High Plasma Levels of MCP-1 and Eotaxin
Provide Evidence for an Immunological
Basis of Fibromyalgia
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Fibromyalgia (FMS), a predominantly female (85%) syndrome,
affects an estimated 2% of the US population with skeletal
muscle ache, fatigue, headache, and sleep disorder. The patho-
genesis of FMS is unknown and there is no laboratory test for
diagnosis. In this study, plasma levels of 25 cytokines and
chemokines in 92 female patients with FMS and 69 family
members were measured compared to 77 controls. Trans-
endothelial migration of normal leukocytes in response to FMS
plasma and the cytokine profile of human myoblasts were
analyzed. High levels of MCP-1 (P < 0.001) and eotaxin (P < 0.01)
were found in patients and family members compared to
controls. Patients (56/92) treated with the single agent guaife-
nesin (>3 months) had higher levels of eotaxin than those not
treated (P < 0.01). Diluted plasma from patients increased the
migration of normal eosinophils and monocytes, but not
neutrophils, through an endothelial/Matrigel barrier only when
mast cells are included in the lower wells (P < 0.05).
Furthermore, myoblasts can secrete MCP-1, eotaxin, and IP-10,
while treatment with MCP-1 caused secretion of IL-1§, eotaxin
and IP-10. FMS is associated with inflammatory chemokines,
that MCP-1 and eotaxin may contribute to the symptoms of FMS,
and that similar cytokine profiles found in family members
support the idea that FMS has a genetic component. Further-
more, the chemokine profile associated with FMS has direct
effects on the migration of eosinophils and monocytes in the
presence of mast cells, and skeletal muscie itself may secrete
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Introduction

Fibromyalgia (FMS) is a syndrome of unknown
etiology characterized by chronic widespread joint and
muscle pain and found predominantly in females (80%-—
90%). Work disability is a serious concern in FMS (1) with
the potential for a large economic impact since FMS affects
approximately 2% of the US population (2). The American
College of Rheumatology’s criteria for FMS include diffuse
soft tissue pain of at least 3 months duration and pain on
palpation in at least 11 of 18 paired tender points (3). In half
of all patients, symptoms appear after a flu-like illness or
after physical or emotional trauma (4). Approximately 30%
of patients with FMS are diagnosed as having concurrent
depression or anxiety disorders (5). Patients are usually
diagnosed between the ages of 20 and 50 years, but the
incidence rises with age so that, by age 80, approximately
8% of adults meet the classification criteria established by
the American College of Rheumatology (6). The patho-
genesis of FMS is unknown, although abnormalities in the
musculoskeletal system, the neuroendocrine system and the
central nervous system have been proposed (7), as well as
correlations to genotypes of the catechol-O-methyltransfer-
ase (8) and dopamine D4 receptor (9). The drug therapy for
FMS is largely symptomatic, including muscle relaxants,
pain medicines, antidepressants, and sleep medicines. The
strategy in treating FMS is to decrease pain and to increase
function without promoting polypharmacy. The main
challenge in evaluating patients with suspected FMS is that
there is no gold standard test for diagnosis. It is primarily a
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diagnosis of exclusion, established only after other causes of
joint or muscle pain are ruled out.

Based on the hypothesis that immunological dysfunc-
tion plays an important role in FMS and that FMS has a
family basis, our investigation assessed cytokine and
chemokine plasma levels in patients with FMS and their
family members and evaluated their presumable diagnostic
value. High levels of eotaxin and MCP-1 were found in
patients and family members compared to controls. Diluted
plasma from patients increased the migration of normal
eosinophils and monocytes, but not neutrophils, through an
endothelial/Matrigel barrier only when mast cells are
included in the lower wells. Furthermore, myoblasts can
secrete MCP-1, eotaxin, and IP-10, while treatment with
MCP-1 caused secretion of IL-1f3, eotaxin and IP-10. These
results suggest that FMS is associated with inflammatory
chemokines, that eotaxin and MCP-1 may contribute to the
symptoms of FMS, and that similar cytokine profiles found
in family members support the idea that FMS has a genetic
component.

