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Normal lymphoid tissue development and function depend upon chemokine-directed cell migration. Since
chemokines signal through heterotrimeric G-protein-coupled receptors, RGS proteins, which act as GTPase-
activating proteins for Ga subunits, likely fine tune the cellular responses to chemokines. Here we show that
RgsI~’~ mice possess B cells that respond excessively and desensitize improperly to the chemokines CXCL12
and CXCL13. Many of the B-cell follicles in the spleens of RgsI ™'~ mice have germinal centers even in the
absence of immune stimulation. Furthermore, immunization of these mice leads to exaggerated germinal
center formation; partial disruption of the normal architecture of the spleen and Peyer’s patches; and
abnormal trafficking of immunoglobulin-secreting cells. These results reveal the importance of a regulatory
mechanism that limits and desensitizes chemokine receptor signaling.

The migration of developing lymphocytes into lymphoid tis-
sues, the recirculation of lymphocytes, as well as organization
of secondary immune structures such as lymphoid follicles re-
sults from a regulated configuration of cell surface adhesion
molecules and chemoattractant receptors as well as a spatial
overlay of multiple chemoattractant gradients (1, 23, 29, 32).
Mechanisms that allow a cell, such as a B-lymphocyte, to in-
terrupt, modify, and prioritize signals from such a milieu of
stimuli are essential for efficient and normal immune function.
Inappropriate interpretations by cells within such a complex
environment is deleterious, leading to inappropriate traffick-
ing, survival, and activation of cells (10, 12, 28, 37). Previous
work has detailed B-cell migratory patterns following antigen
challenge, including the establishment of germinal centers; cy-
cling within germinal centers; the exiting of memory and anti-
body-secreting B cells (ASCs) from germinal centers; and the
trafficking of ASCs to bone marrow, lamina propria, and other
mucosal sites (5, 16, 22, 27, 30, 42, 45). Much of this work has
focused on chemokines and their receptors and upon adhesion
molecules, while less is known about the signaling mechanisms
that allow B cells to efficiently negotiate the complex chemo-
kine gradients likely present in tissues.

Most chemoattracant receptors and all chemokine receptors
couple to heterotrimeric G-proteins (1). Activated receptors
trigger Ga subunits to exchange GTP for GDP, which disso-
ciates the Ga subunit from By heterodimers, leading to the
activation of downstream effectors. However, Ga subunits pos-
sess an intrinsic GTPase activity that limits the duration of
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their remaining GTP bound. GTP hydrolysis allows the het-
erotrimer to reform, and signaling ceases (18, 35). Also limit-
ing the duration of Ga subunits’ remaining GTP bound, mem-
bers of the regulator of G protein signaling (RGS) protein
family dramatically increase the intrinsic Ga GTPase activity,
a property that defines them as GTPase activating proteins
(GAPs). Genetic studies in Saccharomyces cerevisiae, Caeno-
rhabditis elegans, and Aspergillus nidulans first identified such
proteins (7, 21, 25). Independently, a mammalian protein
termed GAIP was discovered to interact with a Ga subunit (6)
and four mammalian proteins designated RGS1, RGS2,
RGS3, and RGS4 substituted to various degrees for Sst2p, a
yeast protein involved in the desensitization of pheromone
signaling (9). Approximately 25 human RGS proteins have
now been identified. When tested in standard in vitro GAP
assays, most RGS proteins possess GAP activity for the o
subunits of the Gi and Gq subfamilies (3, 19, 44).

Since chemokine receptors use Gi and perhaps Gq to trans-
duce intracellular signals, the presence of an RGS protein in
target cells could substantially alter the response to chemokine
stimulation (20). B-lymphocytes, especially following B-cell acti-
vation through their antigen receptors, express RGS1. Consistent
with a role for RGS1 in regulating the B-cell responses to che-
mokines, the expression of RGS1 in B-cell lines dramatically
impairs their migratory response to CXCL12 and CXCL13 (4, 33,
38). Because the normal trafficking of B cells depends upon the
ligand receptor pairs CXCL12-CXCR4 (34, 46) and CXCL13-
CXCRS (11, 15, 26), a deficiency of Rgs! in vivo could alter B-cell
development and/or the organization of B cells in lymphoid tis-
sues. To test that possibility we generated RgsI '~ mice.

MATERIALS AND METHODS

Generation of RgsI '~ mice. The targeting construct was designed by replac-
ing the small Xbal fragment located at the end of exon 1 with the neomycin gene.

For negative selection of nonhomologous recombination, the thymidine kinase
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gene was placed in opposite transcriptional orientation upstream of exon 1. To
generate targeted embryonic stem (ES) cell clones, 30 wg of the linearized
targeting vector was electroporated into E14.1 ES cells. ES cells were selected
with G418, and resistant clones were screened for homologous recombination.
Resultant ES clones were injected into C57BL/6J blastocysts. Chimeric mice
were bred, and germ line transmission was documented by Southern blotting.
Screening for homozygous Rgs!~/~ mice was performed by PCR analysis of
genomic DNA using RgsI-specific primers. The Rgs/ mutation was backcrossed
five times onto a C57BL/6 background. Mice 6 to 16 weeks old were used for all
experiments. Control mice were of the same genetic background as the Rgs! '~
mice. Mice were housed under specific-pathogen-free conditions and used in
accordance to the guidelines of the Institutional Animal Care Committee at the
National Institutes of Health.

