1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Pain. Author manuscript; available in PMC 2022 May 01.

-, HHS Public Access
«

IL-5 mediates monocyte phenotype and pain outcomes in
fibromyalgia

Ericka N. Merriwetherl:3# Nilesh M. Agalave?#, Dana L. Dailey3#, Barbara A. Rakel®,
Sandra J. Kolker3, Melissa E. Lenert?, William H. Spagnola®, Ying Lu®, Katharine M.
Geasland3, Lee-Ann H. Allen’, Michael D. Burton?", Kathleen A. Sluka3"

linclusive and Translational Research in Pain Lab, Department of Physical Therapy, Steinhardt
School of Culture, Education, and Human Development, New York University, 380 Second
Avenue, 4th Floor, New York, NY 10012 USA

2Neuroimmunology and Behavior Lab, School of Brain and Behavioral Science, Center for
Advanced Pain Studies, University of Texas at Dallas, 800 W. Campbell Rd, Richardson-75080,
Texas, USA

SNeurobiology of Pain Lab, Department of Physical Therapy and Rehabilitation Science, Roy J.
and Lucille A. Carver College of Medicine, University of lowa, 500 Newton Rd, 1-252 Medical
Education Building, lowa City, IA USA 52242-1089

“Department of Physical Therapy, Center for Health Sciences, St. Ambrose University, 1320 W.
Lombard St., Davenport, IA 52804

5College of Nursing, Roy J. and Lucille A. Carver College of Medicine, University of lowa, 50
Newton Rd, 101 College of Nursing Building, lowa City, IA 52242-1121

5Department of Applied Statistics, Social Science, and Humanities, NYU Steinhardt School of
Culture, Education, and Human Development, New York University, 246 Greene Street, 3" Floor,
New York, NY 10003 US

"Department of Medicine, Department of Microbiology, Immunology, University of lowa, 505
EMRB, 431 Newton Rd, lowa City, IA USA 52242

Corresponding Author: Ericka N. Merriwether, PT, DPT, PhD, Department of Physical Therapy, Steinhardt School of Culture,
Education, and Human Development, New York University, 380 Second Avenue, 4th Floor, New York, NY 10012 USA, Telephone:
(212) 998-9192, em3766@nyu.edu.
Author contributions
Designing research studies
ENM/NMA/LAHA/KAS/MD/MB
Conducting experiments
ENM/NMA/LL/SIK/ID/BTL/MEL
Acquiring data
ENM/NMA/DLD/SJK/ID/BTL/MEL
Analyzing data
ENM/NMA/BAR/WHS/YL/BL/MEL/MDB
Writing the manuscript
ENM*/NMA*/DLD/BAR/LL/WHS/LAHA/KAS/BL/MDB
First authorship for ENM and NMA was assigned based on contributions to writing of the manuscript and acquisition of the data.
ENM wrote the sections of the Abstract, Introduction, Results, Discussion, and Methods that pertained to the human study. NMA
wrote the sections of the Abstract, Introduction, Results, Discussion, and Methods that pertained to the animal studies. All other co-
authors contributed to the editing and revision of the manuscript.
These authors contributed equally to this manuscript.
These authors contributed equally to this manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Merriwether et al. Page 2

Introduction

Neuroimmunity in chronic musculoskeletal pain has received considerable attention [44; 56;
75]. The innate immune system utilizes humoral components such as cytokines to affect
other systems involved in chronic pain [77]. Maladaptive function of innate monocytes and
cytokines contributes to chronic inflammation and pain [41; 60; 80; 81; 83]. Monocytes are
heterogeneous cells that demonstrate notable plasticity. They serve as precursors of tissue-
resident macrophages, present antigens, and have a prominent role in tissue repair [32; 33;
48]. In humans and animals, three subtypes of circulating monocytes have been described
[27; 86]: classical, intermediate and non-classical. Differential expression of surface markers
and secretory profiles for pro- and anti-inflammatory cytokines [27; 86] are related to
monocyte phenotype, are mutable, and are subject to phenotypic changes [27]. Classical
monocytes are considered pro-inflammatory and comprise ~80% of the cell population [75]
whereas non-classical monocytes are anti-inflammatory and intermediate monocytes have
both pro- and anti-inflammatory profiles [87]. Changes in monocyte phenotype are
associated with inflammatory conditions such as rheumatoid arthritis [39] and systemic
lupus erythematosus [48]. Thus, monocyte phenotype is relevant to understanding pain
modulation in chronic pain conditions.

It is posited that monocyte dysregulation contributes to pain and other somatic symptoms in
fibromyalgia (FM) [4]. FM is also marked by fatigue, reduced physical function, anxiety,
depression, pain catastrophizing, and fear of movement [12; 28; 65; 67]. While prior studies
show alterations in circulating cytokine levels of individuals with FM, these findings are
inconsistent [1; 22; 26; 80; 81]. Some studies have reported elevated levels of IL- B, IL-6,
TNF-a and 1L-10 in the supernatants of stimulated PBMCs in culture [13; 81], whereas
others reported equivalent levels of cytokine production to healthy controls [2; 80].
Moreover, previous studies have not controlled for body mass index (BMI), which is higher
in individuals with FM and is associated with increased cytokine synthesis and secretion
[71; 80; 81]. In animal models, intramuscular injection of IL-6 and IL-1p, produce
hyperalgesia [1; 22; 26], and blockade of IL-1 reduces hyperalgesia [30], suggesting that
increases in pro-inflammatory cytokines contribute to muscle pain. Our prior work and
others have shown lower levels of IL-5 in tissue and plasma in animal models and
individuals with FM [6; 71]. However, it is uncertain if myeloid cells, specifically
monocytes, are involved in the IL-5 response. Also, the relationships between monocyte
phenotype and FM symptomology remain unclear.

As such, the primary aims of this study were to characterize the relationships between
monocyte phenotype and pain-related symptoms in women with FM. We hypothesized that
women with FM would have a greater percentage of classical monocytes with higher levels
of secreted pro-inflammatory cytokines compared to women without pain. Additionally, we
hypothesized that classical monocytes would be associated with pain-related symptoms in
women with FM. Based on observed atypical expression of IL-5 from human monocytes,
our secondary exploratory aim was to examine the role of IL-5 in an animal model of
widespread muscle pain. Finally, we examined relationships between IL-5 and pain
outcomes in women with FM.
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Human Studies

Study Design—The current study is an ancillary analysis of baseline data from a subset of
participants enrolled in a phase Il dual-site randomized, controlled trial testing the efficacy
of long-term transcutaneous electrical nerve stimulation (TENS) in women with FM
(Fibromyalgia Activity Study with TENS, FAST; ClinicalTrials.gov identifier
NCT01888640; registered on June 28, 2013). The study was approved by the institutional
review boards of both study sites. A detailed study protocol has been previously published
[51].

Study Participants—Participants were women recruited from communities surrounding
the University of lowa Hospitals and Clinics site using a variety of recruitment strategies.
Fibromyalgia (FM) Group. Inclusion criteria for participants with FM were 1) English-
speaking, 2) between 18 and 70 years old, 3) diagnosed with FM based on the 1990 and
2011 American College of Rheumatology criteria, and 4) reported an average pain rating of
4 or higher on the Numeric Rating Scale (NRS) over the last seven days. The clinical trial
design and participant recruitment for the FAST clinical trial was conducted prior to the
2016 updates to the FM diagnostic criteria. Participants with FM were excluded if they
reported an average pain intensity of less than 4 out 10 over the last seven days, reported
previous TENS use within the last five years, had neuropathy or an autoimmune disorder, or
were pregnant [51]. Cytokine secretion and flow cytometry experiments were conducted
using technical replicates from different cryovials. For the cytokine secretion experiments,
19 women with the full complement of blood and clinical outcome data were included in the
analyses. For flow cytometry experiments, 32 women with the full complement of blood and
clinical outcome data were included in the analyses. There were no differences in the
demographic characteristics of these cohorts. No Pain (NP) Control Group. Thirty-nine
women without pain were matched for age and BMI to women with FM were included in
the study. The cohort of women in the NP group had the full complement of blood and
clinical outcome data. For cytokine secretion and flow cytometry experiments, 36 women
with the full complement of blood and cytokine data were included in the analyses. In
addition to exclusion criteria for FM participants, NP control group participants were
excluded if they had an acute or chronic pain condition such as FM, osteoarthritis,
mechanical or non-specific spinal pain, or reported an average pain intensity 1 or higher out
10 over the last seven days using the NRS.

