹/B220⫹) are indicated, and the mean is shown. Statistics are
relative to CMC except where indicated. Panel C, The percentage of
total cells residing in gate C (CD19⫹/B220low) is indicated, and the
mean is shown. Statistics are relative to CMC. Knockout (KO), n ⫽ 8;
CMC, n ⫽ 9; 0.51 M, n ⫽ 6; 5.1 M, n ⫽ 8; 51 M, n ⫽ 8. *, P ⬍
0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001. WT, Wild type.

centage of CD19⫹/B220⫹ cells down to 0.3%, less than
half that of vehicle-treated controls. Analysis of CD19⫹/
B220low cells (labeled as gate C in Fig. 4A and quantitatively graphed in Fig. 4C) indicated that all three concentrations of PCN reduced the percentage of CD19⫹/
B220low cells by more than half as compared with

In utero exposure to murine SXR agonist PCN
reduces the size of the B-1 cell compartment
To examine the role of SXR activity in the developing
animal, we treated female mice throughout pregnancy
with PCN at 0.51, 5.1, or 51 M or with CMC vehicle
alone in their drinking water. In utero PCN exposure
served as a tool to elucidate the role of SXR in developmental extramedullary hematopoiesis and in programming of B-1 cell precursors in the fetal tissue. When cells
were harvested from 8-wk-old animals via unchallenged
peritoneal lavage and counted, the total number of cells
recovered varied inversely with PCN concentration in a
dose-dependent fashion. The number of cells obtained
ranged from approximately 9 ⫻ 106 (vehicle alone) and
8.5 ⫻ 106 (0.51 M) to 6 ⫻ 106 (5.1 M) and down to
5.5 ⫻ 106 (51 M) (Fig. 5A). Spleen weight was largely
unaffected by the in utero PCN treatment (Supplemental
Fig. 6), as were follicular zone and marginal zone B cell
populations in the spleen (data not shown). Furthermore,
SXR was no longer activated in the 8-wk-old animals that
were subjected to in utero exposure to PCN as measured
by CYP3A11 expression in the liver (Supplemental Fig.
4C). Based on the observation that treatment with PCN
reduced the total number of cells in the peritoneal cavity
of the adult animal, we hypothesized that chronic exposure to an SXR agonist in utero leads to a permanent
disturbance in the size of the peritoneal B-1 cell
population.
To address whether chronic in utero PCN treatment
reduced the percentage of B-1 lymphocytes in the peritoneal cavity, cells harvested via unchallenged peritoneal
lavage were stained for B cell markers, analyzed via flow
cytometry (representative flow cytometry plots shown in
Supplemental Fig. 7), and the percentage of IgM⫹/CD5⫹
cells in the peritoneal cavity of in utero-treated 8-wk-old
animals was quantitated. Vehicle-treated animals had a
mean IgM⫹/CD5⫹ population of 57.46% of total cells
(for a total B-1 cell yield of approximately 5.2 ⫻ 106),
whereas the 0.51 M-treated animals were found to have
51.65% (4.4 ⫻ 106 B-1 cells), the 5.1 M-treated animals
had 48.4% (2.9 ⫻ 106 B-1 cells), and the 51 M-treated
animals displayed a mean of 50.61% (approximately
2.8 ⫻ 106 B-1 cells) (Fig. 5). These data support the conclusion that in utero exposure to murine SXR agonist
PCN decreases the total number of cells in the peritoneal
cavity that were recovered by unchallenged peritoneal
lavage. Moreover, SXR activation reduces the percentage
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FIG. 6. In utero exposure to SXR agonist PCN dampens proliferative
signals in peritoneal cells harvested from 8-wk-old animals. mRNA of
specific transcripts is measured by qPCR. Data are expressed as fold of
CMC (vehicle) expression, and means are indicated. CMC, n ⫽ 12; 5.1
M, n ⫽ 11. *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001.

conclusion that activation of SXR by PCN during fetal
development leads to decreased pro-proliferative signals,
negative regulation of B-1 cell growth, and a diminished
peritoneal B-1 cell population in the adult animal.

Discussion
FIG. 5. In utero exposure to murine SXR agonist PCN reduces the size
of the B-1 cell compartment. A, Cells collected from unchallenged
peritoneal lavage from 8-wk-old male animals chronically treated in
utero with PCN were counted, the absolute numbers of cells are
indicated, and the means are shown. B, Cells collected from
unchallenged peritoneal lavage from the above animals were analyzed
for the expression of IgM and CD5, the percentage of cells that stained
positive as determined by flow cytometry was quantitated, and the
mean is indicated. CMC, n ⫽ 12; 0.51 M, n ⫽ 8; 5.1 M, n ⫽ 11; 51
M, n ⫽ 7. A minimum of two litters per condition are represented. *,
P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001.

of B-1 cells in the peritoneal cavity and consequently the
total number of B-1 cells.
In utero exposure to SXR agonist PCN dampens
proliferative signals in peritoneal cells harvested
from 8-wk-old animals
We harvested cells from unchallenged peritoneal lavage of 8-wk-old animals treated in utero with PCN to
determine whether chronic in utero activation of SXR
blunts expression of transcripts known to modulate the
B-1 cell compartment. The qPCR analysis of mRNA transcript levels revealed that pro-proliferative c-jun and cmyb and antiapoptotic Bad were down-regulated as compared with vehicle-treated animals (Fig. 6). The B-1 cell
checkpoints Siglec-G and PTPN6 were up-regulated in
animals that were chronically exposed to PCN in utero,
and expression of pro-proliferative Zap70 was significantly reduced (Fig. 6). Together, these results support the