RNA isolation and reverse transcription (RT)-PCR analysis. Total RNA was
isolated, using a QIAGEN RNA kit with DNase treatment, from cell populations
sorted by fluorescence-activated cell sorting or magnetic bead isolation. The
c¢DNA was generated using the Clontech Advantage TM RT-for-PCR kit. For
the PCRs, various amounts of cDNA were used with purRE Taq Ready-to-Go
PCR Beads (Amersham Biosciences) and 1 pl of each primer. The following
primer pairs were used: for B-actin, 5’CCTAAGGCCAACCGTGAAAAG3’
and 5'TCTTCATGGTGCTAGGAGCCA3'; for Rgsl, 5’ ACGAGCAGCCATC
TCCATGCC and 5'CCCAGATTCCAGATGTGGGAT3'; for Rgs2, 5'AGCCT
GAGTGTTAGGAAAACATGG3' and S'TCTTTCATCTCAAACTCTGCTTT
C3'; for Rgs10, 5’GCAGTCTCGGCTCACTGAAAAGATTC3' and 5'TATCC
AGAGGGAAGGTCTAGCACACTCC3'; for Rgs13, 5’ ATGAGCAGGCGGA
ATTGTTGGA3' and 5'GAAACTGTTGTTGGACTGCATA3'; and for RgsI6,
5'CCATCGGGAAGAGAGGTGGAGTCGC3' and 5'CCAGGAGTGAGGA
AATCAAGACGGG3'. The PCR amplifications were done with the following
protocol: 94°C for 3 min initially; followed by 26 to 30 cycles of 30 s at 94°C, 30 s
at 58 or 60°C, and 1 min at 72°C; and finally 1 cycle at 72°C for 10 min. The PCR
products were separated by electrophoresis in 2% agarose and visualized by
staining with ethidium bromide. For each primer pair, the number of PCR cycles
chosen was chosen to be in the linear amplification range.

Cell isolation and flow cytometry. Bone marrow cells were isolated from femur
bones. A portion was used for RNA preparation and the rest was used to isolate
various progenitor B-cell populations using the monoclonal antibodies (MAbs)
B220 and CD43 (BD PharMingen) and cell sorting with a FACStar™s (Becton
Dickinson). Thymocytes and T-cell fractions were prepared using the CD4 and
CD8 MAbs (BD PharMingen) and cell sorting. B cells from spleen, mesenteric
lymph node, peripheral lymph nodes, and Peyer’s patches were isolated by
negative depletion using biotinylated antibodies to CD4, CD8, GR-1, and CDllc
(BD PharMingen) and DynabeadsR M-280 Streptavidin (Dynal Inc., Lake Suc-
cess, N.Y.). Activated splenic B cells were obtained at various time points
following the immunization of mice with a 10% sheep red blood cell (SRBC)
solution. In addition, B-cell subsets were isolated from the T-depleted spleen
cells by staining remaining cell suspensions with MAbs to CD21, CD23, and B220
(BD PharMingen) and cell sorting. The B-cell populations collected were mar-
ginal zone (CD21" CD23'" B220*), follicular cells (CD21" CD23* B220™"),
and transitional cells (CD21%™ CD23~ B220™). Plasma cells were isolated by
cell sorting T-cell-depleted spleen or Gr-1/Mac-1-depleted bone marrow and
staining for B220, immunoglobulin G (IgG), and CD138. The cell populations
were greater than 95% pure.

Immunofluorescence microscopy, immunohistochemistry, and immunoblot-
ting. Tissues were embedded in OCT compound, snap frozen, and stored at
—80°C. Cryostat sections (10 wm thick) were dried and fixed in acetone or in
some cases were formalin fixed and paraffin embedded. In some cases (RGS1
antibody), the acetone-fixed, OCT-embedded sections were rehydrated, treated
with 0.15% Triton X-100 in phosphate-buffered saline (PBS) for 5 min, washed
with PBS, and quenched with 50 mM NH,CL in PBS prior to use. For immu-
nofluorescent microscopy the slides were preincubated for 30 min in antibody
blocking solution (Dako Corporation) plus 5% serum before incubation with
antibodies in a humidified chamber for 1 h at 37°C. Antibodies used were rabbit
anti-RGS1 (affinity-purified rabbit antibody raised against an N-terminal RGS1
peptide [33]), anti-IgM (Jackson ImmunoResearch Laboratories), PNA (Vector
Laboratories), or anti-B220 or anti-IgG (BD PharMingen). After three washes in
PBS a labeled secondary antibody was added for detection, goat anti-rabbit IgG or
rabbit anti-goat IgG (Jackson ImmunoResearch Laboratories). The sections were
incubated for 1 h at 37°C and then washed with PBS as before and mounted with
Fluoromount-G (Southern Biotechnologies). For immunohistochemistry the sec-
tions were blocked with a peroxidase blocking reagent and preincubated for 30 min
in antibody blocking solution (Dako Corporation) plus 5% serum before incubation
with directly biotin-conjugated anti-CD3 and anti-B220 (BD PharMingen) MAbs
using the Zymed LAB-SA system (Zymed Laboratories). The sections were visual-
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ized using an Olympus BX60 microscope-camera equipped with epifluorescence or
in some instances a Leica confocal microscope (NIAID Imaging Unit). The immu-
noblotting of RGS1 was performed as previously described (33).

Determination of intracellular calcium levels. Splenic cells were isolated, and
a single-cell suspension was made. Cells were washed in HBSS buffer (Hanks’
balanced salt solution with calcium and magnesium, 10 mM HEPES, and 1%
fetal bovine serum), and resuspended at 107 cells/ml in HBSS buffer plus the
fluorescent calcium probe Indo-1 (indo-1/acetoxymethylester; Sigma or Molec-
ular Probes) at a final concentration of 2 wg/ml. The cells were incubated for 30
min at 30°C while protected from light. Next, the cells were washed with HBSS
buffer and resuspended at 10° cells/ml in HBSS buffer. Cells were stained with
MAbs CD21-FITC, CD23-PE, and B220-APC (BD PharMingen) for 10 min and
washed three times in HBSS buffer. The cells were warmed at 37°C for 3 min,
loaded into the Time Zero module (Cyteck, Fremont, Calif.) and run at 1,000
cells/s. A baseline was collected for 30 s, and then a sham of 50 pl of HBSS buffer
was injected, and finally at 60 s the stimulant was injected. For the desensitization
assay cells, a second injection of stimulant was added 2 min after the calcium
level returned to baseline. The measurement of calcium flux was performed on
a FACSVantage flow cytometer (BD Biosciences) equipped with an argon laser
tuned to 488 nm and a Krypton laser tuned to 360 nm. Indo-1 fluorescence was
analyzed at 390/20 and 530/20 for bound and free probe, respectively. The data
were analyzed using the FlowJo software (Tree Star Inc.). Results are shown as
fluorescence ratio (violet/blue).

