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Abstract

Recent studies in mice have demonstrated that the protein tyrosine phosphatase SHP-1 is a crucial
negative regulator of pro-inflammatory cytokine signaling, TLR signaling, and inflammatory gene
expression. Furthermore, mice genetically lacking SHP-1 (me/me) display a profound
susceptibility to inflammatory CNS demyelination relative to wild type mice. In particular, SHP-1
deficiency may act predominantly in inflammatory macrophages to increase CNS demyelination
as SHP-1-deficient macrophages display co-expression of inflammatory effector molecules and
increased demyelinating activity in me/me mice. Recently, we reported that PBMCs of multiple
sclerosis (MS) patients have a deficiency in SHP-1 expression relative to normal control subjects
indicating that SHP-1 deficiency may play a similar role in MS as to that seen in mice. Therefore,
it became essential to examine the specific expression and function of SHP-1 in macrophages
from MS patients. Herein, we document that macrophages of MS patients have deficient SHP-1
protein and mMRNA expression relative to those of normal control subjects. To examine functional
consequences of the lower SHP-1, the activation of STAT6, STAT1, and NF-xB was quantified
and macrophages of MS patients showed increased activation of these transcription factors. In
accordance with this observation, several STAT6-, STAT1-, and NF-kB-responsive genes that
mediate inflammatory demyelination were increased in macrophages of MS patients following
cytokine and TLR agonist stimulation. Supporting a direct role of SHP-1 deficiency in altered
macrophage function, experimental depletion of SHP-1 in normal subject macrophages resulted in
an increased STAT/NF-xB activation and increased inflammatory gene expression to levels seen
in macrophages of MS patients. In conclusion, macrophages of MS patients display a deficiency
of SHP-1 expression, heightened activation of STAT6, STATL, and NF-xB and a corresponding
inflammatory profile that may be important in controlling macrophage-mediated demyelination in
MS.
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INTRODUCTION

Multiple sclerosis is a chronic inflammatory demyelinating disease of the central nervous
system (CNS) that remains a major cause of disability (1). Several studies demonstrated that
MS lesions contain multiple leukocyte cell types including lymphocytes, macrophages, and
dendritic cells all of which are believed to contribute to lesion formation by various distinct
and interacting mechanisms (2, 3). Among these leukocyte subsets, infiltrating macrophages
have been identified as major effectors of demyelination in both MS and animal models for
MS (4-11). In accord with these studies, it was recently described that a predominant
mechanism of demyelination in MS is macrophage—mediated (12).

These findings have stimulated intense interest on the various effector functions of
macrophages in lesion formation including signaling events that draw these cells into the
CNS white matter and trigger the effector mechanisms by which these cells destroy myelin.
For instance, macrophages have been identified as the major responders to CNS
chemokines, producers of a number of pro-inflammatory cytokines, chemokines, and toxic
molecules known to promote demyelination (7, 13-18), and the major cells involved in
phagocytosis/degradation of myelin sheathes. Interestingly, both leukocytes and CNS
plaques of MS patients contain activated transcription factors like NF-xB (19, 20), STAT1
(20-22) and STAT6 (23-25), which can lead to enhanced expression of these inflammatory
effector functions in macrophages. Based on our previous work, we propose that modulation
of inflammatory signaling via these multiple transcriptional pathways may be deficient in
leukocytes, including inflammatory macrophages of MS patients, and that this deficiency is
responsible for susceptibility to inflammatory demyelinating processes within the CNS.

SHP-1 is a protein tyrosine phosphatase with two SH2 domains which acts as a negative
regulator of both innate and acquired immune cytokine signaling via NF-xB (26-28),
STAT1 (29, 30), and STAT6 (31-34). Mice genetically lacking SHP-1 (motheaten mice)
display myelin deficiency, which may be mediated by increased innate inflammatory
mediators in the CNS (35, 36). Furthermore, motheaten mice are highly susceptible to
experimentally induced demyelinating disease (37-39). Taken together, these studies
indicate that SHP-1 is a key regulator of inflammation in the CNS that may be relevant to
the pathogenesis of MS. Indeed, others and we reported that SHP-1 expression and function
is deficient in leukocytes of MS patients compared to normal human subjects (22, 25).

We have shown that SHP-1-deficient mice uniquely display an unusually rapid CNS
demyelination associated with extensive white matter cellular infiltration and clinical
paralysis within the first week of Theiler’s murine encephalomyelitis virus (TMEV)
infection compared to their wild type littermates (37). Recently we have shown that SHP-1-
deficient mice show a profound and predominant infiltration of blood-derived macrophages
into the CNS following TMEYV infection and that these macrophages are concentrated to
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areas of demyelination (9). Importantly, these macrophages possessed an inflammatory
profile in vivo with an unusual co-activation of STAT6, STATL, and NF-xB and
corresponding responsive pro-inflammatory genes. Because of the rapidity of demyelination
in this model, we proposed that SHP-1-deficient macrophages possess a particularly
pronounced demyelinating phenotype. Accordingly, macrophage/monocyte depletion with
clodronate liposomes resulted in a significant delay in the onset of clinical symptoms and
decreased inflammation and demyelination in the spinal cords of SHP-1-deficient mice.
Those studies suggested that SHP-1 is an important regulator of CNS inflammatory
demyelination acting predominantly to control recruitment of macrophages into the CNS
and a broad modulation of macrophage inflammatory effector functions.

In the light of recent studies demonstrating the importance of macrophages in mediating
demyelination in MS (12) and our recent studies in SHP-1-deficient mice cited above (9), it
became imperative to characterize the inflammatory profile of macrophages of MS patients
compared to normal subjects. The present study demonstrates that the expression of SHP-1
is deficient in macrophages of MS patients compared to normal subjects. Corresponding
with this deficiency, we show that phosphorylation of STAT6 and STAT1 and activation of
NF-kB are higher in macrophages of MS patients compared to those of normal subjects. In
accordance with this activation, several STAT6-, STAT1-, and NF-xB-responsive genes that
are important for inflammatory demyelination were increased in macrophages of MS
patients following cytokine stimulation. Supporting a direct role of SHP-1 deficiency in
altered macrophage function, experimental depletion of SHP-1 in macrophages of normal
human subjects using siRNA resulted in an increased activation of the above transcription
factors and increased inflammatory gene expression to levels seen in macrophages of MS
patients. Taken together, we propose the potential involvement of SHP-1 in mediating the
augmented inflammatory profile in macrophages seen in MS patients and contributing to the
pathogenesis of MS.

