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We present evidence of a link between interferonf-1b (IFN-) and G-protein signaling by demonstrating that IFN-f can induce
the expression of the negative regulator of G-protein signaling 1 (RGS1). RGS1 reduces G-protein activation and immune cell
migration by interacting with heterotrimeric G-proteins and enhancing their intrinsic GTPase activity. In this study, IFN-$
treatment resulted in the induction of RGS1 in peripheral blood mononuclear cells (PBMCs), monocytes, T cells, and B cells.
Induction of RGS1 by IFN-f was concentration dependent and observed at both the RNA and protein level. Other members of
the RGS family were not induced by IFN-f, and induction of RGS1 required the activation of the IFN receptor. In addition, RGS1
induction was observed in PBMCs obtained from IFN-f-treated multiple sclerosis patients suggesting a possible, as yet unexplored,
involvement of G-protein regulation in disease treatment. The upregulation of RGS1 by IFN- has not been previously reported.

1. Introduction

A cornerstone of the inflammatory response is the highly
coordinated interplay of inflammatory regulators and im-
mune cell migration to sites of injury or infection [1-3].
Immune cells act in concert to mitigate adverse responses
resulting from exposure to toxins, bacteria, viruses, or
various pathogens [4]. Regulation of innate and adaptive
immune responses is a tightly controlled process involving a
plethora of different cell types that interact with and respond
to changing levels of immune mediators. Migration and
accumulation of immune cells at sites of injury or infection
eventually result in the resolution of inflammation and
repair of damaged tissue. However, dysregulation of immune
surveillance and activation of immune responses toward self-
antigens can lead to adverse effects including autoimmune
diseases such as rheumatoid arthritis [5], inflammatory
bowel disease [6], and relapsing-remitting multiple sclerosis
(MS) [7].

Cytokines and chemokines are members of two different
families of immune mediators that each play an indis-
pensable role in the control and regulation of an immune
response. They differ based on their chromosome location,
cell specificity, protein structure and function, cell surface
receptor, and cellular signaling pathways. The immune
system makes use of these immune mediators to coordinate
and efficiently direct immune responses [8, 9].

Interferons (IFNs) are part of the cytokine family of
proteins and are comprised of two different groups: type I
(IFN-a, -f3) and type II (IFN-y) [9]. Type I and type II
IFNs differ in structure, cell surface receptor, and, to some
extent, cellular signaling. Type II IFNs have been associated
with proinflammatory effects in contrast to type I IFNs
which appear anti-inflammatory [9]. IFN-« and IFN-f are
located on different chromosomes and exhibit a high degree
of homology at both the amino acid and nucleotide levels.
Type I IFNs bind to the same heterodimeric receptor
although receptor assembly and signaling events can differ
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[10, 11]. Activation of the IFN receptor leads to a cascade
of intracellular signaling events involving the JAK-STAT
signaling pathway [12]. Activation of the IFN-receptor has
been demonstrated to result in the differential induction of
genes that protect against viral infection, regulate immune
cell activity, control cell growth, and reduce oxidative stress
[9, 12, 13]. IFNs are an accepted treatment for hepatitis B,
hairy cell leukemia, and malignant melanoma. In addition,
Betaseron (IFNj3-1b; Bayer HealthCare), a type I interferon,
provided the first approved treatment for MS [14].

Chemokines are potent immune modulators that act
through a specific interaction with G-protein coupled recep-
tors (GPCR). Chemokine binding to GPCRs results in
important biologic effects [15, 16]. Like IFNs, chemokines
and their receptors play a direct role in the regulation of
immune responses and are proven drug targets. As much
as 2% of the entire human genome encodes genes related
to GPCR functions, and close to 50% of all current drugs
are modulators of GPCR activity [17, 18]. One important
aspect of chemokines and their receptors is that they play
a central role in the regulation of immune cell migration
to sites of inflammation. Chemokine-dependent activation
of GPCRs causes the activation of heterotrimeric G-protein
subunits, leading to regulation of enzymes and ion channels
that results in enhanced cell migration and adhesion [18-21].
A recently discovered protein family of negative regulators
of G-protein signaling (RGS) controls, in part, the extent
of G-protein subunit activation. RGS proteins terminate G-
protein signaling by accelerating GTP hydrolysis of activated
G-protein subunits [20, 21]. Upregulation of certain RGS
proteins has been shown to decrease immune cell migration
and reduce chemokine-dependent calcium flux, an estab-
lished measurement of GPCR signaling. RGS activity appears
to be tightly controlled and highly dependent on tissue
distribution and expression.

Although the coordinated response of cytokines and
chemokines is known to be important, studies focused on
identifying mechanisms by which these two families of
immune modulators can work together to elicit an appropri-
ate immune response are limited. In this paper, we describe
for the first time the induction of a negative regulator of G-
protein signaling 1 (RGS1) by IEN-p, suggestive of a func-
tional link between IFN and chemokine signaling.

2. Materials and Methods

2.1. RGSI1 Expression in Human PBMCs and Immune
Cell Subpopulations. Peripheral blood mononuclear cells
(PBMCs) were obtained from healthy individuals and
verified to be free of viral infection (All Cells LLC, Berkeley,
CA). RNA was isolated using Qiagen RNeasy as previously
described [13]. PBMCs (1 x 10° cellsymL) were cultured
(37°C, 5.0% carbon dioxide (CO;)) and grown in Eagle’s
Minimum Essential Medium supplemented with 10%
v/v heat-inactivated fetal bovine serum and 2.0mM L-
glutamine. Antibiotics were not included in the cell culture
media. Cells were incubated with or without IFN-$-1b (1000
International Units (IU)/mL, 1 x 107 cells), IFN-y (R&D
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Systems, Minneapolis, MN; 1000 IU/mL, 1 X 107 cells) or
phorbol myristate acetate (PMA) (Roche Diagnostics,
Indianapolis, IN; 2.0 ng/mL, 1 X 107 cells) for the times indi-
cated. IFN-f-1b concentrations used for cell stimulation in
culture media were below the pharmacological dose. Cells
were collected, washed twice in cold phosphate-buffered
saline (PBS), and RNA was isolated. To determine the
specificity of induction of RGS1 by IFN-f, PBMCs were
stimulated with or without IFN-f (1000 IU/mL, 1x 107 cells)
for either 4 or 18 hours. RNA isolated at each time point
was analyzed by reverse transcription polymerase chain
reaction (RT-PCR; TagMan) using specific RGS primer
sets (RGS1, Hs00175260-m1; RGS2, Hs00263639_ml;
RGS5, Hs00186212_m1; RGS7, Hs00243156_m1; RGSI12,
Hs01017940_m1; RGS14, Hs00197761_m1) (Applied Bio-
systems, Foster City, CA).