Materials and Methods

Study Participants. The study population consisted
of 92 patients with FMS (females, mean age 43 = 15 years,
range 16-69) fulfilling the American College of Rheuma-
tology criteria of FMS, 69 family members (25 females,
mean age 52 * 15 years, range 20-73, and 44 males, mean
age 56 *= 15 years, range 20-74). 56/92 (60%) of the
patients with FMS were treated with guaifenesin (100-600
mg/day for at least 3 months) and the remainder had not
been treated with guaifenesin for at least 3 months. Healthy
controls consisted of 77 anonymous discard blood samples
taken from the City of Hope Blood Bank (48 females, mean
age 47 = 9 years, range 27-67, and 29 males, mean age
42 * 11 years, range 19-59). Patients and their family
members were recruited from Fibromyalgia Treatment
Center of Los Angeles. Before inclusion in the study,
informed consent was obtained from patients and their
family members. This study was approved by the City of
Hope Institutional Review Board.

Plasma Sample. Blood samples obtained from pa-
tients, their family members, and controls were coded and
treated anonymously throughout the analysis. Platelet-rich
plasma (PRP) and platelet-free plasma (PFP) were prepared
according to Aras et al. (10). Briefly, PRP was obtained by
centrifugation at 1400 rpm for 15 min and PFP was obtained
by double centrifugation, first at 1200 g for 15 minutes, and
subsequently at 12,000 g for 12 minutes at 20°C. PRP and
PFP were stored at —20°C for future use. PRP was used for
cytokine multiplex analysis and PFP for transendothelial
migration assays (TEM). The DuoSet® ELISA Develop-
ment System Kits for Human MCP-3 and Eotaxin-3 from
R&D Systems, Inc. (Minneapolis, MN) were used to
determine the level of plasma MCP-3 and Eotaxin-3.

Cell Separation. Neutrophils and peripheral blood
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mononuclear cells (PBMC) were isolated from citrated
blood of single healthy donors by Ficoll-Hypaque (Pharma-
cia Biotech, Uppsala, Sweden) density gradient centrifuga-
tion as recommended by the manufacturer and the purity of
neutrophils were greater than 95% in all cases. Eosinophils
were collected and separated using Eosinophil Isolation Kit
(Miltenyi Biotec Inc., Auburn, CA) from neutrophils
according to the manufacturer’s protocol. Monocytes were
collected and separated using Monocyte Isolation Kit II
(Miltenyi Biotec Inc., Auburn, CA) from peripheral blood
mononuclear cells. The purity eosinophils or monocytes
were respectively stained with anti-CCR3-PE and CD16-
PerCP-Cy5.5 or CD14-FITC and checked by using flow
cytometry FACSCalibur (BD Biosciences, San Jose, CA
95131). Eosinophils are showed as CCR3'TCD16™ cells, and
monocytes as CD14" cells. Neutrophils, eosinophils, and
monocytes were labeled with either 5 uM CFESE for 5 min at
room temperature in PBS. After washed twice, neutrophils,
eosinophils, and monocytes were suspended in migration
medium (RPMI 1640 without phenol red, supplemented
with 100 U/ml penicillin, 100 mg/ml streptomycin, 1 mM L-
glutamine) with cells concentration of neutrophils 5 X 10/
ml, eosinophils 5 X 10° /mL, and monocytes 2 X 10%/mL.

Cell Lines. Human umbilical vein endothelial cells
(HUVEC) and endothelial growth medium (EGM) supple-
mented with Bovine Brain Extract (3 mg/ml) were obtained
from Cambrex Bio Science Walkersville, Inc. (Chicago, IL)
and cultured in 75-cm? culture flasks and maintained in
EGM at 37°C in 5% CO, atmosphere. All experiments were
performed on cells at passages 3—4 of their growth kinetics
to ensure consistency.