MATERIALS AND METHODS

Patient selection

Patients were clinically diagnosed for multiple sclerosis in the SUNY Upstate Medical
University MS clinic by established criteria (40). Patients were selected that had not
received any disease modifying treatment like IFN-B, glatiramir acetate, steroids or other
immunosuppressive agents at least three months prior to donating blood. In this study,
macrophage cultures were obtained from 27 patients with relapsing remitting (RR) MS
(mean EDSS score of 3.6+1.6) and 24 normal control subjects. The patients and control
normal subjects were matched in both age and gender, and the biometric data of the subjects
used in this study are shown in Table 1. The Institutional Review Board of SUNY Upstate
University approved all studies and both patients and control subjects granted informed
consent before providing blood.

Human peripheral blood monocyte-derived macrophages

Patients and normal subjects donated 50 ml of blood collected in heparinazed tubes. Blood
was diluted 1:1 with Hank’s balanced salt solution (HBSS) and overlaid onto lymphocyte
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separation medium (Cellgro, Herndon, VA). After centrifugation, the 10 ml of the interface
containing the PBMCs was collected and washed twice with HBSS. Adherent monocytes
were cultured for a week in RPMI media, 15% fetal bovine serum, and 50ng/mL GM-CSF
as previously described (41, 42). Medium was replenished every 3 days and non-adherent
cells were removed at the second feeding (at 6 days). For experiments, cells were cultured
for an additional day in the absence of GM-CSF, washed twice with PBS and adherent cells
were lysed in STAT- 60 (Tel-Test, Friendswood, TX) for RNA analysis or RIPA buffer (43)
for protein analysis. For flow cytometry cells were detached by incubated them in 5.0mM
EDTA for 10 minutes at 37 degrees C. The method consistently yielded more than 95% pure
macrophages assessed by both morphological criteria as described (44) and expression of
the monocyte lineage marker CD14 as determined by flow cytometric analysis.

Cytokine and siRNA Treatment

Macrophages of MS patients and normal subjects were cultured for 1 week then GM-CSF
was removed from the media. Macrophages were then treated with either 10ng/mL TNF-q,
10 ng/mL of IL-4, 100u/mL IFN-y (R&D Systems, Minneapolis, MN), 5ug/mL of LPS
(Salmonella minnesota re595 LPS; Sigma-Aldrich, St. Louis, MO, USA), 5ug/mL of
dsRNA (polyinosinic:polycytidylic acid; Amersham Pharmacia, Piscataway, NJ) or received
medium alone for 18hrs.

Anti-SHP-1 siRNA was used to deplete SHP-1 from macrophages of normal subjects.
Macrophages were transfected with siRNA against human SHP-1 or scramble sSiRNA
(Dharmacon, Chicago, IL) at a concentration of 1jug/106 cells. The transfection reagent
(Dharmafect 4, Dharmacon, Chicago, IL) was used as specified by the manufacturer. Cells
were incubated in the transfection medium for 24 hours, after which the medium was
replaced with complete growth medium for another 48 hr before cytokine treatment. The
effectiveness of the SHP-1 siRNA to lower SHP-1 expression was evaluated by Western
immunoblot.

Real-Time RT-PCR

Total RNA was isolated using RNA STAT-60. RNA was quantified spectrophotometrically
and 0.5 pg of total RNA was converted into cDNA. Briefly, total RNA and random primers
(Invitrogen, Carlsbad, CA) were incubated at 72 degrees for 10 minutes. Reverse
transcription was performed using the Superscript Il RT enzyme (Invitrogen, Carlsbhad, CA)
and followed the specification of the manufacturer. cDNA was diluted to 200pl with water
and 4ul was used for quantitative real-time PCR using SYBR Green kit (Abgene, Epson,
UK). The PCR parameters were 15 minutes for 95 degrees and 35 cycles of 95 degrees for
15 seconds and 60 degrees for 1 minute in ABI prism 700 (Applied Biosystems, Foster city,
CA). The primers were used at 10 nM. Serial dilutions of cDNA containing a known copy
number of each gene were used in each quantitative PCR run to generate a standard curve
relating copy number with threshold amplification cycle (45). Gene expression levels were
calculated during the logarithmic amplification phase by determining the initial mMRNA copy
number using the standard curve. Amplification of each gene specific fragment was
confirmed both by examination of melting peaks and by agarose gel electrophoresis. The
following primer pairs were used in this study: SHP-1 (BC002523) forward-
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TGGCGTGGCAGGAGAACAG and reverse- GCAGTTGGTCACAGAGTAGGGC, SHP-1
Promoter (1) (NM080548) forward- TGGCTTCCCCCTCCCTACAG and reverse-
CCCTGGTTCTTGCGACTGG, SHP-1 Promoter (1) (NM002831) forward-
ATCTGAGGCTTAGTCCCTGAGC and reverse- CTGAGGTCTCGGTGAAACCAC,
CCL17 (NM002987) forward-CGAGGGACCAATGTGGGC and reverse-
GGGTGAGGAGGCTTCAAGACC, CCL11 (NM002986) forward-
CACTTCTGTGGCTGCTGCTC and reverse-GCTTTCTGGGGACATTTGC, CCR8
(NMO005201) forward-CAGTGTGACAACAGTGACCGAC and reverse-
GCAATAAAAGACAGCAAGGAGC, ADAMS8 (NM001109) forward-
ATCCCGAGAGACCCGCTAC and reverse-TGATTCACCACCTCCAGCAC, Arginase |
(NMO000045) forward-GACCTGCCCTTTGCTGACATC and reverse-
TTGACTTCTGCCACCTTGCC, MCP-1 (NM002982) forward-
GCTCATAGCAGCCACCTTC and reverse-GCTTCTTTGGGACACTTGC, Caspase |
(NM033294) forward-CATCCTCAGGCTCAGAAGG and reverse-
TGTGCGGCTTGACTTGTC, COX-2 (NM000954) forward-
GCATCTACGGTTTGCTGTG and reverse- ACTGCTCATCACCCCATTC, GAPDH
(NMO002046) forward-ACCACCATGGAGAAGGC and reverse-
GGCATGGACTGTGGTCATGA.

Western Blotting

Whole cell extracts were prepared as previously described (26, 30). Briefly, macrophages
were rinsed with PBS, and then lysed with RIPA buffer. 10 ug of protein per lane was
electrophoresed through a 12.5 % polyacrylamide resolving gel and electroblotted to a
polyvinylidene difluoride (PVDF) membrane (Millipore Corporation, Burlington, MA).
Membranes were blocked with 5% nonfat dry milk for 1 hour, and then incubated with anti-
SHP-1 (Upstate, Lake Placid, NY) antibodies followed by horseradish peroxidase
conjugated rabbit 1gG antibody. (DAKO Corporation, Carpinteria, CA) or anti-arginase |
(BD Biosciences, San Diego, CA) followed by horseradish peroxidase conjugated mouse
IgG antibody. Enhanced chemiluminescence (Amersham Life Sciences, Inc., Cleveland,
OH) was used to visualize reactive protein bands on X-ray film. Western blot protein bands
were quantified based on pixel density using the Scion Image software.