Primary cells including B cells, monocytes, and T cells
were isolated by negative selection using MACS cell sepa-
ration (Miltenyi Biotec Inc., Germany) [22]. Purity of each
cell population was determined to be greater that 90%
by measurement of cell-type-specific surface markers using
fluorescent-activated cell sorting (FACS) (data not shown).
Isolated cell populations (1 x 10° cells/mL) were incubated
with or without IFN- (1000IU/mL) for 4 hours. After
stimulation, cells were washed in cold PBS, RNA isolated,
and RGS1 expression determined by TagMan.

2.2. IEN Receptor-Dependent Induction of RGSI. The con-
centration of antisera needed to neutralize the IFN recep-
tor was determined using a previously characterized IFN-
dependent reporter assay [10]. Generation of a rabbit
polyclonal antisera recognizing the ectodomain of the IFN
receptor (IFNAR2c) has been previously described [11].
A stable cell line (HT1080LUC) containing an IFN reporter
was preincubated with increasing concentrations of either
preimmune or IFNAR2c-neutralizing antisera for 1 hour at
room temperature. Cells were then stimulated, with or with-
out IFN-p, for 4 hours, and reporter activity was measured
after cell lysis using a luciferase substrate (Luciferase Assay
System, Promega, Madison, WI). The amount of IFNAR2c
antisera needed to inhibit activation of the IFN-receptor was
determined relative to preimmune sera.

PBMCs (1 x 10° cell/mL) were incubated for 1 hour at
room temparature in cell-culture media containing preim-
mune sera or IFNAR2c antisera at a concentration able
to neutralize IFN-receptor activity by >95%. Cells were
stimulated with or without IFN-$ (1000 IU/mL) for 4 hours
followed by cell lysis and RNA isolation as previously
described. IFN-B-dependent expression of RGS1 in PBMCs
treated with preimmune sera, IFNAR2c-neutralizing sera or
control (unstimulated) samples was determined by TagMan
as previously described.

2.3. Patients. MS patients were diagnosed with definite MS
according to the McDonald criteria and recruited for this
study as previously described [13, 23]. Patients had an
Expanded Disability Status Scale score of 2.5 + 1.2; and all
patients exhibited characteristic magnetic resonance imaging
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(MRI) lesions and two or more episodes of clinically evident
relapses and remissions. Patients were continually monitored
during the course of the study and were free of exacerbations
for at least 3 months before and after blood collection. Study
approval and written consent information were acquired and
documented as described previously [13]. The patient cohort
used in this study was held naive to immunosuppressants or
corticosteroids treatment for 1 year prior to, and during, the
study.

MS patients were under treatment with Betaseron (IFN-
B) following an established clinical protocol for an average
of 1.8 = 0.8 years before beginning the study. Prior to the
first sample draw, therapy was discontinued for 64 hours.
After 64 hours a baseline sample (¢ = 0) was drawn, then
a standard dose of IFN-f3 (8 million IU, specific activity 2.3 X
107 1U/mg) was self-administered subcutaneously under
physician supervision, and heparinized blood samples drawn
at4, 18, and 42 hours post-IFN-f administration. PBMC and
RNA isolation was performed as previously described [13].

2.4. GeneChip and Computational Analysis. PBMCs were iso-
lated using Ficoll-Paque Plus (Amersham Biosciences, NJ),
and purified RNA characterized using an Agilent 2100 bioan-
alyzer (Agilent Instruments, Inc., Foster City, CA) [13]. RNA
was profiled using Affymetrix oligonucleotide microarrays
(Affymetrix GeneChip HG-U133A; Affymetrix Inc., Santa
Clara, CA). Gene expression values were determined using
Bioconductor’s implementation of the Robust Multichip
Average (RMA) algorithm with default options [13, 24, 25].
Gene expression resulting from Affymetrix probe-set mea-
surements are presented as RMA computations performed
with quantile normalization, including standardization and
background adjustment [13, 25]. GeneChip probe sets are
classified as 25-mer oligonucleotide sequences (n ~ 11) that
hybridize to the corresponding nucleotide sequence present
in a given gene. Gene expression analysis was also performed
with the Statistical Analysis and Critical Rationalization
of Expression Data (SACRED) software analysis package
developed at Berlex Biosciences, Inc. (Richmond, CA).

2.5. Confirmation of RGSI Expression in MS Patients. Gen-
eral methods for performing quantitative RT-PCR (qRT-
PCR) have been previously described [13]. Briefly, expres-
sion of RGS1 was measured using RGS1-specific primer
sets (Hs00175260_m1) (TagMan Gene Expression Assays,
Applied Biosystems, Foster City, CA). RNA samples were
isolated using RNeasy Midi endotoxin-free Kit (Qiagen, Inc.,
Santa Clara, CA) and run in triplicate or quadruplicate for
each sample. Analyzed RNA samples were identical to those
used for gene chip analysis. PCR reactions were performed
using a 96-well Opticon II DNA Engine (BioRad, Hercules,
CA) or an ABI Prism 7900HT Sequence Detection System
(Applied Biosystems, Foster City, CA,). Results are presented
as linearized C(t) values normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH).