Sample Collection and Analysis

Human Blood Sample Collection: Blood draws were performed in the Central
Research Unit by nurses trained in clinical research methods. Blood samples were obtained
via sterile venipuncture and collected in two 8 mL Ficoll-Hypaque cell preparation tubes
with sodium citrate (BD Vacutainer™, Thermo Fisher Scientific, Waltham, MA, USA).

Human PBMC isolation and cryopreservation: Buffy coat separation from whole

blood was done by density gradient centrifugation at 2800 rpm for 30 minutes at room
temperature within two hours of sample collection. PBMCs were isolated and washed twice
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at room temperature in Dulbecco’s phosphate-buffered saline (DPBS) via centrifugation at
1500 rpm for 15 minutes using sterile methods. Cell quantity and viability were determined
using the 0.4% Trypan Blue exclusion test [70]. To maintain consistency and reduce assay
variability between flow cytometry and multiplex assay experiments for the FM and NP
cohorts, PBMCs were resuspended in cryopreservation media containing Roswell Park
Memorial Institute (RPMI) — 1640 medium supplemented with 12.5% human serum
albumin (HSA) and 10% dimethyl sulfoxide (DMSO). Cryopreservation media was added in
a dropwise fashion to the PBMC suspension in HSA + RPMI - 1640 prior to being
immediately aliquoted into 1 mL cryovials (3—7 per participant) at concentrations between
6-10 x 106 cells/mL. Cryovials were initially placed in a controlled cooling container
(Nalgene Mr. Frosty, Millipore Sigma, St. Louis, MO USA) with isopropanol at -80°C for 24
hours. After 24 hours, cryovials were transferred directly to the vaporized phase of liquid
nitrogen for sample storage prior to analyses. Cryopreserved samples remained in storage
for up to 2 months prior to thawing and analyses.

Thawing.—Cryovials containing PBMCs were retrieved from vaporized liquid nitrogen,
and were rapidly thawed via immersion with light agitation in a 37 °C water bath per
protocol for FM [71]. Cryopreserved samples were individually thawed until small ice
crystals were visible. Immediately after thawing, warmed (37°C) 1 mL RPMI - 1640
supplemented with 10% sterile, heat inactivated FBS and 1% penicillin-streptomycin was
added dropwise to the cryovial for a final volume of 2 mL. The 2 mL suspension was added
dropwise to 8 mL to supplemented RPMI -1640 culture media in a 15 mL polypropylene
conical tube and centrifuged at 1500 rpm for 15 minutes. The supernatant was aspirated, and
cells were resuspended and washed in 1:1 DPBS/Accumax prior to centrifugation. PBMCs
were thawed in the presence of DMSO for less than 5 minutes to minimize cytotoxic effects
of prolonged exposure to DMSO, thus, reducing the risk for low cell viability and
functionality for experiments [59]. Although the cells were subject to one freeze/thaw cycle,
these thawing methods have been shown to yield 95% PBMC cell viability for flow
cytometry [31] and PBMC cell culture [3; 35] in individuals with FM [13; 52; 53].

Monocyte Stimulation: Nineteen participants with FM and 36 NP participants with
complete cytokine and outcome measures data were included in the analyses. Isolated
monocyte suspension volumes were adjusted to 1 x 108 cells/mL in Isocove’s Modified
Dulbecco’s medium (IMDM, Thermo Fisher Scientific, Waltham, MA) supplemented with
10% heat-inactivated fetal bovine serum, 5000 U/ml penicillin, 5mg/mL streptomycin, and 1
mM L-glutamine (all from Sigma-Aldrich, St. Louis, MO). Isolated monocytes were plated
at 250 pL per well in 48-well flat-bottom, tissue-treated plates for 24 hours prior to
treatment to achieve a minimum of 90% confluence and to promote recovery from the stress
of the isolation and purification procedures. Monocytes were treated with LPS from
Escherichia coli (serotype 0O111:B4, Sigma-Aldrich, St. Louis, MO) with 20 pL LPS for a
final concentration of 50 pg/mL [77] or in 20 pL DPBS (saline) to evaluate spontaneous
cytokine secretion at 37 °C and 5% CO». LPS is a potent activator of a short-term
inflammatory response in monocytes and macrophages, and induces synthesis and secretion
of inflammatory mediators through TLR4 signaling [50; 74] involving LPS binding protein
to a glycosylphosphatidylinositol (GPi) tether on the CD14 monocyte cell surface marker
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[57; 79]. After 24 hours, supernatants were aliquoted into Eppendorf tubes and stored in =80
°C until analysis. Cytokine levels were measured using the Invitrogen Cytokine Human
Magnetic 10-Plex Panel (Thermo Fisher Scientific, Waltham, MA, USA), a commercially
available immunoassay Kkit, for IL-5, IL- B, IL- 6, IL- 10, IL- 4, TNF- a, IL- 2, IL- 8, GM-
CSF, and IFN- Y as per the manufacturer's instructions. Quality control for immunoassays
included blank samples (media) and nine standard samples containing serial dilutions of 1:1
assay diluent/media within each processing run. Immunoassay analysis was performed on
the Luminex® 200TM analyzer (Luminex, Austin, TX, USA).

Flow Cytometry: Isolation and quantitation of human monocyte subpopulations were
completed using flow cytometry. 32 participants with FM and 36 NP participants with
complete flow cytometry and outcome measures data were included in the analyses. Flow
cytometry experiments were performed in a separate cohort of FM participants but in the
same cohort of NP participants as the isolated monocyte culture experiments. Aliquots of
cryopreserved PBMCs were thawed in 37 °C warm water bath prior to analysis per protocol
[23] prior to washing and resuspension in 1:1 ratio of DPBS and cell dissociation solution
(Accumax, Innovative Cell Technologies, Inc, San Diego, CA). Following multiple washes
and incubation with Fc Receptor Blocker (Innovex, Richmond, CA) to minimize non-
specific antibody binding, the cells were incubated with a cocktail of fluorescently-tagged
monoclonal antibodies for 30 minutes at 4 °C comprised of: anti-human CD14-
phycoerythrin/cyanine (PE/Cy7;clone HCD14), anti-human CD16-Alexa Fluor 488 (clone
3G8), anti-human CD64-Brilliant Violet 421 (BV421; clone 10.1), anti-human HLA-DR-
phycoerythrin (PE; clone L243), and anti-human CD163-allophycocyanin (APC; clone GHI/
61). All monoclonal antibodies were from BioLegend (San Diego, CA), and volumes were
titrated to determine appropriate concentrations per manufacturer instructions. Cells were
also stained with propidium lodide (PI) to determine cell viability. Data from flow cytometry
experiments was acquired on the Becton Dickinson LSR Il and analyzed using FACSDiva
software (BD Biosciences, San Jose, CA). A more detailed description of flow cytometry
methods are provided in Supplemental Materials.