Flow cytometry

For analysis of STAT6 and STAT1 activation, macrophages were treated with either
10ng/mL IL-4, 100 U/mL of IFN-v, or 10 ng/mL TNF-a, respectively for 1 hour. Cells were
then washed twice with PBS and incubated in 5.0 mM EDTA for 10 minutes at 37 degrees
C. Cells were detached with gentle pipeting and received 100uL of 16% stock formaldehyde
per mL for fixation and then incubated in 90% methanol at 4°C for half an hour to
permeabilize cells for intracellular staining. Cells were washed twice with the staining media
containing 0.5% BSA and 0.02% sodium azide in PBS. Cells were resuspended in a 100uL
of staining media and incubated with 20pL of either phosphoSTAT6 (PY-641) with
Alexa-488 (612600), phosphoSTAT1 (PY-701) with Alexa-488 (612596), or mouse 1gG
with Allexa-488 isotype control (557721) (Becton Dickinson, Mountain View, CA). In
addition, the levels of total (phosphorylated plus unphosphorylated) STAT6 and STAT1
were concurrently analyzed. Fixed and permeabilized cells were incubated overnight at 4°C
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with either 1pg of rabbit anti-total STAT6 (Santa Cruz, CA), rabbit anti-total STAT1
(Upstate Biotechnology, NY), or rabbit polyclonal IgG for isotype control. The cells were
incubated for 3 hours in 1pg of goat anti-rabbit secondary antibody conjugated to PE
(Invitrogen, Carlsbad, CA).

Furthermore, fixed and permeabilized cells were incubated overnight at 4°C with either 1pg
of rabbit anti-SHP-1 (Upstate, Lake Placid, NY) or rabbit polyclonal IgGs for isotype
control. The cells were incubated for 3 hours in 1ug of goat anti-rabbit secondary antibody
conjugated to PE (Invitrogen, Carlsbad, CA). In addition several extracellular markers were
quantified by flow cytometry. 5x10° Cells were incubated in 15uL of CD14-APC, CD11b-
FITC, CD49d-PE, or CCR2-APC (Becton Dickinson, Mountain View, CA) for 1 hour at
room temperature. Cells were analyzed on an LSRII analyzer (Becton Dickinson, Mountain
View, CA) and the mean florescence intensity (MFI) was recorded.

NF-xB DNA-binding activity assay

NF-xB DNA-binding activity was analyzed using the TransAMNF-«xB p65 transcription
factor assay kit (Active Motif, Carlsbad, CA) following the manufacturer's instructions and
as previously described (46-48). Briefly, nuclear extracts were prepared (26) from
macrophages of normal subjects and MS patients that were treated with media alone or 20
ng of TNF-a or 5ug/mL of LPS for 1 hour. Protein levels of the nuclear extracts were
quantified with the Bradford assay (Pierce Chemicals, Rockford, IL) and 10 pg were
incubated in a 96-well plate coated with oligonucleotide containing the NF-xB consensus-
binding sequence 5-GGGACTTTCC-3'". Bound NF-xB was then detected by a p65-specific
primary antibody. An HRP-conjugated secondary antibody was then applied to detect the
bound primary antibody and provided the basis for colorimetric quantification. The
enzymatic product was measured at 450 nm with a reference wavelength of 650 nm by a
microplate reader. To quantify the amount of NF-«xB, serial dilutions of purified p65
recombinant protein (20ng - 0.16ng) were measured to provide a calibration curve between
p65 binding and absorbance. The specificity of the assay was further tested by the addition
of wild type or mutated NF-xB consensus oligonucleotide in the competitive or mutated
competitive control wells before the addition of nuclear extracts. The addition of the wild-
type NF-xB consensus oligonucleotide completely abolished NF-xB binding.

Cytokine ELISA

The levels of the cytokines TNF-a and IL-6 were measured using R&D Systems DuoSet
ELISA kits (R&D Systems, Minneapolis, MN) following the manufacturer's protocol.

Nitric Oxide Assay

The amount of NO produced was measured in amounts of nitrite in macrophage
supernatants. Macrophages from normal subjects and MS patients were treated with either
media alone, TNF-a, IL-4, IFN-y, or LPS for 18hrs and supernatants were mixed with the
Greiss reagent at a 1:1 ratio (Sigma, St. Louis, MO). The reaction was allowed to proceed
for 15 min, at which time the absorbance at 540nm was quantified with an ELISA plate
reader. A calibration curve was generated using sodium nitrite (1-100M) and used to
calculate the amount of nitrite present in macrophage supernatants.
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Arginase Activity Assay

Arginase enzymatic activity was measured as previously described (31, 49). Briefly,
cultured macrophages were lysed in RIPA buffer and incubated in 10 mM MnCl, and 0.5 M
L-arginine at 37°C for 75 min. After the assay was stopped by addition of H3POy, 1-
phenyl-1,2-propanedione-2-oxime (Sigma, St Louis, MO) was added and the samples were
incubated at 100°C for 60 min. Urea production by arginase was measured by optical
density at 540 nm.

Statistical Analysis

Histograms contain statistical means with the standard error values. Unless otherwise
specified, 27 samples from MS patients and 24 samples from normal subjects were used. In
the SHP-1 siRNA experiments samples of macrophages from 15 normal human subjects
were used. The p-values were generated using the unpaired Student’s t-test and p-values
between groups are displayed on histograms. A p-value of less than 0.05 was chosen to
indicate statistical significance between two sample means.

RESULTS

Characterization of adhesion/activation molecules in blood-derived macrophages of MS
patients and normal subjects

The expression levels of multiple macrophage markers were quantified by flow cytometry in
cultured macrophages of normal subjects and MS patients (Figure 1). More than 95% of the
cells stained for CD14 and no significant differences in levels of expression were observed
between the subject groups (Figure 1A). Furthermore, we examined the expression of CCR2
(CD192), which is the receptor for the chemokine MCP-1 and a marker for inflammatory
monocytes (50). Importantly, macrophages of SHP-1 deficient mice display increased levels
of CCR2 (51, 52). Macrophages of MS patients had significantly higher levels of CCR2
compared to normal subjects indicating that MS-derived macrophages have a relatively
heightened inflammatory state. As such, we characterized two other potential activation
markers on these cells. We analyzed the antigenic determinants of CD11b (app> integrin)
and VLA4 (a4B1 integrin), which have been shown to be important in the trafficking,
adhesion, phagocytosis, and migration of macrophages at inflammatory sites (53-56).
Integrin apP, expression was significantly higher in the macrophages of MS patients
compared to normal subjects. In contrast, the expression of integrin a4B1 was not
significantly different between macrophages of MS patients and normal subjects.