The human mast cell line HMC-1 was kindly provided
by Dr. J. H. Butterfield (Mayo Clinic, Rochester, MN) (11).
HMC-1 were grown in IMDM with 10% FCS, 2 mM L-
glutamine, 1.2 mM a-thioglycerol (Sigma, St. Louis, MO)
and antibiotics at 5% CO,, 37°C. HMC-1 was used at cell
concentration of 1 X 10%/mL.

Myoblast and skeletal muscle cell medium BulletKit®
(containing skeletal muscle cell basal medium, EGF,
insulin, dexamethasone, Gentamicin sulfate, Amphoteri-
cin-B, and Bovine serum albumin) were purchased from
Cambrex Bio Science Walkersville, Inc. Cells were seeded
in 24-well plates at 10,000 cells/cm?, grown to confluency,
treated with MCP-1, eotaxin, IL-13, or [FNg for 48 h, and
supernatants harvested for cytokine multiplex analysis.

Cell Migration Assay. Transendothelial migration
(TEM) was quantified using the Transwell System (3-pm
pore size, BD Falcon, Chicago, IL). HUVEC at 4 X 10°
cells/insert were seeded in 100 pl EGM on Matrigel-coated
membranes (6.5 mm diameter, polycarbonate membrane
with 3-pm pores), and were placed in 24-well culture plates.
HUVEC were cultured for 5 days to form a tight monolayer,
and permeability measured with FITC-labeled albumin (12).
TEM were used when albumin diffusion was <5% of
equilibrium. Eight patient or healthy control PFPs were
diluted 1:10 with migration medium. HMC-1 (1 X 104/mL)
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Table 1. Baseline Characteristics of FMS Patients and Family Members?
Demographic Healthy controls FMS Family members without FMS
characteristics (n=77) (n=92) (n = 69)

Sex—no. (%)?

Female 48 (62%) 92 (100%) 25 (36%)

Male 29 (38%) 44 (64%)
Age—yr®

Mean 47 £ 9 43 = 15 55 + 15

Range 19-67 1669 20-76
Time since diagnosis—yr

Mean 48 =58

Range 021
Family history—no. (%)

Positive 92 (100%) 69 (100%)

Negative 77 (100%)
Baseline symptoms—no. (%)

Pain 91 (99%)

Fatigue 87 (95%)

Headache 81 (89%)

Irritability 80 (87%)

Insomnia 76 (83%)
Treatment with guaifenesin—no. (%) 56 (60%)

2 Values are means + SD where shown.

bvalues are given for the 92 FMS patients, 77 healthy controls, and 69 FMS family members.

were suspended in 10% PFP migration medium and added
to lower chambers in quadruplicate. CFSE (carboxy
fluorescein diacetate succimidyl ester, Molecular Probes,
Eugene, OR) labeled eosinophils (5 X 10* cells), monocytes
(2 X 10° cells) or neutrophils (5 X 10° cells) were added to
upper wells, incubated at 37°C for 3 h, and the inserts were
removed by gently scraping the bottom surfaces of the filters
several times to dislodge the cells adhering to the under-
surface of the endothelial cell-covered filters. Cell numbers
in the lower wells were measured at 495 nm on the Victor V
plate reader (PerkinElmer, Woodbridge, Canada).
Cytokine Muiltiplex Analysis. PRP and the super-
natant of myoblasts were analyzed for 25 cytokines using
Human Cytokine Twenty-Five-Plex Antibody Bead Kit
(Biosource International, Camarillo, CA) as per the
manufacturer’s protocol (13). Briefly, Biosource’s multiplex
bead solutions were vortexed for 20 s and 25 pl was added
to each well and washed twice with wash buffer. The
samples were diluted 1:2 with assay diluent and loaded onto
Millipore Multiscreen BV 96-well filter plate; 50 pl of
incubation buffer had been added previously to each well.
Serial dilutions of cytokine standards were prepared in
parallel and added to the plate. Samples were incubated on a
plate shaker at 600 revolutions/min in the dark at room
temperature for 2 hours. The plate was applied to a
Millipore Multiscreen Vacuum Manifold and washed three
times with 200 pl of wash buffer. One hundred pl of
biotinylated Anti-Human Multi-Cytokine Reporter was
added to each well. The plate was incubated on a plate
shakeér for 1 hour. After washing three times with 200 pl of
wash buffer, streptavidin-phycoerythrin (100 pl) was added
to each well. The plate was incubated on a plate shaker for