Patient-Reported Measures

Pain Intensity and Interference: Pain intensity at rest (resting pain) and during
movement (movement-evoked pain) was assessed using the 11-point NRS at baseline.
Movement-evoked pain was assessed at the 5-minute mark for the six-minute walk test
(6MWT). Overall pain severity and interference were also assessed using the Brief Pain
Inventory (BPI) short form [19].

Pain Sensitivity: Pressure pain threshold (PPT) was measured at three sites (cervical,
lumbar, lower leg) to assess primary and secondary hyperalgesia using a digital pressure
algometer (Somedic AB, Farsta, Sweden). Mechanical pressure from a 1cm? algometer
probe was applied at a rate of 40 kPa/sec. Lower PPTs indicate higher pain sensitivity, and
thus, the presence of primary or secondary hyperalgesia [21]. Conditioned pain modulation
(CPM) was also measured using cold water immersion as the conditioning stimulus and PPT
as the test stimulus. An increase in PPT after cold water immersion (ratio of post/pre-PPT
values > 1) indicates intact descending pain inhibition whereas no change or a reduction in
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PPT (ratio of post/pre-PPT values < 1) indicates a lack of descending pain inhibition [21;
78].

Disease Impact: Fibromyalgia disease impact was measured using the Revised
Fibromyalgia Impact Questionnaire (FIQR) at Visits 1 and 2 [9]. Summative scores of the
weighted domain scores comprise the total score (range 0-100) and were averaged from both
visits. Higher scores are indicative of greater disease severity and impact.

Fatigue: Fatigue intensity at rest (resting fatigue) and during movement (movement-evoked
fatigue) was assessed using the 11-point NRS at baseline visits. Maximum movement-
evoked fatigue was assessed at the 5-minute mark during the six-minute walk test (6MWT).
Global fatigue was assessed using the Multidimensional Assessment of Fatigue - Global
Fatigue Index (MAF - GFI). Item anchors range from 1 = *no fatigue’ to 50 = ‘severe
fatigue’ [7; 45].

Physical function: All participants performed the six-minute walk test (6MWT), an
objective measure of physical endurance. Participants walked for six minutes on a 100 foot
walkway, and the total distance was measured. The 6MWT has been validated in chronic
pain populations, and is frequently used as an objective measure of physical function in
clinical practice [34; 54].

Pain-Related Psychological Assessments: Pain catastrophizing was assessed using
the Pain Catastrophizing Scale (PCS). Scores range from 0 to 52, with higher scores
reflecting greater pain catastrophizing [72; 73]. Fear of movement was measured using the
Tampa Scale of Kinesiophobia (TSK). Scores range from 17 to 68, with higher scores
indicate greater fear of movement or reinjury [61]. Anxiety and depression were assessed
using the Patient-Reported Outcomes Measurement Information System (PROMIS) Short
Forms 8a and 8b, respectively (healthmeasures.net). Both Short Forms demonstrate high
internal consistency (Cronbach’s alpha <0.93) and moderate convergent validity with the
Revised Fibromyalgia Impact Questionnaire [46].

Animal Studies

Animals: All experiments were carried out in accordance with protocols approved by the
local ethical committee for animal experiments at the University of Texas at Dallas (UT-
Dallas) Richardson, US. Adult C57BL/6 female mice (9-12 weeks, 20-25¢g) were used.
Animals were purchased from Jackson Lab and bred at the UT-Dallas Animal Facility with
standard temperature, and 12-hour light/dark cycle (lights on at 6 AM and lights off 6 PM).
Mice were housed in standard cages with 4 to 5 animals per cage, and food and water were
provided ad libitum. All behavioral experiments and associated data analyses were carried
out during the light cycle period in between 6 AM to 6 PM.

Experimental model of widespread chronic musculoskeletal pain: An
experimental model for widespread musculoskeletal pain was developed and validated to
recapitulate the clinical signs of FM [66]. As previously described, animals were deeply
anesthetized with isoflurane, then injected in the ipsilateral gastrocnemius muscle with 20 |
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of acidic saline (pH 4.0) or normal saline (pH 7.2) as an experimental control on day 0. Five
days later, a second injection of acidic or normal saline was injected in the respective mice.

Behavioral experiments.

Von Frey: Animals were tested for mechanical hypersensitivity using the previously
described von Frey assay [16]. Animals were habituated to a von Frey station made of
acrylic and mesh and test environment prior to the assessment of baseline measurements.
After 2 baseline recordings performed 2-3 days apart, the animals were randomly assigned
to different experimental groups. Mechanical hypersensitivity was determined by assessment
of paw withdrawal threshold in response to the application of calibrated von Frey hair
filaments using the up-down method [16]. A series of filaments with logarithmically
incremental stiffness of 2.83, 3.22, 3.61, 3.84, 4.08, 4.17 (converted to the 0.07, 0.16, 0.4,
0.6, 1, 1.4 g, respectively) were applied to the plantar surface of the hind paw and held for
2-3 seconds. To avoid tissue damage or unintentional agitation, a cut off of 2g was applied.
A brisk withdrawal of paw, paw licking, or paw shaking was noted as a positive response.
The withdrawal of the ipsilateral and contralateral paws were measured and recorded
separately. All behavior experiments were done with the experimenter blinded to group
assignment.

Drug and drug delivery.—Pharmacological experiments were performed to understand
the role of IL-5 in nociception. IL-5 dose response experiments: Two intravenous
injections of three doses of IL-5, 0.1 pg/mice (4 pg/kg), n = 6 per group , 0.1 ng/mice (4ng/
kg), n = 6 per group and 0.1 pg/mice (4 pg/kg) , n = 8 in IL-5 treatment and in vehicle
treatment group (n = 7), were used 24 hours apart (starting at day 10 post acidic or control
saline local injections). Mice were held in a tail veil injector restrainer (Plas-Labs, VWR,
US) and their tail dipped in 30-35°C warm water for 2-4 minutes prior to the injection to
dilate the tail vein. The pharmacological effect of IL-5 on mechanical hypersensitivity was
assessed with measuring a von Frey at different time points. Experimenters were blinded for
all experiments. Once an adequate dose was chosen we also determined peripheral monocyte
phenotypes from IL-5 treated animals 10 days post acidic or control saline local injections
using flow cytometry.

Flow Cytometry.—For all flow experiments, monocytes were taken from peripheral blood
mononuclear cell (PBMC) isolates using a previously described Ficoll protocol [5; 49].
Isolated cells were washed twice with 1x PBS (pH 7.4), centrifuged at 400 x g followed
with resuspension in flow buffer (0.5% BSA + 0.02% glucose in 1x PBS (pH 7.4)). PBMCs
were then incubated in blocking buffer (flow buffer + CD16/32 purified antibody)
(eBioscience-16-0161-85), to block non-specific binding via the Fc receptor for 10 minutes.
In all experiments, to identify the monocyte population, primary conjugated antibody
cocktails were prepared using anti-mouse CD11b-APC-cy7 (Life Technology, A15390) and
anti-mouse CD45 (Tonbo, 500451). For IL-5-induced polarization experiments anti-mouse
CD86-eFlour450 (eBioscience, 48-0862-82) antibody was incubated for 30 min blocking
buffer at 4°C in the dark. Cells were then washed twice with flow buffer and subjected to
fixation and permeabilization (BD Biosciences) for 20 min at 4°C in the dark. Cells were
then washed twice with perm/wash buffer followed with intracellular staining of CD206
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(anti-mouse CD206-APC; eBioscience, 17206180). For monocyte phenotyping and IL-5
production experiments, anti-mouse/human IL-5-PE (eBioscience, 12705282) for 30 min at
4°C, in the dark. Data were acquired and analyzed using BD LSR Fortessa cell analyzer (BD
Bioscience, San Diego, CA) and FlowJo software (San Carlos, CA), n=6 in pH4 injection
group and n=6 in pH 7.2 injection group for IL-5 expression in monocytes study. n= 7, pH4
+ IL5 treatment; n= 5, pH4 + vehicle; n=5, pH7.2 + IL5; n= 4, pH4 + vehicle, mice per
group for polarization-flow cytometry study.