2.6. Immunoprecipitation and Immunoblotting of RGSI.
RGS1 polyclonal antisera used for immunoprecipation was

generated against the 36 N-terminal amino acids of RGS1
(Harlan Laboratories, San Francisco, CA). The amino
acid sequence MFFSANPKELKGTTHSLLDDKMQKRRRP-
KTFGMDMKA was coupled to KLH and used to produce
RGS1 antisera in rabbits. The immunizing RGS1 peptide
sequence was used as an input sequence to query numerous
databases using the NCBI Basic Local Alignment Search Tool
(BLAST) for detecting overlapping sequence alignments.
Using this approach, the immunizing peptide sequence was
shown to be specific for RGS1 or RGSI isoforms with only
a minor overlap with a predicted sequence for a G-protein
3-like molecule in Oryctolagus cuniculus (European rabbit).
RGS1 antisera was first analyzed by ELISA to demonstrate
immune reactivity against the immunizing peptide coupled
to bovine serum albumin. Evaluation of RGS1 antiserum was
further appraised by immunoblotting using purified RGS1
containing a 6xhistidine TAG at the C-terminus [26]. 6xHis
RGS1 (5ug/200uL sample buffer) was subjected to SDS-
PAGE using a large single well comb. Following SDS-PAGE,
proteins were transferred to a polyvinylidene difluoride
membrane (PVDF) (Pro-Blot, Appled Biosystems, Inc.) and
incubated in blocking buffer (20mM Tris-HCL (pH 7.3),
150 mM NaCl containing 0.1% Tween 20) overnight at room
temperature. The resultant membrane was then cut into
individual strips, and each strip was placed in its own
well using an 8 well plastic tray. Membrane strips were
probed with either preimmune sera, RGS1 antisera, or with
a specific antibody recognizing 6xHis (6xHis Tag antibody-
HRP, Ab1187) (Abcam,Cambridge, MA). Strips probed with
the 6xHisTag antibody-HRP (1:1000 dilution) or RGS1
antisera (1:1000 dilution) or preimmune sera (1:1000
dilution) were incubated for two hours at room temperature
and washed. After washing the membrane strips in blocking
buffer, the strips incubated with RGSI1 or preimmune
antisera were further incubated with a second antibody (goat
anti-rabbit IgG-HRP; 1:2000 dilution) (Abcam, Cambridge,
MA) for 1 hour at room temperature followed by washing
in blocking buffer. All membrane strips were arranged
next to each other on a plastic sheet, and RGS1 (or
6xHisTagged RGS1) was detected using a chemiluminescent
detection method (Supersignal West Pico Chemiluminescent
Kit, Pierce/Thermo Scientific, Rockford, IL).

For immunoprecipation of RGS1, PBMCs were in-
cubated with or without IFN-B (1000IU/mL), IFN-y
(1000 IU/mL), or PMA (2ng/mL) for 20 hours. An equal
number of cells (2 x 10*) were collected by centrifugation
(2000 x g, 10 minutes), washed twice in cold PBS, and
lysed in solubilization buffer (20mM Tris-HCl (pH 8.0)
buffer containing 150 mM sodium chloride (NaCl), 1.0%
Nonidet P-40 (v/v), and 2mM EDTA) at 4°C. Insolu-
ble material was removed by centrifugation (10 minutes,
10000 x g, 4°C) and RGS1 antiserum (1:500) (described
above) or preimmune (PI) (1:500) sera added to each
lysate. Lysates were incubated overnight at 4°C, mixed with
Protein-G agarose (Boehringer Ingelheim, Inc.), incubated
for 1 hour, washed in blocking buffer, and bound material
(immunoprecipate) removed by incubation with SDS-PAGE
sample buffer. Protein-G agarose beads were removed by
centrifugation and the remaining supernatant resolved by



sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE; 10%-20% Tris-Glycine, Invitrogen, Inc.) [11].
After electrophoresis, the resolved protein was transferred
to a PVDF membrane and incubated overnight at room
temperature in blocking buffer.

The membrane was then incubated with a specific chick-
en RGS1 antisera purchased from ProSci Inc, CA (1:2000
dilution) for two hours at room temperature, washed in
blocking buffer, and incubated with a horseradish peroxidase
(HRP)-conjugated second antibody (anti-chicken IgY-HRP;
1:1000 dilution, ProSci Inc, CA). Immunoprecipated RGS1
was detected using a chemiluminescent detection method
as previously described. Protein load was calibrated to cell
number and protein concentration. After transfer to PVDE,
transferred protein was also viewed using the reversible
protein stain Ponceau S (Thermo Scientific, Rockford, IL).

2.7. Measurement of Chemokine Receptor Expression and
Apoptosis Using FACS. A human monocytic cell line (THP-
1) in active growth phase was incubated with or without
IFN-B (1000 IU/mL) for 20 hours. Cells (1 x 10”/mL) were
collected, washed in cold PBS, and incubated on ice for 1
hour with a formyl peptide receptor (FPR)-phycoerythrin
or CXCR4-phycoerythrin-conjugated antibody (FPR-PE or
CXCR4-PE) (Abcam, Inc. Cambridge, MA). Apoptosis was
determined by measuring the extent of expression of the
apoptosis marker annexin-PE relative to the viable cell
marker 7-amino-actinomycin D (7-AAD). FACS was per-
formed using a Beckman-Coulter Cytomic FC 500 MPL and
CMP data analysis software (Beckman-Coulter, Fullerton,
CA).

2.8. Chemotaxis Assay. Calcein AM-labeled (Molecular
Probes, Carlsbad, CA) primary monocytes and THP-1 cells
were assessed for their ability to migrate using 5-ym pore
size Multiscreen MIC filter plates (Millipore, Temecula, CA).
One hundred fifty microliters of migration buffer (HBSS
plus Ca?*/Mg**, 0.1% BSA) or buffer plus SDFla, MCP1,
or MCP2 (R&D Systems, CA) was placed in the bottom
chamber. One hundred thousand IFN-$ or mock-treated
cells in migration buffer (100uL) were gently overlaid on
the top chamber. The culture plates were incubated at 37°C,
5% CO, for 2—4 hours, and cells migrating to the bottom
chamber were quantified on a Flexstation II calibrated
to measure endpoint fluorescence (488 nm excitation and
538 nm emission). Results are shown as percentage of
migration relative to the original number of cells applied.

2.9. Statistics. The mean values + standard deviations (SD)
were determined for each given experiment. Statistical tests
comparing differences between groups were performed using
the Student’s t-test. A P-value of <.05 was considered to be
significant.