Chemotaxis assays. Lymphocyte chemotaxis assays were performed using a
transwell chamber as previously described (33). Optimal concentrations for
CXCL12- and CXCL13-induced chemotaxis were determined in titration exper-
iments. Aliquots of various fractions (input, migrated to chemokine, or migrated
in the absence of chemokine) were stained with anti-B220 for 15 min at 4°C,
washed, and analyzed on a FACScalibur. Results are shown as the percentage of
specific migration, which was calculated by determining the difference between
the number of cells in the chemokine-containing well and the number in the well
without chemokine, multiplying this difference by 100, and dividing the result by
the number of cells put into the assay. For the migration desensitization analyses,
cells were exposed either to PBS buffer or to CXCL12 (50 ng/ml; R&D Systems)
for 5 min, washed, and then used in a CXCL12 or CXCL13 chemotaxis assay.
The results are shown as a ratio of the CXCL12 desensitized to PBS exposed 100
times for either the wild-type or RgsI '~ B cells.

Immunizations, ELISA, and enzyme-linked immunospot (ELISPOT) assay.
Serum samples from 6- to 12-week-old animals were assayed for immunoglobulin
isotype levels by a sandwich enzyme-linked immunosorbent assay (ELISA) pro-
tocol using mouse immunoglobulin standards, goat antibodies specific for mouse
immunoglobulin and immunoglobulin isotypes (Southern Biotechnology), and
the ABTS developing reagents (Kirkegaard & Perry Laboratories). Optical den-
sity was determined with a microplate reader set at 405 nm. Mice were immu-
nized with trinitrophenol-keyhole limpet hemocyanin (TNP-KLH) with adjuvant
(100 pg intraperitoneally) and were rechallenged at 14 and 70 days. Serum
TNP-specific immunoglobulin levels were analyzed by ELISA. Briefly, 96-well
ELISA plates (Nunc) were coated with TNP-OVA (Sigma) overnight at 4°C,
washed, and blocked with 5% bovine serum albumin fraction V (Sigma). Serial
dilutions of serum were then added to the plates and incubated 4 h at 4°C. After
washing horseradish peroxidase-labeled goat anti-mouse immunoglobulin iso-
type antibodies were added for 2 h at room temperature. The developing re-
agents were the same as described above. Additional mice were immunized
intraperitoneally using either 5 or 50 pg of NP-KLH absorbed to alum. Serum
NP-specific immunoglobulin levels were measured as described above except the
ELISA plates were coated with NP-bovine serum albumin.

Either OV A-specific IgG or total IgG and IgA antibody secreting cells were
identified by conventional ELISPOT analysis. The ELISPOT protocol from BD
Biosciences was followed. Briefly, various dilutions of single-cell suspensions
prepared from bone marrow, spleen, blood, and lamina propria, from ovalbu-
min-absorbed to Alum or SRBC-immunized mice, were cultured overnight on
nitrocellulose 96-well plates (Millipore) coated either with ova or goat-anti-
mouse IgA or IgG (Southern Biotechnologies Inc.). The cells were removed and
the captured immunoglobulins were detected with biotinylated goat anti-IgG or
anti-IgA (Caltag Laboratories) followed by SA-HRP (BD Biosciences). The
plates were developed with an AEC chromogenic substrate solution (BD Bio-
sciences) and spots were enumerated manually using a dissecting microscope.

RESULTS

Cloning the Rgsl gene and analysis of Rgsl expression.
Screening of a mouse spleen cDNA library with a human RGS1
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cDNA at modest stringency allowed the isolation of an Rgs/
c¢DNA. Comparison of the human and mouse predicted amino
acid sequences revealed that each encodes a 210-amino-acid
protein. The two proteins share identical amino acids at 181 of
210 residues. A previous 5" RACE analysis of human RGS!
had extended the original coding sequence 39 nucleotides 5’ to
an upstream ATG, thereby adding an additional 13 N-terminal
amino acids (MRAAAISTPKLDK; K. Harrison, unpublished
observation). Rgs! also has an in-frame ATG upstream of the
previously published start site that adds a similar number of
amino acids (MRAAAISMPRLNK), 10 being identical to
those of the human RGS1 N terminus.

A Northern blot analysis of Rgs! expression had revealed an
increase in B cells following in vivo activation by antigen, while
anti-CD40 stimulation had no effect (38). We examined the
expression of Rgsl in various B- and T-cell subsets isolated
from immune tissues by RT-PCR (Fig. 1A). We found a de-
tectable signal in total bone marrow cells and weak signal in
B220" bone marrow cells. Within the B-cell subsets in the
spleen Rgs! expression predominated in the follicular B cells,
with only a low signal detected in marginal zone and transi-
tional B cells. B220™ B cells from mesenteric lymph nodes and
purified cells from Peyer’s patches also expressed Rgs/. Plasma
cells isolated by cell sorting for B220 dim/IgG+/CD138" +
cells 1 week following immunization with ovalbumin also ex-
pressed Rgsl. Among the T-cell subsets from the thymus and
spleen, CD4™ cells expressed low amounts of Rgs1.

To examine mouse RGS1 protein expression during an im-
mune response we analyzed frozen spleen sections obtained
from PBS- and SRBC-immunized mice using an affinity-puri-
fied rabbit antibody raised against an N-terminal RGS1 pep-
tide (Fig. 1B). PNA and anti-IgM staining during the time
course documented the development of germinal centers in
B-cell follicles. In the absence of immunization or in PBS-
immunized mice we observed very minimal RGS1 immunore-
activity suggesting that RGS1 expression in the follicular B
cells does not exceed the assay detection limit. However, within
3 days of SRBC immunization cells in the B-cell zone reactive
with the RGS1 antibody appeared. By 7 days after immuniza-
tion cells reactive with the anti-RGS1 antibody appeared in the
germinal center region. Confirming the specificity of the RGS1
antibody, we did not observe similar reactivity with spleen
sections prepared from Rgs/-deficient mice (insert in lower
right panel of Fig. 1B). Furthermore, a control affinity-purified
antibody did not demonstrate significant reactivity with spleen
sections from either nonimmunized or immunized mice (data
not shown).