Human Data.—Descriptive statistics for demographic data and patient-reported outcome
variables were calculated for both cohorts. Data were assessed for normality using a
Kolmogrov-Smirnoff test and are presented in original units [42]. Differences in cytokine
secretion concentrations from monocyte populations were determined using the Wilcoxon
Rank-Sum Test. The Benjamini-Hochberg procedure was used to adjust for multiple
comparisons [8]. Relationships between cytokines, monocyte subpopulations, and patient-
reported outcome measures were determined using Spearman’s Rho correlation coefficients
as appropriate. Additionally, a LASSO regression analysis was performed to examine
predictors of resting pain, movement-evoked pain, resting fatigue, and movement-evoked
fatigue. Four models were created for resting and movement-evoked pain and for resting and
movement-evoked fatigue outcome variables. The independent variables for each of the
models are cytokine concentrations for the LPS-evoked treatment condition. The LASSO
regression was used to select variables to include in the respective models, and the tuning
parameter for the model is chosen via cross-validation methods [25]. All analyses were
performed using R statistical software (version 3.5.2). Statistical significance was set at
p<0.05 (two-tailed), and were adjusted appropriately for multiple comparisons.

Animal Data.—Data were analyzed using GraphPad Prism software v8 (San Diego, US)
and expressed as mean + SEM. Behavioral data were analyzed with two-way ANOVA with
Sidak’s multiple comparisons test to compare with different group. 1L-5 pharmacological
experiment was analyzed using two-way ANOVA with Dunnett’s post-test to assess the anti-
nociceptive effect of IL-5 at different timepoints. A one-way ANOVA with Sidak’s multiple
comparison test was applied to analyze flow cytometry data.

Study approval

Human study.—Participants were a subset of participants who participated in a phase Il
dual-site randomized, controlled trial testing the efficacy of transcutaneous electrical nerve
stimulation (TENS) in women with FM (Fibromyalgia Activity Study, FAST;
ClinicalTrials.gov identifier NCT01888640; registered on June 28, 2013). The study was
approved by the institutional review boards of both study sites. Participants for this study
were recruited from communities surrounding the University of lowa Hospitals and Clinics
site using a variety of recruitment strategies. Animal studies. All experiments were carried
out in accordance with protocols approved by the local ethical committee for animal
experiments at the University of Texas at Dallas (UT-Dallas) Richardson, US.
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Results

Participant characteristics.

As expected, women with FM reported higher pain intensity (resting, movement-evoked),
more pain interference, greater disease impact (FIQR), greater fatigue (resting, movement-
evoked), and reduced physical function (6MWT) than age and BMI-matched women without
pain (No Pain (NP))(Table 1). Moreover, the FM group demonstrated greater evoked pain
sensitivity (PPT) and diminished central pain inhibition (CPM) compared with women
without pain (Supplemental Table 1) as well as higher levels of pain catastrophizing,
movement-related fear, anxiety, and depression (Table 1).

Women with FM have higher levels of IL-5 synthesis and secretion from monocytes
compared with the No Pain (NP) group.

We examined LPS-evoked and spontaneous synthesis and secretion of 10 cytokines from
monocytes using a multiplex analysis. FM participants had greater LPS-evoked synthesis
and secretion of IL-5 (Figure 1A) from monocytes than participants in the NP group.
Interestingly, there were no statistically significant differences in LPS-evoked secretion of
IL-1B (Figure 1B) or IFN-y (Figure 1C). There was less LPS-evoked synthesis and secretion
of GM-CSF (Figure 1D). In addition, FM participants had greater LPS-evoked synthesis and
secretion of IL-2 (Figure 1E) and IL-4 (Figure 1F) from monocytes than participants in the
NP group. Interestingly, FM participants had less LPS-evoked synthesis and secretion of
TNF-a (Figure 1G). Surprisingly, there were no differences in LPS-evoked synthesis and
secretion of IL-6 (Figure 1H), IL-8 (Figure 11), or IL-10 (Figure 1J) from monocytes after
correction for multiple comparisons. Spontaneous synthesis and secretion of GM-CSF, IFN-
v, IL-10, IL-1B, IL-2, IL-4, IL-5, and TNF-a from monocytes was greater in FM
participants compared with NP participants after accounting for multiple comparisons
(Supplementary Figure 1A-J).

Women with FM have a lower percentage of intermediate monocytes and a higher
percentage of non-classical monocytes than the NP control group.

We used flow cytometry to determine monocyte phenotype based on cell surface marker
expression: classical (CD147+/CD167), intermediate (CD14**/CD16™), and non-classical
(CD14*/CD16%"). The gating strategy is shown in Figure 2A. FM participants had a
significantly higher percentage of non-classical monocytes (CD14*/CD16**) and a lower
percentage of intermediate monocytes (CD14**/CD16™) compared with the NP group
(Figure 2B). Interestingly, there were no differences in the percentage of classical monocytes
(CD14**/CD16) between FM participants and NP control participants.

LPS-evoked and spontaneous (PBS) synthesis and secretion of IL-5 and other cytokines
from monocytes are significantly associated with pain-related outcomes in women with
FM.

We examined the relationship between cytokine synthesis and secretion from human
monocytes and pain-specific outcome measures in individuals with FM using Spearman’s
Rho correlation coefficients and LASSO regression analysis as appropriate.
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IL-5.—Greater LPS-evoked and spontaneous secretion of IL-5 was strongly associated with
higher levels of resting pain intensity and movement-evoked pain, more pain interference,
greater disease impact (FIQR), and higher levels of fatigue (resting, movement-evoked,
global) (Table 2). Additionally, greater synthesis and secretion of I1L-5 (LPS-evoked and
spontaneous) was associated with lower PPTs, a measure of evoked pain sensitivity, at all
sites. Further, greater synthesis and secretion of IL-5 (LPS-evoked and spontaneous) was
associated with reduced physical function (6MWT) and more pain-related psychological
disturbances (pain catastrophizing, fear of movement, anxiety, and depression)
(Supplemental Table 2). Lastly, IL-5 was the strongest predictor of resting pain intensity,
movement-evoked pain, resting fatigue intensity, and movement-evoked fatigue when
accounting for collinearity with other cytokines in the LASSO regression models (Table 3A-
D).

IL-1B.—Greater LPS-evoked synthesis and secretion of IL-1p was moderately associated
with higher levels of pain interference (0=0.39), greater disease impact (0=0.31) (Table 2),
and higher levels of self-reported depression (0=0.32) (Supplemental Table 2). There were
no significant associations between LPS-evoked synthesis and secretion of IL-1p and any
measures of pain or fatigue. Greater spontaneous synthesis and secretion (PBS) of IL-1p
from monocytes was moderately associated with higher resting pain intensity (0=0.59), more
movement-evoked pain (0=0.54), more pain interference (0=0.33), greater disease impact
(0=0.31), and higher levels of fatigue (©>0.29). There were no significant associations
between spontaneous synthesis and secretion of IL-1f and PPTs at any site, physical
function, or pain-related psychological variables.

IL-6.—Greater LPS-evoked and spontaneous synthesis and secretion of 1L-6 was
moderately to strongly associated with higher resting pain intensity and movement-evoked
pain, more pain interference, greater disease impact, higher resting fatigue intensity, and
higher levels of fatigue (resting, movement-evoked, global) (Table 2). Further, greater
synthesis and secretion of IL-6 (LPS-evoked and spontaneous) was moderately associated
with more pain catastrophizing, greater fear of movement, and higher levels of self-reported
anxiety (Supplemental Table 2). Greater spontaneous synthesis and secretion of IL-6 was
moderately associated with lower PPTs at all sites (Supplemental Table 2). There were no
significant associations between LPS-evoked synthesis and secretion of IL-6 and PPTs at
any site, physical function, or self-reported depression.