SHP-1 Protein and mRNA are lower in macrophages of MS patients

We have previously described that PBMCs of MS patients have decreased expression of
SHP-1 compared to normal subjects (25). Cultured macrophages of MS patients had
significantly lower levels of SHP-1 protein than those of normal subjects measured by
intracellular flow cytometry (Figure 2A & 2B). To corroborate these findings, the levels of
SHP-1 protein in macrophages were measured by western immunoblotting (Figure 2C). On
average, SHP-1 levels in macrophages of MS patients were half the levels of SHP-1 in cells
of normal subjects.
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To examine whether macrophages of MS patients displayed a deficiency in SHP-1 at the
transcriptional level, the levels of SHP-1 mRNA were quantified using primers flanking the
coding region of the gene common to both transcripts (Figure 3). SHP-1 mRNA levels in
macrophages were significantly lower in MS patients compared to normal subjects (Figure
3A). Furthermore, analysis of SHP-1 mRNA expression in individual subject groups did not
show any statistically significant correlation between either age or gender and SHP-1 levels
(data not shown).

SHP-1 promoter Il transcripts are selectively lower in MS patients

In order to determine the individual contribution of each of two known transcripts on the
expression levels of SHP-1 in macrophages, promoter | and 11 transcript copy numbers were
measured using promoter-specific RT-PCR primers. Constitutive levels of SHP-1 promoter |
transcripts were not significantly lower in macrophages in MS patients compared to controls
(Figure 3C). On the other hand, constitutive levels of SHP-1 promoter 11 transcripts were
significantly lower in macrophages of MS patients compared to controls (Figure 3D). Taken
together, we concluded that macrophages of MS patients have constitutively lower levels of
SHP-1 protein and mRNA compared to normal subjects and furthermore that a lack in
promoter Il transcripts is primarily responsible for this deficiency.

Analysis of STAT6 and STATL1 activation in MS macrophages

SHP-1 regulates phosphorylation of several STATSs by enzymatic removal of the phosphate
group from tyrosine either on activated cytokine receptors or downstream signaling
molecules. Thus, SHP-1 modulates STAT activation, translocation into the nucleus, and
transcriptional activity on responsive genes. Because several studies showed that SHP-1
stringently modulates IL-4Ra/STATG6 signaling molecules (31, 32, 34, 57), and STAT6 was
shown to be elevated in MS (23-25), we examined STAT®6 activation in macrophages from
MS patients (Figure 4). For analysis, we measured the level of total STAT6
(unphosphorylated plus phosphorylated) and tyrosine phosphorylated STAT6 (pSTATS6) in
macrophages using intracellular flow cytometry. As expected, macrophages of MS patients
had significantly elevated constitutive phosphorylation of STAT6 compared to macrophages
of normal subjects (Figure 4B). In contrast, there were no differences in the expression
levels of total STAT6 protein (Figure 4A), verifying that the differences observed in
pPSTATS levels are attributed to the relative phosphorylation state of STAT6. Staining the
same cells for SHP-1 revealed a reciprocal expression pattern of SHP-1 and pSTATS6, such
that lower constitutive levels of SHP-1 in MS patients correlated with higher pSTAT6 levels
compared to macrophages of normal subjects (data 18 not shown). Furthermore,
macrophages were treated for 1 hour with IL-4, which induces phosphorylation of STATS,
to determine possible differences in STATG6 activation following engagement of the IL-4
receptor. Treatment with IL-4 caused higher phosphorylation of STAT6 in macrophages of
MS patients compared to normal subjects (Figure 4B). Similar results were obtained when
macrophages were treated with IL-13, another cytokine that mediates STAT6 activation via
the IL-4Ra (data not shown).

Apart from STATS6, there are several other transcription factors that are elevated in MS
patients and are controlled by SHP-1. In particular, tyrosine phosphorylated STAT1 (pY-
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STATL1) that mediates interferon signaling was found to be elevated in MS patients (20, 21)
and is controlled by SHP-1 (29, 30, 58, 59). Therefore, we characterized STAT1 activation
by measuring the level of total STAT1 (unphosphorylated plus phosphorylated, STAT1) and
tyrosine phosphorylated STAT1 (pSTAT1) in macrophages using intracellular flow
cytometry. No differences were observed in total STAT1 protein (Figure 4C). Constitutive
pSTATL, although higher, was not significantly elevated in macrophages of MS patients
compared to normal subjects (Figure 4D). However, 1 hour treatment with IFN-vy resulted in
higher phosphorylation of STAT1 in macrophages of MS patients compared to normal
subjects (Figure 4D). Taken together this data suggest that both STAT6 and STAT1 show
enhanced cytokine-mediated activation in macrophages of MS patients, in accordance with
SHP-1 deficiency relative to normal subject macrophages.

Elevated expression of NF-xB DNA-binding activity and TNF-a/IL-6 secretion in
macrophages of MS patients

Another important transcription factor involved in the pathogenesis of MS is NF-xB (19,
60). Notably, NF-«xB activation was observed in inflammatory macrophages in MS CNS
lesions (61). Several reports have documented the negative regulation of NF-xB by SHP-1
(26, 27, 59, 62, 63). Therefore, it was important to examine NF-xB activation in
macrophages of MS patients (Figure 5A). Macrophages from normal subjects and MS
patients were treated with medium alone, TNF-a or LPS and then nuclear extracts were
isolated and allowed to bind an NF-xB consensus oligonucleotide sequence. Bound NF-xB
was then detected by a p65 (RelA)-specific antibody and quantified based on a calibration
curve generated by using a purified p65 recombinant protein. Constitutively, NF-xB binding
was slightly, but significantly elevated in macrophages of MS patients compared to normal
subjects (Figure 5A). Furthermore, treatment with either T N F-a or LPS dramatically
increased NF-xB binding and importantly nuclear extracts from macrophages of MS patients
showed significantly increased binding compared to macrophages of normal subjects.

In addition, we quantified the secretion of the NF-kB-responsive pro-inflammatory
cytokines TNF-a and IL-6 from macrophages of MS patients compared to normal subjects,
since it was previously shown that a deficiency in SHP-1 leads to higher expression of these
cytokines (9, 27, 62, 64-66) . Macrophages were cultured for 18 hours with either media
alone, TLR ligands or TNF-a and the supernatants were analyzed for the presence of TNF-a
or IL-6 (Figure 5B & 5C). Constitutively, the levels of TNF-a and IL-6 were slightly but
significantly elevated in supernatants of macrophages from MS patients compared normal
subjects. Furthermore, stimulation of macrophages with LPS or dsRNA resulted in a
substantial induction of TNF-a and IL-6 in both subject groups but the induction was
significantly higher in macrophages of MS patients compared to normal subjects. In all,
these data demonstrate that macrophages of MS patients display an enhanced expression of
NF-kB-responsive genes both constitutively and after stimulation with TLR ligands and
cytokines that induce NF-xB.