Generation of RgsI '~ mice. We screened a murine ES cell
genomic library with the Rgs! cDNA and isolated a 15-kb
NOT1 fragment that encompassed Rgsl. Located on mouse
chromosome 1, Rgs! spans approximately 5 kb and contains
five exons, of which the last three contribute to the coding of
the RGS domain (Fig. 1C). We produced Rgs! '~ mice by
inserting a neomycin gene into the first exon of Rgs/, which
contains the initiating ATG, thereby disrupting the first coding
amino acid and the exon splice donor site. Southern blot anal-
ysis of wild type and DNA prepared from RgsI '~ mice re-
vealed the appropriate restriction pattern (data not shown). In
addition, PCR primers designed to amplify different size prod-
ucts from the wild type and the mutated allele gave bands of
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FIG. 1. RgsI expression and generation of Rgs! ~/~ mice. (A) Semi-
quantitative RT-PCR analysis of Rgs! expression in isolated lymphoid
subsets as indicated: peripheral lymph node B cells (LN) (lane 1);
mesenteric LN B cells (lane 2); Peyer’s patch (PP) B cells (lane 3);
splenic subsets (CD8 T cells, CD4 T cells, transitional B cells [Tr],
follicular B cells [Fol], marginal zone B cells [MZ], and plasma cells
[PC]) (lanes 4 to 9); thymus (CD4/CDS8 double positive [DP], CD4
single positive [CD4], and CDS8 single positive [CD8]) (lanes 10 to 12),
and bone marrow (lymphocyte gate [tot], lymphocyte gate B220~
[Pro], B220™", and plasma cells [PC]) (lanes 13 to 16). Data are rep-
resentative of two to three isolations. Actin levels shown below.
(B) Analysis of RGS1 expression in spleens from PBS- or SRBC-
immunized mice (day 3 [d3] or d7). Confocal images of splenic sections
stained with fluorochrome-labeled anti-IgM (red) versus PNA (blue)
or anti-RGS1 (red) versus anti-IgM (blue). Images are representative
of sections from two experiments with two to four mice per group. The
insert in the lower-right panel shows IgM (blue) versus RGS1 (red)
confocal image from an immunized Rgs! '~ mouse. (C) Schematic of
Rgs1 targeting to generate Rgsl-deficient mice. (D) Verification of
Rgs1 gene targeting. PCR analysis of genomic DNA from wild type,
heterozygote, and RgsI-deficient mice. The PCR product from wild-
type genomic DNA is 500 bp, while the product generated from RgsI-
deficient mice is 1,200 bp. Below is an immunoblot for RGS1 expres-
sion using cell lysates (30 pg/lane) from B cells prepared from one
wild-type or Rgs!~/~ mouse and from two wild-type or two Rgsl '~
mice immunized with SRBCs 7 days previously. (E) Semiquantitative
RT-PCR analysis of various Rgs genes in RgsI /™ and RgsI ~/~ immu-
nized splenic B cells or nonimmunized Peyer’s patch B cells. Data are
representative of analysis from three pairs of mice.
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the predicted size (Fig. 1D, top panel). Mice heterozygous for
the RgsI mutation had no apparent abnormalities, and Rgs1 '~
mice appeared in liters with the expected Mendelian frequen-
cies. Immunoblotting B-cell lysates from wild-type and
Rgs1~/~ mice that had been previously immunized or not for
RGS1 expression revealed low levels of RGS1 in unimmunized
B cells that increased following immunization and as expected
an absence of RGS1 in the Rgs] /'~ B cells (Fig. 1D, bottom
panel). Because Rgs! is located in a cluster of Rgs genes on
chromosome 1 (40) we checked whether the Rgs/ mutation
significantly altered the expression of two genes in the cluster
that have lymphoid expression, Rgs2 and Rgs13. In addition, we
checked two Rgs genes not present in the Rgs/ cluster, Rgs/0
and Rgs/6, but which also appear in lymphocytes (2). The
RgsI ™'~ mice lacked Rgs! expression in B cells isolated from
immunized spleens or in unfractionated cells isolated from
their Peyer’s patches, while their B cells expressed nearly sim-
ilar levels of Rgs2, Rgs10, Rgs13, and RgsI6 as those from
control mice (Fig. 1E). The slight increase in Rgs/3 expression
may be secondary to increased germinal center formation in
the lymphoid tissues of the Rgs! '~ mice (see below). Thus,
the targeting of Rgs/ did not appear to significantly alter the
expression of clustered or related genes.

The development of lymphoid tissues, including spleen, thy-
mus, mesenteric lymph nodes, and Peyer’s patches, in the
RgsI ™/~ mice appeared relatively normal, although occasion-
ally we noted a reduction in the expected sizes of the inguinal
and popliteal lymph nodes (data not shown). Flow cytometric
analysis of lymph node cells, splenocytes, thymocytes, and bone
marrow cells revealed a minimal increase in the number of
B220 cell in the bone marrow, a normal distribution of CD4
and CDS8 expression on thymocytes, and no significant alter-
ation in the B/T ratio among splenocytes, lymph node cells, or
Peyer’s patch cells. Of the B-cell subsets in the spleen we noted
an increase in the number of cells with a marginal zone phe-
notype in RgsI '~ B cells compared to control mice (Table 1).
However, we did not detect an obvious expansion of the mar-
ginal zone on spleen sections.