IL-10.—Greater LPS-evoked synthesis and secretion of IL-10 was moderately associated
with more pain interference (0=0.48), greater disease impact (0=0.41), and higher levels of
global fatigue (0=0.41) (Table 2). Further, greater synthesis and secretion of IL-10 was
moderately associated with lower PPTs at all sites, more pain catastrophizing (0=0.36),
greater fear of movement (0=0.31), and higher levels of self-reported anxiety, and
depression. There were no significant correlations between LPS-evoked synthesis and
secretion of IL-10 from monocytes and levels of pain or fatigue (Table 2). Greater
spontaneous synthesis and secretion of IL-10 from monocytes was moderately associated
with higher resting pain intensity (0=0.49) and more movement-evoked pain (0=0.45), more
pain interference (0=0.37), greater disease impact (0=0.36), higher levels of fatigue (resting,
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movement-evoked, global), and lower PPT at the lumbar site (Table 2, Supplemental Table
2). There were no significant associations between spontaneous synthesis and secretion of
IL-6 and PPTs at the cervical and leg sites, physical function, pain catastrophizing, or fear of
movement.

IL-4.—Surprisingly, greater LPS-evoked and spontaneous secretion of IL-4 was strongly
associated with higher levels of resting pain intensity and movement-evoked pain, more pain
interference, greater disease impact (FIQR), and higher levels of fatigue (resting, movement-
evoked, global)(Table 2). Additionally, greater synthesis and secretion of IL-4 (LPS-evoked
and spontaneous) was moderately associated with lower PPTs at all sites, reduced physical
function (6MWT), and more pain-related psychological disturbances (pain catastrophizing,
fear of movement, anxiety, and depression) (Supplemental Table 2). Finally, IL-4 was a
strong predictor of resting pain intensity and resting fatigue, and a moderate predictor of
movement-evoked pain and movement-evoked fatigue when accounting for collinearity with
other cytokines in the LASSO regression models (Table 3A-D).

TNF-a.—Interestingly, greater LPS-evoked synthesis and secretion of TNF-a was
moderately associated with lower resting pain intensity (0=—0.53), less movement-evoked
pain (0=—0.55), less pain interference (0=-0.41), less disease impact (p0=—0.42), and lower
levels of fatigue (resting, movement-evoked, global) (Table 2). Additionally, LPS-evoked
greater synthesis and secretion of TNF-a. was moderately associated with higher PPT at the
cervical site (p=0.36), increased physical function (0=0.31), and less pain-related
psychological disturbances (pain catastrophizing, fear of movement, anxiety, and
depression) (Supplemental Table 2). As expected, greater spontaneous synthesis and
secretion of TNF-a was moderately associated with higher levels of resting pain intensity
and movement-evoked pain, pain interference, greater disease impact (FIQR), and higher
levels of fatigue (resting, movement-evoked, global) (Table 2). Further, greater spontaneous
synthesis and secretion of TNF-a from monocytes was not significantly associated with
PPTs at any site, physical function, or any pain-related psychological variables
(Supplemental Table 2). Finally, TNF-a was a weak negative predictor of resting and
movement-evoked fatigue when accounting for collinearity with other cytokines in the
LASSO regression models (Table 3C and 4D).

IL-2.—Greater LPS-evoked and spontaneous synthesis and secretion of IL-2 was strongly
associated with higher levels of resting pain intensity and movement-evoked pain, more pain
interference, greater disease impact, and higher levels of fatigue (resting, movement-evoked,
global) (Table 2). Additionally, greater synthesis and secretion of IL-2 (LPS-evoked and
spontaneous) was moderately associated with lower PPT at all sites, reduced physical
function (6BMWT), and more pain-related psychological disturbances (pain catastrophizing,
fear of movement, anxiety, and depression) (Supplemental Table 2).

GM-CSF.—Greater LPS-evoked synthesis and secretion of GM-CSF was moderately
associated with lower resting pain intensity (0=—0.40) and movement-evoked pain (o=
-0.41), less pain interference (o=—0.41), less disease impact (0=—0.42), and lower levels of
fatigue (resting, movement-evoked, global) (Table 2). Additionally, greater LPS-evoked
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synthesis and secretion of GM-CSF was moderately associated with higher PPT at the
cervical site (0=0.37), less pain catastrophizing (o=-0.32), and lower levels of self-reported
anxiety and depression (Supplemental Table 2). Greater spontaneous synthesis and secretion
of GM-CSF was moderately associated with higher levels of resting pain intensity (0=0.34)
and movement-evoked pain (0=0.34), higher resting fatigue (0=0.34) and movement-evoked
fatigue (0=0.35) (Table 2). Greater spontaneous synthesis and secretion of GM-CSF from
monocytes was not significantly associated with pain interference, disease impact, global
fatigue, PPT at the lumbar and leg sites, physical function, or pain-related psychological
variables. Lastly, synthesis and secretion of GM-CSF was a weak negative predictor of
resting pain intensity when accounting for collinearity with other cytokines in the LASSO
regression models (Table 3A).

IFN-Y.—Greater synthesis and secretion (LPS-evoked and spontaneous) of IFN-Y was
moderately to strongly associated with higher levels of resting pain intensity and movement-
evoked pain, and with lower levels of resting and movement-evoked fatigue (Table 2). There
were no significant correlative relationships between the LPS-evoked or spontaneous
synthesis and secretion of IFN-Y and pain interference, disease impact, levels of global
fatigue, PPT, physical function, or pain-related psychological variables (Table 2,
Supplemental Table 2).

Intermediate and non-classical human monocytes are significantly associated with pain
and pain-related outcomes.

The percentages of monocyte subsets were significantly correlated with variables across all
FM symptom domains (Table 4).

Classical monocytes.—A higher percentage of classical monocytes (CD14**/CD16")
was moderately associated with higher levels of movement-evoked fatigue (0=0.26), more
pain catastrophizing (0=0.36), and higher levels of anxiety (0=0.40) and depression
(0=0.30). Intriguingly, there were no significant correlative relationships between the
percentage of classical monocytes and pain intensity (resting, movement-evoked), pain
interference, PPTs at any site, disease impact, resting or global fatigue, physical function, or
fear of movement (Table 4).

Intermediate monocytes.—A higher percentage of intermediate monocytes (CD14+*/
CD16%*) was moderately associated with lower levels of resting pain intensity (0=-0.45) and
movement-evoked pain (0=-0.47). Additionally, a higher percentage of intermediate
monocytes was moderately associated with less pain interference, higher PPTs at all sites,
less disease impact, lower levels of fatigue, higher levels of physical function, and less pain-
related psychological disturbances (Table 4).

Non-classical monocytes.—Interestingly, a higher percentage of non-classical
monocytes (CD14*/CD16™*) was moderately associated with higher levels of resting pain
intensity (0=0.27), movement-evoked pain (p=0.26), more pain interference (0=0.26),
greater disease impact (0=0.28), and higher levels of global fatigue (0=0.29). Further, a
higher percentage of non-classical monocytes was associated with lower PPT (thus, more
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evoked pain sensitivity) at the leg site (0=-0.33). There were no significant correlative
relationships between the percentage of non-classical monocytes and PPTs at the cervical
and lumbar sites, resting or movement-evoked fatigue, physical function, or pain-related
psychological variables (Table 4).

Intravenous injection of IL-5 reverses mechanical hyperalgesia in female mice with
widespread muscle pain with accompanying polarization of peripheral monocytes.