30 min. The plate was applied to the vacuum manifold,
washed three times, and each well was resuspended in 100
pl wash buffer and shaken for 1 min. The assay plate was
transferred to the Bioplex HTF Luminex reader (Bio-Rad
Laboratories, Inc., Hercules, CA) instrument for analysis.
Cytokine concentrations were calculated using Bio-Plex
Manager 3.0 software with a five parameter curve-fitting
algorithm applied for standard curve calculations for
duplicate samples.

Statistical Analysis. Assay results are expressed as
means = SD or = SE, as specified in the tables. Unpaired
Student’s ¢ tests were used for comparisons in Table 2. All P
values are two-sided. The 25 assays were screened for
association with the six groups of study subjects using an F
test with 5 degrees of freedom. Assays with P < 0.002 were
investigated jointly using recursive partitioning to discrim-
inate cases with and without guaifenesin and controls. The
assays identified were further investigated using logistic
regression to discriminate cases from controls. Each of the
assays noted in Figure 4 was identified by both methods.
Correlations were performed by the Pearson correlation
methods. Data were analyzed with SPSS software (release
10.0, SPSS, Chicago, IL), GraphPad Prism software
(version 4.0, GraphPad Software, San Diego, CA) and R
version 2.4.1 with the R part package version 3.1-34.

Results

Baseline Characteristics. A total of 92 female
patients and 69 of their family members (Table 1) were
enrolled in the study between April 21, 2005 and August 10,
2006. The pedigrees of the patient population fell into the
following main groups: those in which the patient but



Table 2.

Plasma Level of 25 Cytokines/Chemokines in Female FMS Patients and Family Members?®

Female controls

FMS no guaifenesin

FMS with guaifenesin

Female family members

Male controls

Male family members

(n = 48) (n = 36) (n = 56) (n = 25) (n = 29) (n = 44)
MCP-1 56 + 6 142 + 23" 155 + 23*** 265 + 85™ 100 + 18 171 = 15 {1
Eotaxin 52 + 4 80 + 10* 126 + 11741 172 + 25%* 84 + 11 178 + 13 1t
IP-10 19 + 2 34 + 3 26 + 2* 41 + 31 22+3 38 = 5%
IL-13 16+ 4 44 + 6 19 + 14 5+ 2 45 + 11 4 = 2111
IL-5 7 =1 11 + 2* 12+9 6+2 17+ 4 4 = 131
IL-10 15 + 3 31+ 6 182 = 104 142 + 101 30 + 6 33 + 8
IL-1B 45 + 8 70 + 38 86 + 26 304 + 178* 47 + 10 80 = 40
IL-2 11=2 57 + 46 90 + 50 186 + 155 15+ 4 45 + 33
IL-4 10+ 2 37 + 25 19 = 14 7+2 22 + 6 5+ 13}
IL-6 14 =3 27 + 17 139 + 101 54 + 44 28 + 8 14+ 5
IL-7 18 = 4 30+ 5 59 + 33 5 + 2 42+8 9 = 31t
IL-8 3+ 1 3+ 1 8+5 3+04 7+2 4+1
IL-12 92 = 10 186 + 101 178 + 39 299 + 129* 118 = 21 154 + 15
IL-15 24+5 122 + 93 62 + 40 168 + 128 74 =17 19 = 3111
IL-17 18 =6 40 * 33 27 + 24 4+3 56 = 17 6 = 31if
TNF-o. 29 7 178 = 127 72 + 52 62 + 47 60 + 18 25 + 1011}
IFN-o. 49 + 10 58 + 11 55 + 24 51 + 15 112 = 25 42 + 711
IFN-y 21+ 4 31+7 8 + 4%% 4+ 1 52 + 13 6 = 271t
GM-CSF 39 + 9 27 + 4 215 = 113 160 + 140 62 + 18 21 + 73}
MIG 61 = 17 40 = 10 21 + 4% 30 + 11 123 + 46 20 + 731
MIP-10; 31+5 205 + 168 166 + 105 98 + 59 51 + 10 40 + 6
MIP-1B 290 + 78 196 + 114 244 + 64 487 + 253 503 = 179 147 + 261
IL-1ra 532 + 132 1088 + 824 926 + 432 3034 + 2064 1515 + 567 400 = 1023
IL-2R 250 = 30 474 + 181 381 + 113 283 + 42 509 + 112 256 + 251
RANTES 86384 + 17186 113755 = 22873 130639 + 19595 187625 + 33426** 264665 + 75407 171643 + 2377311