B cells from Rgsl~’~ mice exhibit abnormal responses to
chemokine stimulation. Since chemokines often elicit an in-
crease in intracellular calcium, we measured the level of intra-
cellular Ca®" of either wild-type or Rgs1 '~ B cells following
their exposure to CXCL12. Since Rgs! expression predomi-
nated in follicular B cells, we examined the response of these
cells. The exposure of Rgs '~ follicular B cells to CXCL12
resulted in an increased and prolonged elevation of intracel-
lular Ca*? levels compared to that of wild-type follicular B
cells (Fig. 2A). The 75th percentile of fluorescence for the
Ca®" parameter is shown as a function of time (the line is
smoothed using a Gaussian smoothing algorithm). Next, we
examined whether the absence of Rgs! affected chemokine
receptor desensitization by measuring the intracellular Ca*"
flux following a repeat chemokine exposure. Reexposure of
wild-type follicular B cells to CXCLI12 led to a reduced Ca*?
influx compared to the original. Conversely, reexposure of the
Rgs1~/~ follicular B cells to CXCL12 augmented their intra-
cellular Ca®" response compared to the original exposure (Fig.
2A). Again, the 75th percentile of fluorescence for the Ca**
parameter is shown as a function of time. We found similar
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TABLE 1. Distribution of lymphocytes”

% of cell type in mice with indicated
Organ or tissue and cell genotype (mean * SE)

type

RgsI*/™ Rgsl ™/~
Spleen
CD" 19.0 £ 1.3 17.0 = 1.3
CD8* 120+ 1.3 10.0 = 1.2
IgM* 62.0 = 2.6 66.0 £ 1.3
B-cell subsets
Transitional 14.0 = 1.3¢ 16.0 = 4.0¢
Follicular 75.0 = 2.4¢ 68.0 £ 8.0°
Marginal zone>“ 7.0 = 1.3%¢ 13.0 = 3.0>¢
Thymus
CD4~ CD8~ 3.8*05 35+08
CD4" CD8* 84.8 £ 1.9 87.8 £ 0.4
CD4" CD8™ 7.8 0.8 6.1*+05
CD4~ CD8" 28+ 14 2.7+05
Bone marrow
B220* "+ CD43~ 12.0 = 0.6 16.0 = 1.5
B220* "4 CD43~ 140 £ 1.7 17.0 = 0.5
B220* CD43* 7.0 0.5 9.0 =17
IgM* IgD* 8.0+02 12.5 = 3.0
Peripheral lymph nodes
T 65.0 = 1.8 69.0 = 3.0
B 32,6 0.7 24.0 = 2.1
Mesenteric lymph nodes
61.0 =13 50.0 = 3.0
B 35.0 0.7 35.0 =20
Peyer’s patches
T 14.0 = 3.6 13.0 2.1
B 81.0 = 4.6 84.0 £ 11.0

“ Values presented are based on results for four mice 6 to 8 weeks old.
® Significant difference, P = 0.002 (Student’s ¢ test).

¢ Percentage of B-cell population.

@ Signs indicate levels of B220 expression.

results when we substituted CXCL13 for CXCLI12 (data not
shown).

The loss of RgsI affected B-cell migration as documented by
transwell chemotaxis assays. The lack of Rgs! led to a greater
number of B220" B cells moving in response to CXCL12 at
each concentration tested (Fig. 2B). This was slightly exagger-
ated when we examined the responses of B cells from immu-
nized mice (Fig. 2C). Few Rgsl™'* germinal center B cells
migrated to either CXCL12 or CXCL13 (1.5% of the PNA™
B220™ cells); however, a small but significant percentage of the
RgsI ™/~ germinal center B cells (6% of the PNA™ B220™ cells)
did so. While the percentage of B cells from the RgsI /~ mice
that moved in the transwell chamber assays significantly ex-
ceeded those from wild-type mice, the dose-response curve,
percentage of cells migrating versus concentration of chemo-
kine, was minimally affected by the loss of Rgs/ expression.
Similar to wild-type B cells, pertussis toxin treatment, which
inhibits Gi activation, completely blocked the migration of
Rgs1~/~ B cells. In contrast to the B-cell findings, the Rgs1 '~
T cells migrated normally in response to CXCL12, CCL3,
CCLA4, CCL19, CCL21, or CCL22 (data not shown).

Next, we checked the effect of Rgs! deficiency on the migra-
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FIG. 2. Alterations in chemokine receptor signaling in Rgsl '~ B
cells. (A) Intracellular calcium response to CXCL12. Indo-1 loaded
splenic cells from RgsI*'* and Rgsl ™/~ mice were stimulated with
CXCLI12 (left panels). Responses of the follicular B cells are shown.
The data are shown as density plots and overlay histograms. The
overlay histogram shown below is the 75th percentile of fluorescence
for the Ca®* parameter as a function of time (the line is smoothed
using a Gaussian smoothing algorithm). The increases in intracellular
Ca®" of wild-type and RgsI-deficient splenic B cells following a pri-
mary and a secondary exposure to CXCLI12 are also shown (right
panels). Cells were stimulated with CXCL12 (50 ng/ml), and the Ca**
levels were allowed to return to baseline, after which the cells were
rechallenged with CXCL12. Gated B220* follicular B-cell responses
were measured and plotted as above. (B) Migration of splenic B220™"
cells to CXCL12. Triplicate transwell assays were done to measure
migratory responses to increasing concentrations of CXCL12 of B220"
spleen cells prepared from wild-type and Rgs! '~ mice. A significant
difference existed between RgsI '~ and Rgsl*/* B cells at each con-
centration (Student’s ¢ test: 10 ng, P = 0.01; 25 ng, P = 0.002; 50 ng,
P = 0.004; 100 ng, P = 0.001). Results are representative of one of five
experiments performed. (C) Migration of splenic B220" cells from
immunized mice. Splenic cells from Rgs!™/* and Rgs! /'~ mice 7 days
post-SRBC immunization were used in a transwell chemotaxis assay to
determine the migration of B220" cells to optimal concentrations of
CXCL12 or CXCL13. The percentage of B cells migrating in response
to each chemokine is shown. Student’s ¢ test was used to compare the
significance of wild-type and Rgs1 /'~ results in response to CXCL12 (P
= 0.02) and CXCL13 (P = 0.01). (D) Desensitization of chemokine-
induced migration. Splenic B cells were prestimulated with CXCL12
(50 ng/ml), the chemokine was removed, and the cells were reexposed
to the same concentration of CXCL12 (homologous) or CXCL13
1,000 (ng/ml) (heterologous). The data are shown as percentages of
primary migration (right panel, primary migration is the percentage of
wild-type or Rgsl '~ splenic B cells that migrate in response to either
CXCL12 or CXCL13). Significant differences between wild-type and
Rgs1~'~ B cells were found (Student’s ¢ test: homologous, P = 0.02;
heterologous, P = 0.006).