3. Results

3.1. Specificity of RGSI Induction by IFN-B. RGS1 is a
member of a large family of regulators of G-protein signaling,
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F1GURE 1: RGSI1 expression and cell-type specificity. PBMCs were
stimulated with IFN-$ (1000IU/mL) for 4 hours (Figure 1(a)).
RNA was isolated, and expression of different RGS family members
was determined by RT-PCR as described in Section 2. Results are
presented as linearized C(t) values (n = 3, +SD) normalized to
GAPDH. For comparison, samples having background expression
were calibrated to 1.0 (black columns). RGS1 was clearly the most
predominant RGS family member induced by IFN-f after 4 hours
(white columns). Each RGS family member tested is shown on the
x-axis. Figure 1(b) shows the IFN-f-dependent expression of RGS1
in three different primary cell populations (B cells, monocytes, T
cells). Data are presented as nonlinearized C(t) values normalized
to GAPDH (mean + SD, n = 3). *P < .05,**P < .01.

the R4 RGS proteins [27]. RGS proteins are expressed in
a number of different cell types. RGS1 is known to be
expressed in immune cells, and overexpression in B-cells
attenuates chemokine signaling [28]. In this study, the
specific induction of RGS1 by IFN-f was first observed
in PBMCs (Figure 1). IFN-S was shown to preferentially
induce the expression of RGSI1 over that of other RGS
family members including RGS2, RGS5, RGS7, RGS12,
and RGS14 (Figure 1(a)). IFN-fB-dependent induction of
RGS1 was next determined in three purified immune cell
populations isolated to homogeneity (greater than 90%)
using negative selection [22]. Induction of RGS1 by IFN-
B was shown to occur in B cells, monocytes, and T cells
(Figure 1(b)). Although all three cell types were responsive to
IFN-f stimulation, RGS1 induction appeared to be strongest
in monocytes.

Specificity and kinetics of induction of RGS1 were then
evaluated. PBMCs were stimulated for 4 or 18 hours with
either IFN-f, IFN-y, or PMA followed by determination
of RGS1 RNA expression (Figure 2). RGS1 expression was
compared to the steady-state level observed in unstimulated
cells. Results show a preferential induction of RGS1 by
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expression determined as described in Section 2. PBMCs were
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PMA (2ng/mL) for the times indicated (white column = 4 hours;
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*P < .05.

IEN-f relative to both PMA and IFN-y. PMA induction of
RGS1 expression was also previously described in the human
monocytic cell line U937 [29].

To confirm a direct role for IFN-f in the induction of
RGS1, RGS1 expression was determined in the presence of
neutralizing antibody that blocks activation of the IFN recep-
tor (Figure 3) [10]. The antibody concentration needed to
neutralize the IFN receptor was determined using a cell line
stably expressing an IFN-responsive reporter (HT1080LUC)
(Figure 3(a)) [10]. HT1080LUC cells incubated with neutral-
izing antibody showed a strong inhibition of RGS1 induction
after IFN-f stimulation relative to preimmune sera and
untreated cells (Figure 3(b)). These results demonstrate that
the specific induction of RGS1 by IFN-f is dependent upon
activation of the IFN receptor.

3.2. Expression of RGSI1 in MS Patients. Genetic risk factors
for susceptibility to multiple sclerosis have recently been
identified [30, 31], the most prominent being HLA DRBI.
Interestingly, RGS1 was also included in one of the MS
susceptibility loci identified. In this regard, it was important
to determine if treatment of MS patients with IFN-f leads
to changes in RGS1 expression. Based on previous pharma-
cokinetic studies, MS patients were asked to stop treatment
for 64 hours to allow for a “washout” period in which
IFN-f dependent gene expression would return to baseline
levels. Patient blood was drawn just prior to administration
of IFN-f and at 4, 18, and 43 hours post-administration.
PBMCs were isolated, RNA purified and differential gene
expression analyzed. As previously demonstrated, induction
of a number of differentially expressed genes was observed
in MS patients following administration of a single dose of
IEN-f [13]. Examination of the differential gene expression
pattern using RMA and SACRED demonstrated a transient
change in differential gene expression that returned to near
preadministration levels by 42 hours [13]. Upon further
examination, we observed the upregulation of RNA encoding
RGS1 in all seven MS patients studied (Figure 4). This result

supported our initial in vitro observations and demonstrated
the regulation of RGS1 by IFN-f in MS patients. In MS
patients, the expression of RGS1 reached a maximum level
4 hours post-administration of IFN-f and returned to near
baseline by 42 hours. A similar time course of induction
of RGS1 occurred in each patient; however, patient-to-
patient variability in the magnitude of response was observed
(Figure 4). Variability of response was not due to differences
in RNA quality or method of GeneChip analysis [13].
To validate the observed expression of RGS1 in MS patients,
we performed an RGSI1-specific TagMan assay making use
of the same RNA samples used for the initial Affymetric
GeneChip analysis. Using this approach, we also observed
patient-to-patient variability in magnitude of response for
the same samples, and a maximum expression of RGS1 at 4
hours post-administration of IFN-f followed by a return to
near baseline by 42 hours (Figure 5).

3.3. IEN-f3 Treatment Increases RGS1 Protein Expression.
RNA expression represents the first step in the production
of a functional protein. RNA induction generally precedes
that of protein expression although changes in RNA half-
life or stability could possibly alter the level of RNA observed
in the cell without resulting in an increased level of protein
expression. Therefore, demonstrating that the induction of
RGS1 RNA resulted in an increase in protein expression
was important. The ability of RGSI antisera to recognize
RGS1 was initially determined by immunoblotting using
purified 6xHisRGS1 (Figure 6). 6xHisRGS1 was recognized
by either RGS1 antisera (Figure 6(a), lane 2) or an antibody
directed against 6Xhistidine (Figure 6(a), lane 3). PBMCs
obtained from healthy individuals were stimulated with IFN-
3, IEN-y, or PMA for 20 hours. For normalization of protein
levels, cell numbers were made identical and an equal protein
concentration was used for each immunoprecipitation. Cells
were lysed and RGS1 was immunoprecipitated using an
RGS1 polyclonal antisera. As shown in Figure 6(b), RGS1 was
strongly induced by IFN-f stimulation and clearly present
in immunoprecipitates from IFN-B- and PMA-stimulated
cells (Figure 6(b), lanes 3 and 5). RGS1 was not detected
using preimmune sera (Figure 6(b), lane 1) and RGS1
was not appreciably detected in RGS1 immunoprecipitates
using cell lysates made from PBMCs stimulated with IFN-
y (Figure 6(b), lane 4). However, a faint protein doublet
was observed in both unstimulated and IFN-y stimulated
cells (Figure 6(b), lanes 2 and 4). This protein doublet likely
represents the basal level of RGS1 expression in this cell
population. The appearance of RGS1 as a protein doublet
of approximately 23kDa is consistent with its expected
molecular weight and previous observations [29]. It is
unclear why immunoprecipitated RGS1 appears as a doublet.
This may occur due to an amino acid truncation, misfolding
of the protein, or the presence of protein isoforms.