Lab Invest. Author manuscript; available in PMC 2010 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Christophi et al.

Page 10

Heightened expression of STAT6-, STAT1-, and NF-xB-responsive genes in MS
macrophages

In order to determine whether increased activation of STAT6, STATL, and NF-xB in
macrophages of MS patients relative to normal subjects corresponded to heightened
expression of STAT6-, STAT1-, and NF-xB responsive genes, the mRNA levels of several
genes were quantified following 18-hour treatment with several cytokines (Figure 6). The
expression levels of STAT6-responsive chemokines were of particular interest because these
mediate trafficking, maturation, and attraction of lymphocytes and macrophages to areas of
CNS inflammation (14). CCL17/TARC (67, 68) and CCL11/Eotaxin | (69) were
substantially induced in macrophages following IL-4 treatment and importantly
macrophages of MS patients showed significantly higher induction compared to
macrophages of normal subjects (Figure 6A & 6B). Similar results were obtained when
macrophages were treated with IL-13 (data not shown). Similarly, the mRNA of ADAMBS, a
STAT6-responsive disintegrin matrix metalloproteinase (70, 71) that may be involved in
demyelination (72), was induced at higher levels in macrophages of MS patients compared
to macrophages of normal subjects following IL-4 treatment (data not shown). Taken
together, in agreement with depressed SHP-1 levels, macrophages of MS patients display
increased STAT6 activation and increased expression of STAT6-responsive gene
expression.

Furthermore, because SHP-1 controls STAT1 activation (29, 30, 58, 73), we examined the
expression of STAT1-responsive genes following cytokine stimulation (Figure 6). The
chemokine IP-10, a STAT1-inducible chemokine that was previously shown to be elevated
in MS (74-78), was highly induced by IFN-y and moderately induced by LPS in MS
macrophages. Moreover, IP-10 was induced to significantly higher levels in MS
macrophages compared to normal subject macrophages (Figure 6C). Similarly, caspase 1, a
STAT1-inducible enzyme involved in IL-1f3-mediated inflammation (79-81), was
significantly induced to higher levels by IFN-y in MS macrophages compared to
macrophages of normal subjects (Figure 6D). These data suggest that STAT1
phosphorylation and STAT1-responsive genes show enhanced activation in macrophages of
MS patients compared to macrophages of normal subjects.

Moreover, since NF-kB binding was elevated in macrophages of MS patients, we wanted to
examine whether NF-kB-responsive genes were elevated in macrophages of MS patients.
Therefore, we quantified the expression of the NF-xB inducible chemokine MCP-1 and
cyclooxygenase-2 (COX-2) (82, 83) with real time RT-PCR (Figure 6E & 6F). MCP-1 and
COX-2 genes showed substantially higher induction in macrophages of MS patients
compared to normal subjects following treatment with either TNF-a or LPS. These data
further demonstrate that NF-xB activation and NF-xB-responsive genes are elevated in
macrophages of MS patients compared to normal subjects.

Arginase | and iNOS expression and activity are enhanced in macrophages of MS patients

Several reports in mouse models point to the importance of different macrophage activation
profiles in specific types of inflammatory disease (84). Recently characterized macrophage
profiles are the classically activated (or M1 macrophages) that display increased
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STATL/NF-xB-responsive genes including inducible nitric oxide synthase (iNOS) and
alternatively activated (or M2 macrophages) that display increased STAT6-responsive genes
including arginase I. Interestingly, there is usually a profound antagonism of differentiation
towards either M1 or M2 macrophage activation profile such that dual expression of INOS
and arginase | is seldomly observed (85-88). Using this paradigm, we determined whether
MS macrophages might be preferentially skewed toward either the M1 or M2 profile relative
to those of normal subjects.

Examination of constitutive INOS mRNA expression and nitric oxide (NO) production
showed no differences between MS and normal subject macrophages (Figure 7). TNF-a and
IFN-y moderately and LPS substantially induced iNOS mRNA expression and NO
production in macrophages (Figure 7A & 7B). Importantly, macrophages from MS patients
showed a significantly higher INOS mRNA expression and NO production following
cytokine stimulation compared to macrophages from normal subjects. With respect to
constitutive arginase | expression, we found higher levels of both arginase | protein, mRNA,
and enzymatic activity in MS compared to normal subject macrophages (Figure 6C-E).
Moreover, when macrophages were exposed to M2-inducing cytokine I1L-4, MS
macrophages expressed more arginase | than normal subject macrophages. These data
indicated that MS macrophages may be constitutively skewed towards M2 activation profile
in vitro and this skewing may be further reinforced by IL-4. Nonetheless, MS macrophages
also display M1-skewedness relative to normal subject macrophage following exposure to
M1-inducing cytokines such as IFN-y and TNF-a. The latter indicates the extreme plasticity
of MS macrophages relative to normal subject macrophages and the potential importance of
the cytokine milieu in determining the ultimate balance between M1 and M2 phenotype of
these cells.

SHP-1 depletion in normal subject macrophages enhances their inflammatory profile

To examine whether decreased SHP-1 levels are directly responsible for transcription factor
activation and inflammatory gene expression in macrophages, macrophages of normal
subjects were treated with siRNA to acutely deplete SHP-1 (Figure 8). First, we observed
that SHP-1 protein was substantially depleted by more than 5-fold in the macrophages
treated with the SHP-1 siRNA compared to the macrophages treated with control sSiRNA of
scrambled sequence (Figure 8A). Accordingly, SHP-1 depletion resulted in a considerable
increase of the STAT6-responsive arginase | protein (Figure 8A) and mRNA (data not
shown).

Further, we investigated whether lowered SHP-1 levels in normal human macrophages
treated with siRNA led to enhanced activation of STAT6 and STAT1. SHP-1 depletion
resulted in a significant increase in constitutive STAT6 phosphorylation and to a
significantly higher induction of pSTATG in response to 1-hour treatment with IL-4 (Figure
8B). Similar results were obtained when macrophages were treated with I1L-13, another
cytokine that mediates STAT6 activation via the IL-4Ra (data not shown). In addition,
although SHP-1 depletion did not result in a significant increase of constitutive STAT1
phosphorylation, IFN-y treatment for 1 hour induced significantly higher pSTAT1 levels in
SHP-1 depleted macrophages compared to control macrophages treated with scrambled
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siRNA (Figure 8C). To further validate that SHP-1 controls STAT6 and STATL1 activation,
we examined the expression of STAT6- and STAT1- responsive genes in macrophages of
normal subjects that were treated with either scramble siRNA or SHP-1 siRNA. The
STAT6-inducible genes CCL17 (Figure 8D), Arginase |, CCL11, and ADAMS (data not
shown) were significantly induced to higher levels in SHP-1-depleted macrophages
following an 18-hour IL-4 stimulation. Similarly, the STAT1-inducible genes IP-10 (Figure
8E) and caspase 1 (data not shown) were induced at significantly higher levels in SHP-1
depleted macrophages following IFN-y treatment. Taken together, these results point to the
important role of SHP-1 in down-modulating pro-inflammatory STAT6 and STAT1
activities in human macrophages.