Rgsl DELETION RESULTS IN ABNORMAL B-CELL TRAFFICKING 5771

tory response to a secondary chemokine challenge. We ex-
posed B cells to CXCL12, washed the cells, and measured
subsequent migratory responses to CXCL12 or CXCL13. The
wild-type cells exhibited both a homologous, reduced response
to a rechallenge with CXCL12 and heterologous desensitiza-
tion, a reduced response to rechallenge with CXCLI13. The
RgsI™'~ B cells exhibited a decreased ability to desensitize
following a rechallenge with CXCL12 or CXCL13 (Fig. 2D).

The spleen and Peyer’s patches in Rgs1~/~ mice. Because
the spleen sections prepared from RgsI '~ mice, but not from
wild-type mice, had a significant number of germinal centers
even the absence of immunization, we examined the kinetics of
germinal center development in these mice following immuni-
zation with SRBC. We estimated the number of germinal cen-
ters by determining the density of PNA™ B220" clusters in
timed tissue sections (clusters were defined as containing
greater than 25 PNA™Y B220" cells). Germinal centers ap-
peared more rapidly, reached a higher density, and resolved
more slowly in the spleens from the Rgs! '~ mice compared to
controls (Fig. 3A and B). At day 30 postimmunization, wild-
type spleens had resolved their germinal center reaction while
Rgs1~/~ spleens still had approximately half their peak num-
ber. Following immunization the RgsI '~ spleens lost the nor-
mal sharp delineation between their B and T zones and had
oddly shaped periarterial lymphatic sheaths (Fig. 3C).

Prior to immunization Peyer’s patches from Rgs!™'* and
Rgs1~/~ mice appeared normal; however, while the wild-type
Peyer’s patches increased in size upon immunization, Peyer’s
patches from the Rgs! /~ mice shrank dramatically (Fig. 4A).
The reduction was apparent upon histological examination,
and staining for IgM expression revealed an apparent large
efflux of cytoplasmic IgM-positive cells from the Peyer’s
patches of the RgsI '~ mice (Fig. 4B). In contrast, the histo-
logical appearance of the peripheral lymph nodes from the
Rgs1~/~ mice appeared much more normal following immuni-
zation.

Localization of immunoglobulin-secreting cells. Because of
the abnormalities in Peyer’s patches following immunization
and because we noted a reduction in the number of cytoplas-
mic IgG-positive cells in the bridging channels of splenic red
pulp from RgsI '~ mice (Fig. 5A), we performed ELISPOT
assays to assess the number of ASCs present in the spleen,
blood, bone marrow, and lamina propria following immuniza-
tion with ovalbumin or SRBC. At days 7 and 14 in the RgsI "/~
mice we found a reduction in the ovalbumin-specific IgG ASCs
in the spleen and bone marrow but an increase in the level of
these ASCs in blood compared to that observed in wild-type
mice. At day 30 in the Rgs!~’~ mice the numbers of ovalbu-
min-specific IgG ASCs remained elevated in the blood and
decreased in the bone marrow, but in contrast to the earlier
time points they were elevated in the spleen compared to that
observed in wild-type mice (Fig. 5B). A similar pattern
emerged when we examined IgG, IgA, and IgM ASCs follow-
ing immunization with SRBCs. At both day 7 and day 14 we
found decreased numbers of ASCs in the spleen and in the
bone marrow, with increased numbers in the blood (data not
shown). In addition, we found a marked reduction in the num-
ber of IgA ASCs in the lamina propria of the Rgs! '~ mice
versus those in wild-type mice (Fig. 5B). The low numbers of
IgG, IgA, and IgM ASCs detected prior to immunization did
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FIG. 3. Germinal center formation in Rgs! '~ mice. (A) Time
course analysis of an SRBC-induced germinal center response in
Rgs1™* and RgsI™/~ mice. Splenic sections from the indicated day
post-SRBC immunization were stained with anti-IgM and PNA to
identify germinal center clusters. PNA™ clusters in B-cell follicles from
similarly sized longitudinal cross-sections of immunized spleens were
counted, and the averages of three sections per animal were graphed.
Three animals per time point are shown. The PBS-injected mice are
shown at day 0. Significant differences between wild-type and Rgsl ~/~
mice were found at days 1, 3, 5, and 30 (Student’s ¢ test: day 0, P = 0.05;
day 3, P = 0.003; day 5, P = 0.02; day 7, P = 0.2; day 14, P = 0.1; day
30, P = 0.0001). (B) Splenic sections from wild-type and Rgs! '~ mice
30 days post-SRBC immunizations stained with anti-IgM (reddish
brown) and PNA (green) are compared. (C) Architecture of B- and
T-cell zones in the spleen. Splenic sections 30 days postinjection with
TNP-KLH plus adjuvant from Rgs!™'* or Rgsl '~ mice were stained
with CD3 (blue) and B220 (orange). The sections are shown at a
magnification of X60 and are representative of the four to six animals
per group used in the experiment.

not differ significantly between wild-type and Rgs! ~/~ mice
(data not shown).

Antibody levels and response to immunization. Despite the
alterations in plasma cell trafficking and distortion of the im-
mune architecture in the Rgs! '~ mice, we detected only mi-
nor abnormalities in the levels of immunoglobulins in serum
and in the antibody responses to strong immunogens. The
Rgs1™/~ mice had levels of IgA, IgM, and IgG subtypes in
serum similar to those observed in control mice, with the ex-
ception of a 10-fold and a 3-fold increase in IgG2a and I1gG2b,
respectively (data not shown). Serum antibody responses fol-
lowing immunization of the mice with TNP-KLH uncovered a
delay in the IgG1l and IgG3 anti-TNP responses; however,
eventually the RgsI '~ mice achieved titers similar to those
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FIG. 4. Alterations in Peyer’s patches following immunization of
Rgs1™/~ mice. (A) Effect of immunization on the size of Peyer’s
patches. Peyer’s patches from wild-type and Rgs! '~ mice were iso-
lated and measured before and 7 days after SRBC immunization. The
numbers of Peyer’s patches with diameters of <1, 1 to 2, or >2 mm
from wild-type and RgsI '~ mice prior to and after immunization were
determined (five animals per group). Unimmunized mice had six to
nine Peyer’s patches. (B) Photomicrographs of RgsI™'* or Rgsl™/~
Peyer’s patches. Shown are wild-type and Rgs! '~ Peyer’s patches
immunostained for IgM expression (magnification, X100) obtained
either prior to or after SRBC immunization.