The results presented above lead us to conclude that SXR
plays a role in the generation and maintenance of the B-1
cell compartment in the mouse fetal liver. SXR is expressed at high levels in the fetal liver, and pro-proliferative transcripts are up-regulated in SXR⫺/⫺ fetal liver,
whereas genes that regulate apoptosis and checkpoint
control are down-regulated in SXR⫺/⫺ fetal liver. We interpret these data to indicate that loss of SXR increases
the pool of B-1 cell precursors in the fetal liver and that
activation of SXR in utero reduces the population of B-1
cell progenitors. Furthermore, we found that activation of
SXR during embryonic development reduced both the
total number of peritoneal B-1 B cells and the percentage
of B-1 cells in the peritoneal cavity. Therefore, SXR may
be a crucial regulator of negative feedback in B-1 lymphocytes in the embryonic liver and in extramedullary hematopoiesis in the developing embryo. Loss of SXR may
disturb steady-state conditions before birth, contributing
to deregulated cell proliferation or progression past normal checkpoints. We note that although the pro-proliferative gene expression profile of B-1 cell progenitors is
similar to that of whole fetal liver, the trend in B-1 cell
progenitors is less robust, suggesting that SXR and NF-B
signaling in fetal hepatocytes or other cells may influence
the development of B-1 cell progenitors in the tissue. Hepatocyte nuclear factor 4␣ (HNF-4␣) is known to regulate the expression of a variety of genes in the fetal and
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adult liver and is required for expression of SXR in the
fetal liver (32). Kamiya et al. (33) found that HNF-4␣ is
crucial for the regulation of SXR and its xenobiotic metabolism target genes and showed that HNF-4␣ was required for transcriptional activation of SXR in fetal hepatocytes. The role of fetal hepatocytes in the development
of B-1 cell progenitors is not well understood. It is clear
that additional research is needed to uncover the role of
SXR, as well as other transcription factors such as NF-B
and HNF-4␣, in both fetal hepatocytes and in developmental hematopoiesis as well as in the intersection of the
two in the fetal liver.
B-1a cells secrete large amounts of IgM, termed natural
antibody, which impart protection against select encapsulated bacteria (including Streptococcus pneumoniae).
B-1a cells help protect against mucosal pathogens and
assist in tissue maintenance (34); published findings have
shown that the natural antibodies to the influenza virus
are almost entirely produced by B-1 cells (35). Natural
IgM secretion by B-1 cells is required for maximal protection against deaths due to influenza virus. Enhanced
mortality was observed after infection of mice that lacked
B-1 cell-derived IgM but had normal levels of B-2 cellderived IgM (35, 36). Protection against infection was
partially restored after IgM transfer from wild-type, uninfected animals. Similarly, Blimp-1-deficient B-1 cells
produce less natural antibody than wild-type B-1 cells and
are also defective in providing early protection against
influenza infection (37). These data suggest that B-1 cells
assist in the frontline innate response against select antigens and contribute to the layered and intricate adaptive
immune response. Moreover, deficiencies in the B-1 cell
compartment may have detrimental effects on health and
immune response, particularly before the generation of
the full B-2 cell repertoire. We infer that SXR activation in
utero reduces the number of B-1 cells in the offspring of
treated dams and that mice and presumably humans exposed in utero to SXR agonists would generate an insufficient immune response against influenza infection.
Natural IgM secreted by B-1 cells can also bind to
oxidized low-density lipoproteins, which can subsequently decrease the progress of atherosclerosis (38, 39).
This suggests that a decrease in B-1 cells and, consequently, in natural antibody could lead to an increased
progression of atherosclerosis, implicating SXR activation in not only immune disorders but also in additional
aspects of human health. This is in accord with the observations that loss of SXR (which produces more B-1 cells)
decreases atherosclerosis in apoE-deficient mice (40) and
that activation of SXR (which decreases the number of
B-1 cells) accelerates atherosclerosis in apoE-deficient
mice (41). B-1 cell-generated antibody may also be spe-
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cific for oxidized lipids (38) and antigens found on apoptotic cells (42). Together, these findings suggest that loss
of B-1 cells due to inappropriate SXR activation may
contribute to atherosclerosis and its sequelae.
B-1 cells also contribute to the neonatal immune response (15); thus, our findings suggest that taking drugs,
herbal supplements, or xenobiotics that activate SXR
during pregnancy may reduce the number of B-1 cells
found neonatally, thereby reducing the immune capacity
of the newborn. It is plausible that in utero exposure to
SXR antagonists could subsequently increase the number
of circulating B cells after birth, contributing to autoimmune diseases and other B cell-derived disorders. Published work demonstrates that B-1 cells found in the peritoneal cavity turn over relatively slowly (43), suggesting
that alterations to the signals controlling their growth and
proliferation may have a sizable impact on their population pool. It is possible that in utero priming of B cell
progenitors during development may reduce the amount
of circulating natural antibody, reducing the neonatal
response to certain bacterial antigens. Ongoing work
aims to determine the full extent of in utero SXR agonist exposure on various lymphoid components and
immune responses to select immunological challenges
and pathogens.
In conclusion, it is likely that SXR and its target genes
contribute to the microenvironment that influences the
fate and function of developing lymphocytes in the fetal
liver. Inactivation or loss of the receptor may encourage
proliferation of the B-1 cell compartment, whereas activation of the receptor may attenuate the production of
B-1 cells. Importantly, chronic exposure to an SXR agonist during pregnancy is likely to disturb the developing
B-1 progenitor cell compartment that will later populate
the peritoneal cavity and gut after birth. It will be of
interest to examine the role of drugs and nutraceuticals
that activate or antagonize SXR during pregnancy on subsequent immune function.
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