3.4. Inhibition of Cell Migration by IFN-f. Previous studies
have documented the role of IFN-f in immune modulation
and expression of Thl and Th2 cytokines [9, 12]. Less
well documented is the role of IFN-f in the regulation of
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immune cell migration, a process in which chemokines,
GPCRs, and RGS proteins play a central role. While a
limited number of studies have demonstrated that IFNs
induce shedding of adhesion molecules from the cell surface
[32, 33], few studies describe a role for IFNs directly in
immune cell migration. In this regard, the upregulation of
RGS1 by IFN-f would be expected to result in a reduction
in chemokine-dependent cell migration. To determine if
such an association exists, we stimulated monocytes with
IFN-f for a time period demonstrated to sufficiently induce
RGS1 (Figure 6). A chemokine-dependent transmigration
assay was then used to measure the degree of cell migration.
Both primary monocytes (Figure 7(a)) and the monocytic
cell line THP-1 (Figures 7(b), 7(c), and 7(d)) were shown
to migrate across an artificial barrier when stimulated with
either SDF1a, MCP1, or MCP2. In all cases, stimulation of
monocytes or THP-1 cells with IFN-f for the time required
to elevate levels of RGS1 inhibited monocyte transmigra-
tion relative to untreated cells. Inhibition of chemokine-
dependent cell migration by IFN- was dose dependent
and consistent with the time and concentration required
for inhibition of SDFla-dependent calcium flux (data not
shown). These results provide a direct measurement of the
effect of IFN-f3 on cell migration but only indirectly link the
upregulation of RGS1 to regulation of cell migration.

3.5. Effects of IFN-f on Chemokine Receptor Expression and
Cell Growth. It is known that IFNs can affect cell surface
receptor expression and induce apoptosis. Such effects could
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presumably give rise to indirect changes in GPCR levels and
thereby influence RGS expression. Therefore, it was impor-
tant to show that IFN-f used as described in these studies,
did not influence GPCR expression or induce apoptosis.
When using the apoptosis marker Annexin, no difference
in apoptosis was observed between untreated monocytes
(Figure 8(a)) and those treated with IFN-S (Figure 8(b)).
In terms of GPCR expression, cell-surface expression of
two GPCRs (CXCR4 and FPR) representing different GPCR
families analyzed. Formyl peptide receptor (FPR) [34]
expression showed no difference in cell-surface expression in
the absence (Figure 8(c)) or presence (Figure 8(d)) of IFN-f3
treatment. A similar lack of affect of IFN-f on the cell-surface
expression of CXCR4 [35] was also observed (Figures 8(e)
and 8(f)).

4. Discussion

Chemokines play a major role in the trafficking of immune
cells to sites of inflammation, in and out of germinal centers
located in lymphoid tissues, and in the repair of damaged

tissue. Migration of immune cells is mediated by a com-
plex interplay between cell-surface adhesion molecules and
chemoattractant receptors and ligands [34-36]. Cytokines,
a family of immune modulators different from chemokines,
play a central role in mediating both innate and adaptive
immunity and protection from viral infection [12, 34, 35].
Harmonizing the interplay between chemokines and cy-
tokines appears essential for the establishment of an effective
and properly regulated immune response.

RGS proteins regulate chemokine-induced activation of
GPCRs by accelerating the GTPase activity associated with
the G-protein alpha subunit. The RGS protein family consists
of 30 or more distinct proteins containing one or more RGS
domains. In mammalian cells, RGS proteins interact with
other molecules involved in signal transduction including
receptors, phospholipids, and scaffolding proteins [19-21,
27]. RGS proteins are highly regulated at the transcrip-
tional level and have unique tissue distribution. Some RGS
members like RGS2 and RGS3 have a wide distribution
of expression while others like RGS4, RGS6, RGS7, RGSS,
RGS9, RGS10, RGS11, and RGS14 are only found in a specific
organ or tissue. RGS1 appears to be highly expressed in
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F1GURE 8: IFN-f inhibition of calcium flux is not due to apoptosis or chemokine receptor down regulation. Monocytes were incubated
with IFN-3 for 20 hours, and the degree of apoptosis in untreated and IFN-f treated monocytes was determined by measuring Annexin-PE
staining relative to the cell viability dye 7-AAD as described in Section 2 (a), unstimulated; (b), IFN-f-stimulated. Annexin-PE fluorescence
is shown on the y-axis and 7-AAD on the x-axis. The percent (%) fluorescent events (total of 10000 measurements) are shown in each
quadrant. CXCR4 and FPR expression was determined using FACS as described in Section 2. FPR expression levels are shown for control
(solidline) and unstimulated (c) and IFN-fS-stimulated (d) cells. CXCR4 expression levels are also shown for unstimulated (e) and stimulated
cells (f). Cells were incubated for 20 hours with IFN-f prior to measuring CXCR4 and FPR expression levels.

lymphocytes, suggesting a role for RGS1 in immune cell
regulation. In support of this role, previous studies using
RGS knockout mice suggest a strong link between RGS1
expression and B cell migration [28].

Results described in this study identify a possible addi-
tional role for IFN-f in the regulation of immune cell func-
tion. Our findings demonstrate that IFN-f may influence

chemokine-dependent signaling though induction of a nega-
tive regulator of G-protein signaling. Regulating immune cell
trafficking to sites of inflammation or, as in MS, inflamma-
tory lesions in the central nervous system (CNS), goes hand
in hand with immunological properties previously associated
with type I IFNs [9, 12, 32, 37-41]. What is surprising
is the observation that IFN-f may influence regulation of
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GTPase activity. Previous studies have described a role for
IEN-f in regulating immune cell migration by enhancing
shedding of adhesion molecules from the cell surface [33].
IFN-f regulation of RGS1 points to an additional means by
which IFNs can exert an inhibitory effect on chemokine-
dependent lymphocyte migration. Such a mechanism can
help to explain the previously described involvement of IFNs
in the regulation of immune cell migration across human
brain microvascular endothelial cell monolayers [42], the
transverse of T cells through basement membranes [43], and
human lymphocyte transmigration [44].