observed with wild-type mice (Fig. 6A). The kinetics of the
IgM antibody response appeared similar in both sets of mice.
Surprisingly, despite the previously noted shrinkage of Peyer’s
patches following immunization of Rgs! ' mice, the specific
IgA response detected in the sera of the Rgs! ™/~ mice ex-
ceeded those of the wild-type mice at every time point tested
(Fig. 6A). Reimmunization with TNP-KLH revealed an intact
memory response in the RgsI '~ mice (Fig. 6B). Finally, we
tested whether the disruption of Rgs/ altered the affinity mat-
uration of an anti-NP response. An ELISA performed with day
10 and day 21 serum samples collected from wild-type and
Rgs1™/~ mice previously immunized with NP-KLH revealed
comparable ratios of high-affinity [gG1 anti-NP antibody to the
total IgG1 anti-NP antibody (Fig. 6C).

DISCUSSION

To properly position themselves in and to move out of lym-
phoid compartments, cells need to integrate temporal and spa-
tial information delivered by a set of chemokine gradients,
likely navigating in a stepwise fashion from one gradient to
another (13). To do so, cells must eventually turn away from a
primary chemokine source, migrating down the primary che-
mokine gradient and up a gradient towards a new chemokine
source. Desensitization of signaling through the primary che-
mokine receptor may allow the cells to switch their allegiance
to a second chemokine source. Here we show that RGS1 par-
ticipates in a desensitization mechanism operant in B-lympho-
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FIG. 5. Analysis of the generation and localization of ASCs follow-
ing immunization. (A) IgG-positive cells located in the spleen of
RgsI*'* or Rgsl1~'~ mice at 14 days following immunization. Arrow-
heads identify bridging channels. The sections labeled for IgG (green)
expression were also stained with B220 (orange) (magnification,
%200). (B) ELISPOT analysis of Rgs!™'* or RgsI ’~ mice following
OVA or SRBC immunization. Splenic, bone marrow, and peripheral
blood cells were collected and used to enumerate the number of
OVA-specific IgG ASCs. Total IgG and IgA ASCs were enumerated
from lamina propria lymphocytes following SRBC immunization. The
results from the wild-type and Rgs! ~/~ mice were statistically different
at each time point examined for the cells isolated from spleen, bone
marrow, blood, and lamina propria (P < 0.03 by Student’s ¢ test).

cytes. RgsI '~ B cells fail to undergo proper desensitization
and are supersensitive to certain chemokines. The lack of this
desensitization mechanism may help explain some of the phe-
notypes observed in these mice.

Besides RGS proteins, mammalian cells use other mecha-
nisms to desensitize signaling through G-protein-coupled re-
ceptors, including receptor uncoupling, G-protein degradation,
and receptor sequestration. However, the failure of the
Rgs1™/~ B-cell CXCR4 and CXCRS5 receptors to undergo
rapid homologous desensitization unveiled the importance of
the RGS mechanism in these cells. Previous results obtained by
expressing mutant Go subunits insensitive to RGS proteins in
pertussis-toxin-treated cells (36), blocking endogenous RGS
proteins with specific antibodies (8), reducing endogenous
RGS mRNAs with ribozyme technology (43), and analyzing
opioid antinociception in Rgs9 '~ mice (14) have implicated
RGS proteins in the desensitization of other G-protein linked
signaling pathways. While additional studies examining other
RGS proteins and different G-protein-coupled receptor-linked
signaling pathways will be required to understand the relative
importance of the various desensitization mechanisms, the
data reported here suggest that RGS proteins have a promi-
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FIG. 6. Humoral immune responses in wild-type and Rgs7 '~ mice.
(A) Specific antibody response to TNP-KLH. Relative titer of indi-
cated immunoglobulin isotypes from wild-type and RgsI '~ mice 7, 14,
21, 28, and 35 days following immunization. The day 28 IgA and IgG3
values were not determined. Results from individual mice are shown.
(B) B-cell memory. Wild-type and Rgs! /~ mice were boosted with
TNP-KLH and serum collected 1 week later. Relative titers from
individual mice are shown (left panel). (C) Affinity maturation of the
IgG response. Serum from wild-type and Rgs! ~/~ mice 10 and 21 days
post-TNP-KLH immunization were assessed for the binding to NP,
and NP, ;. Results from individual mice are shown as relative binding
percentage.

nent role in the desensitization of chemokine receptor signal-
ing. Furthermore, the involvement of Rgs! in the rapid desen-
sitization that occurs following chemokine exposure of wild-
type B cells suggests that the initial G-protein signaling shifts
RGS1 from an inactive to an active state. This may involve the
translocation of RGS1 from a cytosolic pool to the cell mem-
brane as G-protein signaling causes several other RGS pro-
teins to similarly translocate via a process that depends upon
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their N termini (9, 41). Alternatively, RGS proteins may be
recruited into lipid rafts where chemokine receptors and Ga
subunits likely reside (31).

Besides their role in desensitization, the level of an RGS
protein within a cell can set a response threshold. Consistently,
a higher percentage of the Rgs! ~/~ B cells migrated to CXC12
than did the control cells, suggesting that unstimulated normal
splenic B cells express sufficient amounts of RGSI to alter the
threshold at which a response occurs. The in situ demonstra-
tion of the presence of RGS proteins has proven difficult,
perhaps because high levels of these proteins in cells grossly
impairs signaling through multiple G-protein-linked signaling
pathways, a situation most cells generally avoid. Yet RGS1
levels can be substantially raised in B cells, and the most
pronounced disarrangements in lymphoid architecture oc-
curred following immunization, which normally elevates B-cell
Rgs1 expression levels. The levels of RGS1 in B cells may act
as an intracellular rheostat controlling both the magnitude of a
G-protein-coupled receptor-triggered response as well as the
response threshold.