Furthermore, we examined the role of SHP-1 in controlling NF-xB-responsive genes in
human macrophages. First MRNA levels of the NF-xB-inducible chemokine MCP-1 (Figure
8F) and COX-2 (data not shown) were induced at significantly higher levels in SHP-1-
depleted macrophages following TNF-a or LPS treatment. Furthermore, the secretion of
TNF-a and IL-6 in SHP-1 depleted macrophages was significantly higher following LPS or
dsRNA stimulation compared to macrophages treated with scramble siRNA (Figure 8G &
8H). Additionally, TNF-a or LPS treatment led to a significantly higher production of NO in
SHP-1-depleted macrophages compared to macrophages treated with scramble sSiRNA
(Figure 8l). Taken together, we concluded that depressed levels o f S H P-1 in human
macrophages led to a unique co-activation of STAT6/STAT1/NF-xB-responsive pro-
inflammatory genes relative to normal subject macrophages. With the observation of
heightened CCR2 (Figure 1), we propose that MS macrophages may be inherently
inflammatory in nature.

DISCUSSION

In multiple sclerosis and animal models for MS, intense macrophage infiltration is present in
active demyelinating lesions and both their nmbers and differentiation/activation correlates
with disease severity (2, 4, 5, 89, 90). Macrophages can mediate myelin phagocytosis,
degradation, oligodendrogliopathy, and axonal loss both through cell-mediated processes
and the secretion of inflammatory mediators (1, 7, 90, 91). Based on our recent report of
increase demyelinating activity of macrophages in me/me mice (9), a key question was
whether macrophages of MS patients display similar defects in modulation of pro-
inflammatory cytokine signaling that may contribute to activated inflammatory profile and
demyelinating activity.

Therefore, we analyzed the expression and function of SHP-1 as a possible cause of
enhanced macrophage inflammatory activity in MS. Examining monocyte-derived
macrophages from MS patients and normal subjects revealed that SHP-1 was deficient in
macrophages of MS patients. Interestingly, this SHP-1 deficiency corresponded to a
diminished expression of SHP-1 promoter Il transcripts suggesting a specific alteration in
promoter 11 function in MS. Accordingly, macrophages from MS patients displayed
enhanced STAT6, STATL, and NF-xB activity, transcription factors that were previously
shown to be modulated by SHP-1 in various cell types including mouse macrophages (9). In
turn, several STAT6-, STAT1-, and NF-xB-inducible genes that have been shown to play
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role in the mechanism of inflammatory demyelination were shown to be both higher in
macrophages of MS patients and regulated by SHP-1.

The relevance of the present findings to the pathogenetic mechanisms of MS is supported by
previous reports on activation of signaling molecules in the CNS of MS subjects that are
regulated by SHP-1. For instance, phosphorylated STAT6 was found to be highly expressed
in MS lesions (24), normal appearing white matter of MS patients (23) and leukocytes of
MS patients (25). Furthermore, macrophages of mice that lack SHP-1 show increased
constitutive activation of STAT6 and heightened levels of STAT6-inducible genes (25).
Moreover, the lack of SHP-1 leads to severe macrophage-mediated CNS demyelination
following TMEV infection (9, 31, 37). Thus, the present study suggests that STAT6
activation and expression of several genes with confirmed STAT6-responsive elements in
macrophages may have functional significance to the pathophysiology of MS. For example,
the chemokines CCL17/TARC and CCL11/Eotaxin, which attract inflammatory cells to
demyelinating lesions, were elevated in macrophages of MS patients and the expression of
these chemokines is controlled by SHP-1 (92-94).

Analysis of other STAT6-responsive genes showed that the matrix metalloproteinase
ADAMBS is elevated in macrophages of MS patients and SHP-1 controls its expression.
Proteinases may be involved in the pathogenesis of MS, since these can mediate the
proteolysis of extracellular matrix molecules, disrupt the blood brain barrier, and promote
leukocyte entry into the brain parenchyma (95). ADAMS which is highly expressed in
macrophages was shown to hydrolyze myelin basic protein (72) and can therefore directly
contribute to demyelination. In addition, arginase | is a STAT6-responsive gene that has
been shown to be constitutively elevated in the CNS of SHP-1-deficient mice and plays an
important role in virus-induced demyelinating disease (31). Also, arginase | inhibition
results in attenuation of EAE onset and progression (73). Interestingly, the increased levels
of arginase | in MS macrophages might make these cells more susceptible to viral infections
relevant to MS pathogenesis (31). Although the mechanism by which arginase | activity may
promote inflammatory demyelination still remains to be elucidated, its role in MS in light of
the present findings should be further investigated.

Apart from STATS6, there are several other transcription factors that were previously shown
to be elevated in MS patients and are controlled by SHP-1. In particular, tyrosine
phosphorylated STAT1 (pY-STAT1) that mediates interferon signaling was found to be
elevated in MS patients and controlled by SHP-1 (20-22, 30, 58). In agreement with those
studies, we found that STAT1 activation is enhanced in macrophages of MS patients
following IFN-y stimulation. Furthermore, STAT1-inducible genes like the chemokine
IP-10 and caspase 1 are elevated in macrophages of MS patients consistent with a role for
STAT1 in expression of these genes (74-79, 96). Thus, lower levels of SHP-1 seen in
macrophages of MS patients may lead to activation of STAT1 and STAT1-inducible genes
that play a role the pathogenesis of MS.

Furthermore, the transcription factor NF-xB mediates pro-inflammatory cytokine signaling
and is elevated in MS PBMCs (19) and macrophages in MS lesions (60, 61). Thus, it may be
important that mice genetically lacking SHP-1 show elevated NF-xB activity and increased
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NF-xB inducible genes in both CNS glia and hematopoietic cells (9, 26, 27, 59, 94).
Therefore it was imperative to investigate whether NF-kB-responsive genes were elevated in
macrophages of MS patients. Both the chemokine MCP-1 and COX-2 showed significantly
elevated induction in macrophages from MS patients compared to normal subjects reflecting
the increased NF-xB binding activity observed in MS macrophages. In addition, the
inflammatory cytokines TNF-a and IL-6, which are regulated by NF-xB, were secreted at
higher levels in macrophages of MS patients compared to macrophages of normal subjects
following LPS or dsRNA stimulation which signal via TLR4 and TLR3 respectively to
activate NF-xB.