Since IL-5 had strong correlations with nearly all pain measures in individuals with FM, we
tested the function of IL-5 in a preclinical model of widespread muscle pain, a prominent
symptom in FM [66] This model utilizes two unilateral intramuscular injections of acidic
saline (pH 4) into the gastrocnemius muscle of female mice 5 days apart (Figure 3A). As
previously shown [66], there was a reduction in mechanical withdrawal thresholds of the
paw bilaterally that lasted for weeks (Figure 3B). The related area under the curve was
significantly reduced in acidic saline compared to normal saline n=8/group)(Figure 4).
Systemic injection of IL-5 24 hours after induction of the widespread muscle pain murine
model produced a dose-dependent increase in mechanical withdrawal thresholds (Figure 4A
and Supplementary Figure 3A-G).

Since we observed that participants with FM have higher levels of I1L-5 secretion from
monocytes as well as differences in the percentages of intermediate and non-classical
monocytes compared with NP, we then tested if i.v. IL-5 altered polarization of circulating
monocytes. Interestingly, we found a significant increase in the percentage of non-classical
(CD206*/M2) monocytes from pH 4 injected mice injected with IL-5 compared to vehicle
(8.23 +£1.12 %, n=7, pH 4 + IL-5 treatment; 5.14 + 0.69 %, n= 5, pH 4 + \ehicle treatment,
p<0.01) (Figure 4D). There was no change in classical (CD86*/M1) monocytes in pH 4
injected mice injected with IL-5 compared to vehicle (2.47 + 0.79 %, n=7, pH 4 + IL-5
treatment; 2.55 + 0.97 %, n=>5, pH 4 + \ehicle treatment; p>0.05 )(Figure 4D). Similarly,
IL-5 treatment in the control mice (normal saline group) resulted in a greater percentage of
non-classical (CD206%) monocytes (6.30 + 1.15 %, n=5, pH 7.2 + IL+5 treatment; 4.07 +
1.89 %, n=5, pH 7.2 + Vehicle treatment, p<0.01) but do not show differences for Classical
(CD86™) monocytes (1.77 = 1.03 %, n=5, pH 7.2 + IL+5 treatment; 2.79 + 1.58 %, n=5, pH
7.2 + Vehicle treatment , p<0.01)(Figure 4D). Finally, we examined IL-5 production from
monocytes from control mice injected with pH 7.2 compared with mice injected with pH
4.0. Flow cytometry on isolated monocytes showed no change in IL-5 level between groups
for any of the cell types (n=6 mice per group, Figure 3C).

Discussion

The primary aims of this study were to characterize relationships between monocyte
phenotype and FM symptoms, and to determine the role of IL-5 in pain modulation. The
current study showed that women with FM exhibit differences in immune phenotype as
evidenced by altered levels of pro-and anti-inflammatory cytokines, a higher percentage of
non-classical monocytes, and a lower percentage of intermediate monocytes compared with
women without pain (NP group). Moreover, LPS-evoked and spontaneous secretion of IL-5
and other select cytokines (IL-1p, IL-6, IL-10, IL-4, TNF-a, IL-2, GM-CSF, and IFN-Y)
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from isolated monocytes are associated with several pain-related outcomes. Further, we
show for the first time that increases in IL-5 systemically reduce hyperalgesia in an animal
model of widespread muscle pain while also polarizing monocytes to the non-classical
phenotype, which parallels our observations in women with FM. Taken together, our
combined preclinical and clinical data reveal a previously unrecognized role of IL-5 in
regulating monocyte phenotype and function, resolution of widespread hyperalgesia, and
modulation of other somatic and psychological symptoms in FM. We believe that evoked
and spontaneous production of IL-5 by monocytes is a novel finding, and suggests a
previously undetermined mechanism of action in anti-nociception from myeloid cells. To
our knowledge, the production of IL-5 by monocytes, macrophages, or other myeloid cells
and the anti-nociceptive effect of IL-5 in people with FM and in an animal model of
widespread muscle pain has not been previously shown.

Myeloid cells have potent signaling functions that include the synthesis and secretion of
cytokines and chemokines [37; 38; 69]. Monocytes are significant producers of IL-p [40]
and IL-10 [58], but not of IL-5. Additionally, although the function of IL-5 in nociception
has been investigated, its role in nociception and pain in chronic musculoskeletal pain has
not been extensively studied. In the current study, monocytes from women with FM had
greater evoked and spontaneous secretion of IL-5 and other select cytokines previously
implicated in pain (IL-B, IL-6, IL- 10, IL-4, TNF-a, IL- 2, GM-CSF, and IFN-Y),
confirming previous data obtained using stimulated PBMCs [53; 60; 81]. Although other
studies have shown changes in IL-5 levels in FM patients, these studies were conducted on
serum or plasma samples and were therefore not focused on the production of IL-5 from a
specific cell type [80]. Moreover, in an animal model of widespread muscle pain, IL-5
injection produces analgesia in a dose-dependent manner, and polarizes monocytes toward
an anti-inflammatory phenotype. Talbot et al reported that I1L-5 activated nodose ganglia,
and contributed to cytokine production in lymphoid cells in an animal model of allergic
airway inflammation. Further, our previous study in animals with neuropathic pain identified
a decrease in IL-5 at the site of injury and in the spinal cord [11]. However, the role of IL-5
in analgesia in an animal model of neuropathic pain was not investigated. Moreover, findings
from complementary human data was not reported. Since IL-5 has anti-nociceptive
properties in a validated animal model of widespread muscle pain, the human data might
suggest a compensatory change in the phenotype and function of myeloid cells to modulate
nociception and pain in the periphery. Though the specific function of IL-5 was not
investigated, Capossela et al and others reported paradoxically higher levels of IL-4 and
IL-10 in plasma and secreted from PBMCs in adults with chronic musculoskeletal pain [13;
14; 81]. Lastly, we have extended prior findings by comprehensively characterizing
relationships between IL-5 secreted from monocytes and distinct clinical features of FM.
Importantly, since pain-related psychological symptoms significantly influence pain, fatigue,
function, and other symptoms of FM [11], IL-5 could be a promising candidate biomarker of
several prominent core symptoms associated with FM [10]. It is important to note, however,
that further analysis of the cell types involved in cytokine production and mechanisms of
action in a model of widespread musculoskeletal pain is essential. We hope that the current
study will help to illuminate the important anti-nociceptive role of IL-5 produced by
myeloid cells in FM and other debilitating chronic widespread pain conditions.
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Previous studies have shown changes in cytokine secretion from PBMCs and their
associations with select FM symptoms, though these findings are inconsistent [2; 13; 60; 80;
81]. Researchers have reported higher secretion of IL-1pB, IL-6, TNF-a and IL-10 from
stimulated monocytes and other PBMCs in culture[13; 81], whereas others reported no
difference in cytokine production to healthy controls [2; 80]. Some potential reasons for
these inconsistencies are small sample sizes and methodological differences between
studies. In addition, lack of consideration for confounders such as anxiety and depression
[48], higher BMI, and physical function [20] may also contribute to the variability in study
findings. The current study features a comprehensive phenotyping of women with FM that
specifically measures these confounding variables. Further, women in the NP group were
matched by age and BMI to address the potential influence of these confounders. We show
that higher levels of IL-5 and other anti-inflammatory cytokines (IL-10, IL-4, and GM-CSF)
are associated with more pain, greater disease impact, more fatigue, and greater impact of
pain-related psychological variables, consistent with previous studies [12]. Interestingly,
IL-4 and IL-5 have similar correlative relationships to pain, disease impact, fatigue, physical
function, and pain-related psychological variables in the current study. Very few groups have
comprehensively examined or described the interaction between IL-4 and IL-5 cytokines.
IL-4 plays a role in activating B cells in plasma and decreases Th1 responses [62]. High
levels of IL-4 can lead to the development of allergies [63]. In animal models of neuropathic
pain, IL-4 induces polarization of unstimulated macrophages to an M2 phenotype [55] and
promotes prolonged analgesia through localized production of opioid peptides [15].
Moreover, IL-4 enhances production of anti-inflammatory cytokines, including IL-5, in Thl
cells [47], and may induce a shift toward a Th2 phenotype in the context of chronic stress
[43]. On the other hand, it is established that IL-5 is a key activator of eosinophils and plays
arole in allergic rhinitis and asthma [29; 36; 84]. In keeping with this, therapeutic targeting
of IL-5 cytokines has been used to dampen allergies and asthma [24; 64; 82]. Yet, the anti-
nociceptive role of IL-5 has not been well characterized mechanistically in human or animal
models of chronic pain. Our results show that injection of IL-5 has a significant anti-
nociceptive effect in an animal model of widespread muscle pain (Figure 3B). Further, in
women with FM, the concentrations of 1L-4 and IL-5 are highly collinear (Supplementary
Figure 2). It is, therefore, possible that the anti-nociceptive effect of IL-5 occurs by
promoting a Th2 response to counteract the Thl response [18; 68] similar to the effect of
IL-4 [47].