How do the signaling data explain the phenotypes observed
in the RgsI '~ mice, in particular: (i) the early and excessive
germinal center formation following immunization; (ii) the
abnormal splenic architecture, which is accentuated following
immunization; and (iii) the shrinkage of Peyer’s patches and
improper trafficking of ASCs. The first phenotypic abnormality
suggests an enhanced recruitment of B cells into the nascent
germinal centers in the Rgs! '~ mice. The rapid induction of
Rgs1 following engagement of the antigen receptor in wild-type
mice may normally temper premature recruitment of B cells
into germinal centers. This may have two functions: (i) to
promote the extrafollicular generation of plasma cells and (ii)
to limit the number of B cells seeding individual germinal
centers. Based on the known elevated expression of Rgsl in
germinal center B cells and their known refractoriness to che-
moattractants, we had expected that Rgs/ might function to
promote the retention of germinal center B cells in developing
germinal centers and that the lack of Rgs would lead to short-
lived germinal centers in which cells exited prematurely. With-
out following the kinetics of individual germinal center forma-
tion, we cannot fully exclude this scenario; however, the
observed Rgsl/~ phenotype of excessive and persistent ger-
minal centers did not support this idea. One explanation may
be that germinal center B cells not only express Rgs/, but they
also prominently express Rgs/3 (39). Thus, the lack of Rgs/
may be compensated for by the presence of Rgs/3. Studies of
Rgs13~'~ mice and mice lacking both Rgs! and Rgs13 should
provide additional insights into germinal B cells trafficking and
function.

The loss of the normal sharp delineation between the B- and
T-cell zones and misshapen lymphoid follicles, which immuni-
zation exaggerated, suggests an interference with the normal
directed movement of these cells that occurs during an im-
mune response. This may result, as suggested above, from an
inability to properly navigate through a series of chemokine
gradients. Both the follicular dendritic cell and stromal cell
networks appear intact in the Rgs! '~ mice, making the im-
pairment in the production of homing chemokines by Rgs1 /'~
stromal cells an unlikely explanation (CXCL12, CXCL13, and
CDl11c immunohistochemical staining in the wild-type and
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RgsI ™/~ mice appeared similar [C. Moratz, unpublished ob-
servation]). Imaging of normal and genetically modified B cells
migrating in response to complex chemokine gradients should
provide further insights into the role of RGS1 and other RGS
proteins in B lymphocyte chemotaxis.

The partial collapse of the Peyer’s patches and abnormal
trafficking of ASCs in the RgsI '~ mice are likely related. At 1
and 2 weeks following immunization there is a substantial
reduction in the size of the Peyer’s patches and reduced num-
bers of ASCs in the spleen, bone marrow, and lamina propria,
while the numbers of ASCs in the blood are elevated compared
to wild-type mice. Consistent with the spleen ELISPOT data
we also observed a reduced number of IgG-positive cells in the
bridging channels of the spleen at similar time points, which
may account for the lag in the production of IgG noted fol-
lowing immunization. The reduced numbers of ASCs in the
spleen of the RgsI '~ mice could be accounted for by either a
decreased generation of ASCs or a failure to retain produced
cells. Based on the rapid exit of cells from Peyer’s patches, the
latter seems more likely. The increase of IgG ASCs in the
spleen at 1 month may reflect the continued presence of ger-
minal centers in the spleen, which leads to a prolonged gen-
eration of ASCs compared to that seen in wild-type mice,
where the germinal center response has largely subsided. The
heightened number of ASCs in the blood and reduced num-
bers of ASCs in the bone marrow and lamina propria reflects
either the failure of Rgs1 '~ ASCs to normally enter the bone
marrow and lamina propria or, alternatively, a failure of the
cells to be normally retained in the end organs. The former
seems less likely since RgsI '~ B cells are hyperresponsive to
chemokines, while the latter provides a coherent explanation
consistent with the known roles of RGS proteins.

CXCL12 promotes the lodgment of IgG-ASCs in the bone
marrow (16), while CCL28 promotes the homing of IgA-ASCs
to the lamina propria (24). Arguing for the importance of
CXCLI12 signaling in the localization of IgG-ASCs, CXCR4-
deficient ASCs are mislocalized in the spleen, found at in-
creased levels in the blood, and fail to normally accumulate in
the bone marrow (16). However, despite their continued
CXCR4 expression, IgG-ASCs lose their responsiveness to
CXCLI12 after lodging in the bone marrow. Between day 6 and
day 12 following a secondary immunization with OVA, the
percentage of IgG ASCs responsive to CXCLI12 in a transwell
assay fell from 65% to less than 5% (17). Thus, there is disso-
ciation between CXCR4 expression and CXCL12 responsive-
ness as is the case with germinal center B cells and with B-cell
lines overexpressing RGS1 (33). RGS proteins such as RGS1
may serve as stop signals for migrating cells. While the upregu-
lation of an RGS protein would cause a loss of responsiveness
to the localizing chemokine, i.e., the loss of CXCL12 sensitivity
of IgG-ASCs, responsiveness to any competing chemoattrac-
tants would be lost as well. Whether recent IgA-ASC emi-
grants into the lamina propria also lose their responsiveness to
localizing chemokines is unknown, although the failure of
RgsI~'~ IgA-ASCs to normally populate the lamina propria
following immunization argues that a similar phenomenon oc-
curs.

In conclusion, the development of Rgs!/~ mice has re-
vealed an important role for RGS1 in B lymphocytes in the
desensitization of signaling through the CXCR4 and CXCRS5
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receptors, thereby implicating RGS proteins as major regula-
tors of chemokine signaling in B cells and perhaps other im-
mune cell types. The enhanced chemotaxis and exaggerated
calcium responses to chemokines observed with unstimulated
RgsI~'~ B cells indicate that the relatively low level of RGS1
present in nonstimulated normal B cells alters chemokine re-
ceptor signaling. Finally, the abnormalities in chemokine sig-
naling likely directly relate to the exaggerated germinal center
response and the disruption of architectures of the spleen and
Peyer’s patches noted following immunization.
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