@ Plus-minus values are means * SE.
* P < 0.05, * P < 0.01, ** P < 0.001 in comparison with female healthy control.

+ P < 0.05, 11 P < 0.01, 11 P < 0.001 in comparison with FMS without guaifenesin treatment.

1 P < 0.05, {1 P < 0.01, {1} P < 0.001 in comparison with male healthy control.
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Figure 1. Plasma levels of eotaxin and MCP-1 in female FMS patients. Eotaxin (A) and MCP-1 (B) levels of female FMS patients with/without
guaifenesin treatment. FCTL: female healthy controls, n=48; FMS -G: female FMS patients without guaifenesin treatment, n = 36; FMS 4G:
female FMS patients with guaifenesin treatment, n=56; **P < 0.01, ***P < 0.001 in comparison with female controls; 1P < 0.01 in comparison

with FMS -G.

neither parent had FMS, those in which one parent and the
patient had FMS, and those in which one parent and the
patient had FMS, but a sibling did not. We also had a
pedigree in which a patient, mother and maternal grand-
mother all had FMS. Many of the patients (56/92, 60%)
were treated with the single agent guaifenesin for at least 3
months prior to analysis, while the remainders were simply
recorded as not treated with guaifenesin. Guaifenesin, the
physiological hydrolysis product of methocarbamol, like
methocarbamol, is a muscle relaxant and anesthetic used to
treat the symptoms of FMS (14).

Plasma Levels of Cytokines and Chemokines.
Table 2 shows the raw results for the analysis of 25 cytokines
and chemokines in the patients stratified for guaifenesin
treatment vs age and gender balanced controls. The top four
(MCP-1, eotaxin, IL-13 and IP-10) have significant differ-
ences between the patient and control groups, while a few
others, notably IFNy and TNFao, scored significantly in
logistic regression analyses. Although these results are of
some interest in their own right, the greatest separation
between groups was found for eotaxin and MCP-1 that are
presented separately in Figure 1. Compared to controls, both
eotaxin and MCP-1 are elevated for patients treated with or
without guaifenesin. In the case of eotaxin, levels are
significantly higher in patients treated with guaifenesin
compared to those not treated with guaifenesin, while in the
case of MCP-1, levels are elevated to the same extent in both
groups. Although these results suggest that measurement of
eotaxin and MCP-1 levels may separate FMS patients from
EMS, it is also clear that 40-50% of the patients, whether
treated with guaifenesin or not, will score as normal by this
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Figure 2. Plasma levels of MCP-3 and eotaxin-3 in FMS patients not
treated with guaifenesin. FCTL: female controls, n=42; FMS: female
FMS patients without guaifenesin treatment, n= 34.

test alone. Therefore, further analysis of the data was
warranted.

First, we considered the facts that the genes for the CC
chemokines for MCP-1, MCP-3, and eotaxin are clustered
on the long arm of chromosome 17 (15) and additional
genes for eotaxin-2 and eotaxin-3 are found on chromosome
7. Analysis of the plasma levels of MCP-3 and eotaxin-3 for
FMS patients without guaifenesin treatment vs healthy
controls showed no elevations in these chemokines (Fig. 2).
Thus, it is unlikely that FMS involves all family members of
the eotaxin/MCP gene families.