The current study showed a decrease in intermediate monocytes in individuals with FM,
which is consistent with previous findings in individuals with FM (though not statistically
significant [76]) and SLE [48]. We extended these findings by showing moderate
associations of monocyte phonotype with pain, disease impact, fatigue, physical function,
and pain-related psychological variables. Others have found that overexpression of CD64 on
classical and intermediate monocytes is associated with increased disease activity in adults
with rheumatoid arthritis [39]. In addition, there is a greater percentage of non-classical
monocytes in individuals with SLE compared with healthy controls [48]. The current study
suggests that an intermediate monocyte phenotype may have an anti-nociceptive function in
FM. Furthermore, IL-5 may contribute to monocyte polarization toward an anti-
inflammatory phenotype since systemic IL-5 in mice induced a phenotypic switch toward
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non-classical monocyte subpopulations. Thus, we conclude that the anti-nociceptive effect of
IL-5 is an overall anti-inflammatory effect across the peripheral nervous and immune
systems.

There are some limitations that could affect the generalizability of conclusions drawn from
these findings. First, the human experiments featured a cross-sectional study design, thus,
we cannot determine causation. Additionally, participants in the parent clinical trial included
only women with FM having reported pain of at least 4/10 on the Numeric Rating Scale
(NRS). Thus, the results may not be generalizable to men with FM or to women with FM
having pain levels less than 4/10. One experimental limitation of the human participants’
data is that we analyzed monocyte phenotype and cytokine secretion profiles in separate
experiments with relatively small sample size. Further, the authors acknowledge that cell
viability and gene expression along cytokine pathways may have been affected by the
cryopreservation and post-thaw stimulation of PBMCs [17; 85]. Thus, evoked and
spontaneous secretion of select cytokines from the isolated monocytes could have been
blunted. Future studies should include a replication of these findings using fresh PBMCs.

Taken together, our human and animal data suggest that induction of a phenotypic switch in
monocytes is associated with the evoked and spontaneous secretion of pro- and anti-
nociceptive cytokines that may contribute to gain or loss of function in sensory neurons and
contribute to the progression of chronic widespread pain associated somatic symptoms.
Future studies could investigate IL-5 therapy as a novel strategy to manage FM
symptomology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LPS-stimulated human peripheral monocytes from participants with fibromyalgia

(FM) and the No Pain (NP) group.

Graphs illustrate cytokine synthesis and secretion by isolated peripheral monocytes from
participants with FM (red bars, n = 19) and NP participants (blue bars, n = 33). Cytokine
Human Magnetic 10-Plex cytokine assay showed increased LPS-evoked synthesis and
secretion of IL-5 (A), IL-2 (E), and -IL-4 (F) in FM participants compared with NP
participants. There was less LPS-evoked synthesis and secretion of GM-CSF (D) and TNF-a
(G). Data are presented as mean = SEM. The Wilcoxon Rank-Sum Test with corrections for
multiple comparisons was used to compare respective groups. * p<0.05 versus NP group.
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Figure 2. Difference in monocyte subpopulations in between fibromyalgia (FM) and No Pain
(NP) participants.

A) Gating strategy to isolate the monocyte population. B) Bar graphs indicate monocyte
subpopulations (Classical, Intermediate and Non-Classical from (FM) participants (red bars,
n = 32) and NP (blue bars, n = 37). Flow cytometry data analysis shows that women with
FM had a higher percentage of Intermediate monocytes (CD14+*/CD16%) and lower
percentage of Non-Classical monocytes (CD14*/CD16**) compared with women without
pain (NP). Data are represented as mean + SEM. The Wilcoxon Rank-Sum Test with
corrections for multiple comparisons was used to compare respective groups. * p<0.05
versus NP group.
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A Experimental time line for Von Frey assay and Flow experiment C IL-5 analysis in different subpopulation of macrophages
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Figure 3. Assessment of pain like behavior and IL-5 expression in established experimental
model of widespread muscle pain.

A) Represents the experimental timeline for gastrocnemius injection of normal and acidic
saline on Day 0 (DO) and Day 5 (D5) to induce pain in the animal model of widespread
muscle pain, and time point for the Von Frey testing to assess pain like behavior and flow
cytometry analysis on Day 10 (D10) for IL5 expression. B) Line graph represents
gastrocnemius injection of acidic saline on DO and D5 on ipsilateral side induces the
bilateral persistent pain line behavior (mechanical hypersensitivity) C. Flow cytometry
analysis of peripheral monocytes isolated from the widespread muscle pain and control mice
on D10. Gating strategy was applied to examine expression of IL-5 in different
subpopulation of monocytes. Data are represented as mean = SEM. n = 8 mice per group for
hypersensitivity test (Von Frey testing) and n = 6 mice per group for flow cytometry
experiment. Two-way AVOVA with Sidak’s multiple comparisons test was applied to
compare two different groups. ***p < 0.001 versus normal saline injected group.
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A Dose response curve for IL-5 B Pharmacological effect of IL5 on experimental model of fibromyalgia
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Figure 4. Effect of IL-5 on widespread muscle pain behavior and monocyte polarization.
A) Maximal anti-allodynia was measured using three different doses of IL-5 (0.1 pg/mouse,

0.1 ng/mouse, n=6 and 0.1 pg/mouse, n=6). B) Intravenous injection of IL-5 (0.1 pg/mouse)
reverses widespread musculoskeletal induced pain behavior in ipsilateral and contralateral
hind paw. C) Gating strategy to isolate the monocyte population. D) Flow cytometry data
analysis shows the intravenous injection of IL-5 polarize the peripheral monocytes into more
non-classical (M2). Data are represented as mean = SEM. n=5-8 mice per group for IL-5
pharmacological study in normal and acidic saline injected mice. n=4-7 mice per group in
normal and acidic saline injected mice after treatment of I1L-5 for polarization-flow
cytometry study. Two-way ANOVA with Dunnett’s post-test was applied to assess the anti-
nociceptive effect of IL-5. Ordinary one-way ANOVA with Sidak’s multiple comparison test
was applied to assess the flow cytometry data. *p<0.05 verses vehicle treatment from normal
saline and acidic saline injected group.
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Demographic characteristics for women with fibromyalgia (FM) and women without pain (NP) (N = 69)

Table 1.