Considering that SHP-1-depleted macrophages of normal subjects display a very similar
inflammatory profile to macrophages of MS patients, it is likely that the deficiency of SHP-1
seen in macrophages of MS patients is directly responsible for the increased inflammatory
profile. As such, the classification of macrophage phenotypic markers may be an important
consideration in MS. Several reports in mouse models point to the importance of different
macrophage activation profiles in specific types of inflammatory disease (84). For instance,
so-called classically activated or M1 macrophages display increased STAT1- and NF-xB-
responsive genes, which have been shown to be critical for eradicating various intracellular
microbes and causing some types of autoaggressive tissue inflammation such as rheumatoid
arthritis. Conversely, so-called “alternatively activated” or M2 macrophages display
increased STAT6-responsive genes including arginase | and may be more important for
eradicating helminthes and promoting allergic-type inflammatory diseases. Importantly,
there is usually a profound antagonism between differentiation towards either M1 or M2
macrophage activation profiles such that dual expression of M1 and M2 genes are rarely
seen. In possible distinction to these prior classifications, the present study indicates that
macrophages of MS patients may exhibit abnormally high activation of either STATS,
STAT1 or NF-xB, depending on the nature of cytokine stimulation. As such, a deficiency in
SHP-1 may allow an aberrant co-activation of STAT6/STAT1/NF-kB responsive genes in
MS macrophages especially in vivo where these cells may be simultaneously exposed to
both M1- and M2-skewing cytokines. If so, the inflammatory nature of these macrophages
may be unique and perhaps possess a corresponding enhanced demyelinating capacity.

Such a concurrent activation of normally opposed pathways in MS macrophages is
supported by observations of patterns of gene expression in leukocytes including
macrophages in MS, where increased co-expression of STAT6/STAT1/NF-xB-responsive
genes is observed (20, 21, 24, 25). Adding to the promotion of broad activation phenotype of
macrophages in MS are reports showing that high levels of both Th1 and Th2 cytokines are
co-expressed in MS. For instance, cultured myeloid dendritic cells from RR MS patients
polarize naive T-cells to both Thl and Th2 and induce increased levels of IFN-v, 1L-4/1L13,
and TNF-a (97, 98). In accord with these findings, several studies demonstrate that plasma,
leukocytes, and CSF of patients with active MS show a concurrent increase of IFN-y, 1L-4/
IL13, and TNF-a levels compared to normal subjects (99-107).

The high levels of plasma cytokines certainly contributes to the enhanced transcription
factor activation previously observed in freshly isolated peripheral blood cells of MS
patients (19, 21, 22). In distinction to these prior studies, the present study exclusively
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employs cultured macrophages of MS patients and normal subjects, which offers the
advantage of allowing stimulation of the cells with equal amounts of the cytokines IFN-v,
IL-4, and TNF-a and therefore examining intrinsic differences in cytokine signaling.
Therefore, apart from the elevated cytokine levels that are observed in MS patients, this
study further documents that macrophages of MS patients display enhanced signaling in
response to both Th1 and Th2 pro-inflammatory cytokines and therefore the lack of SHP-1
may be responsible for a broad inflammatory profile of these cells.

Another question that arises is how the SHP-1 deficiency observed in peripheral
macrophages of MS patients might only be manifested as CNS inflammatory demyelination
in MS patients. One possibility is that persistent CNS viruses might attract macrophages into
the CNS and the lower levels of SHP-1 in MS macrophages enhance migration to and
demyelinating activity with the CNS. The latter is supported by studies showing that TMEV
infection in SHP-1-deficient mice results in severe CNS demyelination that is exclusively
macrophage-mediated (108). Furthermore, deficiency of SHP-1 in macrophages enhances
responsiveness to chemokines including MCP-1 that play an important role in macrophage-
mediated demyelination (9, 51). Another possibility is that macrophages are attracted into
the CNS through myelin-specific autoimmune events. Once macrophages enter the CNS, the
SHP-1-deficiency can contribute to enhanced Fc-gamma receptor mediated myelin
phagocytosis in the presence of antibodies and complement (12, 109-111). These
hypotheses indicate a two-step process in which SHP-1-deficiency in macrophages is a
precondition to tissue specific inflammation triggered by a CNS specific inflammatory
signal. The latter is consistent with a recent mouse study in which SHP-1 deficiency alone
does result in inflammatory disease but rather establishes a permissive state in which
microbial infection triggers inflammation and autoimmunity (28).

Two distinct promoters drive the expression of two different SHP-1 transcripts from the
SHP-1 gene (112-114). Here, we demonstrated that promoter 11 transcripts, which are
preferentially expressed in hematopoetic cells, are selectively lower in macrophages of MS
patients compared to normal subjects. The question thus arises as to the potential genetic
basis for deficient SHP-1 promoter Il activity in MS leukocytes. Several studies have
examined the contribution of genetics in MS (115-118) and with exception to some weak
association in some populations, no study has shown an absolute linkage to the SHP-1 locus,
chromosome 12p12 (119) that would explain a wide-spread deficiency in promoter Il
expression in MS patients. As such, alternative mechanisms need to be considered including
epigenetic alterations in promoter activity. Indeed, numerous reports document the down-
regulation of SHP-1 promoter I transcripts in leukemia/lymphoma cell lines and attribute
SHP-1 deficiency to epigenetic methylation of particular CpG sites of SHP-1 promoter Il
(120, 121). Interestingly, in the context of MS, either viral infections (122-127) or
inflammation (128-131) can cause de novo methylation or hypermethylate CpG promoter
sequences resulting in decreased gene expression. Furthermore, a recent studies report that
HTLV-1, which has been associated with the CNS demyelinating disease known as
HAM/TSP (HTLV-1 associated myelopathy/Tropical Spastic Paparparesis) (132),
profoundly and specifically suppresses SHP-1 expression through methylation of the SHP-1
promoter 11 (133, 134). In accordance with these reports, preliminary data indicate that
treatment of PMBCs of MS patients with the demethylating agent 2'-deoxy-5-azacytidine
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increase SHP-1 promoter |1 transcripts to normal levels (personal unpublished observations).
Whether a stable epigenetic modification of promoter Il or another mechanism results in a
deficiency in SHP-1 expression in macrophages from MS patients requires further
investigation.
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macrophages of MS patients and normal subjects using flow cytometry. Macrophages of MS
patients and normal subjects were stained with antibodies against A. CD14, B. CD192
(CCR2), C. CD11b (integrin appBy), and D. VLA-4 (integrin a4B1). The histogram overlays
are labeled as follows: shaded histogram for isotype control, solid line for normal subject,
and dashed line for MS patient. The levels of each antigen were quantified based on the
relative Mean Fluorescence Intensity (MFI) and normalized to normal subjects represented

as 1.
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Figure2.
SHP-1 protein expression in macrophages of MS patients compared to normal subjects A.