Our observations identify IFN- as a regulator of RGS1
expression in lymphocytes. It should be noted that IFN-f
regulation of RGS1 alone may not be sufficient to regulate
the full extent of ligand-dependent GPCR activation of G-
proteins. It is likely that other proteins interact with RGS1
or affect the regulation of additional RGS proteins to fine
tune specific activation and migration of immune cells
during inflammation. Recent studies have demonstrated that
upregulation of RGS1 reduces the migration of regulatory T-
cells (Tregs) relative to naive T cells [45]. In this regard, G-
protein regulation by RGS1 and other RGS family members
can be highly cell-specific and involves other unidentified
factors [46, 47]. Such specificity would also suggest that RGS
control of immune cell responsiveness would be dependent
on the presence of a given GPCR.

Translating in vitro observations made in cell culture to
in vivo responses observed directly in a disease setting
can provide valuable insights into the possible mechanism
of action of a drug. In addition, the identification of
an RGS1 genetic risk factor susceptibility locus in MS
suggests a possible role for single-nucleotide-polymorphism-
derived RGS1 variants in disease susceptibility. Therefore,
it is interesting to note that RGS1 is upregulated in IFN-f3
treated MS patients perhaps in an effort to compensate
for an abnormal RGSI1. A hallmark of MS is the develop-
ment of inflammatory lesions in the CNS. Formation of
inflammatory lesions in MS patients as recognized by MRI
using gadolinium enhancement is a measurement of CNS
inflammation associated with MS [48]. Formation of lesions
within the CNS is thought to be mediated, in part, by the
migration of activated immune cells from the periphery
into the CNS. Once in the CNS, they interact with local
antigen-presenting cells including astrocytes and microglia
to further drive formation of inflammatory lesions visible
by MRI. In addition, suppression of immune responses in
MS patients has been linked to a reduction in the levels
of oxidative stress, which, when left unchecked, can lead
to neurodegeneration and axonal loss commonly observed
in MS [49, 50]. The observed in vitro upregulation of
RGS1 by IFN-f provided the opportunity to study the in
vivo regulation of RGS1 directly in MS patients treated
with IFN-f. Although only seven individual patents were
studied, all patients showed significant upregulation of RGS1
expression after IFN-f administration. Studies are underway
to confirm this observation using a larger cohort of MS
patients. The upregulation of RGS1 as measured by gene
expression profiling in MS patients highlights the possible
importance of RGS1 for the regulation of chemokine activity
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in the treatment of MS. A single study such as this is not
sufficient to demonstrate RGS1 regulation by IFN-f provides
a new sole mechanism of action, nor is the effect likely
unique to MS. However, such a mechanism could help to
explain the observed inhibitory effects of IFN- on migration
of activated immune cells from the periphery to sites of
inflammation within the CNS.

IFN-f inhibition of cell migration demonstrates a role
for IFN-f in the regulation of immune cell migration. RGS1
upregulated by IFN-f would be expected to enhance immune
cell migration by accelerating GTPase activity, negatively
regulating G-protein coupled receptor signaling. IFN-f was
demonstrated to inhibit monocyte migration across an
artificial barrier in response to chemokine. Inhibition of cell
migration coincided with the time required to upregulate
RGS1 in immune cells, suggesting an association between
inhibition of cell migration and expression. Unfortunately,
we were unsuccessful in identifying an siRNA able to down-
regulate RGS1 expression in these cells. Therefore, a direct
link between IFN-f induced RGS1 and cell migration will
require further studies. A RGS1 murine knockout is available
and could provide an additional means to studying the role
of IFN-f in regulation of RGS1 and cell migration. IFN-f3
did not appear to affect GPCR receptor expression or induce
apoptosis in immune cells using conditions described in this
study. Therefore, the observed reduction in monocyte cell
migration was not due to an induction of cell death or a loss
of G-protein coupled receptors from the cell surface.

The observation that a cytokine such as IFN-f can
influence chemokine-dependent G-protein activation sug-
gests a possible mechanism for crosstalk between these
two important families of immune regulators. Studies are
underway to further understand the relationship between
IFN-B, GPCRs and RGS proteins with regard to control
of immune cell surveillance, maturation, migration, and
inflammation.

Acknowledgments

The authors would like to thank Dr. Hugh Salamon,
AbaSci, LLC, and Dr. Peter Bringmann, Bayer HealthCare for
computational biology support, Eric Lyons for development
of SACRED, Dr. Richard Neubig, Department of Pharma-
cology, University of Michigan, and Dr. Richard Horuk,
University of California, Davis for helpful discussions. The
paper was developed and drafted by the study authors. The
authors wish to thank the team at PAREXEL MMS USA for
their editorial support during development of this paper.

References

[1] A. L. DeFranco, R. M. Locksley, and M. Robertson, “Immu-
nity: the immune response in infectious and inflammatory
disease,” in Immunity, pp. 1-19, Oxford University Press,
Northamptonshire, UK, 1st edition, 2007.

[2] P. Parham, “Elements of the immune system,” in The immune
System, chapter 1, pp. 1-145, Garland Science, Oxford, UK,
2nd edition, 2004.



International Journal of Cell Biology

[3] M. Baggiolini, “Chemokines and leukocyte traffic,” Nature,

vol. 392, no. 6676, pp. 565-568, 1998.

[4] A. K. Abbas and A. H. Lichtmann, “Cells and tissues of the

[6

[7

(10

(11

[12

(13

(14

(15

[16

(17

[18

(19

(20

]

]
]

]

immune system,” in Cellular and Molecular Immunology, pp.
16-39, Saunders, Philadelphia, Pa, USA, 5th edition, 2003.

L. J. Gibbons and K. L. Hyrich, “Biologic therapy for rheuma-
toid arthritis: clinical efficacy and predictors of response,”
BioDrugs, vol. 23, no. 2, pp. 111-124, 2009.