Second, it has been speculated that there is a genetic
component to FMS and that the onset of severe symptoms
may be caused by a chronic illness or trauma. Therefore, it
was of interest to analyze the eotaxin/MCP-1 profile of non-
affected family members. In this analysis, we found
significant elevations for both female and male unaffected
family members compared to similar age and gender
controls (Fig. 3). These results suggest that the family
members have the cytokine/chemokine profile characteristic
of FMS without exhibiting the symptoms of FMS. These
results support the idea that most of the cytokine/chemokine
profile is shared among family members, suggesting either a
genetic predisposition to FMS and/or a shared inflammatory
condition of unknown etiology. However, the trend in
patients vs controls is also affected by guaifenesin treat-
ment. For example, eotaxin is elevated to the same extent in
patients taking guaifenesin as in unaffected family members
vs controls, but IL-13 is highest in patients not taking
guaifenesin vs those taking guaifenesin, unaffected family
members, and controls (Table 2). In addition, a preliminary
pedigree analysis (data not shown) reveals that >50% of the
patient’s parents had levels of both MCP-1 and eotaxin
elevated to the same extent as the patient, while the
remaining families had an equal distribution of pedigrees
with only one or none of these two cytokines elevated in
either parent.

Third, as mentioned above, the elevated levels of
eotaxin and MCP-1 alone are not sufficient to separate FMS
patients from controls in more than 40-50% of the patients
studied. However, the elevation of these two chemokines
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Figure 3. Plasma levels of eotaxin and MCP-1 in family members of FMS patients. Eotaxin (A) and MCP-1 (B) levels of family members of FMS
patients. FCTL.: female healthy controls, n=48; FFAM: female family members of FMS patients, n=25; MCTL: male healthy controls, n = 29;
MFAM: male family members of FMS patients, n=44. **P < 0.01, **P < 0.001 in comparison with female controls; {1P < 0.01, $11P < 0.001in

comparison with male controls.

suggests an underlying inflammatory condition that had not
previously been detected by standard approaches such as
muscle biopsies. In the case of patients treated with
guaifenesin, significant elevations (P << 0.001) were found
for 2 cytokines; however, for patients not treated with
guaifenesin, significant elevations (P << 0.001) were found
for 4 (Table 2). Combining data for cytokines can add
significance to the analysis as shown in Figure 4A where
combined MCP-1 and IP-10 levels clearly distinguish
female controls from females patients not on guaifenesin
and female family members, and in Figure 4B where
combined eotaxin, TNFo, MCP-1 and IFNy distinguish
female controls from female patients on guaifenesin and
female family members. The logistic regression analysis
gave a predicted probability >70% or >80% for patients
without or with guaifenesin treatment, respectively.
Fourth, previous studies have suggested that MCP-1 is
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an adipokine whose expression is increased in obesity (16—
18) and the circulating levels of MCP-1 and IL-8 are related
to obesity-related parameters body mass index (BMI) (19).
To investigate the role of BMI in the plasma elevation of
MCP-1 and eotaxin, FMS patients are divided into two
groups, obese (BMI > 25 kg/m?) and non-obese (BMI < 25
kg/m?). There were no significant differences in the MCP-1
or eotaxin levels between the two groups (Table 3).
Furthermore, there was no significant correlation between
BMI and MCP-1 in the obese group (r =—0.006, P =0.972).
These data indicated that obesity is unlikely to be the reason
of high plasma level of MCP-1 in FMS patients.

Effect of FMS Plasma on Cell Migration. The
ability of diluted plasma from patients or controls on the
migration of normal eosinophils, monocytes and neutrophils
through an endothelial cell/Matrigel barrier (HUVEC
migration assay) was tested. For all three types of cells
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Figure 4. Predicted probability analysis in FMS patients and their family members. Predicted probability of case status of female family
members and FMS patients not treated with guaifenesin using combined MCP-1 and IP-10 levels (A). Predicted probability of case status of
female family members and FMS patients treated with guaifenesin using combined MCP-1, eotaxin, TNFa and [FNy levels (B).