SHP-1 protein levels of MS patients and normal subjects were measured with intracellular
flow cytometry. The histograms are labeled as follows: shaded histogram for isotype
control, solid line for normal subject, and dashed line for MS patient. B. SHP-1 expression
was measured by flow cytometry and quantified using the Mean Fluorescence Intensity
(MFI). SHP-1 levels from 24 normal subjects and 27 MS patients were normalized to
average SHP-1 levels in normal subjects represented as 1 C. Western blot analysis of SHP-1
and actin in macrophages MS patients compared to normal subjects. D. SHP-1 protein in
macrophages of MS patients and normal subjects measured by Western immunoblot was
guantified by measuring the pixel density.
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Figure 3.

SHP-1 mRNA levels in macrophages of MS patients compared to normal subjects. The
absolute mRNA transcript copy numbers per 10ng of total RNA were quantified using real
time RT-PCR in MS patients and normal subjects. A. The levels of the common SHP-1
transcript, B. the housekeeping gene GAPDH, C. the SHP-1 promoter | transcripts, and D.
the SHP-1 promoter Il transcripts were quantified with real time RT-PCR in macrophages of
MS patients and normal subjects
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STATG6 and STAT1 activation in macrophages of MS patients and normal subjects. Total
STATS, tyrosine phosphorylated STAT6 (pSTATS6), total STATL, and tyrosine
phosphorylated STAT1 (pSTAT1) levels in macrophages of MS patients compared to
normal subjects. Macrophages of MS patients and normal subjects were fixed,
permeabilized, and stained with antibodies against either against total STAT6, pSTAS,
STAT1, or pSTATL. The histogram overlays are labeled as follows: shaded histogram for
isotype control, solid line for normal subject, and dashed line for MS patient. A & B. The
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levels of STAT6 and pSTATG6 were quantified based on the relative MFI in macrophages of
MS patients and normal subjects before and after 1-hour treatment with IL-4. C & D. The
levels of STAT1 and pSTAT1 were quantified based on the relative MFI in macrophages of
MS patients and normal subjects before and after 1-hour treatment with IFN-y.
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Figure5.

NF-kB activation in macrophages of MS patients and normal subjects. A. Macrophages
from normal subjects and MS patients were treated with media alone, TNF-a or LPS for 1
hour and nuclear extracts were isolated and allowed to bind an NF-xB consensus-binding
sequence. Bound NF-xB was then detected by a p65 specific antibody and quantified based
on a calibration curve generated by using a purified p65 recombinant protein. The NF-xB
DNA binding activity is reported as ng of bound p65 protein per 10ug of macrophage
nuclear extracts. B. & C. TNF-a and IL-6 secretion was quantified in macrophages of MS
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patients and normal subjects. Macrophages were cultured in media alone or in the presence
of the TLR ligands, LPS and dsRNA for 18 hours and supernatants were analyzed for TNF-
a or IL-6 by ELISA.
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Gene profile of macrophages of MS patients and normal subjects. A number of genes that
are STAT6-, STAT1-, or NF-kB-inducible were quantified in macrophages of normal
subjects and MS patients before and after 18-hour treatment with TNF-a, 1L-4, IFN-v, and
LPS. Real time RT-PCR was used to measure the mRNA levels of CCL17/TARC, CCL11/
eotaxin, CXCL10/IP-10, Caspase I, CCL2/MCP-1, and Cyclooxygenase Il (COX-2). The
actual transcript copy number of each gene is reported in relation to the untreated normal

subjects, which is designated as 1.
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Figure7.
Arginase | and iNOS expression and activity in macrophages of MS patients and normal

subjects. A. Inducible Nitric Oxide Synthase (iNOS) mMRNA expression was quantified in
macrophages of normal subjects and MS patients before and after 18-hour treatment with
TNF-a, IL-4, IFN-v, and LPS by real-time RT-PCR. B. Similarly, the levels of nitrite, as an
indicator of Nitric Oxide (NO) production, were quantified in the supernatants of
macrophages from MS patients and normal subjects that were treated with TNF-a, 1L-4,
IFN-v, and LPS. C. Arginase | and actin protein expression were measured in macrophages
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of MS patients compared to normal subjects by Western blot analysis. D. The enzymatic
activity of arginase was quantified in macrophages of MS patients and normal subjects. E.
Arginase | mMRNA expression was quantified in macrophages of normal subjects and MS
patients before and after 18-hour treatment with TNF-a, IL-4, IFN-vy, and LPS by real-time
RT-PCR.
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Figure8.

SHP-1 was depleted in macrophages of normal subjects using

SiRNA and the inflammatory

profile is the context of SHP-1 deficiency was characterized. A. Macrophages of normal
subjects were treated with SHP-1 siRNA or control siRNA (scramble sequences) and the
levels of SHP-1, arginase I, and actin protein levels were quantified by Western immonoblot
analysis. In the same panel the amount SHP-1 and arginase protein measured by Western
immunoblot were quantified by measuring the pixel density. Results were normalized to
macrophages treated with scramble siRNA represented as 1. B. & C. Phosphorylated STAT6
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(pSTAT6) and STAT1 (pSTATL) were quantified by intracellular flow cytometry in normal
subject macrophages that were treated with either SHP-1 siRNA or control siRNA. pSTAT6
and pSTAT1 were also quantified following 1 hour treatment with 1L-4 or IFN-y
respectively. D.-G. Macrophages of normal subjects were pre-treated with SHP-1 siRNA or
control siRNA and then treated with IL-4, LPS, IFN-y, or TNF-a for 18hrs. The mRNA
levels of CCL17/TARC, CXCL10/IP-10, and CCL2/MCP-1 were quantified by real-time
RT-PCR. G. & H. TNF-a and IL-6 secretion was quantified in macrophages of normal
subjects that were pre-treated with SHP-1 siRNA or control siRNA. Macrophages were
cultured in media alone or in the presence of the TLR ligands, LPS and dsRNA for 18 hours
and supernatants were analyzed for TNF-a or IL-6 by ELISA. 1. The levels of nitrite, as a
indicator of Nitric Oxide (NO) production, were quantified in the supernatants of
macrophages from normal subjects that were pre-treated with SHP-1 siRNA or control
siRNA macrophages following treatment with TNF-a or LPS.
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Table 1
Biometric data of M S patients and normal subjectsused in the study

The data are shown in mean value + SD. For the gender F stands for females and M stands for males. The age
at onset of clinically diagnosed MS and disease duration are shown in years. The clinical symptoms were
measured on Kurtzuke’s Expanded Disability Status Scale (EDSS) at the time the blood was drawn.

Number of Age Gender Ageat Disease EDSS

Subjects  (Years) Onset Duration  Score
Normal Subjects 24 39+11  16F,8M
M S Patients 27 44+12  20F, 7M 3619 6.8+4.0 3.6+1.6
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