C. Fiocchi, “Inflammatory bowel disease: etiology and patho-
genesis,” Gastroenterology, vol. 115, no. 1, pp. 182-205, 1998.
D. A. Hafler, J. M. Slavik, D. E. Anderson, K. C. O’Connor, P.
De Jager, and C. Baecher-Allan, “Multiple sclerosis,” Immuno-
logical Reviews, vol. 204, pp. 208-231, 2005.

R. Horuk, “Chemokine receptors,” Cytokine and Growth Factor
Reviews, vol. 12, no. 4, pp. 313-335, 2001.

K. E. Mogensen, M. Lewerenz, J. Reboul, G. Lutfalla, and
G. Uzé, “The type I interferon receptor: structure, function,
and evolution of a family business,” Journal of Interferon &
Cytokine Research, vol. 19, no. 10, pp. 1069-1098, 1999.

D. Russell-Harde, T. C. Wagner, H. D. Perez, and E. Croze,
“Formation of a uniquely stable type I interferon receptor
complex by interferon f3 is dependent upon particular interac-
tions between interferon f and its receptor and independent
of tyrosine phosphorylation,” Biochemical and Biophysical
Research Communications, vol. 255, no. 2, pp. 539-544, 1999.
E. Croze, D. Russell-Harde, T. Charis Wagner, H. Pu, L.
M. Pfeffer, and H. D. Perez, “The human type I interferon
receptor: identification of the interferon B-specific receptor-
associated phosphoprotein,” The Journal of Biological Chem-
istry, vol. 271, no. 52, pp. 33165-33168, 1996.

G. R. Stark, I. M. Kerr, B. R. G. Williams, R. H. Silverman, and
R. D. Schreiber, “How cells respond to interferons,” Annual
Review of Biochemistry, vol. 67, pp. 227-264, 1998.

A. T. Reder, S. Velichko, K. D. Yamaguchi et al., “IFN-f1b
induces transient and variable gene expression in relapsing-
remitting multiple sclerosis patients independent of neutral-
izing antibodies or changes in IFN receptor RNA expression,”
Journal of Interferon & Cytokine Research, vol. 28, no. 5, pp.
317-331, 2008.

P. Duquette, M. Girard, L. Despault et al., “Interferon beta-1b
is effective in relapsing-remitting multiple sclerosis. I. Clinical
results of a multicenter, randomized, double-blind, placebo-
controlled trial,” Neurology, vol. 43, no. 4 I, pp. 655-661, 1993.
E. J. Neer, “Heterotrimeric G proteins: organizers of trans-
membrane signals,” Cell, vol. 80, no. 2, pp. 249-257, 1995.

S. Offermanns and M. L. Simon, “Organization of transmem-
brane signalling by heterotrimeric G proteins,” Cancer Surveys,
vol. 27, pp. 177-198, 1996.

R. Fredriksson, M. C. Lagerstrom, L.-G. Lundin, and H.
B. Schioth, “The G-protein-coupled receptors in the human
genome form five main families. Phylogenetic analysis, paral-
ogon groups, and fingerprints,” Molecular Pharmacology, vol.
63, no. 6, pp. 1256-1272, 2003.

D. R. Flower, “Modelling G-protein-coupled receptors for
drug design,” Biochimica et Biophysica Acta, vol. 1422, no. 3,
pp. 207-234, 1999.

H. Zhong and R. R. Neubig, “Regulator of G protein signaling
proteins: novel multifunctional drug targets,” The Journal of
Pharmacology and Experimental Therapeutics, vol. 297, no. 3,
pp. 837-845, 2001.

H. Cho, K. Harrison, and J. H. Kehrl, “Regulators of G protein
signaling: potential drug targets for controlling cardiovascu-
lar and immune function,” Current Drug Targets. Immune,

(21]

(22]

(27]

11

Endocrine and Metabolic Disorders, vol. 4, no. 2, pp. 107-118,
2004.

P. G. Strange, “Signaling mechanisms of GPCR ligands,”
Current Opinion in Drug Discovery and Development, vol. 11,
no. 2, pp. 196-202, 2008.

J. J. Chambers, L. R. Moore, O. Lara, and X. Tong, “Magnetic
cell separations,” in Laboratory Techniques in Biochemical
Molecular Biology, M. Zborowski and J. J. Chalmers, Eds., pp.
163-290, Elsevier Science and Technology Books, New York,
NY, USA, 1st edition, 2007.

W.I. McDonald, A. Compston, G. Edan et al., “Recommended
diagnostic criteria for multiple sclerosis: guidelines from the
international panel on the diagnosis of multiple sclerosis,”
Annals of Neurology, vol. 50, no. 1, pp. 121-127, 2001.

R. C. Gentleman, V.]. Carey, D. M. Bates et al., “Bioconductor:
open software development for computational biology and
bioinformatics,” Genome biology, vol. 5, no. 10, p. R80, 2004.
L. M. Cope, R. A. Irizarry, H. A. Jaffee, Z. Wu, and T. P. Speed,
“A benchmark for Affymetrix GeneChip expression measures,”
Bioinformatics, vol. 20, no. 3, pp. 323-331, 2004.

E. Croze, K. Ku, P. Paz et al., “Type I interferons regulate
the expression of a GTPase activating protein that controls
responsiveness to chemoattractant receptors in relapsing-
remitting multiple sclerosis patients,” in Keystone Symposia,
Multiple Sclerosis, p. 57, 2009.

C. A. Johnston and D. P. Siderovski, “Receptor-mediated
activation of heterotrimeric G-proteins: current structural
insights,” Molecular Pharmacology, vol. 72, no. 2, pp. 219-230,
2007.

C. Moratz, J. R. Hayman, H. Gu, and J. H. Kehrl, “Abnormal
B-cell responses to chemokines, disturbed plasma cell local-
ization, and distorted immune tissue architecture in RGS17/~
mice,” Molecular and Cellular Biology, vol. 24, no. 13, pp.
5767-5775, 2004.

B. Denecke, A. Meyerdierks, and E. C. Bottger, “RGS1 is
expressed in monocytes and acts as a GTPase-activating
protein for G-protein-coupled chemoattractant receptors,”’
The Journal of Biological Chemistry, vol. 274, no. 38, pp.
26860-26868, 1999.