Mean (SD) Range FM N =32 NP N =37 p
Age, years 50.7 (12.1) 23 - 66 51.4 (11.7) 20 - 67 0.53
BMI (kg/m?) 34.7(9.0) 20 - 61 31.3(8.4) 18- 46 0.29
Resting pain (0-10) 7[IQR: 2] 0[IQR: 1] <0.01**
Movement Pain (0-10) 7[IQR: 3] 0[IQR: 0] <0.01**
BPI Severity (0-10) 7[IQR: 2] 0[IQR: 1] <0.01%*
BPI Interference (0-10) 6 [IQR: 2] 0[IQR: 0] <0.01**
FIQ-R (0 - 100) 60.4 (14.2) 28 - 92 4.0(4.1)0-17 <0.01%*
Resting Fatigue (0-10) 7[IQR: 3] 1[IQR: 0] <0.01**
Movement Fatigue (0-10) 7[IQR: 3] 1[IQR: 0] <0.01**
6MWT distance (feet) 1311 (265) 600 - 1740 | 1696 (203) 1235 - 2105 | <0.01**
PCS (0 -52) 21.3(12.7)3-51 2.0(4.1)0-18 <0.01%*
TSK (17 - 68) 38.2(7.4) 22 - 55 275 (5.3) 18- 42 <0.01%*
PROMIS — Anxiety (T-score) 60.7 (7.5) 46 - 80 45.2 (6.1) 37 - 56 <0.01%*
PROMIS — Depression (T-score) 57.6 (8.7) 37 - 81 44.1 (5.9) 37 - 57 <0.01**

Page 26

Resting pain intensity measured using the Numeric Rating Scale (0-10); Movement Pain measured using the Numeric Rating Scale (0-10) during
the Six-Minute Walk Test; Pain Interference measured using the Brief Pain Inventory Severity and Interference Subscales (BPI); Disease impact
measured using the Fibromyalgia Impact Questionnaire (FIQ-R); Resting fatigue intensity measured using the Numeric Rating Scale (0-10);
Movement fatigue measured using the Numeric Rating Scale (0-10) during the Six-Minute Walk Test; The Six-Minute Walk Test (EMWT) physical
function measure; Pain catastrophizing measured using the Pain Catastrophizing Scale (PCS); Fear of Movement measured using the Tampa Scale
of Kinesiophobia (TSK); Anxiety measured using the PROMIS Anxiety Short Form 8a; Depression measured using the PROMIS Depression Short

Form 8b.
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Table 2.

Correlations between evoked and spontaneous cytokine release from peripheral monocytes and pain-related
outcomes from women with and without fibromyalgia.

| IL-5 | IL-1p | IL-6 | IL-10 | IL-4 | TNF-a | IL-2 | GM-CSF | IFN- Y
Pain Intensity and Pain Interference
Resting Pain
LPS 073" | 024 | 066™| 017 | 074 | -053* | 074 | -040" | 058"
PBS 073" | 059% | 054% | 049" | 073 | 040% | 079" | o034 070"
Movement Pain
LPS 069 ] 018 | o061 | 011 | 072" | -055" [ 063% | -041 050"
PBS 074" | 054 | 052 | 045" | 071 | 037 |072"| o034 065~
Pain Interference
LPS 086 | 033 | 0397 | 048" | 088™ | -041™ | 074" | -0.417 0.24
PBS 074" | 033 | 045%| 037 | 075" | 028 |o064%| 0.4 0.20
Disease Impact
FIQR
LPS 079" | 031 | 035" | 0417 | 088% | -042% | 0.74% | -0.427 0.21
PBS 074" | 031 | 044™| 036 | 077F| 024 |o064| 013 0.17
Fatigue
Resting Fatigue
LPS 073%| 024 |o066"| 017 | 074" | -053" [ 074* | -040" | 058"
PBS 078 | 059 | 054" | 049 | 073" | 040" [079%| 034 070%
Movement Fatigue
LPS 061" | 011 | 059%| 006 | 050% | -055™ | 064 | -041" | 047"
PBS 073" | 053 | 042 | 039" | 057 | 037 |063°| 035 0.66™
Global Fatigue
LPS 078 | 027 | 033*| 041" | 082% | -043" | 070" | -0.44% 021
PBS 068 | 029 | ga0*| 033 [ g71*| 028 | gez*| 0122 0.17

Resting pain intensity measured using the Numeric Rating Scale (0-10); Movement Pain measured using the Numeric Rating Scale (0-10) during
the Six-Minute Walk Test; Pain Interference measured using the Brief Pain Inventory Interference Subscale (0-10); Disease impact measured using
the Fibromyalgia Impact Questionnaire (FIQ-R); Resting fatigue intensity measured using the Numeric Rating Scale (0-10); Movement fatigue
measured using the Numeric Rating Scale (0-10) during the Six-Minute Walk Test;

Bold font indicates significance; no asterisk: p < 0.05;

*
p<0.001
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Table 3.

LASSO Regression Models

A) Resting Pain

Term Estimate
(Intercept) 2.56
IL-5 0.83
IL-4 0.81
GM-CSF -0.04
IL- B -
IL-6 -
IL-10 -
IL-4 -
TNF-a -
IL-2 -

B) Movement Pain

Term

Estimate

(Intercept)

2.87

IL-5

141

IL-4

0.10

GM-CSF

IL-B

IL-6

IL-10

IL-4

TNF-a

IL-2

C) Resting Fatigue

Term Estimate
(Intercept) 2.88
IL-5 1.10
IL-4 0.81
GM-CSF -
IL- B -
IL-6 -
IL-10 -
IL-4 -
TNF-a -0.13
IL-2 -

D) Movement Fatigue

Term

Estimate
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A) Resting Pain

Term Estimate
(Intercept) 2.84
IL-5 0.49
IL-4 0.27
GM-CSF -
IL-B -
IL-6 -
IL-10 -
IL-4 -
TNF-a -0.13
IL-2 -
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Table 4.

Correlations between monocyte phenotype and pain-related outcomes from women with and without
fibromyalgia (FM).

Classical (CD14**/CD16*) | Intermediate (CD14*/CD16%) | Non-classical (CD14*/CD16%*)

Pain Intensity and Interference

Resting Pain 0.20 —0.457% 0.27
Movement Pain 0.22 —047% 0.26
Pain Interference 0.23 0417 0.26

Pain Sensitivity

PPT Cervical -0.15 -0.27 -0.19
PPT Lumbar -0.19 -0.32 -0.19
PPT Leg -0.12 -0.32 -0.33

Disease Impact

FIQR 0.23 042" 0.28
Fatigue

Resting Fatigue 0.19 036~ 0.17

Movement Fatigue 0.26 —042% 0.17

Global Fatigue (MAF) 0.14 -0.33 0.29

Physical Function

BMWT (ft) -0.18 0.32% -0.20

Pain-Related Psychological Variables

Pain Catastrophizing 036~ -038% -0.02
Fear of Movement 0.21 -0.27 0.06
Anxiety 0.40° -0.46 0.02
Depression 0.30 -0.40 0.10

Resting pain intensity, Numeric Rating Scale (0-10);Movement Pain, Numeric Rating Scale (0-10) during the Six-Minute Walk Test; Pain
Interference, Brief Pain Inventory Interference Subscale (0-10); Pain sensitivity, Pressure Pain Threshold (PPT) at the cervical, lumbar, and lower
leg regions (kPA); Disease impact, Fibromyalgia Impact Questionnaire (FIQ-R); Resting fatigue intensity, Numeric Rating Scale (0-10); Movement
fatigue, Numeric Rating Scale (0-10) during the Six-Minute Walk Test; Global fatigue, Multidimensional Assessment of Fatigue Global Fatigue
Index (1-50); The Six-Minute Walk Test (6MWT); Pain catastrophizing, Pain Catastrophizing Scale (PCS); Fear of Movement, Tampa Scale of
Kinesiophobia; Anxiety, PROMIS Anxiety Short Form 8a; Depression, PROMIS Depression Short Form 8b. Bold font indicates significance; no
asterisk: p < 0.05;

*
p <0.001
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