P. L. De Jager, L. B. Chibnik, J. Cui et al., “Integration of
genetic risk factors into a clinical algorithm for multiple
sclerosis susceptibility: a weighted genetic risk score,” The
Lancet Neurology, vol. 8, no. 12, pp. 1111-1119, 20009.

E Esposito, N. A. Patsopoulos, S. Cepok et al, “IL12A,
MPHOSPH9/CDK2AP1 and RGS1 are novel multiple sclerosis
susceptibility loci,” Genes and Immunity, vol. 11, no. 5, pp.
397-405, 2010.

S. Pestka, J. A. Langer, K. C. Zoon, and C. E. Samuel,
“Interferons and their actions,” Annual Review of Biochemistry,
vol. 56, pp. 727-777, 1987.

P. A. Calabresi, L. R. Tranquill, J. M. Dambrosia et al.,
“Increases in soluble VCAM-1 correlate with a decrease in
MRI lesions in multiple sclerosis treated with interferon -1b,”
Annals of Neurology, vol. 41, no. 5, pp. 669—674, 1997.

M. A. Panaro, A. Acquafredda, M. Sisto, S. Lisi, A. B. Maffione,
and V. Mitolo, “Biological role of the N-formyl peptide
receptors,” Immunopharmacology and Immunotoxicology, vol.
28, no. 1, pp. 103-127, 2006.

J. Vandercappellen, J. Van Damme, and S. Struyf, “The role of
CXC chemokines and their receptors in cancer,” Cancer Letters,
vol. 267, no. 2, pp. 226-244, 2008.

S. G. Ward and E M. Marelli-Berg, “Mechanisms of
chemokine and antigen-dependent T-lymphocyte naviga-
tion,” Biochemical Journal, vol. 418, no. 1, pp. 13-27, 2009.



12

(37]

(38]

(39]

[40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

[49]

[50]

K. S. Lang, A. Burow, M. Kurrer, P. A. Lang, and M. Recher,
“The role of the innate immune response in autoimmune
disease,” Journal of Autoimmunity, vol. 29, no. 4, pp. 206-212,
2007.

L. B. Nicholson, B. J.E. Raveney, and M. Munder, “Monocyte
dependent regulation of autoimmune inflammation,” Current
Molecular Medicine, vol. 9, no. 1, pp. 23-29, 2009.

M. Thewissen and P. Stinissen, “New concepts on the patho-
genesis of autoimmune diseases: a role for immune home-
ostasis, immunoregulation, and immunosenescence,” Critical
Reviews in Immunology, vol. 28, no. 5, pp. 363-376, 2008.

E. L. Plasker, “Interferon-3-1b: a review of its use in multiple
sclerosis,” CNS Drugs, vol. 25, no. 1, pp. 67-88, 2011.

I. Martinez-Forero, A. Pelaez, and P. Villoslada, “Pharma-
cogenomics of multiple sclerosis: in search for a personalized
therapy,” Expert Opinion on Pharmacotherapy, vol. 9, no. 17,
pp. 3053-3067, 2008.

J. Lou, Y. Gasche, L. Zheng et al., “Interferon-f inhibits acti-
vated leukocyte migration through human brain microvascu-
lar endothelial cell monolayer,” Laboratory Investigation, vol.
79, no. 8, pp. 1015-1025, 1999.

D. Leppert, E. Waubant, M. R. Biirk, J. R. Oksenberg, and S. L.
Hauser, “Interferon beta-1b inhibits gelatinase secretion and
in vitro migration of human T cells: a possible mechanism for
treatment efficacy in multiple sclerosis,” Annals of Neurology,
vol. 40, no. 6, pp. 846-852, 1996.

A. Créange, B. Chazaud, A. Plonquet et al., “IFN-f decreases
adhesion and transmigration capacities of lymphocytes in
Guillain-Barré syndrome,” Neurology, vol. 57, no. 9, pp. 1704—
1706, 2001.

F. Agenes, N. Bosco, L. Mascarell, S. Fritah, and R. Ceredig,
“Differential expression of regulator of G-protein signalling
transcripts and in vivo migration of CD4* naive and regula-
tory T cells,” Immunology, vol. 115, no. 2, pp. 179-188, 2005.
X. Huang, Y. Fu, R. A. Charbeneau et al., “Pleiotropic
phenotype of a genomic knock-in of an RGS-insensitive
G184S Gnai2 allele,” Molecular and Cellular Biology, vol. 26,
no. 18, pp. 6870-6879, 2006.

G. Bansal, K. M. Druey, and Z. Xie, “R4 RGS proteins:
regulation of G-protein signaling and beyond,” Pharmacology
and Therapeutics, vol. 116, no. 3, pp. 473-495, 2007.

S. L. Hauser and J. R. Oksenberg, “The neurobiology of mul-
tiple sclerosis: genes, inflammation, and neurodegeneration,”
Neuron, vol. 52, no. 1, pp. 61-76, 2006.

E. Croze, S. Velichko, T. Tran et al., “Betaferon Induces a Novel
Alternate Start Transcript in Cells Obtained From Relapsing-
Remitting Multiple Sclerosis Patients and Human Brain That
is Associated with Control of Oxidative Resistance,” Multiple
Sclerosis, vol. 15, no. 1, p. 138, 2009.

R. E. Gonsette, “Neurodegeneration in multiple sclerosis:
the role of oxidative stress and excitotoxicity,” Journal of the
Neurological Sciences, vol. 274, no. 1-2, pp. 48-53, 2008.

International Journal of Cell Biology



	Introduction
	Materials and Methods
	RGS1 Expression in Human PBMCs and Immune Cell Subpopulations
	IFN Receptor-Dependent Induction of RGS1
	Patients
	GeneChip and Computational Analysis
	Confirmation of RGS1 Expression in MS Patients
	Immunoprecipitation and Immunoblotting of RGS1
	Measurement of Chemokine Receptor Expression and Apoptosis Using FACS
	Chemotaxis Assay
	Statistics

	Results
	Specificity of RGS1 Induction by IFN-
	Expression of RGS1 in MS Patients
	IFN- Treatment Increases RGS1 Protein Expression
	Inhibition of Cell Migration by IFN-
	Effects of IFN- on Chemokine Receptor Expression and Cell Growth

	Discussion
	Acknowledgments
	References

